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ABSTRACT

This study analysed the effects of controlled drainage, peat layer thickness and hydrological
connections on the hydrology of agricultural peatlands. A hydrological model was combined
with a comprehensive field-scale dataset, consisting of several field plots with controlled and
regular subsurface drainage, and with varying peat thickness. Controlled drainage markedly
reduced the amount of drain discharge (up to 862 mm) during the 1.5-year simulation period,
while the consequent increase in groundwater levels was modest (mean difference 0.01-0.17
and 0.10-0.21 m in thin and thick peat, respectively). Thus, controlled drainage can change flow
routes, and the impact on the groundwater table can depend on the related groundwater out-
and influxes. Controlled subsurface drainage had a higher potential to increase groundwater
levels in areas with thick peat soils and steep upslope than in areas with a shallow peat layer
and steep downslope areas. If the soils are drained efficiently during the spring, controlled
drainage cannot increase groundwater levels during the following growing season if the
amount of evapotranspiration exceeds the amount of precipitation and influxes. The model
application complemented the knowledge gained from the empirical data. Furthermore, our

ARTICLE HISTORY
Received 22 October 2024
Accepted 12 January 2025

KEYWORDS

Subsurface drainage;
peatland; agricultural water
management; lateral flow

analysis shows knowledge gaps regarding the hydrology of agricultural peatlands.

Introduction

Dynamics and distribution of soil moisture and ground-
water table levels within agricultural peat soils have impli-
cations for greenhouse gas fluxes, environmental loads,
crop productivity and farming operations (e.g. Klove
et al. 2017; Evans et al. 2021). Knowledge of sustainable
peat soil management and related water management
procedures still has important knowledge gaps (Thorsge
et al. 2023). Soil moisture variability is controlled by
environmental and anthropogenic factors, including
hydrometeorological conditions, catchment character-
istics and soil properties, as previously demonstrated in
organic and mineral soils (Turunen et al. 2015; Jaros
et al. 2019; Mahmood et al. 2023; Salla et al. 2024). Remov-
ing excess water from the fields with proper drainage
practices is necessary for conventional crop cultivation
in peatlands in high-latitude conditions. Conventionally,
drainage is conducted with subsurface drain pipes or
open ditches with a constant drainage depth (hereby
regular drainage). Compared to regular free drainage
practices, controlled drainage provides a more flexible
water management method. With controlled subsurface
drainage, the moisture and groundwater level dynamics

can be actively affected by temporally adjusting the drai-
nage depth (outlet elevation) in control wells. The
method is recognised as a potentially efficient practice
for controlling the water table, soil moisture and water
balance components in agricultural fields with different
soils (Wesstrom et al. 2014; Sunohara et al. 2016; Salo
et al. 2021; Salla et al. 2024). However, knowledge of
the applicability of controlled drainage to different
environmental conditions is still limited. Particularly
studies in peat soils with different thicknesses are rare.
Regarding peat soils, the thickness of the peat layer can
be of particular interest among the controlling variables
when the reduction of environmental loads is of interest
(Yli-Halla et al. 2022).

The impacts of controlled drainage can also be
affected by factors such as the availability of water,
hydrological connections and soil hydraulic properties
(e.g. Salo et al. 2021; Youssef et al. 2021; Salla et al.
2022; Salla et al. 2024). This means that the field-scale
impacts can be spatially variable and dependent on
the hydrological processes of the catchment area and
characteristics of the surrounding areas (e.g. Turunen
et al. 2015; Rozemeijer et al. 2016; Ahmad et al. 2021;
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Mahmood et al. 2023; Salla et al. 2024). However, the
hydrological impacts of controlled drainage in peat
soils have been clearly less studied than in mineral soils.

While there can be hydrological differences between
agricultural fields, there can also be significant hydrolo-
gical variability within individual experimental fields or
plots. This variability can affect and complicate the
interpretation of the impacts of controlled drainage.
Due to the spatial variability of soil properties (e.g.
Hare et al. 2017; Lambert et al. 2022) and other control-
ling factors, individual point measurements describing
soil hydrological processes (e.g. moisture and ground-
water level) can be challenging to interpret. For
example, even closely located sensors may yield
varying values regarding the studied hydrological vari-
ables due to the small-scale variability in the location
and properties of macropore networks in different soils
(e.g. Bouma et al. 1980; Dekker and Ritsema 1996;
Weiler 2005; Dolezal et al. 2015; Hare et al. 2017).
Other factors, such as hysteresis and hydrophobicity,
can also induce similar spatiotemporal effects within
experimental sites (e.g. Dekker and Ritsema 1996;
Naasz et al. 2008; Hewelke et al. 2016). When field-
scale hydrological processes and the hydrological
impacts of water management procedures (e.g. drainage
impacts) are of interest, systemic field-scale analyses can
add to the knowledge gained from individual measure-
ments, especially regarding the hydrology of cultivated
peat soils, which has been less studied than mineral soils.

