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Abstract Peatlands are major terrestrial soil carbon stores, and open mires in boreal landscapes hold a
considerable fraction of the global peat carbon. Despite decades of study, large-scale spatiotemporal analyses
of mire arrangement have been scarce, which has limited our ability to scale-up mire properties, such as carbon
accumulation to the landscape level. Here, we use a land-uplift mire chronosequence in northern Sweden
spanning 9,000 years to quantify controls on mire distribution patterns. Our objectives include assessing
changes in the spatial arrangement of mires with land surface age, and understanding modifications by upland
hydrotopography. Characterizing over 3,000 mires along a 30 km transect, we found that the time since land
emergence from the sea was the dominant control over mire coverage, especially for the establishment of large
mire complexes. Mires at the youngest end of the chronosequence were small with heterogenous morphometry
(shape, slope, and catchment-to-mire areal ratios), while mires on the oldest surfaces were variable in size, but
included larger mires with more complex shapes and smaller catchment-to-mire ratios. In general, complex
topography fragmented mires by constraining the lateral expansion, resulting in a greater number of mires,

but reduced total mire area regardless of landscape age. Mires in this study area occurred on slopes up to 4%,
indicating a hydrological boundary to peatland expansion under local climatic conditions. The consistency

in mire responses to spatiotemporal controls illustrates how temporal limitation in peat initiation and
accumulation, and topographic constraints to mire expansion together have shaped present day mire distribution
patterns.

Plain Language Summary Peatlands store nearly one third of the global soil carbon, despite
covering only around three percent of the land surface. Open mires, which are characteristic peatland types at
high latitudes, represent an important peat carbon store. Few studies have explored how mire patterns in the
landscape change over time and space. This knowledge gap has limited our ability to estimate and scale-up
mire properties, such as the peat carbon store, from the individual mire to the entire mire landscape. Here, we
study the mire patch distribution in a landscape that covers nine thousand years of landscape development.
Using this aging landscape, we can separate temporal controls on mire patterns from spatial controls related to
local topography. We found that mire cover was mainly controlled by age, while the abundance of mires and
their fragmentation was defined by local topography, for example, through the catchment-to-mire ratio and the
slope of the surrounding upland areas, which define the limits for mire expansion upland. Our results provide
an important step in understanding the spatial and temporal controls that give rise to present mire distribution
patterns. Such information can further support landscape-level estimations of mire properties and functions,
such as the long-term peat carbon store.

1. Introduction

Mires (fens and bogs) are peat-forming wetlands that, together with forests and lakes, create a landscape mosaic
that is characteristic of much of the boreal biome. These ecosystems are critical for carbon sequestration (Loisel
et al., 2014; Nilsson et al., 2008) and concomitant climate change mitigation (Frolking & Roulet, 2007). Mires
also influence landscape biodiversity (Joosten, 2003) and regulate hydrological and biogeochemical processes
of the wider catchment, including connections to forest and downstream water bodies (Ketcheson et al., 2016;
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Krachler et al., 2016; Sponseller et al., 2018). The types and magnitudes of ecosystem services provided by
mires are strongly influenced by their spatial arrangement (Lane et al., 2018). For example, depending on their
landscape position, mires can act as sinks, sources, or transformers of energy and matter to downstream water
bodies (Fergus et al., 2017; Helbig et al., 2020a, 2020b; Lane et al., 2018). Nevertheless, little is known about
how different drivers influence mire morphology and patterns at large-scales and how these controls may change
over thousands of years of mire development at high latitudes.

Generally, the persistence of individual mires depends on a combination of classic soil formation factors,
including climate, parent material and topography (Treat et al., 2019), but also on plant community compo-
sition and productivity (Kolari et al., 2021) and the degree of hydrological connectivity with the surrounding
landscape (Fergus et al., 2017). The lateral expansion of mires may also be limited or favored by these same
factors (Korhola, 1994; Loisel et al., 2013; Weckstrom et al., 2010). However, to understand drivers of mire
morphometry and patterns at larger scales, it is necessary to consider these ecosystems as a part of the boreal
landscape mosaic. Mires, forests and lakes are all temporally dynamic systems, which can transition from one to
another through internal ecosystem development (i.e., succession). Such succession is often slow but constant,
and gradually modifies ecosystems. In addition to this long-term succession, ecosystem transitions throughout
the last interglacial period have often been episodic, non-linear events following abrupt climate changes (Gear
& Huntley, 1991; Ireland & Booth, 2011; Scheffer et al., 2012). Examples of such events are lake infillings (i.e.,
terrestrialization) in which lakes transition to mires (Ireland et al., 2013), while mires in turn may be overgrown
and forested as hydrological conditions change (Galka et al., 2017; Gear & Huntley, 1991). If soil moisture
further shifts toward drier conditions, boreal forests may become sparser or even reach tree-less states (Scheffer
et al., 2012). The reverse can also happen if soil moisture conditions become wetter, resulting in paludification
of forests to mires (Crawford et al., 2003; Novenko et al., 2018) or the formation of mire pools through aqualy-
sis (Arlen-Pouliot & Payette, 2015). Thus, despite bi-stability between mires and forests under certain wetness
conditions (Ohlson et al., 2001; Ratcliffe et al., 2017; Velde et al., 2021), local hydrologic conditions constitute a
master control on the co-existence between these landscape elements (Ivanov, 1981).

In a landscape with a spatially homogenous climate and parent material, the hydrological conditions and soil
wetness within and around mires are mainly defined by topography. From a local perspective, topography shapes
mires by promoting greater lateral expansion rates in flat surroundings and by restricting this expansion in
steeper areas such as local ridges (Almquist-Jacobson & Foster, 1995; Ehnvall, Ratcliffe, Bohlin, et al., 2023;
Kulczyniski, 1949; Rydin et al., 2013). At a regional scale, broader changes in topography also shape hydro-
logical flowpaths (Graniero & Price, 1999), resulting in variable connections between upslope recharge areas
and downslope discharge areas. Hence, the properties of hydrologically-connected upslope areas influence the
biogeochemical characteristics of minerogenic mires (fens; Sjors & Gunnarsson, 2002; White & Payette, 2016)
as well as their functioning and resilience (Ivanov, 1981; Romanov, 1968). At the same time, the relative position
of mires along a hydrological flowpath or stream determines its influence on downstream locations. In this way,
topography plays an important role in redistributing biogeochemical elements vertically and horizontally across
the landscape by mediating nutrient and sediment fluxes to and from mires (Ehnvall, Agren, et al., 2023; Seibert
et al., 2007).

