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A B S T R A C T   

Peatlands worldwide are being threatened by intensive land use and drainage, which leads to soil subsidence. 
This has consequences for farming, especially on low-gradient cultivated peat-dominated lowlands with high 
flood risk. In this study, we combined historical soil elevation data and new lidar data to improve the estimation 
of subsidence and its consequences for lowland river systems. The results showed 202− 349 mm subsidence 
within the last 24–51 years, with a mean rate of 5.15–9.47 mm y− 1 for riparian peatland on the west coast of 
Finland. The subsidence rate was partly explained by the depth of the organic soil layer (R2 

= 0.710, p > 0.05). 
The results also showed that increasing flooding of cultivated fields is mainly due to soil subsidence, not to 
increased flooding occurrence in river systems. The area flooded annually was found to increase by 101–194 % 
for the last 24–51 years, due to soil subsidence near rivers. Generalization of the results to catchment scale 
indicated an increase in the annual flood zone of 45 % in cultivated fields in one of two study catchments 
(Siikajoki river basin). These results demonstrate the value of using historical data to study soil subsidence and 
confirm that the risk of flooding increases in cultivated organic lowlands due to intensive drainage and subsi-
dence. New management strategies, such as peatland rewetting, restoration, and paludiculture, should be 
considered in future land use plans to reduce subsidence and provide new income streams for farmers.   

1. Introduction 

River floodplains are important for agriculture, but also act as a 
buffer between terrestrial and fluvial environments (Naiman and 
Décamps, 1997). These lowlands are important organic carbon reser-
voirs (Sutfin et al., 2016) and are sensitive to land use management 
practices and changes (Ohmart, 1994). Carbon storage in soils is 
significantly larger than in the atmosphere (Lal, 2008) and is largest in 
the boreal region (Sakalli et al., 2017). Lowlands typically contain peat 
deposits and other organic layers that are intensively used for grass and 
crop production (Charman, 2002). Soil subsidence is a major challenge 
globally (Stephens et al., 1984). In drained peatlands, it also leads to 
environmental concerns and economic losses for agriculture (van Har-
develd et al., 2017; Dohong et al., 2017; Holden et al., 2004), gaseous 
emissions to air, and leaching to water systems (Leifeld and Menichetti, 
2018). 

Subsidence in drained peatlands is reported to be caused by three 
main processes: i) oxidation, ii) compaction & shrinkage, and iii) 
consolidation (Hooijer et al., 2012; Wösten et al., 1997; Nieuwenhuis 
and Schokking, 1997; Schothorst, 1977). The highest subsidence rates 
usually occur immediately after drainage, but continue at a lower rate 
for decades (Armentano, 1980), and can eventually lead to peat layers 
vanishing completely (Stephens et al., 1984). The subsidence rate in 
organic soils is primarily controlled by watertable (WT) level (Deverel 
and Rojstaczer, 1996; Wösten et al., 1997; Evans et al., 2019). Peat type, 
rate of decomposition, density and thickness, and climate factors such as 
soil temperature, local hydrology, farming practices, and land-use his-
tory also cause fluctuations in subsidence rates (Deverel et al., 2010; 
Schothorst, 1982; Dawson et al., 2010; Elder and Lal, 2008; Davidson 
and Janssens, 2006). Globally, long-term subsidence rates vary widely, 
from a few millimeters per year in the boreal region to several centi-
meters per year in tropical conditions. The rates can be even higher in 
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the period of primary consolidation immediately after drainage. In 
previous studies in Northern Europe, subsidence rates in drained organic 
soil have been observed to range from 13 to 50 mm y− 1 (Grönlund et al., 
2008; Maijala, 1992; Uutela, 1988). In a review, Stephens et al. (1984) 
found that worldwide subsidence rates ranged from 5 to 100 mm y–1 in 
diverse conditions. Major subsidence rates in agricultural peatlands 
have also been reported elsewhere in the temperate climate zone 
(Dawson et al., 2010; Leifeld et al., 2011; Mc Afee, 1985; Oleszczuk 
et al., 2020; Regan et al., 2019; Schothorst, 1977), sub-tropics (Deverel 
et al., 2010; Gambolati et al., 2006; Schipper and McLeod, 2002; Zanello 
et al., 2011) and tropics (Dadap et al. 2021, Hooijer et al., 2012; Wösten 
et al., 1997). Overall, subsidence rates vary notably, and more spatial 
information is needed to better understand subsidence risks in boreal 
landscapes and the effect of subsidence on cultivated lowlands. 

In low-lying landscapes, subsidence enhances the risk of flooding 
(Hanson et al., 2011). Along the low-gradient west coast of Finland, 
floods damage farming by lowering crop yields. Increased soil subsi-
dence eventually requires re-drainage, to maintain the required 
drainage conditions (Snowden et al., 1980). Although long-term soil 
subsidence has been shown to increase the flooding risk (Carminati and 
Martinelli, 2002), it is not easy to associate subsidence with increased 
local flooding, due to the irregular nature of floods. Years with strong 
floods are typically followed by several years of milder floods. This 
means that failed flood control actions and poor waterway regulation 
are easily blamed (Ikkala, 2017). 

In cold climates, lowland peatlands form a locally important soil 
resource and enable local food and fodder production. Agricultural 
drainage leads to subsidence-induced flooding, which is a poorly un-
derstood issue. Thus the aims of this study were to i) determine long- 
term subsidence rates in cultivated lowland fields and ii) evaluate the 
effect of subsidence on increased local flooding of these fields. To ach-
ieve the aims, we utilized old drainage planning maps for historical 
elevation information and combined spatial investigation with flood 
occurrence analysis. 

2. Materials and methods 

2.1. Methodological overview 

A hydrological study followed by a multi-data geographic informa-
tion system (GIS) analysis was carried out (Fig. 3) to study the subsi-
dence and increase in flood cover in organic soil over the last 24–51 
years. The methodology contained the following steps:  

1 Trends in annual high-water (HW) discharge time series were 
analyzed to evaluate hydrological changes potentially affecting 
flooding.  

2 Depending on the site, historical elevation study points (Kaivosoja, 
Junnonoja, and Huokumaanoja) or contours (Herralanpuro) were 
digitized from old drainage maps. 

3 Recently observed elevations for the historical study points (Kaivo-
soja, Junnonoja, and Huokumaanoja) and the contour-derived raster 
(Herralanpuro) were obtained from the lidar-derived digital eleva-
tion model (DEM).  