Hydrological models provide a method to improve
the systemic understanding of hydrological processes,
and they complement the knowledge gained from
empirical data. Particularly, process-based models,
which describe the key hydrological processes and
their connections, have the capability to combine
different types of data into a single computational
framework. Thereby, they can improve the comprehen-
sive understanding of the studied system and disentan-
gle the impacts of different factors on the hydrological
processes of the studied site. Previously, such models
have been applied in various conditions, including
peat soils (e.g. Haahti et al. 2016; Jaros et al. 2019;
Mahmood et al. 2023; Salla et al. 2024), but applications
in cultivated peat soils with different peat thicknesses
and controlled drainage are rare. The models often
apply effective parameter values to simplify or average
the small-scale variability within the simulated domain,
which has often resulted in a reasonable description of
the studied variables (e.g. Hansen et al. 2007).
However, in peat soils, which have been relatively
rarely modelled, it could be beneficial to study the appli-
cability and implications of the simplifications with com-
prehensive data.

To increase understanding of the controls and drivers
affecting the hydrology of drained agricultural peat soils,
we combine a process-based 3D hydrological model
with a new comprehensive empirical dataset from an
experimental site. The aim was to improve systemic
understanding of the hydrology of cultivated peatlands
by quantifying the hydrological impacts of controlled
drainage, peat layer thickness and hydrological connec-
tions via groundwater fluxes. The dataset consists of
hydrological time series and soil property measurements
from several field plots with controlled and regular sub-
surface drainage installations and varying peat thickness.

Materials and methods

Simulation scenarios were conducted to assess the
hydrological impacts of (1) controlled drainage, (2)
peat thickness and (3) terrain topography, as summar-
ised in Figure 1 and explained in more detail below.

Experimental site and hydrological time series

The experimental site is located in south-western
Finland (WGS84: 60°47'19”, 23°32'41”). The long-term
mean annual temperature at the site is about 5.5°C
and mean precipitation 620 mm. The landscape
around the experimental site is undulating, but the
elevation differences in the region are typically
modest. The monitored site is surrounded (directly
outside the field borders, Figure 2) by coniferous forest
(mainly spruce), which is typical in the area. While the
site consists of 12 monitored field plots, the current
study focused on eight plots that had regular and con-
trolled subsurface drainage installations (Figure 2). The
areas of each of these plots were approximately 0.5 ha
(Figure 2). The monitored plots had a flat topography
(slope <1%), and the soil surface in the adjacent forested
areas typically had higher elevation than the monitored
plots. In Finnish conditions, the thickness of drained agri-
cultural peatlands reduces annually by an average
0.012 m (Rasénen et al. 2023), which likely explains
part of the elevation difference. The forest areas were
drained with sparsely located shallow open ditches. The
experimental site is surrounded by open ditches that
connect to the open ditch network of the catchment.

At the monitored site, the peat thickness gradually
increases from approximately 0.4 m on the western
side of the site to >1.2 m in the eastern parts of the
site. The average peat thickness was 0.4-0.6 m at plots
1, 2, 5 and 6 while the plots 3, 4, 7 and 8 had a mean
peat thickness of 1.2 m (Figure 2). The peat layers (fen
peat) were underlain by clayey soils, which are typical
in the region (Yli-Halla and Mokma 2001). The clayey
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Figure 1. Schematic overview of the study approach and key materials and methods.