Despite the wide-ranging significance of mire ecosystems, the distribution of their areas and shapes in the
boreal landscape has hardly been analyzed, particularly when compared to similar efforts for lakes (e.g., Cael
& Seekell, 2016; Englund et al., 2013; Gardner et al., 2019). This lack of information has restricted the spatial
understanding related to mire properties, such as biodiversity and peat carbon storage (Sjostrom et al., 2020),
and the upscaling of these processes to larger spatial scales. For example, while small mire patches or laterally
merged mires with more complex shapes might favor plant species richness through stronger edge effects (Howie
& Meerveld, 2011), birds might be favored by open areas and low tree height, often associated with larger mires
(Fraixedas et al., 2017). Furthermore, increased representation of edges in mires with more complex shapes might
result in lower carbon accumulation due to better aeration and, hence, decomposition at the edges (Nordstrom
etal., 2022). Even though it is well established that topography and landscape position regulates the water balance
and flowpaths, the links between site-specific mire area and shape distributions and the surrounding catchment
areas have rarely been addressed at larger spatial scales and for different land surface ages.

To fill this knowledge gap, the present study aims at exploring mire size-distribution patterns and identifying
key drivers that shaped the present morphology and patterns of mires over a 30 km transect located in northern
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Sweden. The transect corresponds to a post-glacial mire-chronosequence, which enables us to simultaneously
study mire size distribution at the landscape level, and across the Holocene time-scale (Ehnvall, Ratcliffe,
Bohlin, et al., 2023). Fennoscandia was covered by the 3 km thick Scandinavian Ice Sheet during the last glacial
maximum 26.5-20 thousand years ago (Clark et al., 2009; Stroeven et al., 2016). The weight of the ice sheet
compressed the Earth's crust, and following the glacial retreat, isostatic rebound resulted in the emergence of
new terrestrial land areas along the coast of the Bothnian Bay (Passe & Daniels, 2015). This uplift facilitated
primary mire formation and expansion (Ehnvall, Ratcliffe, Bohlin, et al., 2023), forming the basis for the mire
chronosequence applied in the present study. In addition, weathering of mineral soils after land exposure from the
sea (Starr & Lindroos, 2006) resulted in mineral nutrient gradients across the chronosequence, impacting mire
productivity (Ehnvall, /&gren, et al., 2023). Our mire chronosequence approach is based on this isostatic land
uplift, where the highest possible mire age corresponds to the specific land surface age (time since emergence
from the coast). Accordingly, coastal mires are younger, while mires further inland represent older successional
stages. We explored the added influence of topography (using local and regional geomorphic attributes) on mire
development across multiple scales, ranging from the broad regional and catchment scales down to individual
mires and their surrounding areas. More specifically, we assessed (a) if mire coverage and abundance increase
with land surface age, (b) if older parts of the landscape are characterized by larger, more complex mire shapes
compared to younger parts of the landscape, (c) if the mire lateral expansion is controlled by catchment setting
including size, wetness and slope and (d) if landscape slope and wetness can explain mire size distributions.

2. Materials and Methods
2.1. Study Area

We studied temporal patterns in mire lateral extent and configuration over the Holocene time scale using the
24 km wide Savar Rising Coastline Mire Chronosequence (SMC) located in the Swedish county of Visterbotten
in the Bothnian Bay Lowlands (BBL; Figure 1). Since deglaciation of the Scandinavian Ice Sheet ~10,000 years
before present (BP; Stroeven et al., 2016), land areas in this region are continuously rising from the sea due to
post-glacial isostatic rebound. The current isostatic rebound maximum of the Scandinavian Ice Sheet (9 mm yr~')
is located close to the SMC (Passe & Daniels, 2015), where land is exposed from the sea at one of the highest
rates globally (Nordman et al., 2020). Because of the high rebound rate as well as favorable climatic, geomor-
phological and hydrological conditions, the SMC has formed within a constrained distance from the present
coastline (~30 km), corresponding to a land surface age of ~9,000 years BP (Figure 1). In Ehnvall, Ratcliffe,
Bohlin, et al. (2023), we provide further details about the chronosequence approach and compare the SMC to
other regional chronosequences.

The 30-year annual, as well as July and January monthly averages for temperature and precipitation in the SMC
during the 1991-2020 reference period, were 3.5, 15.7, —6.8°C and 654, 79 and 48 mm (Swedish Meteorolog-
ical and Hydrological Institute). Values were obtained by averaging observations from coastal (Umea Airport)
and inland (Vindeln-Sunnansjonis) meteorological stations closest to the SMC. The landscape morphology is
characterized by elongated ridges of glacial till interlaid by valleys of deposited postglacial clay, silt, and sand
(Lindén et al., 2006). Lacustrine and glacio-lacustrine sediments border the river Sévaran, which traverses the
study area. Paragneiss, predominately made of quartz, mica and feldspar, dominates the area, but mafic (basaltic
andesite, gabbrodiorite) and felsic (granodiorite, granite) rock intrusions are also present, according to bedrock
maps (1:50,000) by the Geological Survey of Sweden. The area lies in the southern mixed mire region (aapa mire
sub-region) and is dominated by minerogenic mires (fens; Gunnarsson et al., 2014).

2.2. Study Approach

We derived a number of metrics (Table 1) to characterize individual mire morphometry (“mire”), and terrain
indices linked to their surrounding buffer area within a 20 m distance (‘“buffer”), and to the upslope contributing
area (“catchment”). To assess how mire morphometry and abundance relate to large-scale topographic variation
and land-surface age across the SMC, we used land-surface-age-classes spanning one-thousand years each. In
each age-class, we analyzed the topography of non-mire upland areas, which are mainly occupied by mineral soils
(Agren etal., 2022). According to the Swedish property map (Swedish Mapping, Cadastral and Land Registration
Authority), the land cover/land use in the upland areas is predominately coniferous forest, while deciduous forests,
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Figure 1. (a) The mire dense Sdvar Rising Coastline Mire Chronosequence (SMC) is located below the highest coastline in
the 0-170 m above sea-level elevation range in northeastern Sweden (b). Historical shorelines (9,000 and 5,000 years BP)
are shown together with the present shoreline. Areas below the highest coastline (HCL) are marked in the national map of
Sweden (b). Panel (c) shows the study design with the mire area (yellow) and the 20 m wide upland soil surrounding the
mire (buffer, green) as well as the full upland soil catchments (blue) for four young mires. A 2 m gridded hillshade illustrates
the variation in local topography. In panels (d—f), three mires from the chronosequence area are shown, where (d) represents
a young mire, (e) an intermediate-aged mire, and (f) an old mire located at land surface ages of ca 600 years, 2,600 and
4,000 years, respectively.

settlements, infrastructure and other open areas can be found in smaller parts of these areas. By using slope and
soil moisture estimates at the different scales (“mire,” “buffer,” “catchment” and “land-surface-age-class”), we
evaluated whether upland topographic constraints on mire extent varied with scale or land-surface-age.

