Undrained peatland areas disturbed by surrounding drainage:
a large scale GIS analysis in Finland with a special focus on aapa mires
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SUMMARY

Half of the Finnish peatland area is drained for forestry. The remaining undrained peatlands are not all pristine,
because surrounding drainage may disturb their hydrology. This concerns especially aapa mires, which are
dependent on hydrological connections to their upper catchments. We investigated the amount and sizes of
Finnish undrained peatlands, the drainage state of their margins, and the naturalness of aapa mires in large
(> 50 ha) undrained peatland areas, using a GIS analysis based on digital map data, aerial images and an
elevation model. The results show that a majority (66.7 % of count, 84.7 % of area) of undrained peatland
areas have at least partly drained margins. Drainage activities commonly disturb minerotrophic water discharge
to aapa mires. In the middle boreal zone, on average 41.6 % (median 42.8 %) of the catchment area of aapa
mires is such that hydrological connection with the mire is disturbed by intervening drainage. In the southern
boreal zone, the figure is 25.1 % (median 16.1 %), and in the southern part of the northern boreal zone 24.2 %
(median 9.9 %). Possible implications of the disturbances include tree encroachment, hummock formation and
fen—bog transition, which is likely to cause a loss of biodiversity but could potentially increase peat growth

and carbon sequestration.
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INTRODUCTION

A cool and moist climate and a level topography have
favoured peat formation in Finland, where almost one
third of the land area is covered by different types of
peatland (llvessalo 1956, LUKE 2017, Wu et al.
2017). However, according to an official figure given
by the Natural Resources Institute Finland, 53 % of
the total peatland area of 8,644,000 ha has been
drained in order to promote timber growth (LUKE
2017). In southern Finland, the drainage percentage
is 75 %. Peatland refers here to all environments with
a surface peat layer, such as open mires and peatland
forests (Figure 1).

Forestry ditching began in Finland in the early
1900s, and the most active phase was in the 1960s
and 1970s (Lindholm & Heikkil&d 2006a). Peatlands
that were originally tree-covered were the most likely
to be drained (e.g. Paivanen & Hanell 2012).
Currently, all wooded peatland habitat types except
the poorest from a silvicultural standpoint are
endangered in southern Finland (Raunio et al. 2008,
Kontula & Raunio 2009, 2018). Draining of open
mires has not been so common, and ombrotrophic
bogs and the wettest fens were most often left aside

from drainage, although their margins were
frequently drained (Eurola et al. 1991). It is assumed
that today much of the remaining undrained
peatlands are remnant patches of larger mires
(Kaakinen et al. 2008), but exact statistics of the
situation are unavailable.

Fragmentation of mire landscapes and drainage of
peatland margins may have multiple consequences,
including changes in biodiversity and the carbon
cycle. Drainage has changed mire-forest ecotones,
and the undrained inner areas may have also been
affected if their hydrology has been altered by the
disturbance at the margin (Tahvanainen 2011). This
kind of remote disturbance may concern especially
mire types that are dependent on the water flowing
from their surroundings; in boreal environments
especially aapa mires and related minerotrophic
peatlands (see section THE AAPA MIRE
CONCEPT below).

An example of remote hydrological disturbance is
given by Tahvanainen’s (2011) study of a boreal aapa
mire in Eastern Finland. Historical aerial
photographs, peat stratigraphy and vegetation data
demonstrated that when water supply to the mire was
disrupted by surrounding ditches, acidification was
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Figure 1. Peatland cover in Finland. Peatland
refers here to all environments with a surface peat
layer. Percentage cover is shown for 6 x 6 km
squares (TM35 1:10,000 map sheets). HSB =
hemiboreal and southern boreal zone, MB =
middle boreal zone, NB = northern-boreal zone
(peatland data: National Land Survey of Finland
and SYKE; climatic-phytogeographical zones:
SYKE; base map: HELCOM).

initiated, and Sphagnum mosses covered the mire’s
formerly open wet surfaces within just a few decades.
The vegetation change could be characterised as a fen
to bog transition, and the change was accompanied
by accelerated peat growth. In a more extensive
study, Rehell (2017) inspected 71 seemingly
undrained aapa mires located in the middle boreal
zone of Finland by visual interpretation of aerial
images and maps. He suggested that 36 % of the
upper catchment area of the mires was, due to margin
drainage, no longer discharging water to the mires.
In the Finnish assessment of habitat types, the
status class of various aapa mire complex types varies
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between ‘least concern’ (LC) and ‘endangered’ (EN)
(Raunio et al. 2008, Kontula & Raunio 2009, 2018).
The European Red List of Habitats (Janssen et al.
2016) classifies the ‘aapa mire habitat’ (referring to
wet central fens of aapa complexes) as LC. Problems
with both these assessments include insufficient
knowledge of the changes that have occurred in the
undrained mires and the inability to predict the future
changes. Catchment disturbances are recognised as a
threat to aapa mires with potentially significant
implications for ecosystem services and biodiversity,
but the risk cannot be reliably estimated because of
the lack of quantitative data (Janssen et al. 2016,
Tahvanainen 2016).

For studying the hydrological disturbances of
undrained mires, Finland is a well suited area, owing
to its abundance of peatlands, their relatively
intensive utilisation, and a climatic and vegetation
gradient across the country (Lindholm & Heikkila
2006b). The research motivation is, however, not
confined only to Finland, as the situation of
catchment modification by surrounding land use is
common everywhere where peatlands are located in
inhabited and managed areas. The role of peatlands
in global climate regulation and biodiversity and the
prevalence of minerotrophic peatland types in
northern latitudes worldwide emphasise the
international importance of the topic (e.g. Frolking &
Roulet 2007, Yu 2012, Janssen et al. 2016).

In the present study, we develop GIS-based
methods for investigating the naturalness of
undrained peatlands and the hydrological
disturbances caused by surrounding land use. At the
same time, we gain large scale knowledge of the state
of Finnish undrained peatlands and the remaining
aapa mires. First, we determine the amount of
undrained peatland areas and drainage status of their
margins in different parts of Finland. Then, we study
the remaining aapa mires, in particular the extent to
which land use disturbs the potential inflow of water
from their upper catchments. In connection with this,
we also explore the relationship between nature
conservation and naturalness of mires.

THE AAPA MIRE CONCEPT

Traditionally, aapa mires are regarded as boreal mire
complexes with wide central fen areas but also
include the surrounding drier peatlands (Ruuhijarvi
1960, Laitinen et al. 2005, 2007). In another
approach, aapa mire can be regarded as synonymous
with a patterned (ribbed) fen, a minerotrophic mire
area where wet, sparsely-vegetated depressions
(flarks) alternate with drier and narrower strings
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(Figure 2). The strings are typically covered by fen
vegetation with Sphagnum mosses and they are
oriented perpendicular to water flow, acting as dams
to store water in the flarks. Trees are absent or sparse
on hummock strings and in mire margins. This
second characterisation conforms to the definition of
‘aapa mire habitat’ in the European Red List of
Habitats (Janssen et al. 2016, Tahvanainen 2016).
Patterned fens are fairly common in the boreal
zone (Ruuhijarvi 1983, NWWG 1988, Masing et al.
2010, Gunnarsson & L6froth 2014). They function as
water conveyers in peatlands and are found in
locations collecting sufficiently large amounts of
water from the upper catchment areas (Laitinen et al.
2007, McCarter & Price 2017). It is easy to detect
them in aerial photographs, but occurrence of
patterning is not an on/off phenomenon. On the
contrary, there is a range of variation from a strong
patterning to a faint, scarcely recognisable one. To
include all this variation, the aapa mire concept can
be used in a wide sense, referring to any larger boreal
open minerotrophic mire in which the minerotrophy
is based on near-surface runoff from the upper
catchment, and which have some gradient to allow
directional mire water flow. String-flark patterning is
usually found in this kind of mire, but the patterning
is not a necessary characteristic of this wider aapa
concept (Laitinen et al. 2005, 2007, Lindholm 2015).
The relatively short and cool summer of the boreal
region, enhancing mire wetness and suppressing
biological productivity, is an important contributor to
aapa mire occurrence (Ruuhijarvi 1960, Tahvanainen
2016). Another is seasonal flooding caused by snow
melting, as the meltwater flushes away the
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accumulated humic acids from surface peat, thus
preventing acidification and restricting the growth of
Sphagnum mosses (Tahvanainen et al. 2003,
Sallantaus 2006).

