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Highlights
• Mineral subsoils under a peat layer (<1 m) affect the groundwater level.
• During average precipitation, silty subsoil often makes groundwater level remain too high 

for timber haulage.
• If the subsoil is sandy and the peat layer is thin, the groundwater level gets lower.
• The amount of stand evapotranspiration alone is not enough to keep the groundwater level 

low enough.

Abstract
In southern Lapland, 70% of drained peatland forests have a peat layer thickness of less than one 
metre. On these sites, the question is how the subsoil under the peat affects groundwater level 
and thus timber harvesting. The aim of this study was to investigate the effect of the peat layer 
(<1 m) and subsoil on the groundwater level and its variation during the growing season (non-
frost) by modelling the factors affecting water level. In sandy soils, the groundwater level rose 
by 20 cm when the peat layer thickness increased from 20 to 70 cm. In silty soils the effect of 
the peat thickness on groundwater remained minor. When the subsoil was sand or coarser, the 
groundwater level was usually deeper than when it was silty or finer. The effect of stand volume 
(m–3 ha–1) on the groundwater level was rather weak albeit significant. The model explained a 
significant part of the groundwater surface variation, with a marginal coefficient of determination 
(R2) of 68%. It seems that the rutting of roads could be avoided in late summer if the precipitation 
is remarkably lower during that period, or if the subsoil is sandy with thin peat layer on top of it. 
Because the groundwater level affects the load-bearing capacity of timber-harvesting machinery, 
it is important to study this issue in more detail in the future.
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1 Introduction

Investments in the forestry industry and the increased use of wood by existing mills in southern 
Lapland require round wood procurement from drained peatland forests all year around. Harvesting 
of these forests is usually done when soils are frozen. Due to climate change, as winters shorten, 
there is a need to increase wood harvesting during the summer (non-frost). According to the Finnish 
Meteorological Institute, since 2000, the temperature sum in Finland has been above the average 
of the period 1971–2000 almost every year (Ruosteenoja et al. 2016).

A total of 22% of the forest land in southern Lapland is peatland (National Forest Inven-
tory (NFI) 11 2019). Drained peatlands are 70% moderately rich or poor pine-dominated forest 
types (Vaccinium vitis-idea type, dwarf-shrub type and Cladina type) (Hiltunen and Palander 
2020). Seventy percent of the peat layer has a thickness of less than 1 m. The most fertile drained 
peatland forests (herb-rich type and V. myrtillus type) are mainly in the so-called Lapland Trian-
gle (the southwestern part of southern Lapland). The peatlands forests are typically (46%) young 
stands (Luonnonvarakeskus 2019), which are at the stage of first commercial thinning. There are 
a total of 90 000 hectares of overdue thinning felling (NFI 11 2019), which is 35% of the wood 
production area of peatlands (Hiltunen and Palander 2020), and this area will increase in the 
coming years (Luonnonvarakeskus 2019). Thinning of young forests is generally low yielding, 
and for peatlands is even lower, due to a larger age distribution of trees and the smaller size of 
the trunks. Timber harvesting is already challenging in South Lapland’s peatland. Furthermore, 
shortening winters will increase the resource problems of industrial wood procurement, the stor-
age costs of timber and the seasonality of timber procurement (Väätäinen et al. 2010; Palander 
et al. 2012).

The biggest challenge in summer harvesting is the poor load-bearing capacity of machinery 
on peatland soils. In addition to equipment, the load-bearing capacity is affected by the properties 
of peat, the amount of wood, the groundwater level and the undergrowth (Högnas et al. 2009, 2011; 
Uusitalo and Ala-Ilomäki 2013; Uusitalo et al. 2015). The groundwater level varies significantly 
during the wood procurement year, affected by the total evapotranspiration of trees and undergrowth, 
precipitation, runoff, and the functionality of ditches. The amount of stand evapotranspiration 
depends on trees´ size and vigour (Sarkkola et al. 2010; Haahti et al. 2012). According to Sarkkola 
et al. (2013a), the evapotranspiration of the forest keeps the water surface at a level of 30–40 cm 
during the growing season if the stand volume in northern Finland (where southern Lapland is 
located) exceeds 150 m3 ha–1 and the ditches are in a satisfactory condition. If the stand volume 
is less than 100 m3 ha–1, as in southern Lapland (average: 69 m3 ha–1 of all development classes), 
evapotranspiration is not enough to maintain the groundwater level below the level of 30–40 cm 
(Sarkkola et al. 2013a, 2013b). When the total evapotranspiration remains low, the functionality of 
the ditch network is emphasized (Haahti et al. 2012). According to Heikurainen (1957) and Hökkä 
et al. (2020), the ditch depth will be reduced by 20–34 cm in the 20 years. Lauhanen and Ahti 
(2000) reported that ditches to a depth of 1 m will shallow 40–50 cm in 14–26 years in northern 
Finland. Furthermore, in Lapland the climate is humid, and only 30–40% of the annual precipita-
tion evaporates (Vakkilainen 2016).