4 Current and historical elevations were compared to determine 
elevation difference (ΔZ) and vertical land motion rates (VLMR).  

5 Historical and current peat depth data were used to study their 
correlations with subsidence.  

6 Averaged subsidence models were produced and used for converting 
the current DEM to match the historical situation.  

7 Historical and current DEMs were used together with fixed annual 
HW levels to compare the subsidence-induced increase in flood cover 
and volume.  

8 Flood analysis in the previous step was generalized for the Siikajoki 
catchment using the subsidence results, peat depth maps, DEM, and 
HW data. 

2.2. Study sites 

The study area comprised two boreal catchments, Siikajoki (4318 
km2) and Kalajoki (4247 km2), in the Northern Ostrobothnia district of 
Finland (Fig. 1). Both main rivers discharge into the Gulf of Bothnia in the 
northern Baltic Sea. The coastal region of Ostrobothnia is low-gradient 
and the river slopes are mild (95 m over 160 km for Siikajoki and 113 
m over 130 km for Kalajoki). The lake percentage is low (2.2 % and 1.8 
%, for Siikajoki and Kalajoki catchment, respectively). Low gradients and 
little surface water storage create a rapid runoff response and a high risk 
for widespread flooding. The mean discharge near the outflow was 43 m3 

s− 1 for Siikajoki during 1971–2000 and 29 m3 s-1 for Kalajoki during 
1985–2006, while the mean annual flood discharges were 314 m3 s-1 and 
235 m3 s-1, respectively. Both catchments are regulated, to a storage of 
179 million m3 for Siikajoki and 100 million m3 for Kalajoki (Arola and 
Leiviskä, 2005; Savolainen and Leiviskä, 2008). 

Four specific study sites in the Siikajoki and Kalajoki catchments 
were selected, based on two criteria: i) Flooding has caused difficulties 
for farming at the site and ii) historical land topography data are 
available for the site. Based on these criteria, we selected Kaivosoja, 
Junnonoja, Huokumaanoja, and Herralanpuro as the study sites 
(Table 1). The historical information available dated back several de-
cades to 60 years. Typically, the sites were drained soon after historical 
data acquisition. The annual fluctuation in local river water level is 
smaller in the Kalajoki catchment, due to more versatile regulation 
possibilities. The topography at the case study sites is considerably low- 
gradient, with only Junnonoja reaching a mean slope slightly above 1%, 
including some forested hills. 

The Kaivosoja site is located beside the river Siikajoki, in the flood- 
prone Mankila area where major floods regularly cause loss of road 
connections and inundation of agricultural fields. In the year 2000, 
flooding with a 17-year return period covered 3500 ha (Arola and 
Leiviskä, 2005). There is a riverbank between the river and the flood-
plains 0.2–1.2 km away from the river. The floods spread onto the plains 
via channels, which break the bank at regular intervals (Fig. 2a). The 
lowest land areas are in fields along the channels. The Junnonoja site is 
located 50 km upstream from Kaivosoja, beside the tributary Lamujoki. 
The topography of the 1− 2 km wide river valley is low, but annual 
floods reach only 0− 0.3 km away from the river (Fig. 2b). The Huoku-
maanoja site lies along the central part of the river Kalajoki (Fig. 2c), 
where a total of 8000 ha of cultivated land were protected from flooding 
by the construction of 52 km of flood embankments between 1967 and 
1988 (Savolainen and Leiviskä, 2008). Subsidence is known to cause 
other problems, e.g., agricultural drainage pumping stations require 
deepening to reverse the effect of soil subsidence. The Herralanpuro site 
is located 50 km upstream, by the tributary Kalajanjoki (Fig. 2d). The 
related flood district is called Kalajanjärvi, a former lake bottom, where 
600 ha were flooded in spring 2000. The lake water level was first 
lowered in the 19th century to create hay meadows and the drainage 
was later intensified for cultivation purposes, resulting in lake desicca-
tion by the 1960s-70 s (Savolainen and Leiviskä, 2008). Former lake 
bottoms typically show high subsidence rates, as observed for Kala-
janjärvi for more than a century. 

2.3. Materials 

Hydrological data (Hertta open database) were obtained from the 
Finnish Environment Institute (SYKE) for two observation stations 
(Fig. 1): Harjunniva (open stream site located below the Kaivosoja site) 
and Reis-Vuohtajärvi (a regulation dam in the Kalajoki catchment just 
above the Herralanpuro site). Continuous monitoring has been carried 
out at Harjunniva since 1958 and at Reis-Vuohtajärvi since 1976 (the 
latter missing 2002). Monitoring data consist of daily measured values 
for discharge, which is heavily affected by river regulation. The area of 
the catchment upstream from the Harjunniva and Reis-Vuohtajärvi 
discharge stations is 3407.4 km2 and 363.7 km2, respectively. 
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Historical land elevation information was obtained from old 
drainage planning maps (Fig. 2) available in the archives of the regional 
Northern Ostrobothnia Centre for Economic Development, Transport 
and the Environment (POPELY), which is the authority responsible for 
drainage permits and waterway regulation at the sites. The historical 
maps include pre-drainage information on land parcel borders, land use, 
and field study points where soil properties and surface elevations have 
been measured. There were 61–327 discrete study points in total or 
continuous data (contours and profiles) depending on the site (see 
Table 2). Data points were typically observed every 50 m along elevation 
lines that were 50–200 m apart. At the time, the topography was defined 
by manually leveling the surface elevations of the field, without 
considering local irregularities and ditches filled (National Board of 
Waters, 1986). Some sites had only one single map sheet; some were 
divided into two parts (see Table 2). Parcel borders of today (Cadastral 
Index Map, Paituli open database) provided by the National Land Survey 
of Finland (NLS) were mostly used as the geospatial reference. NLS Basic 
maps (Paituli open database) were used to supplement the data in the 
areas where parcel borders were not marked on the historical map. 

Lidar (light detection and ranging) data from NLS (Paituli open 
database), acquired between May and July 2009–2014, were used to 
derive current land elevation information for comparisons. The point 
density of the data obtained was at least 0.5 points/m2 and the vertical 
and planar accuracy was 0.15 m and 0.60 m, respectively. For gener-
alization purposes, a readily available 2-m DEM of quality class 1, pro-
duced by NLS from the lidar data, was chosen, due to the smaller dataset 
and easier processing at the catchment scale, despite the lower vertical 
accuracy (0.30 m) provided. 