In practice, there is a gradual variation in all of the
typical aapa characteristics, not only in the extent and
clarity of patterns, but also in wetness and abundance
of flarks, density of tree cover, strength of
minerotrophy, characteristics of water flow etc. This
ensures that, regardless of chosen definition for aapa
mire, there are borderline-cases for which it is
difficult to say whether or not they are aapa mires.
This kind of delineation problem, however, is not
unique to aapa mires, since it concerns all such
concepts that draw borderlines to continuums, which
is often the case in ecology (Joosten et al. 2017).

Another kind of delineation problem arises in
landscapes  where  peatlands  form  wide
interconnected networks lacking confining basins:
where to assign the outer boundary of an individual
aapa mire complex? In this study, we take a
hydrological solution to this problem: surrounding
peatlands belong to the aapa complex when they
belong to the upper topographic catchment of the wet
central area; i.e., if they discharge water to the aapa
mire’s wet fen areas.

STUDY AREA

Finland is located in north-western Europe, where
Atlantic oceanic and Eurasian continental influences
meet (Figure 1). The mean annual temperature is
+5 °C on the south-western coast and below -2 °C in

Figure 2. Patterned fens and flark fens belonging to an aapa mire landscape. Palosuo mire, Kuusamo,
Finland, northern boreal zone (digital orthophoto: National Land Survey of Finland).
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the north-western areas. The annual precipitation is
400-750 mm, 30-50 % of which falls as snow, and
the duration of snow cover ranges from 85 to 225
days (Tikkanen 2006a, FMI 2018). The terrain is
generally rather flat and low. Altitudes range from
sea level to 1,328 m, but 80 % of the area is less than
200 m above sea level (Seppald 1986). The most
common surficial deposit is glacial till, which is
relatively impermeable material, and an additional
factor that explains the prevalence of peatlands in
Finland (Tikkanen 2006b).

Finland covers much of the climatic-
phytogeographical variation of the circumboreal-
Arctic area: hemiboreal, southern boreal, middle
boreal, northern boreal, alpine, and arctic zones (Ahti
et al. 1968, Tuhkanen 1984), although the last two
comprise only small areas in the highest hills in the
north. Moreover, since the hemiboreal zone is in
Finland a relatively narrow coastal area with a low
coverage of peatlands, it is joined in the present study
with the southern boreal zone (Figure 1).
Delimitation of the zones is based on vegetation
differences induced by the macroclimate. For
example the length of the growing season and the
effective temperature sum differ between the zones
(Solantie 2006).

The wetness of peatlands generally increases
northwards in accordance with the humidity of the
climate. Open pools of water are most abundant in the
peatlands of the northern boreal zone (NB hereafter),
which is the centre of the aapa mire distribution.
Aapa mires are common also in the middle boreal
zone (MB), but they are generally drier. In the
hemiboreal and southern boreal zone (HSB), aapa
mires are confined to places where local hydrological
conditions inhibit the development of ombrotrophic
bogs, which are the climatic climax type in this
southerly zone. The outlined picture of climate-
geographical variation in Finnish peatlands follows
Ruuhijérvi (1960) and Eurola (1962; see Ruuhijarvi
1983).

Peatland drainage has roughly doubled the annual
growth of wood on peat substrates in Finland, and
today approximately 20 % of timber growth in
Finland takes place in peatland forests (Tomppo
1999). However, some 0.5 to 1 million ha of peatland
drainage has not been successful in forestry terms
(Laiho et al. 2016). Peatland agriculture, peat-
mining, water reservoirs and various construction
activities have further reduced the undrained peatland
area (Kaakinen et al. 2008). The extent of agricultural
peatland fields in Finland is currently about
310,000 ha (Myllys & Soini 2008), but agriculture
has probably reduced the peatland area by up to one
million hectares (Lindholm & Heikkild 2006a).
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Minerotrophic mires have been preferred in both
forestry and agriculture. At present they are among
the threatened peatland types in southern Finland
where they are naturally less common and where land
use is more intensive (Raunio et al. 2008).

METHODS

Overview

To satisfy the aims of the study, we utilised two
peatland GIS data sets, 1) the peatland drainage status
raster and 2) the data base of undrained peatland
patches, both developed in the Finnish Environment
Institute SYKE. In the following sections, we
describe the data sets, and how we further developed
and analysed them. We performed spatial data
processing and analysis in ArcGIS. Table
calculations were done in Excel and statistical
analysis in R (package: dplyr).

Peatland drainage status data

The peatland drainage status raster (SOJT_09bl
2009) of the Finnish Environment Institute SYKE
covers the whole of Finland, and it is based on the
Finnish National Land Survey’s digital map data
‘Topographic Database’ from the year 2008 (see
NLS 2018). Peatlands of the Topographic Database
are rasterised into a 25 m resolution grid, and roads,
fields, and narrow (< 5 m) streams are enlarged by
50 m wide buffers and embedded in the raster.
Peatland cells that are located under the buffers are
defined as drained peatlands (Figure 3a). In southern
Finland, narrow streams are almost invariably
artificial ditches, but in northern Finland natural
brooks are more common. Natural brooks are
identified sub-automatically based on their irregular
shape and deleted. Peat mining areas are added from
the Corine Land Cover 2006 classification
background data (CLC2006 2009).

There is variation in how far the influence of a
ditch extends into a peatland, but an approximate
width of 50 m is used in the drainage status raster,
because it is a common distance between ditches in
forestry drained peatlands, and using it helped to
prevent formation of small undrained strips between
ditches. It was also customary to choose a multiple of
25 m, which is the cell size of the data.

Previous uses of the drainage status raster include
those by Kaakinen et al. (2008) and Kareksela et al.
(2013). In the present study, we used it to determine
the extent of peatlands and their drainage status in
various areal divisions. We calculated the areas with
ArcGIS’s Tabulate areas function. Forest-covered
peatlands (canopy cover > 10 %) were distinguished
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from open mires by combining the Corine Land

Cover

2012 (CLC2012 20195)

classification’s

information with the peatland raster data.