Increasing and retaining tree growth has been the primary objective of ditching and its 
maintenance operations in drained peatland forests. The groundwater level – and thus the bear-
ing capacity – is affected by the functionality of the ditch network. In this respect, the amount 
of ditch network maintenance in the last decade has been considerably lower than it should have 
been, according to NFI 11 (Hiltunen and Palander 2020). Concerns about runoff waters and their 
effects on water systems have contributed to this decision (nutrients, particles, heavy metals 
and acidity) (Nieminen et al. 2010; Hökkä et al. 2016). Further, climate concerns about drain-
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age (greenhouse gas emissions from peat decomposition) have received more attention (Ojanen 
2015). This has led to reconsidering the original idea of carrying out ditching maintenance opera-
tions. Instead of systematic and immediate ditch maintenance operations, the groundwater level 
would preferably be controlled by adjusting wood harvesting so that the evapotranspiration by 
trees would lower the ground water level, which is needed for sufficient forest growth (Sarkkola 
et al. 2013a; Leppä et al. 2020). It seems that the evapotranspiration by forest trees alone is not 
enough to keep the groundwater level low in Lapland (Sarkkola et al. 2013a, 2013b). Therefore, 
the ground water level remains permanently high and, consequently, the load-bearing capacity 
is low in peatlands, which further increases the challenges of summer harvesting.

It is known that the physical properties of the mineral soil under peat are different from 
those of the peat (Huikari 1959b; Päivänen 1973, 1989; Kesäniemi 2009; Ronkainen 2012). Pre-
sumably, the physical properties of the subsoil also influence the groundwater level of the thin 
peat soil. However, we do not know how much different mineral soil types affect the groundwater 
level in thin peat soil. Because water level fluctuations during the growing season have an impact 
on the load-bearing capacity of peat soils, it would be important to understand this phenomenon 
accurately. Thereafter, researchers of forest technology could develop alternative approaches to 
securing timber harvesting despite water level fluctuations. When the water level is sufficiently 
low, i.e., 30 to 40 cm, the load-bearing capacity is high enough and damage (rutting) is reduced 
(Högnas et al. 2009, 2011). Otherwise, new approaches are needed for cost-efficient and environ-
mentally friendly wood procurement.

The above studies have focused on peat soils where the thickness of the peat was about 1 m 
or more. In southern Lapland, however, 70% of the peatland forests have a peat layer of less than 
1 m. This study investigates the effect of the properties of thin peat (less than 1 m) and the soil 
under peat on the water level and its variation during the growing season. The study models the 
factors affecting the water level and discusses the meaning of the results for forest management, 
as well as their implications for wood procurement.

2 Materials and methods

2.1 Study area

The study area (5.8 ha) is in southern Lapland in Rovaniemi (Fig. 1). The average temperature 
sum of the area in 1991–2020 was 979 dd (degree days). The Finnish Meteorological Institute 
produces grid data for climate analysis. Grid data refer to an evenly spaced grid with an accuracy 
of 10 km × 10 km. For example, the temperature value is calculated in each grid using the kriging 
interpolation method (Finnish Meteorological Institute pages). The research site has a grid point 
2911 (hereafter Hirvas) (ETRS-TM35ENG 7371916, 424857), from which the average daily 
temperatures and precipitation were calculated based on the calculated daily data (Table 1) and 
accumulated weekly precipitation during the growing season in 2017 and 2019 (Table 3). At that 
grid point, the temperature sum in 2017 was 875 dd and in 2019 966 dd. Between June–August, 
89% of the temperature sum was generated in 2017 and 85% in 2019.

When selecting the research site, the aim was to select a typical drained peatland forest in 
southern Lapland from the perspective of summer harvesting (thinning) (Hiltunen and Palander 
2020). The altitude of the research site was taken into account by determining sample plots´ height 
above sea level (in m). According to the area-based approach (ABA) laser scanning data, the stand 
volume of the site varied between 90 and 200 m3 ha–1 (Uusitalo et al. 2017). The site was drained 
in the late 1960s to early 1970s, with the ditch spacing ranging from 37 to 49 m. Defined accord-
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ing to the NFI 11 classification guidelines, the condition of the ditches was “below average” or 
“poor” (Korhonen 2009). In this respect, the site is part of the catchment area of the then-drained 
bog. The plot determinations made in May–June 2017 at the site were carried out in such a way 
that the measured data could be used in load-bearing studies of peat soils.

2.2 Sampling design and measurements

The research material was collected from 58 plots (Fig. 1). The circular sample plots (radius 9 
m) were marked with numbered pegs. The centres were in the middle of the 16 m × 16 m (ABA) 
square (Fig. 1). We used stratified sampling when dividing the plots into three categories by their 
volume: 90–120 m3 ha–1 (group one), 120–150 m3 ha–1 (group two) and 150–180 m3 ha–1 (group 
three). Stand volumes were defined based on 16 m × 16 m squares. An equal number of plots in 
classes was a target, but it was not reached due to uneven distribution of the stand volume (a total 
of 25, 17 and 17 plots in groups 1, 2 and 3, respectively).