2.3. Selection and Pre-Treatment of Mire Objects

We based mire distribution patterns on the extent of mires in the Swedish Property Map (Swedish Mapping,
Cadastral and Land Registration Authority). This map provides the most detailed mire information currently
available in the SMC. The aerial-photo-based mire map includes both mires that are geographically isolated
from larger rivers as well as those on floodplains. In this study, we excluded 4 mires out of 3,060 total because
they were located directly along the Sivarén, which drains a catchment area of 1,163 km?. The total area of
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Table 1
Mire and Upslope Characteristics
Variable (unit) Description Source
Age (years BP) Mean mire age based on land surface age DEM?® and shore displacement curve, Equation 1 °

Land-surface-age-class (years BP)
Mire area (km?)

Mire shape index

Total mire coverage (%)

Mire abundance (count per km?)

Cumulative percentage of total mire area (%)

Cumulative percentage of mire count (%)

Cumulative mire abundance (count per km?)

Catchment-to-mire area ratio (m? per m?)

Slope (%)
SMI

1,000-year age classes including all land covers DEM?® and shore displacement curve, Equation 1 °

Total mire area Property map*®

Quotient between the perimeter of a circle and the true mire
perimeter for a given area

Property map® and Equation 2 ©

Percentage mire coverage within each 1,000 years
land-surface-age-class

Property map®, DEM* and shore displacement
curve, Equation 1 ®

Number of mires per 1,000 years land-surface-age-class area Property map®, DEM* and shore displacement

curve, Equation 1 ®

Cumulative mire area per land-surface-age-class sorted from
smallest to largest mires, normalized to total mire area in
the age class

Property map®, DEM* and shore displacement
curve, Equation 1 ®

Cumulative number of mires per land-surface-age-class,
normalized to total number of mires in the age class

Property map?®, DEM* and shore displacement
curve, Equation 1 ®

Cumulative number of mires per land-surface-age-class,
normalized to age class area

Property map?®, DEM* and shore displacement
curve, Equation 1 ®

Areal ratio between the unique upslope catchment area and the
mire area

Property map?, DEM?, Equation 3

Median mire, buffer and catchment slope DEM?, slope function?

Soil moisture index describing the likelihood (%) of moist
surface conditions

Soil moisture map®

Note. The spatial resolution of all variables is 2 X 2 m, except for indices based on mire area, which are object based (1:10,000).

3Swedish Mapping, Cadastral, and Land Registration Authority. "Renberg and Segerstrom (1981). “Forman and Gordon (1986). ¢Zevenbergen and
Thorne (1987). °Swedish University of Agricultural Sciences.

these floodplain mires was 3.6 km?. This decision reflects our focus on the non-floodplain mires, which are the
dominant type in this region, and for which fluvial factors such as erosion or deposition are not relevant (Lane
etal., 2018).

Before testing our research questions, we first merged mire segments divided by smaller roads. Secondly, we
considered open water patches within mires to be mire ponds and, thus, part of the mire. On the other hand,
we treated patches of mineral soil within mire objects as holes in the mire polygons, since they are part of the
supporting mineral soil in the mire catchment. Generally, the property map covered mires with an area extending
2,500 m?, while smaller mires were only sporadically mapped. To avoid bias toward parts of the SMC with more
comprehensive mapping of small mires, we excluded all mires with an area of <2,500 m?. Performing these steps
resulted in 3,056 individual mire objects in the SMC. Photos from a selection of SMC mires can be found in our
interactive mire map (https://slughg.github.io/MiresChrono/).

2.4. Land Surface Age

We combined a 2 X 2 m national gridded digital elevation model (DEM) with a local shore displacement curve
(Equation 1; Renberg & Segerstrdm, 1981) to calculate mineral soil surface age (7). The 2 X 2 m DEM was
generated by the Swedish Mapping, Cadastral and Land Registration Authority from LiDAR scanning (0.5-1
points m~2 point density, 0.3 m vertical and 0.1 m horizontal resolution). The shore displacement curve was based
on varved lake sediments from six lakes in the 29-177 m above sea level (m.a.s.l.) elevation range, allowing for
both identifying the transition from marine to lacustrine sediments and to date this transition. Based on the extent
of the shore displacement curve, we set the upper limit of the SMC at 170 m.a.s.1. Land surface age (T,,) was
calculated on a pixel basis from the 2 m DEM (z) using Equation 1.

Toee = —0.2872% +99.967z (L
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We grouped mires in the SMC into nine 1,000-year age-zones based on the average land surface age for each
mire. Additionally, the age raster was used to classify the SMC into nine 1,000-year age intervals. The areas of the
age intervals ranged between 64 and 137 km?, and the number of individual mire objects varied in the 223-626
range between the age classes (Table S1 in Supporting Information S1).

2.5. DEM Pre-Processing, Catchment and Buffer Delineation

From the 2 X 2 m DEM, we delineated mire catchments using the open-source GIS system Whitebox Geospa-
tial Analysis Tools. Before catchment delineation, the DEM was hydrologically pre-processed in three steps.
First, streams on agricultural land, as defined in the Swedish property map, were burned 1 m into the DEM.
Second, road and stream intersections were carved into the DEM. Finally, sinks were removed from the DEM
using the breaching algorithm developed by Lindsay (2016). These pre-processing steps are necessary (Lidberg
et al., 2017) since the road network, ranging from highways to small forest roads, is well developed and affects
surface flow paths in most of the study area.

We defined the catchment area of mire as the upslope area that is hydrologically connected to the mire through
flow paths that supply water and solutes. The total contributing area covers both upslope areas on mineral soil
and any upslope mires. If upslope mires constitute parts of the total contributing area, they can intercept water
and nutrient flows from upslope areas before they reach downslope-located mire (Cohen et al., 2016). To account
for this, we derived unique catchment areas, which hereafter are the focus of the paper, and are referred to as the
“catchment” (Ehnvall, 2023). These areas represent the upslope contributing area that a downslope-located mire
does not share with other mires. We calculated unique catchment areas based on a mire corrected flow pointer
map, where all mires in the hydrologically pre-processed DEM were assigned the value 0, thus making them
hydrologic sinks. From the mire-corrected DEM, flow direction and flow accumulation were calculated using
the deterministic eight-direction flow model (D8; O’Callaghan & Mark, 1984). Finally, we extracted catchments,
where the total mire polygon was assigned as the catchment outlet. Thus, all upslope flow paths that pass through
the mires are included in the contributing area.