Undrained peatland patches
A polygon data set of the remaining patches of
undrained peatland was constructed by vectorising
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the raster cells denoting undrained peatland in the
drainage status raster. With the resulting data set, it
was easy to locate the undrained peatlands and
measure their areas. The drainage status of margins
of the undrained patches was determined with
ArcGIS’s Polygon neighbors tool by calculating the
length of coincident edges of undrained patches and
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Figure 3. a) The principles of the peatland drainage status raster. Peatlands within a 50 m proximity to
ditches, roads or fields are defined as drained peatland. b) GIS-analysis of aapa mire naturalness. The aerial
image in Figure 2 shows the same location. (Peatland data: SYKE; contours and waters: National Land
Survey of Finland; roads: Finnish Transport Agency; flark area digitised on aerial photograph).
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their neighbouring drained patches and summing up
the lengths patch by patch. Because the peatland
patches are produced from raster data, there are also
cornerwise connections between the undrained and
drained patches. These do not add to drained margin,
although it is likely that in reality some length of
margin is drained also in these instances. To take this
fact into account, while not overestimating it, we
counted 5 m of drained margin for every cornerwise
connection of this kind.

The Finnish environment institute SYKE has
conducted a data collection project in which large
undrained peatland patches have been investigated
visually from colour and IR aerial images at a
resolution of 0.5 m (hereafter ‘SYKE air photo
investigation’). The collected information includes
mire types and degrees of hydrological disturbance,
estimated mainly by one experienced interpreter
(Phil. lic. Hanna Kondelin). Previous uses of the
SYKE air photo investigation data include Finnish
national plans for peatland use and conservation
(MAF 2011, Alanen & Aapala 2015). We will briefly
explain the data below, since it was used in the
present study to identify peatland patches with aapa
features.

The SYKE air photo investigation data contains
information on 4,701 undrained peatland patches, the
minimum area of which is 20 ha for the HSB zone,
50 ha for the MB zone and the south-eastern part of
the NB zone, and 100 ha for the rest of the NB zone,
although the northernmost part is excluded. There are
3,884 patches that are larger than 50 ha, 18.5 % of
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which are classified into the best hydrological
condition class ‘good’ (i.e. ‘in a natural state, or at
most with some small insignificant ditching’). Other
classes are ‘sustainable’ (36.1 %, ‘there are drained
areas bordering the undrained patch, but these do not
threaten the hydrology of the undrained area’),
‘weakened’ (32.0 %, ‘land use around the undrained
peatland patch has weakened the unity of the
peatland, but it is still regarded as a functioning
ecosystem’), ‘weak’ (2.8 %, ‘land use has altered the
peatland complex so that it is not anymore a properly
functioning ecosystem’), ‘destroyed’ (0.7 %, ‘the
peatland has ceased to exist as an ecosystem’) and
‘not evaluated’ (9.9 %, mainly large disorganised
networks of peatland, postponed for later evaluation,
in the NB zone) (Table 1).

Determining aapa mire naturalness

Sampling protocol

The SYKE air photo investigation data allows for a
random sample of aapa mires to be drawn, since it
includes information on mire complex types.
Unfortunately, the smallest peatland patches are not
included and the minimum size varies. We set the
minimum at 50 ha for the present study. Another
feature of the data worth a mention is the wide aapa
concept. Patterned fens, wet soaks, and wide
minerotrophic treeless mire areas are regarded as
aapa features, and all peatland patches with some of
these features are marked as aapa mire patches. These
include showpiece examples of large aapa mires

Table 1. Hydrological condition of undrained peatland patches (> 50 ha) according to the Finnish Environment

Institute’s air photo investigation.

Areal division

Hydrological condition class HSB MB NBS Total

Count % Count % Count % Count %
Good 58 18.1 323 13.8 339 27.6 720 18.5
Sustainable 163 50.8 940 40.3 300 24.4 1403 36.1
Weakened 87 27.1 964 41.3 192 15.6 1243 32.0
Weak 11 34 87 3.7 10 0.8 108 2.8
Destroyed 2 0.6 20 0.9 4 0.3 26 0.7
Not evaluated 0 0.0 0 0.0 384 31.2 384 9.9
Total 321 100.0 2334  100.0 1229 100.0 3884 100.0

Note. HSB = hemiboreal and southern boreal zone, MB = middle boreal zone, NBS = southern part of northern

boreal zone.

Mires and Peat, Volume 24 (2019), Article 38, 1-22, http://www.mires-and-peat.net/, ISSN 1819-754X
© 2019 International Mire Conservation Group and International Peatland Society, DOI: 10.19189/MaP.2018.AJB.391



A. Sallinen et al.

dominated by distinctly patterned fens as well as
many kinds of borderline cases, in which the aapa
features are subordinate and sometimes difficult to
judge.

Altogether, 2,684 peatland patches exceeding the
size limit of 50 ha contain aapa features: 93 in the
HSB zone, 1794 in the MB zone and 797 in the
southern part of NB zone. Because of the differences
in the prevalence of aapa features between the
climatic zones, southern Finland would be
underrepresented if a simple random sampling was
applied to the whole study area. Thus, we grouped the
peatland patches with aapa features into three lists
according to climatic zones (HSB, MB and NB).
Then, we excluded the mires outside the range of the
digital elevation model, randomised the order of
peatland patches in the lists and selected the first 40
appearing on each list for a total of 120 aapa mire
patches (Figure 4).

Water flow model and delineation of aapa mire
complexes

We delineated the aapa mire complexes and their
catchments with the help of a digital water flow
model. The basic idea is that the wettest mire
vegetation through which minerogenic water flows is
the centre of an aapa complex and the peatlands
surrounding it are regarded as belonging to the
complex if they are upslope of the wet central area
and constitute a continuous peatland with it. Some of
the peatland patches did not contain proper wet
‘flark’ vegetation, but the minerogenic flow paths
were anyway located.

Water movements in peatlands are three-
dimensional, but according to the acrotelm-catotelm
model of peatlands (Ingram 1978, 1983), the vertical
water movements are small in comparison to the
horizontal movements. Most of the water flow occurs
in the upper peat layer, which is less humified than
the deeper, non-aerated layers. This model holds true
in the majority of Finnish mires (Rehell et al. 2014).
Rare exceptions are peatlands with considerable
vertical groundwater flows and so-called percolation
mires, where water is flowing horizontally through
thick layers of permeable peat (Joosten & Clarke
2002, Laitinen et al. 2007). Accordingly, we ignored
the vertical movements and modelled the water flows
two-dimensionally based on surface elevation.

We used a LIDAR-based, 2 m resolution digital
elevation model (DEM), produced by the National
Land Survey of Finland. We aimed at showing what
the natural water flow paths would be in the
landscape in the absence of drainage, and after that
we could assess how drainage interrupts the water
flow. For minimising the effects of ditches, roads and
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Figure 4. Aapa mire samples and their source
population. Legend: (1) undrained peatland patch
with aapa features and more than 50 ha in size; data
for northernmost Finland unavailable; (2) sampled
aapa mire; 40 for each climate zone, giving a total
of 120; (3) climatic-phytogeographic zone border;
HSB = hemiboreal and southern boreal zone, MB
= middle boreal zone, NB = northern boreal zone;
(4) extent of digital elevation model (base map:
SYKE).

other artificial features in the natural flow paths, we
generalised the DEM into a 10 m resolution by
aggregating 25 nearby cells and defining their
median elevation as the elevation of the aggregated
cell. The median was chosen instead of mean because
it is more resistant to extreme values. The treatment
smoothed away most of the ditches. However, the
deepest ones and severely subsided areas around the
ditches persisted, which must be accepted as a
potential source of error in the results.