The effect of soil properties on subsidence was studied using both 
historical soil information found in the drainage maps and the current 
soil maps. Vector data on superficial deposits (Hakku open database) at 

the scales 1:20 000 (available for Huokumaanoja only) and 1:200 000 
(all sites) were provided by the Geological Survey of Finland (GTK). The 
higher-resolution data were used in geospatial analysis. They were 
produced with several methods during 1972–2007 and describe the soil 
type for the basal deposit at a depth of 1 m and the 0.4− 0.9 m surface 
layer overlying it. The original mapping scale was 1:10 000 with a 
minimum polygon size 2–4 ha, but even smaller polygons were used for 
cultivated fields and peat islands according to the data description. The 
1:200 000 data, produced during 2002–2009, contain similar informa-
tion, but at coarser resolution, and were used for visual presentations 
and generalization purposes only. 

Existing flood hazard zones (LAPIO open database) available only for 
Siikajoki catchment were obtained from SYKE. They covered 100 km of 
the Siikajoki river and 40 km of the Lamujoki river (74 % of total river 
lengths), representing 622 km2. These data provided the required HW 
levels for flood stage estimation. The HW levels for different return 
periods have been simulated with a hydrological 1D model which uses 
lidar data, river cross-sections, data of hydraulic structures (e.g. dams), 
and discharge and water level time series. The SYKE modeling and this 
study share the same lidar dataset thus representing the concurrent 
moment in terms of subsidence. The HW water levels of the return 
period 1/2a were selected to represent the annual flooding at the sites. 

2.4. Methods 

The highest annual water levels were studied for each river with the 
discharge data, to search for statistically significant trends. Annual and 
summer (June-August) maximum discharge was determined for Har-
junniva 1967–2017 and Reis-Vuohtajärvi 1976− 2017. Trend analysis 
was performed using the Mann-Kendall trend test. 

To use historical soil and elevation data, the old drainage planning 

Fig. 1. Location of the study catchments in western Finland, the subsidence research sites, and the observation sites used for hydrological analysis. Cultivated land is 
mostly located in river valleys, where the soil type is commonly peat. 
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maps were digitalized with a large document scanner and imported into 
ArcMap 10.6 for further processing. The maps were georeferenced 
mainly with the present digital parcel borders from the cadastral index 
map. Besides, river and road locations were used on the edges of the 
historical maps, where parcel borders were absent. Depending on the 
site (see Table 2), 22–63 links were added on each map sheet to deter-
mine proper georeferencing. The third-order polynomial transformation 
was used since it can remove nonlinear distortions and produces high 
overall accuracy while simultaneously correcting complex distortions 
(Liew et al., 2012). The transformation is sensitive for boundary effects 
though and thus, it is important to have links also at the map edges 
(Hughes et al., 2006). The field elevations on the maps of Kaivosoja, 
Junnonoja, Huokumaanoja were vectorized as single points. For the 
Herralanpuro site, where the historical elevation information was 
available as 0.50 m contours instead of single points, those were vec-
torized as lines, interpolated as a triangulated irregular network (TIN) 
surface between the outermost contours, and finally rasterized as a 50-m 
grid. The effect of contour data type was evaluated by comparing the 
results of Kaivosoja discrete data points with those transformed into 
contours (see Supplementary material). The elevations were trans-
formed to the current N2000 height reference system, which was used 
for the whole analysis. The old reference systems were available on the 
archived documents except for Junnonoja, where the system was 
defined by searching and measuring the elevation of a documented 
permanent survey bolt anchored into a large rock with an RTK GNSS 
(Real-time Kinematic Global Navigation Satellite System) device (tested 
mean accuracy of 10 mm in plane and 27 mm in height). The trans-
formation between the old and new height reference systems was per-
formed using the online coordinate transformation service provided by 
the Finnish Geospatial Research Institute. 

Since the historical elevations were originally discrete points (except 
in Herralanpuro) the lidar elevations were converted to a continuous 
dataset before comparison. The NLS lidar data were uncompressed with 

LAStools ArcToolbox and imported into ArcMap as LAS Dataset. A DEM 
was formed by rasterizing the ground-filtered LAS Dataset into a 2.5-m 
grid for each site to enable picking current elevations from the raster for 
the historical points. To imitate the ditches considered filled and uneven 
land considered evened in the historical data (National Board of Waters, 
1986), the DEM was filtered in two steps: i) the cell assignment type 
maximum was used in the binning interpolation while creating the 
raster and ii) the raster dataset was smoothed with the Focal Statistics 
tool by re-selecting the maximum value inside the 3 × 3 rectangle 
neighborhood on each cell. This procedure was found to remove the 
ditches while simultaneously maintaining low-gradient areas nearly 
untouched. When it produced a minor lifting effect on the whole DEM, it 
means that the current elevations were increased resulting in smaller 
subsidence results. The current elevation for each historical study point 
in Kaivosoja, Junnonoja, and Huokumaanoja (each raster cell in Her-
ralanpuro) was extracted from the DEM. The elevation difference (ΔZ) 
and the VLMR considering the comparison time frame were calculated 
(VLMR= ΔZ/Δt) on the attribute table. Finally, the varying spatial 
density of the discrete study points was considered to prevent the 
weighing of densely sampled areas by rasterizing the VLMR results into a 
100-m grid calculating mean values for each cell. The effects of raster-
ization and choosing 100-m resolution were evaluated by comparing the 
results with those of the original data points and by using a 50-m grid 
(see Supplementary Material). 

To understand the role of soil characteristics in the subsidence pro-
cess, soil properties (the depth of organic soil layer) were compared to 
subsidence rates. The rates for the six soil types prevalent in Huoku-
maanoja (deep till, silt on top of clay, deep clay, peat on top of silt, peat 
on top of clay, deep peat according to the GTK 1:20 000 superficial 
deposit data) were determined. Statistically significant differences in 
subsidence rates between soil types were evaluated with ANOVA and 
Tukey post hoc tests. The 1:20 000 data does not include numerical peat 
depths, but comparing it with the peat depth classification (0− 0.3 m, 
0.3− 0.6 m, and >0.6 m) of 1:200 000 data in Huokumaanoja reveals the 
‘deep peat’ class referring to >60 cm peat depth and the soil classes ‘peat 
on top of clay/silt’ to 30–60 peat depth. Besides, the historical field- 
measured information on the depth of the organic layer was compared 
with the VLMR of the corresponding study points. 