While the upslope contributing area is a useful proxy for the regional influence of topography on mires, it is not
sufficient for characterizing local conditions close to the mire edge. The characteristics of the mire margins are,
however, important to consider because they represent the area allowing for growth and expansion of the mire
(Ehnvall, Ratcliffe, Bohlin, et al., 2023; Ruppel et al., 2013). To describe conditions closest to the mire edge, both
up- and downslope of the mire, we extracted 20 m wide buffers surrounding each mire object (Figure 1).

2.6. Mire Geometry and Terrain Indices

Mire area and the shape index (Equation 2) were used to quantify mire morphology. The shape index is a measure
of the complexity of mire's two-dimensional shape (Equation 2; Forman & Gordon, 1986), which compares the
perimeter (P) of the mire with the perimeter of a circle with equal area (A). A circular mire has the largest interior
area compared to its perimeter and the more the shape index deviates from 1, the more the shape deviates from a
circle. In addition to describing the complexity of the two-dimensional mire shape, we also obtain an estimate of
possible edge effects on mire biodiversity using the shape index.

2*\/2*7: @)

Shape index =
P

The influence of upslope locations on the hydrological and biogeochemical functioning of mire can be assumed
to be related to the size of the area (Pilgrim et al., 1982). Thus, the ratio of upslope contributing area divided
by mire area has been suggested as an indicator to characterize hydro-geochemical and ecological functions of
mires (Lane et al., 2018). We calculated the catchment-to-mire-ratio by dividing the area of the delineated unique
catchment by the area of the mire (Equation 3).

Catchment — to — mire ratio = M 3)

Mire area

Indices related to topography and hydrology were assessed locally and regionally by aggregating them at the
mire-, buffer- and unique-catchment-scales. In addition, at the largest spatial scale (land-surface-age-classes), we
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described the topography and hydrology of non-mire areas by masking out mires from the age classes. Terrain
slope and a recently developed national soil moisture index (/f\gren etal., 2021) were used to quantify topographic
and hydrologic conditions. We chose terrain slope, since it is a widely-used, primary terrain index. High values
correspond to steep slopes, which can indicate the presence of physical constraints that mire needs to overcome
before expanding further upland. In a wider context, terrain slope also indicates the hydrologic conditions at the
site and it may indicate flow direction as well as drainage conditions. Slope (%) was calculated in SAGA GIS
7.9.0 from the 2 X 2 m DEM according to Zevenbergen and Thorne (1987).

The soil moisture index (SMI) was chosen as a complement to the terrain slope since it is currently the most accu-
rate soil moisture index in Sweden (Agren et al., 2021). The SMI is less commonly used than terrain slope, and
more difficult to derive since it is based on machine learning techniques relying on a series of input variables such
as terrain indices (e.g., slope, depth-to-water, topographic wetness index, topographic position index), Quater-
nary deposits and soil depth, as well as ancillary data covering runoff and climate data (Agren et al., 2021). The
SMI does not include depths of peat or organic soil as input variables, but there is a clear link between the SMI
and peat depth (Agren et al., 2022). The SMI describes the likelihood (0%—100%) that a pixel in the map is wet.
Correspondingly, high values indicate wet conditions, which are favorable for lateral mire expansion (Ehnvall,
Ratcliffe, Bohlin, et al., 2023). The SMI was available in the form of a 2 X 2 m raster.

2.7. Data Aggregation and Analysis

The number of mire objects and the total mire area within each land-surface-age-class was calculated, and from
these mire abundance and coverage were extracted based on the total area of the age classes. Further, to illustrate
the representativeness of differently sized mires to the total mire area, we grouped mires into four area-classes of
<0.01 km?2, 0.01-0.1 km?2, 0.1-1 km?, and 1.0-10.0 km? (note the logarithmic scale), and explored how the mire
area groups changed across the age classes.

For each of the mire area classes as well as for the upslope features (buffers, catchments and non-mire areas in the
land-surface-age-classes), we extracted median and interquartile ranges (IQR = 75th percentile—25th percentile)
of slope and SMI. We compared the topographic variation in the upslope features as a driver of mire distributions
using slope and SMI estimates. All statistical analyses were performed in R version 4.0.3 (R Core Team, 2020).

3. Results
3.1. Mire Abundance and Coverage Across Land-Surface-Age-Zones

We found a parabolic relationship between mire abundance and land-surface-age-class (R? = 0.82, p < 0.01;
Figure 2a) in the SMC, with the lowest abundance (1.8 mires per km~2 based on ~220 mire objects) in the
5,000-6,000 years BP class. In the youngest class (01,000 years BP), mire abundance was 6.8 mires per km?
(~450 mire objects) and in the oldest class (8,000-9,000 years BP) 4.6 mires per km~2 (~630 mire objects).
In contrast, mire coverage increased continuously from the youngest land-surface-age-class (~14%) to the
6,000 years BP class (~33%), but fluctuated around 30% in the 6,000-9,000 years BP interval (R> = 0.77,
p = 0.01; Figure 2b).

We explored the contrasting pattern in mire abundance and coverage by comparing distributions of different
sized mires between the age classes (Figures 2¢ and 2d). Mires belonging to the largest area group (>1 km?)
emerged in the 1,000-2000 years BP land-surface-age-class at >1.9 km from the coast. The number and area of
these large mires increased over time in the 2,000-9,000 years BP range. Despite being few in number, the largest
mires (>1 km?) accounted for a considerable part of the total mire area within the age classes. For example, in the
6,000-year land-surface-age-class, the six largest mires, out of the total ~260 mires, had an individual mire area
of >1.5 km? and together accounted for ~66% of the total mire area within the age class. Small mires (<0.01 km?)
remained high in number throughout the SMC, but individual small mires accounted for less than 0.1% of the
total mire area within any land-surface-age-class. The coverage of the largest mires (1.0-10.0 km?) increased
over time until 6,000 years, while the coverage of the two smallest area groups (<0.01 km? and 0.01-0.1 km?)
decreased over time. The coverage of mires in the 0.1-1.0 km? group remained fairly constant across age zones
(Figure 2d).