In delineating the aapa mires and their
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catchments, we mainly followed the basic eight-
neighbour (D8) approach for DEM-based watershed
delineation (O’Callaghan & Mark 1984, Jenson &
Domingue 1988). However, instead of the precise
outlet points often used for indicating the locations of
water outflow, we drew 'outlet lines' at the zone
through which water flows out of an undrained
peatland patch (see Figure 3b). Table 2 presents the
workflow. Positioning of an outlet line was
straightforward if there were no deep ditches or
severe ground subsidence near the target fen area. But
if these were present, we had to judge, on the basis of
aerial photographs, contours and water flow lines,
which of the flow lines presently passing by the fen
had originally flowed in it. Then, we extended the
outlet line beyond the undrained patch to reach these
flow lines. This more complicated procedure was
done for 25 outlet lines, and their mean extension
outside the undrained patch was 61.6 m (SD 67.3 m).

Measures of disturbances

We evaluated the hydrological connectivity between
the undrained parts of aapa mires and their upper
catchments. In short, the workflow was that we first
delineated the parts of aapa mire catchments that
have undisturbed connections with the undrained
mire parts. These were subtracted from the aapa mire
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catchments, resulting in the parts of the catchments
that have only disturbed or disrupted connections
with the undrained parts of the mire (Table 3).
Another possibility could be to delineate directly the
catchments of disturbed upper margins, but this was
not chosen because of the uncertainty caused by the
complexity of mire margins. Namely, there are
instances where a water flow path in our model
enters, exits and re-enters the undrained mire. It is
possible that if a flow path originally enters an aapa
mire through an undisturbed margin, it may on a
second time enter through a drained margin or vice
versa. As only one type of entry can be registered in
our method, we chose the undisturbed entries so as
not to overestimate the disturbances.

Another kind of uncertainty is caused by mineral
islets. They contribute to the complexity of mire
margins as well, but because the mire margins against
mineral islets tend to be less drained than other types
of mire margin, the occurrence of mineral islets may
cancel out the influence of a drained upper margin in
our model. Although mineral islets can be important
sources of minerogenic influence, their occurrence
would unduly raise the proportion of undrained
margin. To moderate this effect, we restricted the
influence of mineral islets to the islet area and not the
whole catchment.

Table 2. Delineation of aapa mire complexes and their catchments in ArcGIS environment.

Step  Procedure

1 Fill the sinks in DEM to obtain a DEM in which every cell is a part of a decreasing path of cells
leading to the edge of the data set, after which compute a raster of flow directions from each cell to
their steepest downslope neighbour and a raster of accumulated flow into each cell.

2 From the flow accumulation raster, select the cells that receive water from at least 500 cells
(50,000 m?) to make the important surface water flow paths visible.

3 Identify the water flow paths that coincide, according to air photos, with wet minerotrophic
vegetation. Digitise outlet lines to locations where these water flow paths exit undrained peatland. If
a wet minerotrophic area has several discharge directions, digitise outlet lines for all of them.

4 Run “Snap pour point’ tool for outlet lines to ensure the selection of the right cells for a mire outlet,
after which determine the contributing areas above the outlets with Watershed tool and the flow
direction raster. Vectorise the resulting catchment raster in order to create catchment polygons.

5 Clip peatland polygons with the catchment polygons for delineating the aapa complexes.

6 Clip undrained peatland polygons with the catchment polygons for delineating the undrained parts of

aapa complexes.
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The resulting data sets were used to calculate three
variables:

(1) Drained proportion of an aapa mire complex (%)

(2) The proportion of an aapa mire's catchment that
is upslope of a drained margin (%)

(3) The proportion of the total mineral ground area
within an aapa mire's catchment that is upslope
of a drained margin (%)

The first variable is a measure of how pristine the
mire ecosystem is. The second variable roughly
indicates how much the catchment has decreased due
to drainage, as the areas upslope of drained margins
have a weakened or disturbed hydrological
connection with the undrained part of the mire. Since
the mineral ground areas of catchments are the
sources of minerogenic water, the third variable is
indicative of the magnitude of reduction of
minerogenic influence in aapa mires.

RESULTS

Amount of undrained peatlands in Finland

According to our raster data, the peatland area of
Finland is 8,319,800 ha, 57.7 % of which is drained.
The proportion of forest-covered peatlands is 68.9 %

GIS ANALYSIS OF PEATLAND WITH SURROUNDING DRAINAGE IN FINLAND

(canopy cover > 10 %). Among drained peatlands,
88.7 % are covered by forest, while 41.8% of
undrained peatlands are covered by forest. The extent
of undrained non-forested peatlands (= open mires)
is 2,049,200 ha, which accounts for 24.6 % of total
peatland area. Active and abandoned peat mining
areas, 112,800 ha, are included in the drained
peatlands category (1.4 % of total peatland area).

The MB zone is the most peatland-rich area in
Finland, but the amount of undrained peatlands is
bigger in the NB zone. The HSB zone is the most
drained zone and it has the smallest peatland area
(Figure 5). The extent of undrained non-forested
peatlands is 73,900 ha in the HSB zone (5.4 % of the
peatland area in the zone), 516,300 ha in the MB zone
(13.0 %) and 1,459,000 ha in the NB zone (49.2 %).

The undrained peatland area is divided into
1,772,778 separate patches in our data. This figure
should not be taken as the exact number of undrained
peatlands in Finland for two reasons: 1) the smallest
peatlands are not included in the data because of the
relatively coarse cell size and 2) many of the small
patches in the data may in reality belong to narrow
continuous strips of peatland, but the raster format
cannot represent them as continuous unless they
happen to be parallel to the raster grid.

Most of the undrained patches are small: 87.3 %
(n = 1,553,625) of them are smaller than one hectare.

Table 3. Creating data sets for analysing the hydrological naturalness of aapa mires (steps taken after the steps

listed in Table 2).

Step  Procedure

7 Enlarge (buffer) the undrained aapa mire polygons outwards by 25 m, and clip the resulting buffers
with the catchment polygons. Only the buffers on the catchments of the aapa mires are left.

8 Separate the drained and undrained parts of the buffers on the grounds of the peatland drainage raster.
For removing the small fragments formed as a by-product of the clipping operations, shrink the
buffers by 12 m inwards, after which enlarge them back to the original width.

9 Convert the undrained buffer polygons to line features and delineate their catchments using the
Watershed tool. Do this separately for the buffers in mineral islets and for the other undrained
buffers. Latter results in polygons denoting the parts of upper catchments that have undisturbed
connections with undrained parts of aapa mires. Former is processed further by clipping them with

mineral islet polygons.

10 From the aapa catchment polygons, erase the polygons denoting undisturbed upper catchments,
undisturbed mineral islets, and undrained parts of aapa mires. Resulting polygons represent the parts
of the aapa catchments that are upslope of drained margins. There may also be some small fragments
caused by imperfect fit between the different GIS data. For removing these, select only the polygons

that intersect drained upper margins.
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These small patches contain only 9.2% of the
undrained peatland area of Finland. Thus, in area
terms, the larger patches are more important. There
are 219,201 undrained peatland patches that are
larger than one hectare, and they contain 90.8 % of
the total undrained peatland area. See Table 4 for
other size classes and geographical variations.