Subsurface drain (monitored)
Subsurface drain, controlled drainage (monitored)
Subsurface drain (unmonitored or data not used in this study)

Open ditch

Plastic wall between the plots
Groundwater monitoring tube
Soil moisture sensors
Drainage and control wells

Simulated area

Figure 2. Layout of the experimental site, drainage structures, hydrological measurement devices and the topography.

soils had an average clay content of 30% at the topmost
layers and gradually reached 85% after a depth of 0.9 m.
Based on the thickness of the organic layers, the soils fit
well within many definitions of peat and organic soils
(e.g. Hammond 1979; De Bakker and Schelling 1989;
Soil Classification Working Group 1998; Soil Survey

Staff 1999; IUSS Working Group WRB 2022). While the
field has been in agricultural use for decades, the moni-
toring campaign was initiated in 2021. The aim of the
campaign was to produce information on the hydrology
of agricultural fields with thin and thick peat soils, with
and without controlled subsurface drainage. During the
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time of the study (Aug 2021-Feb 2023), grass (timothy
and meadow fescue) with a small amount of barley was
cultivated at the plots (sowing 23-30 June and harvest
18-22 September).

Before the measurement campaign, the field plots
had shallow and poorly functioning subsurface drains
at a depth of 0.6-0.7 m with a drain spacing of 22 m.
New plastic subdrains were installed in summer (July-
August) 2020 at a depth of 1.1-1.2m and a drain
spacing of 8 m (Figure 2). That is, the drainpipes were
situated either in the peat soil (plots 3, 4, 7 and 8) or
the underlying clay soil (plots 1, 2, 5 and 6), depending
on the peat thickness at the location of the pipe. Four
field plots (plots 2, 3, 5 and 8) had controlled drainage
while plots 1, 4, 6 and 7 were under regular subsurface
drainage (free gravitational drainage with a constant
drainage depth). The drains had an inner diameter of
0.05 m. About 0.2 m of gravel was used as the drain
envelope material. The old shallow drains were broken
during the installation of the new drains. During the
installation of the new drains, it was noted that there
was seepage of water from the soil to the new installa-
tion trenches in spatially variable locations.

Subsurface collector pipes (watertight) conveyed the
water from the drains to the wells (Figure 2), where the
subsurface drain discharge was monitored (separately
from each field plot). That is, the flow direction from
the subsurface drains is towards the drainage and
control wells (Figure 2). The flow direction of the open
ditches is from northeast to southwest (Figure 2). In
the wells, the drain discharges were monitored with v-
notch weirs, based on water level readings from data
loggers (temporal resolution 15 min). Water pumps
ensured that the free gravitational discharge occurred
through the weir also during periods with high dis-
charge. Regarding the water level readings, we used
an uncertainty interval of £5 mm (based on the estimate
from the supplier) to estimate the propagation of uncer-
tainties (e.g. possible occasional staining of the sensors)
in the discharges.

Impermeable plastic walls from a depth of 0.5 to 1.5-
2.0 m were installed (using a tractor excavator) between
the plots (Figure 2) to reduce hydrological connectivity
and consequently facilitate a more reliable comparison
of the hydrological impacts of controlled and regular
drainage. The depth of the plastic walls (1.5-2.0 m)
was greater than the depth of the surface of the under-
lying clayey soils (0.4-1.2 m). Therefore, they were con-
sidered efficient in reducing the hydrological
connectivity between the experimental plots. The walls
were located between the collector pipes and the drains.

From each plot, soil moisture and groundwater levels
were monitored from 2 and 4 different horizontal

locations, respectively (Figure 2) (from August 2021
onwards) with a temporal resolution of 3 h. Soil moisture
was measured from 3 different depths (0.1, 0.3 and 0.5 m)
in the two locations (Figure 2) within each plot using fre-
quency domain reflectometry (FDR) sensors (Masinotek
Ltd, Vihti, Finland). Groundwater levels were observed
with pressure sensors from observation tubes located
within the plots, and pipes were also installed outside
the plots (Figure 2) to provide information related to
the possible impacts of the surrounding areas on the
hydrology of the monitored plots. Hydrometeorological
variables were measured at an adjacent observatory of
the Finnish Meteorological Institute.

Hydraulic property measurements in peat and
clay

Water retention curves were measured from four different
locations (plots 1, 4, 6 and 7). The samples (height 48 mm
and diameter 72 mm) were collected from six different
depths (0.15, 0.3, 0.45, 0.65, 0.95 and 1.25m) at each
location, and four replicates were taken from each
depth. Thus, depending on the peat thickness and
sampling depth, the samples were taken from the peat
or the underlying clay soil. The water retention curves
were measured as drying curves (suctions 0.01, 0.1, 0.3,
1.0, 3.0, 10.0, 30.0 and 150 m) with the sandbox apparatus
(suction of 0.01-0.1 m; Eijkelkamp, the Netherlands),
ceramic plates in a pressure extractor (0.3-30 m; Soilmois-
ture Equipment Corp., USA), and vapour pressure equili-
brium with saturated ammonium oxalate (150 m).