Changes in the flooded area caused by local soil subsidence were 
studied by drawing flood comparison maps. All elevation increases were 
assumed to be related to human actions (e.g., dumping drainage spoil on 
the field or reshaping the topography), and therefore excluded from the 
comparison. All increases in surface elevation values were replaced by 
zeros. Subsidence models were formed by subsampling the subsidence 
results into a 200-m grid with the Block Statistics tool to average the 
values and to diminish possible punctual errors. The contrasts between 
neighboring cells were then smoothed by bilinearly resampling the 
models into a 2.5-m grid, which placed the averaged values into the 
centroid of the 200-m cell interpolating the areas between the cell 
centroids. The subsidence models were used to study historical changes. 
The DEM for the historical year was calculated by editing the present 
DEM with the subsidence model. In Junnonoja, the subsidence model 
only partly covered the flooded areas, and thus the mean subsidence rate 
of the two cells involved was used. The DEM of the historical data year 
naturally matched the elevations given on the drainage map. The spread 
of floods was studied as the change in annual HW-covered area and 
volume. The multitemporal DEMs were clipped into the most often 
flooded zone at the site. Maps were drawn to represent the annual flood 
cover at the year of the historical map and the year of lidar flight. In-
formation on the annual HW levels for Kaivosoja and Junnonoja was 
taken from the SYKE flood hazard zone data. This data is limited to the 
Siikajoki catchment, so the level for the Herralanpuro site was estimated 
roughly from statistical analysis of the hydrological data, combined with 
some field observations of water levels. The Huokumaanoja site was 
excluded since there are no annual flood issues due to the protection 
embankment along the river. 

Table 1 
Study site information.   

Siikajoki catchment Kalajoki catchment 

Site Kaivosoja Junnonoja Huokumaanoja Herralanpuro 

River Siikajoki Lamujoki Kalajoki Kalajanjoki 
River width at the 

site (m) 
40 20 130 15 

Annual water level 
variation* (m) 

4.0 2.1 1.8 1.1 

Catchment area 
upstream from 
the site (km2) 

3 198 761 2 122 388 

Corine 2018 land 
cover in the 
catchment 
upstream (%)      

• Forests and semi- 
natural areas 

81 83 75 75  

• Agricultural 
areas 

9 5 18 17  

• Wetlands 8 7 3 2  
• Water bodies 2 5 2 6  
• Artificial surfaces 0 0 1 1 
Site dimensions: 

along the river x 
away from the 
river (km2) 

0.7 × 2.7 1.6 × 1.0 1.6 × 2.3 1.2 × 1.8 

Ground mean slope 
at the site (%) 

0.75 1.10 0.36 0.18 

Year of historical 
data 

1982 1962 1959 1990 

Year of lidar data 2009 2013 2009 2014 
Comparison time 

frame (years) 
27 51 50 24  

* Mean difference between annual low-water and high-water levels at the 
closest observation site. 
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Fig. 2. Georeferenced historical drainage planning maps for the sites (a) Kaivosoja and (b) Junnonoja in the Siikajoki study catchment, and the sites (c) Huoku-
maanoja and (d) Herralanpuro in the Kalajoki catchment. In a and b, typical annual flood cover is indicated (not available for c and d). In c, regular flooding is 
prevented by an embankment along the river. 

Fig. 3. Flow chart of the study data, methods, and outputs.  
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The results on flood cover increases were generalized to cover all the 
main flood risk areas of the Siikajoki catchment by utilizing the GTK 
1:200 000 superficial deposit data and the HW levels from the SYKE 
annual flood hazard zone data. The comparison area was defined as the 
border of the flood hazard zone data, but with the flood-prone Mankila 
uncertainty area (see Supplementary Material) excluded from the nu-
merical results. It was assumed that the subsidence circumstances were 
similar for the whole riverside, i.e., with no regional differences in 
drainage conditions. The peatlands were classified into three classes by 
depth (0− 0.3 m, 0.3− 0.6 m, and >0.6 m) in the 1:200 000 GTK deposit 
data. The exact maximum depths are unknown, as is the mean depth of 
the third class. The subsidence rates for the three classes were determined 
to define a simple three-step subsidence model, where the subsidence is 
directly proportional to the peat depth. The subsidence rates for the first 
two class means (0.15 m, 0.45 m) were defined with the mean regression 
model from the subsidence comparison. The subsidence rate for the third 
class was determined as the class mean rate at the study sites. Here it was 
assumed that the peat depths at the sites sufficiently represent the peat 
depths of the whole riverside. The current 5-m DEM for the whole 
catchment was subsampled from the NLS 2-m DEM. Finally, a flood 
comparison map for the whole catchment study area was created, 
generating a DEM for the historical year by editing the present DEM with 
the simple subsidence model and combining the DEMs with the HW data 
as described earlier. The SYKE flood hazard zone data provided the 
annual HW levels as constant-level cross-sections of the river. Here, it was 
assumed that the water rises onto the floodplains perpendicularly away 
from the river (see Supplementary Material). The cross-sections were first 
triangulated as a TIN and then rasterized into a 25-m grid to model the 
annual HW surface of the catchment. 

3. Results 

3.1. Trends in annual and summer peak discharge 

Annual maximum discharge (Fig. 4a, b) in the river Siikajoki varied 
between 57 and 465 m3 s− 1 (1.4–11.8 mm/d), with a mean discharge of 
240 m3 s− 1 (6.1 mm/d) at Harjunniva station. Annual maximum 
discharge in the river Kalajanjoki varied from 5.8–32 m3 s− 1 (1.4–7.6 
mm/d), with a mean discharge of 17 m3 s− 1 (4.0 mm/d) at the Reis- 
Vuohtajärvi station. Summer maximum discharge (Fig. 4c, d) varied 
between 14 and 338 m3 s− 1 (0.4–8.6 mm/d) in the Siikajoki, with mean 

discharge of 84 m3 s− 1 (2.1 mm/d) at Harjunniva, and between 0.9 and 
31.5 m3 s− 1 (0.2–7.5 mm/d) in the Kalajanjoki, with mean discharge of 
8.6 m3 s− 1 (2.0 mm/d) at Reis-Vuohtajärvi. According to the Mann- 
Kendall trend test, the only statistically significant trend (two-sided p 
= 8.48e-05, tau = 0.343) was in annual maximum discharge at Har-
junniva, where the fitted linear regression model showed a negative 
slope during the measurement history, i.e., strong floods have become 
slightly less common (R2 = 0.229). Overall, the analysis did not show an 
increase in annual or summer high flow occurrence in the rivers Siika-
joki and Kalajanjoki. 