We further found that the time since land emergence from the sea influenced the cumulative mire area as well as
the cumulative number of mires. In the youngest two age classes, ~75% of all mires accounted for ~30% of the
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Figure 2. Mire abundance (a), coverage (b), the distribution of individual mire areas (c) and total mire area (d) of different area classes (<0.01 km?, 0.01-0.1 km?,
0.1-1 km?, and 1.0-10.0 km?) across land-surface-age-classes. Shaded areas in (a) and (b) represent the 95% confidence intervals of the applied functions. Dotted lines
in (c) mark area classes applied in (d). Mire coverage and abundance were calculated relative to the total age class areas.

mire area, while in the older age zones 75% of the mires accounted for <20% of the total mire area (Figure 3a).
In the oldest age zone, the largest six mires accounted for ~50% of the total mire area within the age zone
(Figure 3b).

3.2. Mire Shape and Catchment Area Ratios Across Land-Surface-Age-Classes

Across all land-surface-age-classes, mire shape-complexity tended to increase with increasing mire area
(Figure 4a). Especially, mires of the largest area group (1.0-10.0 km?) had higher shape indices, around 6-7,
suggesting more complex shapes compared to the smaller mires with shape indices below 4. These larger mires
with more complex shapes emerged after ~2,000-3,000 years BP. However, within the two smallest area groups,
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Figure 3. The cumulative percentage of total mire area in relation to the cumulative percentage of mire count (a) and the cumulative mire abundance (b), sorted from
the smallest to the largest mires. Land surface age zones are marked in different colors. Only a few large mires account for most of the mire area within the land surface
age zones. For example, the six largest mires in the 6,000 years age zone account for 66% of the total mire area (a).

mires in the youngest land-surface-age-class (0-1,000 years BP) differed from mires in older age zones by having
a higher median shape index, and higher variability (higher IQR) in shape-complexity (Wilcoxon-rank-sum test,
p > 0.001).

We found no clear changes in the catchment-to-mire area ratio over time in any of the mire area classes (Figure 4b).
However, in all age classes, the median catchment-to-mire area ratio decreased from the smaller to the larger
mires, and exceeded one in all mire area groups. In addition, the class comprising small mires had a larger vari-
ability in catchment-to-mire ratios.

3.3. Terrain Slope and Moisture as Drivers of Mire Abundance

We found significant, positive linear relationships between mire abundance and median slope in non-mire areas of
the land-surface-age-classes (R> = 0.8, p < 0.01), as well as between mire abundance and the interquartile range of
soil moisture index (SMI; R? = 0.77, p < 0.01) in non-mire areas of the age classes (Figure 5). The youngest age
class deviated from this general trend by showing a much higher mire abundance than expected, which likely reflects
the scattered initiation of mires on young surfaces and temporal restriction of lateral expansion. The youngest
land-surface-age-class was excluded from the regression analysis as it deviated from the remaining mire population.

In terms of slope and soil moisture conditions, we found differences in relation to land-surface-age-class between
mires on the one hand, and catchments and buffers on the other (Figure 6). Mire areas were flatter (slope <4%)
and moister (SMI > 90) compared to catchment areas. Buffer slope and soil moisture conditions represent inter-
mediate conditions between mire-covered areas and the surrounding catchment. Within the studied mire popula-
tion, the median mire slope decreased with an increasing mire area. Likewise, the median mire wetness increased
with larger mire areas.

4. Discussion
4.1. The Importance of Landscape Aging on Mire Patch Distributions

Our analysis revealed systematic landscape-scale changes in the distribution and shape of mire ecosystems over
9,000 years of post-glacial succession. Importantly, for the Sévar Rising Coastline Mire Chronosequence (SMC),
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Figure 4. Mire shape index (a) and catchment-to-mire area ratio (b) across mire area groups (0-0.01 km?, 0.01-0.1 km?,
0.1-1 km?, and 1.0-10.0 km?). In panel (a), the smallest area group is displayed (without outliers) in the plot inset. The
catchment-to-mire area ratio (note the logarithmic scale) was based on the unique upslope catchment area, which is the
upstream drainage area of a mire that is not shared by any other upstream mires.

large mires (>1.0 km?) accounted for a considerable portion of the total mire area, despite being few in number
(Figure 2d). Further, as large mire complexes formed in older parts of the SMC, the landscape mosaic became
more mire-dominated (>30% mire cover, Figure 2b). Our estimated mire cover for the SMC is slightly higher
than average in comparable sites in the region (<20% mire cover), but is similar to estimates from northern parts
of the Bothnian Bay Lowlands (BBL; Ehnvall, Ratcliffe, Bohlin, et al., 2023). Thus, given the similar climatic
conditions over the Holocene, the high mire coverage in the SMC suggests suitable conditions for mire initiation
and lateral expansion, possibly combined with lower impacts of anthropogenic land use changes that are known
to alter mire area elsewhere in this region (Norstedt et al., 2021). Geological factors, including uplift and fluvial
processes, have also been suggested as primary drivers for peat initiation in the Hudson Bay Lowlands (HBL)
in Canada (Glaser, Hansen, et al., 2004; Glaser, Siegel, et al., 2004). Similarities with our conclusion are hardly
surprising: both regions are centered in climatic regions ideally suited for peat formation, such that wetness and
land availability for mire formation are primarily controlled by non-climatic factors.

Despite the increase in mire coverage since land emergence from the sea, the abundance of small mires did not
change accordingly along the chronosequence (Figure 2a). Instead, small mires alone dominated the youngest
parts of the SMC, while a heterogeneous mixture of small mire patches together with larger mire complexes
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Figure 5. Positive, linear relationships between mire abundance and the median slope (a), as well as the interquartile
range of soil moisture (b; SMI) in non-mire areas of the land-surface-age-classes. Non-mire areas were defined as all areas
within an age class that are not covered by mires and thus, represent mire controls at the largest spatial scale. The youngest
land-surface-age-class (unfilled circle) was excluded.

characterized the older end of this chronosequence (Figure 2). Interestingly, small mires found in younger parts
of the landscape had more complex and varied shapes when compared to those in older parts of the landscape
(Figure 4). These temporal patterns reflect distinct mire initiation and expansion pathways in different parts of the
chronosequence (Stum-Boivin et al., 2019). Accordingly, in the youngest parts of the landscape, the primary mire
formation has likely been the dominant initiation process, similar to that suggested for east-BBL (Huikari, 1956).
The primary mire formation along exposed bays can lead to more elongated shapes, rendering higher shape indi-
ces compared to mires initiated through terrestrialization or paludification. The shapes of mires formed through
primary mire formation or terrestrialization likely remain simple as lateral expansion proceeds, whereas contin-
ued expansion on flat areas through paludification can give rise to more complex shapes (Figure 4a). This is also
consistent with the theory that the shape complexity and mire size are expected to increase as peat progressively
expands into hydrologically suitable areas, circumventing drier ridges (Ehnvall, Ratcliffe, Bohlin, et al., 2023).