Fig. 1. Map of Finland showing the location of the research site where the sample plots were established on the drained 
peatland forest (ETRS-TM35FIN 7368023,425587). On the sample plot (radius: 9 m), the red dot in the middle of the 
strip road is the centre of the plot and the excavation by which the peat type, the degree of peat decomposition and the 
mineral soil type were identified. The water level was measured weekly. The green dots are the measurement points for 
the thickness of the peat layer; the thickness measurement was also performed from the centre of the plot.

Table 1. Total precipitation and mean air temperature for June to August in 2017 and 2019 and long-term averages 
(2000–2019). The data for Hirvas have been calculated using the kriging interpolation method.

Month, Annual June July August Annual

Precipitation (mm)
Hirvas 2017 56 81 54 490
Hirvas 2019 86 14 97 572
Rovaniemi 2000–2019 64 (19–125) 79 (15–152) 70 (7–178) 639 (422–874)

Temperature (°C)
Hirvas 2017 11.8 15.6 12.8 1.7
Hirvas 2019 13.7 14.8 13.4 1.6
Rovaniemi 2000–2019 12.5 16.1 13.4 1.8
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Prior to thinning, the stand volume in the plots was measured in June 2017. Sample trees 
with a diameter at breast height of 6 cm or more were measured. Every third tree for each tree 
species was chosen as a sample tree, for which the tree height and crown height were measured. 
Based on the sample trees, a height curve was drawn for tree species according to Näslund’s (1936) 
model. The volume of the trees was calculated by tree species according to the volume model of 
Laasasenaho (1982), based on breast height diameter and height.

The area was thinned at the end of August 2017. After felling, it was re-measured in late 
August/early September 2017. For defining the 2019 growing stock, the effect of the strip road area 
was deducted from the sizes of   the plots. Thus, the results obtained for 2019 describe the stand 
volume outside the road. When calculating the surface area of   the strip road, the average vehicle 
path width was used in all sample plots. The width was measured and calculated following the 
Finnish Forest Centre’s field inspection guidelines (Leivo et al. 2016).

The thickness of the peat layer was calculated as the average of five measurements taken 
within each plot (Fig. 1). The peat decomposition rate was determined from a hole in the centre 
of the plot (0 to 30 cm deep) according to von Post’s classification (Laine and Vasander 2008). 
Peat was classified as wooden-sphagnum (LS-t) or wooden-carex (LC-t) based on the plant resi-
due composition (Laine and Vasander 2008). The depth of the ditch was measured as the distance 
between the bottom and the edges from the centre of the ditch. The depth of the ditch was measured 
below the moss layer.

The water table level within plots was measured weekly during the growing seasons in 
2017 and 2019. The water level, i.e., the distance between the surface of the peat and the water 
surface, was measured manually once a week to the nearest 1 cm from an excavation hole. The 
diameter of the hole was about 30 cm because it has been found to smooth out changes in pre-
cipitation and runoff due to its large water storage capacity (Heikurainen 1971) and the depth was 
about 50–60 cm. In 2017, the measurements started on 28 June and ended on 16 August (Table 3). 
After that, the water level in some of the plots was lower than the bottom of the excavation, so no 
accurate measurement result was obtained. At the beginning of June, the water level was between 
0 and 10 cm. Table 3 show the average groundwater levels of the plots belonging to the soil types 
below the peat layer on the measurement days.

In 2019, water level measurements began on 19 June and the water level could be observed 
at all test areas until 17 July (Table 3). After that, the water level in some of the plots was lower 
than the bottom of the excavation, so no accurate measurement was obtained, and thus the average 
groundwater level of the soil-type plots could not be calculated. In 2019, there were two fewer 
measurement points; these were damaged during timber harvesting at the end of August 2017. 
However, measurement was continued to find out at what point the water level rose back above 
40 cm. In 2019, the last water level measurement was on September 10.

Table 2. Thickness of peat layer, volume of stand, depth of ditch and degree of decomposition of peat according to the 
type of mineral soil under the peat layer. The soil types are saSi = clay silt, siHkMr = silt sandy moraine, HkMr = sand 
moraine, srHkMr = gravel sand moraine, Hk = sand.