3.2. Drained organic soils are sensitive to subsidence 

On average for all sites, 62 % of the land area studied had subsided 
during the measuring period (Table 2). The mean total subsidence was 
256 mm, which corresponds to 7.29 mm y− 1 during 24–51 years. The 
largest mean subsidence was found at the Huokumaanoja site and the 
highest mean rate was found at the Herralanpuro site, which are the 
oldest and youngest historical datasets, respectively. The Kalajoki 
catchment had higher values than the Siikajoki catchment in both sub-
sidence amount and rate. 

Wide areas with a subsidence rate of more than 15 mm y− 1 were 
found for all sites except Junnonoja (Fig. 5). The coverage of the Jun-
nonoja historical dataset was limited, narrowing the results to linear 
bands (Fig. 5b). Based on the soil deposit data attached to the map, the 
highest subsidence rates were related to the deepest peat layers. Com-
parison of soil types on the high-resolution sediment map and the cor-
responding VLMR values (Fig. 6) showed that the subsidence rate was 
greatest for deep peat deposits (mean VLMR -10.7 mm y− 1), where the 
initial maximum peat depth measured was 3.5 m. The subsidence rate 
was lower for shallow peat layers overlying a base mineral soil (mean 
VLMR -2.2 mm y− 1 and -1.8 mm y− 1 for peat on top of clay and silt, 
respectively). Surprisingly, a relatively high positive rate was found for 
silt soil lying on top of clay (mean VLMR 2.1 mm y− 1). Because of the 
high number of observations (N = 147), this cannot be distorted due to 
the small dataset. The ANOVA test for sediment types showed significant 
differences (F = 271, p<2e-16) between the soil types (deep till, silt on 
top of clay, deep clay, peat on top of silt, peat on top of clay, deep peat) 
in Huokumaanoja. The Tukey post hoc test (Fig. 7) identified some 
significantly different group pairs. Deep peat deposits differed statisti-
cally significantly from all the other groups, especially mineral soils. 
Shallow peat layers differed statistically significantly from mineral soils 
if the soils with a small number of observations (N) were excluded from 
the analysis. Correspondingly, the historical field-measured soil data 
showed a positive correlation between subsidence rate and depth of the 
organic surface layer (Fig. 8). 

3.3. Visualization of increase in subsidence-induced flood cover 

The largest annual floods in the initial situation in 1982 occurred in 
Kaivosoja (Fig. 9a, Table 3a), where 30.6 ha of flood cover and 65 100 
m3 of flood volume were calculated, based on the annual HW levels and 
estimated historical DEM. In contrast, annual flooding originally 
covered only small areas near the river (0.4 ha, 1100 m3) in Junnonoja 
in 1962 (Fig. 9b, Table 3b). The Herralanpuro results (Fig. 9c, Table 3c) 
showed significant annual flood cover (19.2 ha, 33 900 m3) already in 
1990, matching the flood-sensitive reputation of the Kalajanjärvi dis-
trict. The flood cover probably continued all the way northwest to the 
Kalajanjoki river but was cropped by the border of the limited historical 
data cover. 

Comparisons clearly showed that the annual flood cover increased by 
101 % in the period 1982–2009 at Kaivosoja, 119 % in 1990–2013 at 
Herralanpuro, and 194 % in 1962–2013 at Junnonoja. These periods 
represent the timeline between the historical leveling and the available 
lidar data. The percentage flood volume expansion was found to be high, 
for Kaivosoja and Herralanpuro even higher than the areal spread. 

Table 2 
Drainage map georeferencing and subsidence comparison results.   

Siikajoki catchment Kalajoki catchment 

Site Kaivosoja Junnonoja Huokumaanoja Herralanpuro 

Year of historical 
data 

1982 1962 1959 1990 

Year of lidar flight 2009 2013 2009 2014 
Number of links 

used in 
georeferencing* 

22 
a 22 a 38 

32 
b 29 b 63 

Total RMS error in 
georeferencing 
(m)* 

2.25 
a 3.42 a 4.65 

3.78 
b 2.78 b 5.32 

Number of study 
points 

327 61 151 contours 

Study area (ha) 196 56 187 201 
Share of subsided 

study area (%) 80 64 55 50 

Mean subsidence in 
the subsided cells 
(mm) 

202 246 349 227 

Mean subsidence 
rate in the 
subsided cells 
(mm y− 1) 

7.53 5.15 7.02 9.47  

* Junnonoja and Huokumaanoja were georeferenced in two parts. 
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To create a complete picture of flood conditions at the catchment 
scale, flood spread was estimated similarly for all flood risk areas in the 
Siikajoki catchment. The mean fit (Fig. 8) gave mean subsidence rates of 
2.60 mm y− 1 and 3.71 mm y− 1 for the GTK deposit data peat depth 
classes 0–0.3 m and 0.3–0.6 m, respectively. The rate (8.374 mm y− 1) for 
the third class, with peat depth >0.6 m was determined as the mean 
value of site-measured subsidence inside the class. According to the 
mean fit, the third class represents on average 1.7 m peat depth, which is 
compatible with the known original maximum depth of 3.5 m at the 
sites. The area of cultivated fields flooded annually in the catchment 
(Fig. 10) increased by 45 % between 1962 and 2013 (Fig. 11). 

4. Discussion 

4.1. Key factors influencing the subsidence rate of organic soil 

Our analysis revealed high subsidence rates in boreal cultivated 
riverside fields in Finland, with an average rate of 7.3 mm y− 1, varying 
from 5 to 9 mm y− 1 between study sites, and rates up to 20 mm y− 1 in the 
most problematic areas. Our results confirm previous findings in the 
boreal and temperate regions, but on average were lower than globally 

reported long-term subsidence rates of up to 50 mm y− 1 (see Table 4 and 
references therein). As oxidation processes are strongly related to 
average soil temperatures (Davidson and Janssens, 2006), the highest 
rates have been observed in tropical and sub-tropical conditions 
(Hooijer et al., 2012; Stephens et al., 1984). However, our results show 
that significant subsidence rates can also occur in cooler conditions over 
long periods. At boreal latitudes, biochemical processes are slow for 
most of the year, but still, create substantial degradation during the 
growing season. The highest subsidence rate in our study was in the 
youngest dataset, which reflects the strong effect of primary consoli-
dation occurring immediately after drainage. Our historical drainage 
planning maps were drawn 24–51 years ago and the consolidation 
responsible for most of the subsidence had already stabilized. There was 
no documented information on the drainage date available, but it was 
assumed to have occurred soon after planning. We found implications of 
more recent drainage improvements and sub-drainage installations, but 
the drainage status of the sites was extremely diverse and the effect 
could not be confirmed statistically. Also, the cultivated species or other 
vegetation might influence the progress of subsidence, but there were no 
documented data for this available. Our results show a link between 
drainage and subsidence of 202− 349 mm within 24–51 years. 