Margin drainage of peatland patches

In total, 18.6 % of margins of undrained peatland
areas in Finland are drained. In the HSB zone, this
proportion is 20.6 %, in the MB zone 33.1 %, and in
the NB zone 10.1 %. The patch-wise mean of margin
drainage proportion is 21.6 % (SD 28.9%) in

HSB MB

19.9 %
274 800 ha

80.1 %
1106 400 ha

75.2 %
2 987 100 ha

Undrained peatland

. Drained peatland

24.8 %
985 400 ha
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Finland. Excluding patches smaller than 1 ha, the
respective mean proportion is 25.8 % (SD 31.0 %).
This figure excludes most small artefacts created by
the raster format but still covers 90.8 % of the
undrained peatland area. Thus, it can be summarised
that about one-fourth of the margin length of an
average undrained peatland area is drained in
Finland. Geographical differences are considerable,
however, and margins of large peatland patches are
more intensively drained than those of small patches
(Figure 6).

Among undrained peatland patches of at least one
hectare in size, a vast majority (66.7 % of the count,
84.7 % of the area) has some portion of their margin

NB

76.2 %
2259 800 ha

PR
706 400 ha

Figure 5. Areas of drained and undrained peatlands in Finland according to the drainage status raster.
Peatland refers to all peat-covered areas, including forested environments and areas with thin layers of peat
less than 30 cm thick. HSB = hemiboreal and southern boreal zone, MB = middle boreal zone, NB = northern

boreal zone.

Table 4. Number and area of undrained peatland patches of different size classes in Finland.

Size class
Areal >1ha >10 ha > 100 ha > 1000 ha
division Count  Area(ha) Count Area(ha) Count Area(ha) Count Area(ha)
HSB 39,940 166,600 2,098 83,400 142 35,300 2 3,100
MB 78,750 881,300 11,529 694,600 1,055 415,800 66 182,600
NB 100,511 2,148,800 16,873 1,908,200 2,357 1,508,200 253 955,700
Total 219,201 3,196,700 30,500 2,686,100 3,554 1,959,300 321 1,141,400

Notes. The areas do not include the mineral islets and water bodies inside the peatlands. HSB = hemiboreal
and southern boreal zone, MB = middle boreal zone, NB = northern boreal zone.
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drained. These patches have formerly been larger
peatlands. Some of the patches are completely
surrounded by drained margins. There are 5,784 such
cases, and they comprise 2.63 % of the count of
undrained peatland patches (0.5 % of the area) in the
size class > 1 ha. In contrast, 73,054 peatland patches
in this size class have no margins drained. These can
be considered pristine peatlands. They comprise
33.3 % of the count of undrained peatland patches
(15.3 % of the area) in this size class. Geographical
differences are shown in Figure 7.

Based on SYKE air photo investigation data, it is
possible to compare the margin drainage percentages
of large (> 50 ha) undrained peatland patches with
aapa features and without them. It appears that in the
HSB and MB zones, peatland patches with aapa
features have slightly less intensively drained
margins than the non-aapa patches (Table 5).

Naturalness of remaining aapa mires

We sampled 120 large (> 50 ha) undrained peatland
patches with aapa features, 40 for each zone: HSB,
MB and NBS (NBS refers to southern part of the
northern boreal zone, because data is unavailable
from the northern part). For testing the
representativeness of the samples, we conducted a
Chi-square goodness of fit test using the hydrological
state class from SYKE air photo investigation as a
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categorical test variable. The results suggest that the
samples are representative, as there were no
significant differences between the hydrological state
classifications of our samples and their source data
(p =0.142, 0.411 and 0.580 for HSB, MB and NBS,
respectively).

Patterned fens covered variable areas of the
sampled peatland patches. However, three peatland
patches, one in each climatic zone, were lacking
patterned fens, but they nonetheless contained wet
fen vegetation through which minerogenic water
flows. On the other hand, four peatland patches (in
the HSB and MB zones) were lacking wet fen
vegetation, but they had patterned micro-topography
resembling aapa mires. In addition, one peatland
patch in the HSB zone was lacking both the patterns
and wet fen vegetation, but also in this case upper
catchment could be delineated, indicating at least a
potential source of minerogenic water.

The sizes of the aapa complexes in our samples
varied between 7.7 ha and 885.3 ha, and the mean
was 115.3 ha (SD 164.8 ha) in the HSB zone, 146.9 ha
(SD 132.7 ha) in the MB zone, and 119.4 ha (SD 98.1
ha) in the NBS zone. The sizes of the mire catchments
(including the aapa mires) ranged from 17.3 ha to
1,230.9 ha, and the mean was 197.3 ha (SD 257.8 ha)
in the HSB zone, 253.5 ha (SD 208.2 ha) in the MB
zone, and 240.8 ha (SD 194.8 ha) in the NBS zone.
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Figure 6. Drained proportion (%) of the margin length of undrained peatland patches in Finland. Left:
minimum area 1 ha (N = 219,201); right: minimum area 50 ha (N = 7,002). Medians are shown on the
median lines and means are above the diagram. HSB = hemiboreal and southern boreal zone, MB = middle

boreal zone, NB = northern boreal zone.

Mires and Peat, Volume 24 (2019), Article 38, 1-22, http://www.mires-and-peat.net/, ISSN 1819-754X
© 2019 International Mire Conservation Group and International Peatland Society, DOI: 10.19189/MaP.2018.AJB.391

11



A. Sallinen et al. GIS ANALYSIS OF PEATLAND WITH SURROUNDING DRAINAGE IN FINLAND

HSB MB NB
1.3 % 1.3 % 0.2 %
2200 ha 11 300 ha 3900 ha
13.5% 1.3 % 125 % 26 % 1.2%

22 500ha 18 800 ha 110 400 ha

446 200 ha

391 % 34.8 % 42.8 %
65 100 ha 57 900 ha 376 800 ha

67.6 %
1452 400 ha

D No drained margins
D Margins drained partly (< 1/4)
. Margins drained partly (1/4 — 3/4)
- Margins drained partly (> 3/4)
. All margins drained

Figure 7. Undrained peatland area of Finland classified according to margin drainage. Peatland patches less
than 1 ha in size are excluded, which explains the difference between the totals in this figure and those in
Figure 5. HSB = hemiboreal and southern boreal zone, MB = middle boreal zone, NB = northern boreal
zone.

Table 5. Average margin drainage status (%) of large (> 50 ha) undrained peatland patches with aapa features
and without them.

Margin drainage percentage

Areal division Type of patch Count
Mean (%) SD (%) Median (%)

With aapa features 93 41.4 25.1 36.6
HSB

No aapa features 228 49.2 28.6 47.4

With aapa features 1,794 39.3 26.6 32.6
MB

No aapa features 540 45.2 28.5 40.7

With aapa features 797 18.0 16.3 13.2
NBS

No aapa features 432 16.4 14.9 11.9

With aapa features 2,684 33.0 259 25.6
Total

No aapa features 1,200 35.6 28.4 21.7

Notes. Aapa features include patterned fens, wet soaks and large minerotrophic treeless mire areas. Margin
drainage status refers to the drained proportion (%) of margin length of individual undrained peatland patches.
HSB = hemiboreal and southern boreal zone, MB = middle boreal zone, NBS = southern part of northern
boreal zone.
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One of the measures of aapa mire naturalness was
1) the drained proportion of an aapa complex
(Table 6). As noted above, we considered aapa
complexes that have their undrained parts in large
(>50 ha) undrained peatland patches. These
complexes are most intensively drained in the MB
zone, where, on average, one-third of an aapa
complex’s total extent is drained (Table 6). For the
HSB and NBS zones, the averages are closer to one-
fifth. Notice in Table 6 that the medians differ
markedly from the means. An estimated mean for the
whole study area, based on regional means and
regional statistical population sizes, is 30.4 %.