Sample collection for determining soil vertical satu-
rated hydraulic conductivity (Ks,;) was conducted in
June 2015 from one location (plot 4). Undisturbed
sample rings (height 60 mm and diameter 72 mm)
were collected from the depths of 0.13-0.25, 0.25-0.47,
0.47-0.7 and 0.7-1.0 m. Six replicates were taken from
each depth. Thus, the measurements describe local
peat soil properties and variability, even though they
may not entirely describe variability within the whole
experimental site, as the measurements were conducted
only in one location. K, was determined in the labora-
tory by evaporation experiments and subsequent
inverse modelling according to Dettmann et al. (2019).
All samples were collected from pits, which were exca-
vated manually or with a tractor excavator.

Following the evaporation experiments, samples
were dried at 105°C and weighed in order to determine
bulk density, which was found to be 0.32 g cm™ at the
topsoil (depth 0.13-0.25 m) and 0.14-0.18 g cm > at the
deeper soil layers (0.25-1.0 m). Simultaneously, multiple
disturbed samples were collected from each of the
depths to determine the degree of decomposition
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(von Post) and total soil organic carbon content (TOC).
Following the von Post classification (Ad-Hoc-AG
Boden 2005), horizons were identified as H10, H4, H6
and H7 at the different depths, respectively. TOC con-
tents were measured by dry combustion at 400°C (RC
612, LECO Corporation, St. Joseph, USA), ranging from
0.46 to 0.51 g/g. Loss of ignition (plot 4, depth 0-1 m)
was on average 0.87 g/g, ranging from 0.72 to 0.94.
The high TOC contents and LOI also confirm that the
soil of the experimental field consists of organic or
peat soil material according to international and
Finnish soil classification systems (Haavisto 1983; Soil
Survey Staff 1999; IUSS Working Group WRB 2022).

Hydrological model

A dynamic process-based 3D hydrological model,
written in the C++ programming language, was used
to integrate the empirical data and to describe the
field hydrology. The numerical solution is described in
Tahtikarhu and Okkonen (2023), and the model is
largely based on previous modelling studies (e.g.
Simlnek et al. 2008; Warsta et al. 2013; Laine-Kaulio
et al. 2014). The model takes hydrometeorological time
series (precipitation, potential evapotranspiration and
air temperature) as input and describes the key hydrolo-
gical processes of the modelled area. The purpose of the
model is to describe the temporal variation of key hydro-
logical variables, including soil moisture, groundwater
level and outflow components. Soil water flow in 3D
and overland water flow in 2D were computed with
Richards’ and Saint-Venant equations, respectively.
Thus, the water flow is controlled by soil hydraulic prop-
erties (water retention parameters and K,,) as well as
differences in the hydraulic pressure heads and
elevation differences. Water retention and unsaturated
hydraulic conductivity are described with the van Gen-
uchten (1980) model (hereafter VG model). Overland
flow can occur in the model when the infiltration
capacity is exceeded, and the flow is controlled by the
water level on the soil surface, soil surface elevation
differences and roughness parameters (Manning's n).
Snow accumulation and melt are described with a
degree-day approach (see Tahtikarhu and Okkonen
2023). Conceptually, the model is described in Figure 3.

While the same numerical approach has been pre-
viously used for modelling groundwater hydrology (Téh-
tikarhu and Okkonen 2023), in the current study we also
included descriptions for subsurface drainage and drai-
nage by open ditches. These drainage structures were
described as sink terms in the numerical solution. The
location of the sinks in the computational grid was set
according to the location of the drainage lines in the

experimental site (horizontal location and depth from
the soil surface). The fluxes to the drainage structures
(e.g. subsurface drain pipes) were computed with
Darcy’s law when the simulated groundwater level was
above the given drainage depth in a computational
cell containing a sink term. This means that the water
flux to subsurface drain pipes and open ditches is con-
trolled by a drainage resistance parameter and hydraulic
head in the cell containing a segment of the drain or
ditch lines (e.g. Warsta et al. 2013). A similar solution
has been previously used in the FLUSH model (e.g.
Warsta et al. 2013).