Fig. 4. Annual (a–b) and June-August summer (c–d) maximum discharge, and fitted trend lines showing changes in the magnitude of floods during the study period 
at the Harjunniva station, Siikajoki catchment (a, c) and the Reis-Vuohtajärvi station, Kalajoki catchment (b, d). 
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The subsidence rate was shown to depend on soil properties and land 
improvement activities. The highest mean subsidence rate, at Herra-
lanpuro (9.5 mm y− 1), is partly explained by the most recent drainage 
improvement activities. Besides, although the former lake bottom at 
Herralanpuro was classified as peat in the GTK superficial deposit map, 
clayey mud was also reported to be present in the original drainage plan 
from 1990. The subsidence rates observed were still at the low end of the 
range (13− 50 mm y− 1) reported for former lake bottoms with mud soil 
(Maijala, 1992; Uutela, 1988). At our study sites, subsidence was 

correlated with organic layer depth, with a mean fit of -3.70 x -2.04 
(Fig. 8). The subsidence in deep peat deposits was faster (10.7 mm y− 1) 
than in the shallow peat layers on top of mineral soil (1.8–2.2 mm y− 1). 
Subsidence results in the previous study performed by McAfee (1985) in 
the temperate/boreal zone, considered together with the original peat 
layer depths, corresponding to a mean fit of -9.37 x +1.87, which in-
dicates organic layers inducing stronger subsidence than at our sites. 
Comparing only the sites in McAfee (1985) and those in the present 
study with the highest R2 showed slopes of the same magnitude -7.27 x 

Fig. 5. Vertical land motion rate (VLMR = ΔZ/Δt) for a) Kaivosoja, b) Junnonoja, c) Huokumaanoja and d) Herralanpuro. Negative values of VLMR indi-
cate subsidence. 

Fig. 6. Vertical land motion rate (VLMR) relative to surface soil sediment type on top of base sediments for the study points in Huokumaanoja. Box height represents 
the number of observations (N). 
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-3.61 (R2 = 0.849) for McAfee’s area B compared with -6.32 x +1.31 (R2 

= 0.710) for Huokumaanoja. Consequently, the mean fit used in our 
generalization might have underestimated the results. The high rates 
observed by McAfee (1985) could be explained by the historical values 
dating back to the pristine state of the mires, whereas our sites were 
under agriculture before the comparison period. Agricultural operations 
such as drainage (Nykänen et al., 1995), tillage (Dao, 1998), and 
fertilization (Drury et al., 1998) intensify degradation and cause CO2, 
CH4, and N2O emissions from cultivated peat soils (Grönlund et al., 
2006). 

We discovered some positive VLMR values, indicating land uplift 
(highest in Kaivosoja: mean 167 mm (~6.2 mm y− 1), max. 945 mm 
(~35 mm y− 1)). Our results for Huokumaanoja showed that these values 
mainly derived from mineral soils. Oleszczuk (2020) reported 70− 400 
mm uplift in the ditch and river bottoms and interpreted those as silting. 
Strong floods transport and spread suspended particles onto floodplains 
(Walling et al., 1998), but sedimentation tends to decrease with 
increasing distance from the river. In our study, the uplift was concen-
trated on areas farthest away from the river, which are seldom or never 
inundated. The study sites are located in a region where the Northern 
European post-glacial uplift reaches its highest values (Ekman 1996). 
Absolute uplift rates are almost constant (8 mm y− 1) for the region so 
any changes occur similarly for the whole site. Additionally, the FGI 
height reference system transformations take into account the 

post-glacial uplift according to the epochs. When the historical on-site 
elevations have been measured relative to reference points (perma-
nent bolts) in a year differing from the epoch, the bolt has uplifted as 
much as the site. Lidar data elevations have typically been determined 
and corrected with GNSS surveys also relative to reference points. Thus, 
the post-glacial uplift cannot affect the comparisons significantly. We 
assumed the determined uplift to be caused by human activities, such as 
spreading soil amendments or dumping drainage spoil onto the fields. 
Farmers sometimes also level off field surfaces, which leads to discrep-
ancies in subsidence comparisons. 

4.2. Subsidence increases flood risk in riverside fields 

Local farmers in the Siikajoki and Kalajoki catchments claim that 
river regulation has caused increased flooding in riverside fields (Ikkala, 
2017). Our historical river flood analysis showed no statistically sig-
nificant increasing trends in annual or the summer maximum discharge 
time series, which indicates that the increased flooding reported along 
the connected field ditches is not due to changing hydrological condi-
tions. Trend analysis is always affected by the inspection period selected 
(Korhonen and Kuusisto, 2010). We used the full time series, which 
happened to correspond fairly well to the subsidence comparison pe-
riods of the catchments’ main river sites. As the annual HW levels at the 
study sites typically occur in the spring, due to snowmelt, our results 

Fig. 7. Tukey post hoc results with 99 % family-wise confidence level for the differences in mean vertical land motion rate (VLMR) for different sediment types in 
Huokumaanoja. 

Fig. 8. Non-positive vertical land motion rate (VLMR) as a function of organic soil depth at the selected sites, and linear models with the mean fit. Elevation increases 
were assumed to be due to human actions, and those study points were excluded from the comparison. 
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agree with the general trend of shorter winters and a smaller share of 
precipitation as snow. Similarly, Korhonen and Kuusisto (2010) found 
no clear changes in the annual mean outflow of Finnish rivers dis-
charging to the Baltic sea during the period 1912− 2004. However, they 
noted increased early spring mean discharge due to climate warming, 
although the magnitude of spring flood peaks did not change. Käyhkö 
et al. (2015) extended the inspection to the Baltic Sea basin and 
discovered no statistically significant discharge trends, only changes due 
to higher temperatures. However, local long-term soil degradation due 

to drainage causes subsidence in fields on organic soils (Stephens et al., 
1984), and thus increases the risk of local flooding (Carminati and 
Martinelli, 2002). Both our study catchments are low-gradient in 
topography, leading to sudden local floods (Masoudian and Theobald, 
2011). Flashy hydrographs coupled with low lake percentage make river 
regulation difficult during the spring thaw season and summer heavy 
rain events (Savolainen and Leiviskä, 2008), stressing the importance of 
local land-use practices in agriculture in the future. Soil subsidence 
aggravates agricultural losses if flooding occurs during the growing 

Fig. 9. Annual change in flooded area due to subsidence at a) Kaivosoja (annual high-water (HW) level 51.20 m above mean sea level (AMSL)), b) Junnonoja (85.40 
m AMSL), and c) Herralanpuro (110.50 m AMSL). The comparison shows the change from the year of the historical drainage map to the year of lidar data acquisition. 