The second measure of aapa mire naturalness was
2) The proportion of an aapa mire's catchment that
is upslope of a drained margin (Table 7). The drained
margin diminishes or prevents the flow of
minerogenic water entering an aapa mire. This
variable shows clear differences between the climatic
zones, and the MB zone is again the most disturbed
zone. An estimated mean for the whole study area,
based on the regional means and regional statistical
population sizes, is 35.9 %.

GIS ANALYSIS OF PEATLAND WITH SURROUNDING DRAINAGE IN FINLAND

The third measure of aapa mire naturalness,
3) The proportion of the total mineral ground area
within an aapa mire's catchment that is upslope of a
drained margin, shows larger values than the
previous variable (Table 8). In the MB zone, on
average half of aapa mire catchment’s mineral
ground areas are behind disturbed hydrological
connections. An estimated mean for the whole study
area, based on the regional means and regional
population sizes, is 45.4 %.

Nature conservation and naturalness
Among the studied 120 aapa complexes, 44 are at
least partly located in nature conservation areas
(European Union’s Natura 2000 network): 25 in
HSB, 15 in MB, and 4 in NBS zone. Among these,
37 are such that more than 90 % of the undrained aapa
area is conserved (24 in HSB, 10 in MB, and 3 in
NBS). On the other hand, in 78 aapa complexes, the
undrained area is entirely outside a conservation
designation (15 in HSB, 27 in MB and 36 in NBS).
We conducted independent-samples t-tests to
compare the naturalness of aapa mires in conservation

Table 6. Drained proportion of an aapa mire complex (%).

95 % confidence

Qre_a! N Min Max Median Mean SD interval for mean
ivision

Lower Upper
HSB 40 0.0 63.0 104 18.1 18.5 12.2 24.0
MB 40 0.5 84.7 28.8 34.4 25.4 26.2 425
NBS 40 0.0 75.1 12.8 22.8 215 16.0 29.7

Notes. The results concern aapa mire complexes in large (> 50 ha) undrained peatland patches. HSB =
hemiboreal and southern boreal zone, MB = middle boreal zone, NBS = southern part of northern boreal zone.

Table 7. The proportion of an aapa mire's catchment that is upslope of a drained margin (%).

Areal

95 % confidence
interval for mean

o Min Max Median Mean SD
division
Lower Upper
HSB 40 0.0 78.6 16.1 25.1 24.6 17.3 33.0
MB 40 0.0 89.0 42.8 41.6 29.1 32.3 50.9
NBS 40 0.0 78.5 9.9 24.2 26.4 15.8 32.7

Notes. Aapa mire’s catchment includes also the aapa mire. Results concern aapa mires in large (> 50 ha)
undrained peatland patches. HSB = hemiboreal and southern boreal zone, MB = middle boreal zone, NBS =

southern part of northern boreal zone.
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areas (> 90 % of undrained area conserved, Group 1)
and outside them (0 % conserved, Group 2). When
comparing the groups on the grounds of the drained
proportion of aapa mire complexes (means 20.6 %
and 26.5 % for Groups 1 and 2, respectively), the p-
value was 0.1968 (t = -1.2983, df = 113). A
comparison on the grounds of the proportion of an
aapa mire’s catchment that is upslope of a drained
margin (means 28.8 % and 30.6 % for Groups 1 and
2) yielded a p-value 0.7507 (t =-0.31843, df = 113),
and the proportion of the total mineral ground area
within an aapa mire's catchment that is upslope of a
drained margin (means 39.7 % and 39.6 % for Groups
1 and 2) gave a p-value 0.9895 (t = 0.013202,
df = 113).

To conclude, there were no significant differences
between the groups in any of the comparisons. Thus,
the tests indicate no dependency between
conservation status and naturalness of aapa mires in
large (>50 ha) undrained peatland patches.
Comparisons within the climatic zones gave similar
results (not shown).

DISCUSSION

Drainage status of Finnish peatlands

The area of Finnish peatlands is 8,644,000 ha
according to the Natural Resources Institute Finland
(LUKE 2017) and 8,319,800 ha according to our
results. The proportion of drained peatlands is 57.7 %
in our results, while LUKE’s estimate is 53.2 %. It
can be concluded that our method gives roughly
similar results as LUKE’s completely different
method that is based on field observations from a
statistical sample of sites of the National Forest
Inventory. The strength of our method is that it makes
it possible to calculate the peatland area and drainage
status for any location or areal division. Moreover, it
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is free from any potential bias of sampling
representativeness and it allows for localisation of
every single peatland patch.

In the HSB and MB zones, more than three-
quarters of the peatland area is drained. The drained
area is over four million ha, and as a relatively
recently forestry-drained area it is globally
exceptional (Lindholm & Heikkila 2006a). However,
in a general comparison of peatland exploitation
among European countries, the Finnish figures are
not extraordinarily high (e.g. Janssen et al. 2016).
Drainage has been a threat to peatlands wherever
there has been permanent human settlement, but a
shortage of data on the original extent of peatlands
often hides this fact (Kaakinen et al. 2008, Janssen et
al. 2016). In Finland, this applies especially to
southern areas, where peatlands have been utilised in
agriculture for centuries and entire peat layers of
cultivated mires have been gradually lost by
mineralisation. Anyway, agricultural land on peat
substrate was not included in our raster data, which
inevitably resulted in underestimation of the drained
area.

Our results show that majority of the Finnish
peatland area is covered by forest. This is partly a
consequence of drainage, as it has increased tree
growth, shifting some of the open mires to the
category of forested peatlands. However,
afforestation has not always been successful, since
only 88.7 % of the drained area fulfils the modest
forest definition of 10 % canopy cover. In any case,
much of the forestry drainage activities have been
directed to originally forested or treed peatlands (e.g.
Paivanen & Hanell 2012). When successful, drainage
has changed the peatland ecosystems to managed
forests. These are still regarded as peatlands in the
Finnish classification system if the peat layer is
remaining, but they no longer represent the original
forest-covered peatland habitat types, nearly all of

Table 8. The proportion of the total mineral ground area within an aapa mire's catchment that is upslope of a

drained margin (%).

Areal

95 % confidence
interval for mean

o Min Max Median Mean SD
division
Lower Upper
HSB 40 0.0 100.0 23.7 39.4 37.6 27.3 51.4
MB 40 0.0 100.0 575 53.1 375 41.1 65.1
NBS 40 0.0 85.1 13.0 28.8 314 18.7 38.8

Notes. Results concern aapa mires in large (> 50 ha) undrained peatland patches. HSB = hemiboreal and
southern boreal zone, MB = middle boreal zone, NBS = southern part of northern boreal zone.
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which are endangered in southern Finland (Raunio et
al. 2008, Kontula & Raunio 2009, 2018).

Finnish peatlands are mostly forests also in many
important typologies, such as the EUNIS habitat
classification (Tahvanainen 2017, EEA 2018). On the
other hand, mires are defined as ‘open, treeless
wetlands with vegetation on accumulating peat’ in
the European Red List of Habitats (Janssen et al.
2016). Those parts of Finnish peatlands that fit under
this mire concept are mainly the non-forested
undrained peatlands. Their area is according to our
results 2,049,200 ha, which is 24.6 % of peatlands
and 6.7 % of the land area in Finland.

The remaining undrained peatland patches
According to our data, undrained peatland areas in
Finland are smaller in the HSB zone than in the MB
zone, and they are smaller in the MB zone than in the
NB zone. This situation can be explained by
differences in climate and terrain, but also land use
has an influence on it, as southern parts of the country
are more densely populated, have a longer history of
peatland agriculture and more intensive peatland
forestry (e.g. Kaakinen et al. 2008).