Regarding the drainage-related sink terms, controlled
drainage (regarding the subsurface drain pipes) was also
considered in the current study. Controlled drainage was
simulated by setting the drainage depth in the simu-
lations according to a given (input) drainage control
time series. That is, without controlled drainage, the sub-
surface pipe drainage depth was set according to the
depth of the pipes. When controlled drainage was
used in the field, the drainage depth was set according
to the outlet elevation in the control well (e.g. Salo
et al. 2021; Salla et al. 2022).

Since the drainage depth of open ditches can be
affected by temporally varying water levels in the
ditches, their drainage depth was set according to the
ditch depth and thereafter temporally adjusted during
each time step by subtracting the water level in the
ditch from the ditch depth. The water level in the
ditch was set according to the measured groundwater
level at the adjacent monitoring pipe. Note that the
open ditches were not under any controlled drainage
measures as such (i.e. the water level was not actively
adjusted at the experimental site, but the water level
emerged due to seepage processes). The computational
scheme is a simplification that was considered reason-
able since, according to our preliminary simulations,
the impacts of the open ditch scheme on the hydrology
of the monitored areas were minor.

Regarding boundary conditions, the bottom of the
computational domain was set to have no flow. The
top of the domain was set to have a system-dependent
boundary controlled by infiltration into the domain, as
shown in Figure 3. The infiltration into the soil was con-
trolled by the water level on the soil surface, as well as
the pressure head and hydraulic conductivity at the
topmost grid cell (see Tahtikarhu and Okkonen 2023).
The hydraulic heads at the horizontal grid boundaries
were set to the values given by measured time series
(groundwater level observations in the vicinity of the
boundaries).

At the location of the impermeable plastic walls
(which prevented horizontal flow of water between
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Meteorological variables
(precipitation, air temperature and potential evapotranspiration)

Snow accumulation and melt
Degree-day model

- controlled by precipitation

and air temperature

Overland flow
Saint-Venant equations (2D)
- controlled by z, &, surface depression storage
and Manning's n

Infiltration to the soil
Darcy's law
- controlled by K, h and z

Sink terms in the soil:

Drainage by open ditches and subsurface drains
Darcy's law
- controlled by /4 and K
- drainage depth is given as an input value and
a time series describing water level in the ditch
or control schedule of the subsurface drains

Evapotranspiration
- conrolled by potential evapotranspiration input
and soil moisture conditions

Figure 3. Dominant variables, processes and governing equations in the applied model. K= hydraulic conductivity, h = hydraulic

pressure head and z = elevation.

adjacent plots, Figure 2), a no-flow condition (hydraulic
conductivity zero) was set between those horizontally
adjacent computational cells where the walls were
located.

Computational grid, soil parameterisation and
model calibration and validation

We delineated two areas from the experimental site to
describe the hydrology of two field plots with (1) a
thin (peat layer thickness 0.4 m) and (2) a thick (thickness
1.25 m) peat soil. The delineation is presented in Figure 2
and was considered reasonable since the water levels at
the domain borders were set according to the measured
groundwater levels in the adjacent locations.

Elevation differences within the simulated domain
were described with the digital elevation model (DEM)
of the National Land Survey of Finland (2020), which is
based on aerial laser scanning and has a resolution of
2 x 2 m?. The horizontal resolution was also 2 x 2 m? in
the model application. Vertical soil layers were set to
gradually increase from 0.05 m (at the top of the grid)
to 0.2 m (at the bottom, Figure 3). Thicker layers at the
bottom reduced the computational times. Moreover,