Table 3 
The cultivated area under flood cover, the volume of covering water, and percentage change over time at a fixed annual high-water (HW) level at the Kaivosoja, 
Junnonoja, and Herralanpuro sites, according to calculated subsidence rates and on applying the same information for the whole Siikajoki catchment according to the 
generalization.  

Site/Generalization* a Kaivosoja b Junnonoja c Herralanpuro Siikajoki catchment Siikajoki catchment, Cultivated land only 

Year of historical data told 1982 1962 1990 1962 1962 
Year of present data tlidar 2009 2013 2013 2013 2013 
Annual HW level (m AMSL, N2000) 51.20 85.40 110.50 32.33–102.31 32.33–102.31 
Comparison area (ha) 88.4 7.9 109.7 59 268 59 268 
Annual flood cover A (ha)      
Aold 30.6 0.4 19.2 1 660 510 
Alidar 61.6 1.2 42.2 1 990 750 
Spread of the annual flood cover ΔA (%)      
told–tlidar 101 194 119 20 45 
Annual flood volume V (103 m3)      
Vold 65.1 1.1 33.9 14 300 2 300 
Vlidar 169.8 2.9 80.4 15 200 2 900 
Increase in the annual flood volume ΔV (%)      
told–tlidar (%) 161 173 137 7 30  

* The generalization years were imported from Junnonoja for computation. The subsidence model is based on the data from all three sites and the DEM is based on 
lidar data from 2009− 2013. Mankilanjärvi uncertainty area results are excluded from the table. 
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season. Summer floods are devastating for farming since most common 
crop species are vulnerable to anoxia due to the water cover (Drew, 
1983). Our flood analysis showed that the highest discharge peaks at the 
study sites typically occurred outside the summer months 
(June-August). 

Changes in annual flood cover at a fixed HW level represent the 
sensitivity of a site to flood expansion due to subsidence, i.e., the 
magnitude of the riverside slopes compared with the corresponding 
subsidence rates. On the other hand, if the strongly subsiding zone is 
strictly limited (e.g., a sharp change from organic to mineral soil), 
subsidence induces a large change in flood volume instead of areal 
spread, resulting in increasing gradients. We used site-specific annual 
HW levels to model the flood spread and volumetric change due to 
subsidence. Based on our analysis, the Kalajoki and Siikajoki catchments 
have faced considerable increments in flood cover, especially in culti-
vated fields. Based on the two elevation datasets compared, the annual 
flood cover has doubled (Kaivosoja and Herralanpuro) or even tripled 
(Junnonoja) during the past 24–51 years. In volume, there is 137–173 % 
more water on the fields. The percentage changes are strongly depen-
dent on the magnitude of the original values compared with the recor-
ded change. The lowest percentage spread seemed to occur at the 
originally most problematic Kaivosoja site, while the percentage change 
was largest for Junnonoja, where the water was just beginning to cover 
the fields originally. However, the longer inspection period affected the 
Junnonoja results. Rising WT disturbs farming not only in the defined 
flood cover but on an even larger area where the drainage depth is 
decreased. For the whole Siikajoki catchment, cultivated floodplains 
were estimated to have spread by 45 %, with a volumetric increment of 
30 % (Table 3). In practice, the drainage capacity alters over time due to 
ditch fouling and subsidence, and to ditch maintenance actions. Soil 

types also vary along the river, but the deposits in lowlands areas are 
rather similar. 

This study was limited to a few study sites due to the absence of 
historical data and the laborious workflow in finding, digitizing, 
georeferencing, and vectorizing drainage maps drawn on paper. New 
technology will provide more tools with the potential to expand the 
study to the catchment scale, without the need for strong assumptions in 
the generalization phase. Lidar data acquisition is becoming increas-
ingly affordable and the resolution is increasing. NLS completed its first 
lidar acquisition round covering the whole of Finland in 2019 and is 
about to start a new one, which will be repeated every six years. This 
provides unprecedented new material for subsidence analysis with GIS. 
Updates on subsidence rates every six years would help understand long- 
term changes, especially in organic soils. Additionally, current rates 
determined accurately for large areas, coupled with existing flood HW 
level estimates, would give detailed information on subsidence-derived 
flood cover at catchment scale. Large archives of old maps are being 
published online as open data, providing valuable historical contours for 
deriving DEMs, which could be used for comprehensive long-term sub-
sidence comparisons. 

4.3. Management perspectives for future cultivation practices 

The sites examined in this study are in rural areas, where floods do 
not threaten abundant public infrastructure or city centers. Farming is 
practically the only sector suffering from these annual floods. Control of 
soil subsidence is challenging, as it is a natural process, but there are 
some options for managing the negative impact. Instead of attempting to 
isolate cultivated lowland organic soils from the flooding river system, 
the most sustainable approach is to allow rewetting of the sites and 

Fig. 10. Change in the annually flooded area due to subsidence in the Siikajoki catchment. Insets show the (a) Upper Lamujoki and (b) Paavola-Mankila flood 
districts. The map also shows the estimated change in flooding on non-cultivated land and in the Mankilanjärvi uncertainty area, which were excluded from the 
numerical results. 
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adapt agricultural activities to the presence of high WT levels (Kløve 
et al., 2017). 