While established mires may merge to form larger mire complexes in landscapes old enough to have sufficient
lateral peat accumulation rates, new mires with relatively simple shapes can continue to initiate through terres-
trialization or paludification. This is possible because the lateral mire expansion through paludification often
requires smaller water input from the catchment and can thus proceed in locations that were not available for
primary mire formation (Kulczynski, 1949; Ruppel et al., 2013). The inherent differences in mire initiation and
expansion rates (Ivanov, 1981) along the chronosequence likely contributed to the higher diversity of mire size
found in old parts of the SMC. While such mechanisms remain to be tested, our analysis highlights key changes
in mire shape, which are known to influence the ecology and functioning of these ecosystems and the landscapes
they occupy (Rehell et al., 2019).

4.2. Mire Area Distributions in Relation to the Hydrological Upslope Catchment Support

The upslope area determines minerogenic mire persistence by regulating the supply of water and nutrients
(Sallinen et al., 2023). The ratio between the non-mire and mire areas decreases within a catchment as minero-
genic mires expand into more easily accessible depressions and plains (Ehnvall, Ratcliffe, Bohlin, et al., 2023),
and the non-mire catchment area progressively becomes restricted to drier areas, including steep slopes and
ridges. For the SMC, we observed a decrease in this ratio with mire size across all land-surface-age-classes,
stabilizing at ~1:1 in the largest mires (>1.0 km?; Figure 4b). A minimum catchment-to-mire area ratio should
define the limit of persistence of minerogenic mire. For mires with equal internal controls on their hydrologic
regimes, those with stronger hydrological catchment support are likely to be more resilient toward drought when
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Figure 6. Median slope (a) and median soil moisture (b; SMI) across mires, buffers and unique catchments. Panel (c) shows
a zoomed in version of mire soil moisture scores, with no outliers displayed.
compared to those with weaker catchment support (Lambert et al., 2022). If a mire expands beyond the hydrolog-
ical support capacity of the catchment, that is, in this study below the 1:1 ratio, lateral peat expansion might be
inhibited by drought. At its extreme, this can lead to shrinkage or potentially loss of the mire area (Gallego-Sala
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& Prentice, 2013; Velde et al., 2021) as can be observed today in relic peatlands at or beyond the present climatic
limit for specific peatland types (Chico et al., 2019; Luoto & Seppild, 2000; Moar, 1956; Silva et al., 2019). Under
wetter climatic conditions, the catchment-to-mire ratio could decrease, but still be sufficient for mire maintenance
(Sallinen et al., 2023). Importantly, however, mires are resilient systems that, because of the low hydrologic
conductivity of highly decomposed peat, can maintain elevated water tables and even saturate surrounding areas
(van Breemen, 1995). Hence, mires with deep peat layers can sustain high water tables even under drought condi-
tions, whereas mires with shallower peat may experience greater water table fluctuations (Lambert et al., 2022;
Moore et al., 2021). Based on this, the external influence from catchment inputs and internal controls over the
mire water balance likely interact to determine the vulnerability of minerogenic mires to changing climatic and
hydrological conditions (Lambert et al., 2022).

Interestingly, small mires in the SMC were more variable when it came to the catchment-to-mire ratio compared
with larger mires (Figure 4b). This cannot only be caused by a reduced upper catchment-to-mire ratio limit in larger
mires since mire shape complexity also increases with area (Figure 4a). Instead, small and shallow mires can prob-
ably remain wet despite low catchment-to-mire ratios (close to 0:1) because of their limited basin volume, which
can be recharged even from a small upslope catchment area (Winter, 1988). Also, groundwater intrusions from
below (Jaros et al., 2019; Kulczyriski, 1949; Lambert et al., 2022) might compensate for the small upslope contrib-
uting area, at the same time as tree sheltering reduces water loss through evaporation (Limpens et al., 2014). At the
other extreme, small mires can persist under the support of very large upslope catchment areas (up to 18:1). Such
large catchment support relies on sufficient discharge from distinct mire outlets (Sirin et al., 1998) or more often,
from wider diffuse outlet zones (Sallinen et al., 2019). In addition, seepage to aquifers at mire margins may also
contribute to water loss from these systems (Hokanson et al., 2020; Kulczyniski, 1949; Marttila et al., 2021). The
wide range in the catchment-to-mire ratio in the smallest two area groups suggests that these mires exhibit a more
variable range of hydrological conditions due to their greater external catchment area and thus greater dependency
on non-mire hydrology compared to larger mires. In contrast, larger mires with smaller catchment-to-mire area
ratios are more likely to be dependent on internal controls and less on external hydrological conditions. We argue
that this might be an additional reason why parts of the mires remain small throughout the land-surface-age-
classes (Figure 2), whereas large mires in the SMC have expanded into larger portions of their catchments and
decreased the catchment-to-mire ratio to <2:1 for all mires in the largest area group (1.0-10.0 km?).

At its extreme, mire lateral expansion could hypothetically drive the catchment-to-mire area ratio to approach
0:1, resembling ombrogenic conditions. From a strict hydrological perspective, ombrogenic mires exist in flat
landscapes where their water tables can rise above the surrounding land area, ensuring that the mire receives water
and nutrients exclusively from precipitation. In the present study, we used a unique catchment area to express the
catchment-to-mire area ratio, since we considered this representation to be more reflective of catchment nutrient
supply compared to the total catchment area including any/all upslope mires (Liu et al., 2020). However, no mires
in this area had ratios of ~0:1 even when the total upslope catchment area was considered (Figure S1 in Supporting
Information S1). Thus, hydrologically, the SMC strictly supports only minerogenic mires. This is in line with the
general conception of the northern limit to ombrotrophic mires in Sweden, widely regarded as being ~500 km
south of the SMC, in Bergslagen (Almquist-Jacobson & Foster, 1995). Isolated patches of marginally ombrotrophic
mires do, however, exist north of this limit, much closer to our study area (Taveljomyran ~30 km southwest of the
SMC in Granlund, 1932), and ~70 km east of the SMC in the Ostrobothnia region in Finland (Sallinen et al., 2023).
Differences in landscape slope and topography between the east and west flanks of the BBL may explain why
ombrogenic mires form at similar latitudes in Finland but not in Sweden. Our results on the lower limits of the
catchment-to-mire area ratio, and its regulation of the mire extent can potentially improve process-based (Treat
et al., 2022) or TOP-models (Kleinen et al., 2012) used to model peat accumulation in minerogenic mires. Such
models often rely on assumptions based on ombrogenic systems, and currently provide incomplete representation
of minerogenic systems. Noteworthy, the terrain indices and catchment-scale approach applied in the present study
are by no means restricted to uplift areas unless long-term trends are in focus. Hence, the present catchment support
to mires can be studied by applying similar spatial analyses in areas outside isostatic rebound zones.