Soil N Peat layer, cm Volume of stand, m3 ha–1 Depth of ditch, cm Degree of decomposition of peat
Mean Min Max Mean Min Max Mean Min Max Mean Min Max

saSi 5 49 41 57 102 45 174 28 23 34 4.0 2 7
siHkMr 12 42 23 70 110 40 181 36 20 44 4.7(10) 3 7
HkMr 25 40 27 70 108 11 181 40 19 55 2.9(22) 1 5
srHkMr 4 38 21 53 85 23 133 42 13 52 2.0 2 5
Hk 7 38 26 61 92 55 158 42 18 56 3.0 2 5
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2.3 Determining the type of soil under the peat

Soil types were determined following two different approaches (Fig. 2). In the field, mineral soil 
samples taken from the centre of the sample plots and right under the peat layer were categorized 
according to the classification principles of soils for construction purposes (RT) (Jääskeläinen 2014), 
which is similar to the classification used in agriculture and forestry (Aaltonen et al. 1949). In the 

Table 3. The average groundwater levels (in cm) on measurement days according to soil types in 2017 and 2019. 
Precipitation is the sum of the precipitation in the week preceding the measurement. The soil types are saSi = clay silt, 
siHkMr = silt sandy moraine, HkMr = sand moraine, srHkMr = gravel sand moraine, Hk = sand.

Year 2017
Soil Group N 28. June 6. July 12. July 20. July 27. July 3. Aug 10. Aug 16. Aug

saSi Silty 5 14 14 18 13 20 20 26 28
siHkMr Silty 12 15 16 25 16 26 28 36 39
HkMr Sandy 25 18 19 36 20 36 38 44 46
srHkMr Sandy 4 16 16 27 18 27 27 36 34
Hk Sandy 7 20 23 36 24 36 38 43 41

Rain, mm 29 26 5 34 5 22 10 12

Year 2019
Soil Group N 19. June 26. June 3. July 10. July 17. July

saSi Silty 5 18 14 18 21 27
siHkMr Silty 11 17 14 19 24 34
HkMr Sandy 25 28 19 30 37 47
srHkMr Sandy 3 22 16 22 26 38
Hk Sandy 7 28 23 31 36 44

Rain, (mm) 19 37 11 6 4

Rain = Previous week’s rainfall
N = Number of plots

Fig. 2. Soil sample analyses and classification. First, a sensory evaluation (RT) was made in the field for all 53 plots. 
Second, for control purposes, 28 samples from the important groups of silt moraine and fine sand moraine were fur-
ther analysed in the laboratory. This was done to ensure that the demarcation of samples between Silty and Sandy 
groups was correct in further analyses. Three soil samples were redirected over the critical demarcation line (grain size: 
0.063 mm). Finally, soil samples were placed into revised soil types (GEO), which were further divided into Silty and 
Sandy groups using the Mann–Whitney U-test.
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field, soil types were determined based on sensory observations (Geologian tutkimuskeskus 2005). 
Based on the field analysis, an additional sample was taken from 28 plots for more detailed labora-
tory analysis. Here, the samples were categorized according to the geotechnical soil classification 
(GEO) (Jääskeläinen 2014). The soil classification of each remaining plot (25 were categorized 
in the field) changed according to the geotechnical classification, as a more detailed analysis was 
provided according to that classification. According to the geotechnical classification, silt and fine 
sand are categorized with silt (Silty), and coarse sand belongs to sand (Sandy). In five plots, the 
soil type under the peat could not be determined due to the thickness of the peat.

The granularity of the mineral soil was determined in accordance with the SFS-EN 933-1 
standard (n = 28). To determine the granularity, the moraine samples were subjected to washing 
screening plus a hydrometric test or a hydrometric test alone. In the washing screen, the finest 
granules (0.063 mm) were first washed out of the dried and weighed sample, after which the coarser 
final material was dry screened. The grain size distribution of the fine material with a grain size 
of less than 0.063 mm was determined by a hydrometric test. The hydrometric test is based on the 
Stokes law. The water permeability coefficient k (m s–1) was calculated from the samples. Based 
on field and soil laboratory determinations, the soil types under peat were classified into five soil 
types: clay silt (saSi), silty sand moraine (siHkMr), sand moraine (HkMr), gravelly sand moraine 
(srHkMr) and sand (Hk) (Table 2).

2.4 Statistical analysis

We used the Mann–Whitney U-test to determine differences in water levels between groups. This 
test is suitable for small independent observations, and the distributions of the comparative groups 
do not have to be in accordance with the normal distributions (Metsämuuronen 2006; Tähtinen 
et al. 2020). The soil types belonging to the Sandy group had no difference in the water surface 
averages in the measurements of different measurement periods. Similarly, there was no difference 
between the soil types within the Silty group. When we compared water level averages between the 
two groups (Sandy and Silty), the difference was either statistically significant (p < 0.01) or very 
significant (p < 0.001), and the effect size was moderate (r = 0.30) or strong (r = 0.50). The Silty 
group (n = 17 plots, grain size < 0.063 mm) encompassed the clay silt (saSi) and silt sand moraine 
(siHkMr) soil types, whereas the Sandy group (n = 36 plots, grain size > 0.063 mm) encompassed 
the sand moraine (HkMr), gravelly sand moraine (srHkMr) and sandy (Hk) types. Five plots for 
which the soil type under peat could not be identified due to the thickness of the peat were excluded 
from the analysis.