If an undrained peatland patch shares a coincident
edge with a drained peatland, they have together
formed a larger peatland unit in the past. The results
show that a vast majority of undrained peatland areas
in Finland are this kind of remnant patch.
Nonetheless, peatlands that have all their margins
drained are not so common and their combined area
is rather small. With the criteria used in this study,
however, margins of mineral soil islets or water
bodies within a peatland patch should also be drained
before all margins were assessed as drained. As a
consequence, small peatland patches without any
mineral islets or bodies of water are more likely to
have all margins drained than large patches with
many such features.

We found that the margins of large peatland
patches are more frequently drained than those of
smaller patches. One explanation for this finding is
that in cases of large peatlands, it is more likely that
disturbing land use extends to their margins than in
cases of small peatlands. On the other hand, when a
peatland is exposed to human activity, it is more
likely for a small peatland to be completely drained,
while some part of a large peatland is more likely to
be left outside management to form a remnant patch.
Land ownership may have a similar influence, as it is
likely that a large peatland has many owners,
possibly making different land use decisions,
whereas a small peatland is more likely to have only
one owner who may decide to alter or protect the
peatland as a whole.
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Partly similar reasoning can explain the
geographical differences. In northern Finland,
peatlands are large and form connected systems not
confined to separate basins. If there is forestry,
agriculture or construction activity in the vicinity, it
is probable that some peatland is disturbed. This is
why intact peatlands are uncommon also in the less
intensively utilised NB zone. However, the
proportion of intact peatlands is especially small in
the MB zone, where large peatlands are plentiful and
land use is more intensive than in NB zone. In the
HSB zone, on the other hand, peatlands are often
small and confined to separate basins, which are not
so easily exposed to disturbances. This may explain
why the margins of remaining undrained peatlands
are less drained in the HSB zone than in the MB zone,
even though drainage in general has been most
intensive in the HSB zone. But among the largest
patches (> 50 ha), the HSB zone has the highest
margin drainage proportions. However, most of the
largest peatlands in this southern area are raised bogs,
which are likely to be less dependent on natural
hydrological connections to their catchments.

The state of aapa mires

The aapa complexes in large (>50 ha) undrained
peatland areas are often partly drained; these have
originally extended beyond the margins of the
remaining undrained areas. The drained part
comprises on average one-third of an aapa complex’s
area in the MB zone, and clearly less in the HSB and
NB zones. Why are the remaining aapa complexes in
the Finnish HSB zone relatively well preserved? One
reason could be that because these are located outside
of their climatically determined distribution area
(Ruuhijarvi 1960, 1983), they are easily disturbed,
and, therefore, only relatively undisturbed peatlands
have remained as aapa mires until today. Differences
in compactness of mires may also contribute: smaller
parts of the upper catchments are likely to be drained
in HSB, where peatlands are generally more
distinctly separate units in the landscape than in the
more northern zones, where vast peatland areas are
often interconnected.

An additional explanation could be that because
the large undrained peatlands with aapa features are
rare in the HSB zone, many of them are located in
nature conservation areas, and might therefore be
well preserved. However, our results did not support
this hypothesis, as conservation status was not
statistically connected with the naturalness of aapa
mires. The majority of the Finnish mire conservation
areas have been established since the early 1980s,
when the National Program for Mire Conservation
was launched (Kaakinen & Salminen 2006). At that
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time, most of the forestry drainage had already been
carried out. Usually only the undrained parts of mire
complexes were accepted for conservation, while the
surrounding land use would continue with no
restrictions from conservation (Kaakinen &
Salminen 2006, Lindholm & Heikkila 2006a).

Hydrological changes largely determine how the
surrounding land use affects a peatland. The central
fen areas of aapa complexes depend heavily on
minerogenic water, and catchment disturbances like
margin drainage may change their ecology.
According to our results, the hydrology of aapa mires
in large undrained peatland patches are the most
disturbed in the MB zone, where, on average, well
over one-third of an aapa mire’s catchment is upslope
of a drained margin, leaving more than half of the
catchment’s mineral ground areas behind disturbed
hydrological connections. Likewise, the proportions
are high in the HSB zone, but in the NBS zone the
disturbances are not so regular, although occasionally
considerable. The northern part of the NB zone,
which was not included in the assessment, is likely to
be least disturbed. It should also be noted that in the
southern part of the NB zone, 384 large peatland
patches are classified as ‘not evaluated’ in the SYKE
air photo investigation. They were not included in the
study, although it is likely that, among these patches,
there are many aapa mires.

There are many possible ways of inspecting mire
naturalness. An experienced interpreter can relatively
reliably determine the state of mire hydrology
visually from aerial images and maps (Rehell 2017).
However, it is difficult to automate the interpretation
work due to the variability of mire environments and
because visual interpretation demands a sort of tacit
knowledge that is difficult to verbalise; certain
subjectivity necessarily belongs to it. In the present
study, we attempted to avoid the subjectivity of
visual interpretation by using a semi-automated GIS-
based method. However, automated and mechanical
approaches also bear risks of misinterpretation and
error. In our case, the central premise is that a drained
margin forms a barrier that prevents water flowing
from the upper catchment to the undrained parts of
the mire. This generalisation may not be strictly true,
as it varies with how effectively ditches change water
flow directions. For example, some ditch water may
discharge back to the aapa mire via altered flow
paths. Rehell (2017) estimated that this happens from
some 25 % of the disturbed catchment area in the MB
zone. It is also known that ditches tend to fill in by
debris and vegetation and become less effective over
time. This and other local details would be important
to check in any individual case of interest.

Another source of uncertainty, already noted in
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the methods section, is related to the complexity of
mire margins. The most difficult cases for our
method are mires with plenty of mineral islets and
complex, irregularly drained margins, but we made
an effort to ensure that the method would rather
underestimate than overestimate the disturbances in
these difficult cases. On the whole, our results on
catchment disturbances do not contradict Rehell’s
(2017) estimates based on visual interpretation. He
suggested that 36.4 % of the area of upper catchments
of wet minerotrophic aapa vegetation in the Finnish
MB zone is, due to ditches, discharging no water to
the aapa vegetation. In addition to this, he estimated
that 12.3 % of the upper catchment area is such that
it discharges water only through separate ditches.
Adding these two values we obtain 48.7 % as
Rehell’s (2017) upper catchment disturbance
percentage for the MB zone. In the present study, we
did not determine the disturbance measures for the
upper catchments but treated the catchments as
wholes. Perhaps closest to Rehell’s disturbance
variable is our third variable, the proportion of the
total mineral ground area within an aapa mire's
catchment that is upslope of a drained margin. The
numerical value is close as well (53.1 %).

Our results do not reveal the number of aapa mires
that have already disappeared due to land use.
Moreover, we do not know the state of the aapa mires
among small peatland patches (< 50 ha). Anyway,
our results concerning the margin drainage of
peatlands suggest that catchment disturbances are
common among smaller aapa mires, too, in the MB
and HSB zones. The disturbances may have already
commonly caused changes in undrained peatlands.
Possibly there is an indication of this in our results.
Namely, in the HSB and MB zones, the margins of
non-aapa patches were more severely disturbed than
the margins of aapa patches. This may indicate that
some of the non-aapa patches are actually former
aapa patches that have lost their aapa features
because of pronounced margin drainage. This kind of
changes could be confirmed by remote sensing time
series or peat records (Tahvanainen 2011).