Inhibiting subsidence needs actions to deal with the fundamental 
causes. According to the results of this and many earlier studies, subsi-
dence due to consolidation and oxidation is activated when drainage is 
performed and a deeper topsoil layer is exposed to air. In controlled 
drainage, the WT is constantly optimized for the needs of the current 
crop and farming activities. It has potential for preventing nutrient 
discharge from the drainage of cultivated land (Skaggs et al., 2010). 
Additionally, WT can be optimized to minimize GHG emissions, espe-
cially CO2 and N2O from drained areas and CH4 from saturated organic 
soils (Evans et al., 2021; Regina et al., 2015). Shih et al. (1981) showed 
that controlled drainage not only optimizes the water balance of the 
plants but also reduces the subsidence rate. However, conventional 
crops require a certain drainage depth that still permits subsidence 
(Stephens et al., 1984). Plant breeding may produce new varieties with 
improved tolerance to wet soil environments (Verhoeven and Setter, 
2009). Further studies are needed to evaluate the applicability of 
controlled drainage in preventing subsidence of boreal cultivated 
peatlands. 

Ultimately, the cultivation activity should be adapted to the pre-
vailing moisture conditions (Chamen et al., 2003). Paludiculture is a 
way to produce sustainable biomass crops on rewetted peatlands while 
not disturbing peat formation and accumulation, provided that the plant 
species grown can thrive under wet conditions. For example, reed 
(Phragmites australis), cattail (Typha latifolia), sedges (Carex spp.), alder 
(Alnus glutinosa), reed canary grass (Phalaris arundinacea), and mosses 
(Sphagnum spp.) are suitable for producing biomass while the dying 
rootlets, roots, and rhizomes of the plant still accumulate underground, 
producing new peat (Wichtmann and Joosten, 2007). Optimizing plant 
species and changing farming techniques should be considered instead 
of abandoning farming completely. Drained peat fields might be too dry 

environments for such species though, as we showed that most of the 
flood peaks in northern latitudes are timed in the thaw season of spring 
and the peatland has lost its natural water retention capacity after 
drainage. However, active rewetting can help to achieve steady moist 
conditions and ensure optimal effects concerning biodiversity and 
climate change mitigation (van Diggelen et al., 2006). Lipka et al. 
(2017) showed that the subsidence rate decreased from 70 to 6 mm y− 1 

over 17 years for an abandoned agricultural peatland. Miller et al. 
(2008) reported reduced subsidence and even reversed vertical land 
elevation loss, with accretion rates of 70− 90 mm y− 1 after a controlled 
rewetting regime. 

According to our results, if the subsidence of organic lowlands 
cannot be restrained, the annual mean flood cover will increase in the 
future. In other words, the flood frequency on cultivated land will in-
crease and eventually reach a point where farming is no longer viable. 
Natural lowlands are important for their ecological value (Godreau 
et al., 1999). Rouquette et al. (2011) compared different alternatives for 
rural floodplain management to promote related ecosystem services and 
concluded that leaving the WT shallow and allowing regular flooding 
promoted both environmental and cultural outcomes. The conventional 
way of using floodplains in intensively drained agriculture can be 
replaced by the creation of multi-functional environments providing 
sustainable ecosystem services with environmental, economic, and so-
cial benefits (Rouquette et al., 2011). 

5. Conclusions 

We observed mean subsidence of 5.15–9.47 mm y− 1 in cultivated 
lowland fields on the western coast of Finland, based on lidar data and 
historical drainage planning maps, with the greatest subsidence occur-
ring in deep peat surface layers. Riverside fields are especially vulner-
able to flooding and this vulnerability may increase due to soil 

Fig. 11. (a) Conceptual model of the issue studied and (b) cross-section of the model.  
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subsidence. River discharge time series did not show any significant 
increasing trends in HW levels. The estimated increase in flood cover 
spread was 101–194 % for the study sites and 45 % for cultivated 
peatlands in the Siikajoki catchment due to soil subsidence. As the 
phenomenon remains, it is important to consider organic soil subsidence 
when planning boreal cultivation and catchment management. As 
farming is often located in the areas with the highest future flood risks, 
conventional farming needs to be replaced by more sustainable forms of 
agriculture adapted to wetter soil conditions. Paludiculture could be a 
good option for flood-prone fields if bio-products can be created from 
water-loving plants. 
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Table 4 
Results reported in previous studies on subsidence rates due to land drainage of cultivated organic soils.  

Zone, Source Year Location Site type Observation  
period (years) 

Mean/ median 
subsidence (mm) 

Subsidence rate  
(mm y− 1) 

Study method 

Boreal        
Grönlund et al. 2008 Norway Cultivated peatland 25–53 1130 21–28 Not available 
Maijala 1992 Finland Drained lake base 20–46 938 13–50 On-site leveling 
Uutela 1988 Finland Riparian fields 201 455 15–29 Lab odometer  

Temperate        
Dawson et al. 2010 UK East Anglian fenland 22 330 9–19 On-site leveling 
Leifeld et al. 2011 Switzerland Temperate fen 141 1800 8–16 On-site measurements 

with theodolite- 
photogrammetric-GPS 

Mc Afee 1985 Sweden Domed mire and low 
moor peatlands 

80 1340 5–31 On-site leveling 

Oleszczuk 2020 Poland Former fen peatland 
abandoned 20 years ago 

40 240 2–15 On-site leveling 

Regan et al. 2019 Ireland Lowland raised bog 26 315 4–22 On-site total station 
measurements & lidar 

Schothorst 1977 Netherlands Agricultural field in a 
polder 

6 60–100 7–17 Surface elevation and 
reference measurements, 
disks within profiles  

Sub-tropics        
Deverel & Leighton 2010 USA Island on river delta 18–101 2 630 7–37 Topographic map, lidar 

elevations 
Gambolati et al. 2006 Italy Levee-protected basin 

below the sea level 
70 1 750 21− 28 Direct and indirect on- 

site level measurements 
Schipper & McLeod 2002 New Zealand Partly drained raised bog 40 1 370 34 On-site depth-to- 

reference-level 
comparison with pristine 
part 

Zanello et al. 2011 Italy Levee-protected basin 
below the sea level 

4 30 3–15 On-site clay-anchored 
steel tripod with 
displacement logger  

Tropics        
Dadap et al. 2021 Southeast Asia Varying land use 

including plantations 
4 74 19 Interferometric synthetic 

aperture radar satellite 
data 

Hooijer et al. 2012 Indonesia Large peat dome 1 
5 
18 

1 420 7502 

280 
50 

On-site elevation survey, 
subsidence poles 

Wösten et al. 1997 Malaysia Low-gradient, low-lying 
coastal area with peat 
domes 

21 690 20–46 On-site subsidence 
measurements with 
markers 

1Selected calculation period. 2 First year after drainage. 
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