A linear mixed-effects model (Gaussian family) was constructed to explain (more than 
predict) the groundwater level. The response variable (groundwater level) was log-transformed 
to normalize the distribution and achieve reasonable residuals. The hierarchy of the model con-
sisted of the random year effect, the measurement point effect measured within the two years and 
the repeated measurements of each measurement point during the calendar weeks (lowest level 
observations). The repeated measurements mean the repeatedly done measurements from the plots. 
The repeated measurements in a certain calendar year were numbered from 1 to 8. Two years were 
taken in the same model and were interpreted as “random blocks” although they were temporal in 
nature. The model is as follows:

ln , ( )y f Xijk ijk i ij ijk� � � � � � � �� � � � 1

where ln(yijk) denotes the log-transformed response variable, groundwater level, in year i and 
measurement point j and measurement number (or calendar week) k. Further, f() denotes a linear 
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function with arguments Xijk (i.e., fixed predictors, measured from the levels ijk), and β (i.e., fixed 
parameters). Term μi denotes the random year effect, μij the measurement point effects within the 
years and normally distributed error variance with AR (1) correlation structure. The AR (1) was 
needed because several repeated measurements within measurement points could be expected to 
be correlated in time, the adjacent measurements being more correlated than measurements distant 
in time. Thus, the temporal autocorrelation term (phi) was estimated in the model. The compound 
symmetry correlation structure was assumed for the random year effect and for the measurement 
points.

The models were built using the 11 candidate fixed predictors mentioned in Table 4. The 
stages of the model construction were as follows. First, the contribution of the single predictors 
was tested in the model. All variables that indicated at least a slight contribution were considered 
as possible candidates in the following stages. This denoted that p-values should be at 0.050 or at 
least near that level. Second, all the variables were forced into the same model, and their contri-
bution and collinearities (variance inflation factor, VIF) were checked in the forced main effects 
model. Third, the main effects and all their possible two-way interactions were checked. Fourth, 
the final significant (about a 5% risk level) main effects and their interaction were selected for the 
“technical” version of the model candidate. Fifth, the meaning of all the possible fixed explanatory 
variables, as well as their interactions, were evaluated. All the variables and their interactions had to 
be environmentally reasonable or generally known (according to former studies, e.g., Hökkä et al. 
2008) as important to the groundwater level. The VIF values of the main effects of the explanatory 
variables (together in the model) were < 5. Thus, the multicollinearity was not a serious problem 
in the random years model.

We also computed a model using year as the fixed effect. However, the random year alterna-
tive was selected instead of fixed year because of the simpler model structure (less interactions) and 
the goal of generalization. This means that the predictions were computed using fixed predictors 
(marginal, population-level predictions). In addition, the model with a fixed year suffered more 
considerable multicollinearity problems (highest VIF values being about 7.5).

All analyses were made in the R statistical environment (R Core Team 2016). The R pack-
age nlme and its function lme (Pinheiro et al. 2017) were used to model the groundwater level. 
The coefficients of determination (R2) were computed for the model using the R package MuMIn 
(Bartoń 2017). The fixed effects predictions with their 95% confidence intervals for the model 
were calculated and plotted using the R package effects (Fox 2003).

3 Results

The thickness of the peat layer ranged from 21 to 70 cm and the average was 41 cm (Table 2). 
Table 4 shows the characteristics of the distributions of the continuous and categorical vari-
ables and the variables’ frequencies and ratios for both groups, Silty and Sandy. The peat of 
the Sandy group was on average poorly decomposed (Table 2) and had an average thickness 
of 40 cm. The peat of the Silty group was on average moderately decomposed (Table 2) and 
had an average thickness of 44 cm. There were no statistical differences in stand volume 
between silty and sandy plots in 2017 (p = 0.175; 135 vs. 124 m3 ha–1) nor after thinning in 
2019 (p = 0.588; 80 vs. 84 m3 ha–1). However, the stand volumes varied from 11 to 181 m3 ha–1 
(Table 4). There was no statistical difference in the depth of the ditches between the groups 
(p = 0.230). In Silty soils the mean depth of the ditch (34 cm) was slightly lower than in Sandy 
soils (38 cm), and the range was larger than in Silty soils. Further, the depth of the ditch ranged 
from 13 to 56 cm.
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The explanatory variables were tested in the modelling of the groundwater level (Table 5), 
and the statistically significant variables at a 5% risk level with significant two-way interactions 
were included in the model. Ditch depth was not statistically significant at a 5% risk level, but it 
was taken into account in the model because of its theoretical importance and the generally known 
importance of the modelled phenomena – e.g., Hökkä et al. (2008).

Table 4. Tested explanatory variables for the linear mixed effects model. The parameters of distributions (con-
tinuous variables) or the frequencies (numbers of observations in the longitudinal data) and the proportions of 
the categories (categorical variables) are presented in the table.