Implications for future

Our results show that land use affects the majority of
peatlands in Finland. As for the catchment
disturbances, based on the assumption of
topographically-driven near-surface groundwater
flow, the results indicate that the minerogenic water
flow is likely to have decreased in most of the aapa
mires in the MB and HSB zones irrespective of the
conservation status of the mires. We do not yet know
how this has affected the mires, but the possible
implications are wide-ranging.
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The extent of catchment directly defines the
amount of rain water it receives. On the other hand,
the amount of catchment-derived water controls the
extent of wet minerotrophic vegetation in aapa mires
(Rehell 2017). The proportion of an aapa mire’s
catchment that is upslope of an actively drained
margin is likely to be indicative of the proportion of
minerogenic water that is prevented from entering the
mire, and it indicates where a decrease of wet
minerotrophic vegetation can be expected. Moreover,
the proportion of an aapa mire catchment’s mineral
ground that is upslope of a drained margin indicates
probably more directly the decrease of minerogenic
influence. How these variables exactly correlate with
the possible changes in aapa mire vegetation is a
question for further research. In principle, the
sensitivity of minerotrophic vegetation to changes in
water quality and flow rate makes aapa mires
susceptible to  hydrology-induced  vegetation
changes, including increased tree encroachment,
hummock formation and  ombrotrophication
(Tahvanainen 2011).

Ombrotrophication, i.e. a fen to bog transition, is
often considered to be a slow process resulting from
the vertical growth of peat (e.g. Zobel 1988).
However, when initiated by allogenic hydrological
changes, it may take place more rapidly (Hughes &
Barber 2004, Tahvanainen 2011, Finsinger et al.
2013, Loisel & Yu 2013). Our results, indicating
commonness of hydrological isolation of aapa mires
from their catchments by marginal ditching, may
indicate a potential for increasing allogenic
ombrotrophication, with an associated increase of
Sphagnum mosses. These kinds of peatland
ecosystem changes have linkages with climate
change, as peatlands are important carbon reservoirs,
estimated to hold about one-third of global soil
carbon (Yu 2012, Loisel et al. 2014). Much of this
carbon pool is formed by the remains of Sphagnum
mosses that build peat in bogs. Fens, in the strict
sense (e.g. Gorham & Janssens 1992), do not have
such thick Sphagnum layers. The transition from fen
to bog has, then, the potential to increase the sink of
atmospheric CO,. The change may also reduce CH4
emissions, which are typically higher in fens than in
bogs (e.g. Turunen et al. 2002). In the aapa mires of
Finland, poor fens (sensu Sjors 1948) with Sphagnum
coverage prevail, while their central parts often lack
a continuous moss cover (Ruuhijarvi 1960). These
mires may be  particularly prone to
ombrotrophication, because they have low mineral
alkalinity to buffer acidification, and Sphagnum
mosses are already present in their flora
(Tahvanainen 2004, 2011, van Bellen et al. 2013).

The shift to bog vegetation may counteract the
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carbon loss from organic soils that is generally
anticipated for the boreal region due to climate
warming (e.g. Cizkova et al. 2013, Gong et al. 2013).
Therefore, the Finnish national strategy (MAF 2011)
to select mires with decreased naturalness (altered
hydrology and changed vegetation) for peat
extraction may lead to destruction of potentially
increasing carbon sinks, and hence work against the
goal of the strategy to cut down emissions. However,
when considering ecosystem changes, all ecosystem
services need to be taken into account. Possible large
scale ombrotrophication of minerotrophic mires may
counteract climate change, but, on the other hand, it
poses a threat for biodiversity, since fens are
generally more diverse environments than bogs (e.g.
Rydin & Jeglum 2013). Ombrotrophication can also
be conceived as an ecosystem collapse denoted in the
IUCN protocol for Red List of Ecosystems (Keith et
al. 2015, Bland et al. 2018).

The UN Convention on Biological Diversity has
set a target to restore at least 15 per cent of degraded
ecosystems (CBD 2010). The target is very ambitious
in the case of Finnish peatlands, taking into account
the vast amount of drained peatlands and the possible
large-scale changes in the undrained peatlands.
Peatland restoration has been practised in Finland
since the 1980s, covering an area of about 20,000 ha,
primarily in state owned nature reserves (Simild et al.
2014). The influence of surrounding land use on
protected mires, which is evident in our results, has
been increasingly acknowledged, but implementing
restoration actions in the surrounding areas is
complicated by conflicts of interests.

CONCLUSIONS

We have explored the state of Finnish peatlands using
novel data and methods. Finnish peatlands are under
a bigger pressure from land use than has generally
been realised. More than half of the peatland area has
been drained, and the vast majority of the remaining
undrained peatlands are bordered by drained areas. In
the southern half of the country, the remaining
seemingly undrained aapa mires are in most cases not
in hydrologically natural condition, since the
drainage activities in their upper catchments
commonly disturb minerotrophic water discharge to
the mires. In northern parts of the country,
disturbances are less common, but locally they can be
remarkable. Land use affects the majority of
peatlands in Finland, including undrained peatlands,
and also aapa mires in nature reserves. This should be
taken into account in land use management, nature
conservation planning and ecosystem restoration.
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There is an urgent need to further investigate the
changes of boreal peatland ecosystems. If extensive
changes are demonstrated, the implications for
ecosystem services and biodiversity are substantial.
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Appendix: Explanation of the supplementary Table ‘Aapa catchment properties’

No Identification number

Study_area Avreal division; HSB = hemiboreal and southern boreal zone, MB = middle
boreal zone, NBS = southern part of northern boreal zone

Name Name in the SYKE database of undrained peatland patches

Lat WGS84 Latitude coordinate (in WGS 84 coordinate system, in decimal form) of the
center point of the undrained part of aapa mire

Lon_WGS84 Longitude coordinate (in WGS 84 coordinate system, in decimal form) of the
centere point of the undrained part of aapa mire

Munic_2015 Municipality in 2015

SLT09 ID Identification number in the SYKE database of undrained peatland patches

Catch_area Extent of aapa mire’s catchment, including the mire, in hectares

Sub_catch Number of sub-catchments having their own discharge directions

Peat_pct Percentage of peatland in the catchment according to the Finnish National
Land Survey’s Topographic Database

Lake pct Percentage of open water in the catchment according to the Finnish National
Land Survey’s Topographic Database

Mineral_pct Percentage of mineral ground areas in the catchment, calculated by subtracting

Catch_drain_pct

Peat_drain_pct

the peatland area and open water area from the catchment area

Percentage of drained peatland in the catchment according to SYKE drainage
status raster

Percentage of drained peatland among peatlands of the catchment according to
SYKE drainage status raster

Aapa_comp_area Extent of aapa mire complex, in hectares

Aapa_undr_area Extent of the undrained part of aapa mire complex, in hectares

Aapa_comp_drain_pct Percentage of drained peatland in aapa mire complex
Disc_catch_pct ‘Disconnected catchment percentage’, i.e. the proportion (%) of an aapa mire's
catchment that is upslope of a drained margin

Disc_mineral_pct ‘Disconnected mineral ground percentage’, i.e. the proportion (%) of the total

mineral ground area within an aapa mire's catchment that is upslope of a
drained margin

Aapa_undr_Natura_pct The proportion (%) of the undrained part of an aapa mire that is located in
European Union’s Natura 2000 network of nature protection areas
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