4.3. Landscape Slope and Wetness as Drivers of Mire Size and Shape Configuration

Soil moisture conditions (Figure 6¢) and weathering derived nutrients regulate mire productivity (Ehnvall, Agren,
et al., 2023) and regulate peat lateral expansion in the SMC (Ehnvall, Ratcliffe, Bohlin, et al., 2023). The lower
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limit in the catchment-to-mire ratio (1:1) itself is unlikely to be a purely hydrological constraint that limits mire
expansion and size. Rather is the lower bound of the catchment-to-mire ratio in the SMC determined by regional
topo-edaphic controls, which prevents peat from occupying the whole catchment (Ehnvall, Ratcliffe, Bohlin,
et al., 2023) by physically separating mires from the remaining sloping or otherwise dry ground. The observed
increase in median upland (catchments, and within these, buffers) moisture conditions with increasing time since
land emergence from the sea, especially in the 05,000 years range (Figure 6b), reflects the buildup of thicker
humus layers or shallow peat layers surrounding the mires (/&gren et al., 2022). Interestingly, the SMI predicted
large mires to be on average wetter than small mires across all land surface age classes (Figure 6¢). This suppos-
edly reflects a higher frequency of surface water bodies (e.g., pools or small streams) within or close to larger
mires, although this would need to be confirmed. It is important to note that mire moisture conditions based on
the soil moisture index should be interpreted cautiously since the mire area itself was included among the input
variables when the index was prepared, and since it was primarily developed to describe moisture in forest soils
(Agren et al., 2021).

To complete the conceptual understanding of mire expansion in the SMC, we identified a mire slope limit of ~4%
(~2° slope) above which mires hardly occurred under present climatic conditions (Figure 5a). Supporting upland
areas (catchments and buffers) included surfaces with slopes above 4%, but also some surfaces with lower slopes
(>2%). The incline in terrain that mires can inhabit is a direct result of the local water balance (Ivanov, 1981),
and it differs between landscapes under different hydrologic regimes. The slope limit in our study area is higher
compared to limits reported from southern Sweden (Almquist-Jacobson & Foster, 1995) and Alaska (Loisel
et al., 2013). However, in wetter parts of Sweden, such as the west of the province of Dalarna, mires commonly
cover slopes of 5%—10%, and up to 14% in some areas (Rydin et al., 1999). In maritime areas, such as on the
west coast of Scotland, blanket bogs can be found on slopes up to 20% (Gorham, 1957; Pearsall, 1950). Apart
from restricting the mire lateral expansion, steep slopes in the mire surrounding areas can also cause hydrological
changes to the mire, including development of macro-pores and preferential flow paths in the deeper peat (Hare
et al., 2017; Lambert et al., 2022) or causing larger groundwater inflow (Autio et al., 2020).

We found that small mires were steeper compared to larger mires in the SMC (Figure 6). Small mires often have
shallower peat layers and may thus better reflect the underlying topography. In contrast, large mires with deep
peat layers cover the underlying topography to a greater extent (Loisel et al., 2013). Furthermore, mires with
different sizes might have formed in different parts of the landscape and faced different topographic constraints
immediately after their initiation. If the balance in precipitation and evapotranspiration remains the same, areas
with a steeper slope will require a substrate with sufficiently low permeability to generate a water surplus needed
for peat formation (Ivanov, 1981). Alternatively, peat may advance (very slowly) up steep inclines through the
gradual increase in absolute water table depth, which is coupled with the vertical growth of peat (Korhola, 1996).
After peat is initiated at steeper sloping sites, the water retention capacity increases and the water table stabilizes,
and peat starts to accumulate (Ivanov, 1981; Laitinen et al., 2008; Rydin et al., 2013). It is possible that the wetter
conditions observed in larger mires (Figure 6¢) are caused by their gentler slopes in comparison to smaller mires,
which may limit water flow and form pools as a consequence.

After ~5,000 years, buffer slopes in the SMC became increasingly steeper (Figure 6), suggesting that mires in
older parts of the landscape face increasing topographic constraints. The flatter catchment and buffer slopes asso-
ciated with younger parts of the landscape (Figure 6) indicate that the small total mire area in young parts of the
landscape (Figure 2) must reflect other constraints than topographical, such as temporal restrictions related to the
timing and spread of mire initiation, or the rate of lateral expansion (Ruppel et al., 2013). The observed increase
in mire abundance after ~5,000 years (Figure 2a) resulted from a systematic shift in the median upland slope,
such that steeper slopes and more heterogeneous soil moisture conditions in upland areas generated higher mire
abundance (Figure 5). This confirms that merging individual mires into larger mire complexes is restricted to
steep and dry terrain, much in line with previous studies from the area, which have suggested that the most rapid
mire initiation and utilization of hydrologically suitable areas occurred within 2,000 years after land exposure
from the sea (Ehnvall, Ratcliffe, Bohlin, et al., 2023). In parts of the chronosequence that have been exposed for
less than 1,000 years, mire initiation may be strongly restricted due to the short time of land exposure. Apart from
the youngest age class, we conclude that mire abundance in the area is primarily driven by topographic controls
(Figure 5), while the total mire area increase is a function of time and the formation of large mire complexes
(Figure 2).
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Comparing our results from the Fennoscandian uplift zone in the BBL with those from similar uplift areas,
for instance the HBL (Glaser, Hansen, et al., 2004; Glaser, Siegel, et al., 2004) and the White Sea uplift zone
(Kutenkov et al., 2018), highlights the importance of local context in driving patterns of mire development. For
example, it has been proposed that the inter-fluvial distance is a major control on peat accumulation in the HBL,
determining the elevation of the water table mounds. However, the climate in the BBL is considerably different
from that in the HBL. As a result, SMC mires are primarily found on flatter ridges above the rivers and very rarely
span inter-fluvial gaps, unlike in the HBL. The Swedish part of the BBL is itself exceptional in that the rebound
is occurring at the highest rate known globally (Nordman et al., 2020). Rebound is also occurring in a landscape
that is comparatively more rugged than the HBL, with upslope catchment areas supplying mires with water and
solutes. Apart from the role of topography, cold, mid and northern boreal climates are generally unfavorable
for ombrogenic mires due to the influence of surface and ground water (Almquist-Jacobson & Foster, 1995;
Damman, 1986; Foster & Glaser, 1986; Sallinen et al., 2023), which may promote peat decay (e.g., Glatzel
et al., 2023). This soligenous water supply may be higher in northern climates due to high precipitation and low
evapotranspiration during the autumn and winter period (Sallinen et al., 2023; Sjors, 1990) compared to drier
climates. Soligenous water inputs differ considerably across the landscape, for instance leading to minerogenic
mire formation in valley bottoms and promoting ombrogenic mires on ridges (Kulczyriski, 1949). In flatter land-
scapes, such as the HBL, soligenous water also explains the occurrence of minerogenic and ombrogenic mires
(Glaser, Siegel, et al., 2004). Contrary to drier climates, where low soligenous water inputs could be expected
to limit peat formation and expansion, we found mires more fragmented and smaller with greater hydrological
support from the catchment. When the catchment area exceeded the area of the mire, that is, a ratio of 1:1, mires
did not typically grow above 1 km? in size (Figure 4b). While this largely reflects temporal restriction in the mire
lateral expansion in the younger end of the SMC, it is nevertheless consistent with Ehnvall, ;\gren, et al. (2023),
and Ehnvall, Ratcliffe, Bohlin, et al. (2023) who found large areas of the landscape that were wet enough for mire
expansion but for which peat remained absent.