Variable Mean Median Minimum Maximum

Continuous variables:
Groundwater level, cm (response) 27.35 24.00 8.00 65.00
Volume of stock, m3 ha–1 108.20 111.60 10.50 181.00
Measurement, nr. 3.93 4.00 1.00 8.00
Rainfall (during week), mm 16.89 12.00 3.70 37.20
Temperature (during day), °C 14.04 13.90 10.20 16.90
Peat decomposition, scale 1–8 3.34 3.00 1.00 7.00
Altitude, m a.s.l. 83.02 82.83 80.40 86.64
Ditch depth, cm 35.82 35.00 13.00 56.00
Depth of peat layer, cm 41.44 39.00 21.00 70.00

Categorical variables: 
Peat type wooden-sphagnum peat: 85% (515), wooden-carex peat 15% (91)
Mineral soil type Silty: 31% (190), Sandy: 69% (416)

Table 5. Parameter estimates and tests of a general linear mixed effects model (Gaussian) for the groundwater level. 
Std. err. denotes the standard error of the estimates, df denotes the degrees of freedom, t-values are the test values for 
the parameter estimates, and p is the statistical significance level. R2 for the marginal model was 68.4% and that for the 
conditional model was 81.4%.

Variable Coefficient Std. err. df t-value p

Fixed effects:
Intercept 13.791 4.905 511.000 2.812 0.005
Peat type, carex-sphagnum peat, ref. 
wooden-carex peat

–0.155 0.064 83.000 –2.412 0.018

Volume of timber stock, m3 ha–1 0.002 0.001 83.000 2.973 0.004
Rainfall (during the period week), mm –0.014 0.001 511.000 –26.370 0.000
Measurement, nr 0.083 0.005 511.000 16.044 0.000
Mineral soil type, sandy, ref. silty 1.110 0.233 83.000 4.761 0.000
Depth of peat layer, cm –0.367 0.134 83.000 –2.748 0.007
Ditch depth, cm 0.003 0.002 83.000 1.928 0.057
Altitude, m.o.s.l. –0.133 0.060 83.000 –2.220 0.029
Mineral soil type*Depth of peat layer –0.025 0.006 83.000 –4.105 0.000
Depth of peat layer*Altitude 0.004 0.002 83.000 2.713 0.008

Random effects (variances) and phi (AR1 correlation structure), 95% confidence limits in the parenthesis:
Random year effect 1.509e-2 (0.079e-2–0.289)
Random sample point effect 1.354e-2 (0.593e-2–3.092e-2)
Residual 4.092e-2 (3.206e-2–5.223e-2)
Phi 0.511 (0.377–0.623)
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Peat type affected the groundwater level. The predicted groundwater level in wooden-sphag-
num type peat was 21.7 cm and the level in wooden-carex peat was 25.3 cm when the values of the 
other explanatory variables were fixed at their mean values (continuous variables) or average levels 
(categorical variables). When the stand volume increased, the groundwater level decreased – that 
is, the groundwater was deeper in places with abundant trees. Further, the effect could be rather 
weak as the range (confidence intervals) of the estimates for the parameter was large (Fig. 3a). 
In contrast, increasing rainfall during the period increased the groundwater level – that is, the 
groundwater was closer to the surface. Fig. 3b shows that the groundwater level increased more 
than 10 cm when the rainfall increased from 5 to 40 mm during the period. Furthermore, the effect 
of the summer period on the groundwater level was also noticeable (Fig. 3c): the groundwater was 
about 15 cm deeper at the last measurement at the end of the summer (August) compared to the 
first measurement in early summer (June).

Fig. 3. The predictions of the continuous explanatory variables and their interactions for the ground water level model 
by predictors: volume of tree stock (a), rainfall (b), number of measurements during a growing season (c), ditch depth 
(d) and the interaction of soil type and ditch depth (e), altitude and thickness of peat layer (f). The predicted groundwa-
ter level values for the fifth (categorical) predictor variable peat type were: wooden-sphagnum type peat 21.7 cm and 
wooden-carex peat 25.3 cm. The other explanatory variables were fixed at their mean values (continuous variables) or 
at their average levels (for categorical variables, see Table 4).
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Increased ditch depth caused a deeper groundwater level, but the p-value of the parameter 
estimate was 0.057 (Table 5). The thickness of the peat layer affected the groundwater level dif-
ferently depending on the mineral soil type. In Silty soils, an increase in the peat layer slightly 
increased the groundwater level, but the confidence intervals suggested that the increase could be 
caused by chance (Fig. 3e). However, in the Sandy soils, the groundwater level was 20 cm higher 
when the peat layer was 70 cm than when it was 20 cm thick (Fig. 3e). Also, the measurements 
(Table 3) show that the groundwater level was lower in the soil types of the Sandy group than in 
the Silty group. Fig. 3f shows that the thickness of the peat layer affected the groundwater level in 
the lowest places in the study area (altitude about 80 m above sea level), but in the highest places, 
no effects between the depth of peat layer and groundwater level were observed (altitude of 87 m 
above sea level). The p-value of interaction between altitude and peat depth estimate was 0.008 
(Table 5).

The model statistics indicate that the variance for the two years was slightly bigger than 
the variance for the measurement points, but the confidence intervals for the variance estimate for 
the random year effect were considerably larger. The adjacent repeated measurements were rather 
strongly correlated over time (phi about 0.5, Table 5). The linear predictors explained a remark-
able proportion of the variation in the groundwater level, the marginal coefficient of determination 
(R2) being about 68%. In addition, Fig. 4 suggested that the residuals of the model were fair and 
no serious systematic bias was found. Furthermore, the observed and predicted values were fairly 
in line with each other, observing the predicted and residual values in the log-transformed scale. 
The mean values in the original scale were also close to each other, the observed being 27.4 cm 
and the predicted 27.1 cm.

Fig. 4. Scatter plots for the predicted values vs. residuals (a) and observed vs. predicted values 
(b) of the model in the log-transformed scale. The values were computed using the fixed part of 
the model (marginal model).
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4 Discussion

We investigated the effect of peat type, amount of wood stock in forest, and the subsoil under the 
peat on the groundwater level and its variation during the growing season in a drained peatland 
forest with a thin layer of peat (less than 1 m). In a thin peat layer, the physical properties of the 
subsoil under the peat are different from those in the peat. Further, the physical properties of different 
mineral soil types are different. Therefore, we assumed that the soil type influences the water level 
of the peat. This assumption was examined by modelling the factors affecting water level. We also 
address the phenomenon because it relates to wood procurement conditions during the summer.

4.1 Determinants of ground water level

The groundwater level was systematically lower in the sample plots with mineral soil belonging to 
the Sandy group (Table 3). Further, on the sandy soil, as the thickness of the peat layer increased, 
the groundwater level increased (Fig. 3e). The peat was, on average, poorly decomposed, in which 
case the water-retention capacity of peat was high due to its low density and large pore volume 
(Huikari 1959a; Päivänen 1973; Kesäniemi 2009). As the tension of the groundwater increases 
(rainless period), the poorly decomposed peat releases water relatively easily. Considering the higher 
water permeability of Sandy soils compared to peat, the result is – as the study showed – that the 
change in water level is faster and quantitatively larger than with Silty soils. Again, this is related 
to the high water-retention capacity and slower water permeability of Silty soils. In peat on top of 
Silty soil, the movement of water is more in a horizontal direction towards the ditch than vertically, 
in the depth direction (Hökkä et al. 2021). In the Silty plots, the peat was, on average, moderately 
decomposed, which further slowed down the movement of water in the peat (Päivänen 1973).

As the thickness of the peat layer increased, it had a stronger effect on groundwater level in 
the Sandy soil group compared to the Silty group. Actually, the level of groundwater was almost 
the same in the Silty group regardless of the thickness of the peat layer (Fig. 3e). Therefore, our 
assumption was justified that the subsoil type influences the water level of the peat. Previous stud-
ies have shown that, as the thickness of peat increases, its decay and density increase, which has 
a detrimental effect on water permeability and at the same time increases water retention (Huikari 
1959a; Päivänen 1973; Kesäniemi 2009). It follows that the infiltration of water into peat layers 
is considerably slower than in a thin and poorly degraded peat layer. That is, the properties of the 
peat, such as thickness, affected the most on the groundwater level in the Sandy soil type group. In 
other words, the thicker the peat layer, the less the subsoil type will affect the groundwater level.

In this study when the total stand volume increased by 25 m3 ha–1, the decrease in groundwater 
level was 1 cm (derived from Fig. 3a). This is less than half of what Sarkkola et al. (2010) found in 
their study, which was 1 cm/10 m3 ha–1. On the other hand, Haahti et al. (2012) found that, in northern 
Finland, the water surface depth decreased by 1 cm as the basal area increased by 4.7 m2 ha–1. Using 
a 4.7 m2 ha–1 basal area and the average height of the trees means that an increase in stand volume of 
28 m3 ha–1 will lower the water level by 1 cm. Based on this, the difference in water level between the 
smallest and largest stand volume of sample plots would be 6 cm, which corresponds to the results 
obtained. When the functioning of the ditch network is inadequate or poor, as at the study site, even 
high stand volumes (m3 ha–1) alone is not sufficient to keep the groundwater level low enough for 
the proper growth of trees. In addition, given the poor drainage efficiency of the ditches, the water 
level may remain too high (30–40 cm) for maximum growth of trees during July and August, as 
suggested by Sarkkola et al. (2010, 2013). In the 2019 growing season, July and the beginning of 
August were the driest times of the review period (2000–2019) (Table 1). Therefore, the water level 
dropped so low that it could not be determined weekly at the end of the growing season (Table 3).
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According to the results, the ditch impact on the groundwater remained small (Table 5). 
Although the depth of ditches was satisfactory in places, the bases of ditches were covered with 
abundant moss and were partially clogged. This may have a detrimental effect on the drying capacity 
of the ditch network (Heikurainen 1957, 1980; Päivänen 1989; Silver and Joensuu 2005). There 
was not statistical difference in the depth of the ditches and the volume of stands between the Sandy 
and Silty groups. Similarly, the condition of the ditches was similar in both groups. So, it may be 
assumed that the groundwater level in the Silty group soil remains higher than in the Sandy group 
due to the properties of the Silty mineral soil and peat, and partly due to the altitude (Fig. 3f). The 
water flow (runoff) also depends on the slope of the peatland (Päivänen 1989).