4.4. Uncertainties in the Description of Temporal Patterns in Mire Morphometry

Our results and interpretations are based on the current mire extent in the SMC. Land use changes are known
to alter ecosystem patterning in forest landscapes (Rana & Tolvanen, 2021; Sallinen et al., 2019). However, the
SMC is sparsely populated, with settlements and agriculture concentrated on coastal and river areas (Sévaran and
Tiftean). Agriculture may have led to mire loss in these regions, but its impact on overall mire morphometry or
cover across the wider mire population is likely small (Ehnvall, Ratcliffe, Bohlin, et al., 2023). Instead, forestry
drainage, a common practice in northern Sweden, is the main activity that could have altered the mire morpho-
metry. While large scale-estimates of mire modification due to drainage still have to be made, it has undoubtedly
affected the mires in the SMC. Still, open and sparsely treed mires, which are our focus, are likely less affected
than tree-covered mires because forestry drainage primarily targets tree-covered peatlands. Finally, mire margin
drainage, which is another common practice in the area, may constrain the future lateral mire expansion but has
limited influence on the present mire configuration (Bring et al., 2022).

Our chronosequence study compares mire morphometry across zones that emerged from the Bothnian Bay since
deglaciation of the Scandinavian Ice Sheet ~10,000 years ago (Stroeven et al., 2016). While land surface age
corresponds to the potential maximum mire age, it is important to acknowledge that actual mire age is likely
less if mire initiation lags land availability (Ehnvall, Ratcliffe, Bohlin, et al., 2023). This lag could result from
initially unsuitable soil or climate conditions (Gorham et al., 2007; Morris et al., 2018) or slow plant dispersion/
productivity rates (Sundberg et al., 2006; Tiselius et al., 2019). Our observations and interpretations still hold
true at the landscape level, even if single mires' ages are overestimated when derived from the elevation above sea
level (Ehnvall, Ratcliffe, Bohlin, et al., 2023) since the primary mire formation can be assumed to dominate in the
region (Huikari, 1956), and because we focus on the entire mire population rather than on individual mires. Mire
ages derived from elevation have been confirmed based on '“C dating of basal ages in mires at different elevations
from the wider BBL area (Ehnvall, Ratcliffe, Bohlin, et al., 2023), providing additional support for our approach.

Finally, the chronosequence approach assumes similar climate and microclimate conditions over the Holo-
cene. There is a potential variance in current microclimate along the coastal-inland gradient in the SMC, but
when compared to the wider boreal region, this variation is negligible (Yu et al., 2009). A lag in mire initia-
tion, or halt in mire expansion, may happen under drier, less favorable conditions (Gorham et al., 2007; Morris
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et al., 2018), while in contrast, episodic expansion patterns may appear under wetter, more favorable conditions
(Korhola, 1996; Turunen & Turunen, 2003). Mires in the SMC experienced Holocene climate fluctuations typical
of northern latitudes (Wastegérd, 2022), with warm and dry conditions during the Holocene thermal maximum
~8,000-5,000 years BP, followed by a transition to colder and wetter conditions during the mid-Holocene (Loisel
et al., 2014). During the 4,500—4,000 years BP period more variable climate conditions point towards a wet shift
in many southern Swedish mires (Borgmark & Wastegard, 2008; de Jong et al., 2006). Around 2,800-2,600 years
BP, the climate regime shifted from continental to oceanic in many parts of Sweden, i.e. more humid with less
seasonal variation in temperature. This was followed by colder and drier conditions until ~1,500 years BP, after
which the climate was wet and cold (Wastegard, 2022). Reports of a wet shift in mire hydrology (Rundgren
et al., 2023) and increasing vertical peat accumulation rates (Larsson et al., 2017) have been reported from this
period. Wetter and more suitable periods of Holocene climatic conditions may have enhanced the mire expan-
sion patterns observed for the SMC. For example, the emergence of large mire complexes after ~2,000 years
(Figures 2 and 4) coincides with the 2,800-2,600 years BP event and may partly reflect the rapid peat expan-
sion to mire-suitable locations that were exposed from the sea during this wet shift in the Holocene climate.
While climate variation should not be neglected, we maintain that the observed relationships between mire area,
land-surface age, and topography support the idea that topography per se, rather than Holocene climate variation,
is the main driver of present-day mire patterns in this region (Figure 5). As such, our research is ideally placed to
answer questions related to topography and catchment water support. Nevertheless, there is still a clear gap in the
literature that precludes making broad generalizations regarding the factors that drive mire development during
glacial rebound. Indeed, the implications of our own findings could be much changed in a climate that supports
both minerogenic and ombrogenic mires.

5. Conclusions

Patch size, arrangement, and spatial heterogeneity are important for a broad range of ecological, biogeochemical,
and hydrological processes within individual mires—and for the dynamics of the boreal landscape mosaic as a
whole. Our results reveal how spatial complexity can emerge during post-glacial succession. Further, we show
that different spatial attributes of mires can reflect distinct drivers; for example, overall cover and shape complex-
ity were linked to the formation of mire complexes over time, whereas mire abundance and fragmentation were
driven by localized topographic controls. Such patterns can also manifest in complex ways as landscape age;
while the youngest parts of the chronosequence supported predominantly small mires, older parts were character-
ized by a heterogeneous mix of small mires and large mire-complexes, reflecting a greater diversity of initiation
and expansion pathways over time. Finally, our results underscore the influence of the surrounding upland topog-
raphy and hydrology as a driver of mire size, shape, and arrangement across the northern boreal landscape.
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