4.2 Implications for wood procurement

For successful summer wood harvesting, it is necessary to know the carrying capacity of the peat-
land. On sandy soils, the thickness of the peat layer has a great impact on the groundwater level, 
unlike on silty soils (Fig. 3e). Information on the thickness of the peat layer and the type of soil 
under it allows for more accurate wood procurement planning and implementation, which also 
results in decreased harvesting damage and costs. Finally, the results suggest that – unlike in the 
existing classification for southern Finland (Högnas 2011) – the effect of the peat thickness and 
the mineral soil type under peat should be included in the wood procurement classification system 
to be developed for northern Finland.

In the study area in 2017 and 2019, the groundwater level of individual plots varied widely. 
The minimum variation was 22 cm (5–27 cm) and the maximum variation was 54 cm (11–65 cm). 
In such a situation, where the water level of such a small site (5.8 ha) is permanently or partially 
too high in part of the area during the growing season, it makes it difficult to determine the har-
vestability class. According to the harvest classification by Högnas et al. (2009, 2011), during the 
growing seasons of 2017 and 2019, the harvest class varied between several categories. This means 
that only part of the site could be harvested in non-frost, depending on the groundwater level, 
growing stock, peat thickness, and harvesting equipment. Results suggested that rutting of roads 
can be avoided in two occasions. First, it could be avoided in all stands regardless of subsoil type 
or peat layer thickness if precipitation is remarkably lower than the average (Table 1) during that 
period. Second, it could also be avoided if precipitation during that period is about the average or 
less, and the subsoil is sandy with thin peat layer on top of it. Further, the poor water conductivity 
of ditches may alter the hydrological properties of peatland forests. In this case, the load-bearing 
capacity of the peat will change on strip roads.

The harvestability classification should aim at real-time information on the load-bearing 
capacity of peat. The amount of rain and its temporary variation, which can be strong, can sig-
nificantly change the load-bearing capacity of peat. However, we do not know the magnitude and 
duration of the change in groundwater level caused by rain. It is generally estimated (intuitively or 
ad hoc), if the rainfall is such that harvesting should be interrupted. The amount of harvest damage 
is the measure used for the interruption. Studies like this provide a better understanding of the 
phenomenon and make it possible to react in nearly real time to changes in harvesting conditions. 
This would mean that, if necessary, machine operators would make the necessary changes in har-
vesting methods to enable work to continue and, at the same time, avoid harvesting damage and 
additional costs. In addition, it should be investigated how much, how fast and for how long the 
rainfall affects the groundwater level. Furthermore, it would be important to determine the role of 
cumulative rainfall over a period of time in predicting the groundwater level, and also taking the 
growing stock, characteristics of peat and type of subsoil into account.
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5 Conclusions

The aim of the study was to investigate the effects of the properties of drained peatland on the 
groundwater level and its variation, in regard to stand, peat (less than 1 m) and subsoil under peat. 
The research material was collected in Northern Finland in a forest of Southern Lapland before and 
after mechanical thinning. The site represented a typical peatland forest of the area from the perspec-
tive of the functioning of the ditch network, which was in poor condition. Based on the developed 
regression model, the groundwater level and its variation are most affected by the thickness of the 
peat and the subsoil type under the peat. The thickness of peat layer affected the groundwater level 
only slightly when the subsoil was Silty. In contrast, the groundwater level variation was larger 
when the subsoil was Sandy. In practical forestry applications, this probably enables predicting 
water level sinking on these subsoil sites when the rainfall (mm) is also observed. Based on the 
results, the wood amount of the stand was too low to keep the groundwater level low, although 
the effect was significant. The ditch depth was not statistically significant.

The time frame for non-frost timber haulage usually sets between spring and late summer 
peaking water levels (melting snow, increasing rains). Yet unpredictable weather patterns pose 
challenges – sometimes opportunities – for effective and timely timber procurement planning in 
drained peatland forests. We should further increase our understanding of the temporal and spatial 
changes of groundwater levels in drained peatland forests. This would enable to increase the timber 
harvesting volume and to extend timber harvesting period towards autumn.
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