the larger layers at the bottom were considered appro-
priate as the layers were mostly saturated during the
study period, and for example more detailed infor-
mation regarding the moisture of the deepest soil
layers was not considered interesting. The locations of
the subsurface drains and shallow open ditches were
set according to their locations at the site (Figure 2).
Water retention parameters were derived by fitting
the VG model (van Genuchten 1980) to the measured
water retention curve measurements. However, due to
the shape of the curves (Figure 4), the model did not
reasonably fit the observations, which also consequently
induced non-convergence of our preliminary simu-
lations. Note that typically the shape of water retention
curves in drained agricultural peat soils differs from
those of pristine peatlands (Menberu et al. 2021), and
the water retention properties are rarely measured up
to the wilting point (suction of 150 m). The VG model
is designed particularly for S-shaped curves, which
explains the non-commensurability. It was also noted
that our water retention curves differed from measured
drainage-induced moisture reductions (the soil moisture
reductions caused by drainage were identified by ana-
lysing moisture reductions during frost-free time
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Figure 4. Measured (circles) and modelled (lines) water reten-
tion curves (6 different depths) and plot-scale drainage-
induced moisture reductions (observed moisture reductions
during frost-free seasons when evapotranspiration was
minimal) in plots 1 and 4 of the experimental site. The whiskers
show the standard deviation and the squares show the means.

periods when evapotranspiration was minimal) found in
the field-scale soil moisture time series. Therefore, we fit
the VG model using the observations in the suctions
<30 m and thereafter adjusted the curves with three
goals: (1) to reflect the measured drainage-induced
moisture reductions, (2) to reflect the observed water
retention curves and (3) to enhance model convergence.
The adjustment was conducted by gradually increasing
the n parameter of the VG model, which resulted in a
15% (peat soils) and 30% (clay) increase in their values
in the adjustment (compared to the original non-
adjusted curves). The resulting water retention curves
are shown in Figure 4 and listed in Table 1. It was
assumed that the adjustment reflects hydrophobicity
and hysteresis in the water retention properties (e.g.
Rasa et al. 2007; Naasz et al. 2008) and, on the other
hand, provided a technical solution to use the bench-
mark VG model. It is also recognised that the adjustment
is a rough simplification, and the plausibility of the
model was assessed by comparing the simulated
values with the field-scale time series (model calibration
and validation).

The model was thereafter calibrated with a multi-
objective optimisation approach against the ground-
water level, soil moisture and drain discharge time
series. The main interest was in groundwater levels
and soil moisture values, while the drain discharge
accumulations were used to inform the model about
the water balance. The calibrated variables were K,
for four different soil layers, drainage resistance and an
anisotropy coefficient (ratio of horizontal to vertical
Ksar). The calibration period was 2 August 2021-22
November 2021. The validation period was 23 Novem-
ber 2021-20 February 2023. The calibration was con-
ducted with the Latin Hypercube Monte Carlo (LHMC)
approach (e.g. Yu et al. 2001) using the prior parameter
ranges shown in Table 2. The prior ranges for the K,
values for the peat and underlying mineral soil layers

Table 1. The water retention parameters (van Genuchten 1980
model) at the different depths from the soil surface in the two
simulated domains. Peat parameters are denoted in bold font.
Thin peat Thick peat
Depth[ml 6,11 6;[-] alm™ n 6] 6]

0-0.15 022 071 194 14 021 080 6.9 1.2
0.15-035 038 0.78 604 13 044 089 124 13
0.35-055 0.13 055 6.6 14 041 089 311 12
0.55-0.75 0.17 059 18.3 14 000 088 55 12
0.75-1.25 0.01  0.60 1.8 13 034 089 8.0 13
1.25-220 0.14 0.58 35 14 0 0.83 34 1.2

0, = saturated water content.

6, = residual water content.

a = parameter of the van Genuchten (1980) model, estimated on the basis of
water retention characteristics.

n = parameter of the van Genuchten (1980) model, estimated on the basis of
water retention characteristics.

alm™ n

were derived from the measurements (median * stan-
dard deviation) and literature (Warsta et al. 2013),
respectively. Regarding K, of the topmost soil layers,
the Ky, was given a relatively large range based on pre-
vious simulation studies in peat soil (Haahti et al. 2016;
Laurén et al. 2021). The lowermost soil layers were
given low K, ranges (e.g. Turunen et al. 2013; Warsta
et al. 2013). For the drainage resistance parameter, the
range was set based on previous drainage simulation
studies (Turunen et al. 2013; Warsta et al. 2013) to 2.0-
10.0 m. For the coefficient of anisotropy, we sampled a
relatively wide range (0.05-2.0) since there was no
clear knowledge about the degree of anisotropy. All par-
ameters were given uniform distributions in the LHMC
sampling. The plausibility of the assumptions was
assessed with the comparison of the simulation results
with the observed time series.

The model performance indicator / (describing the
degree of correspondence with the simulations and
the data) was set following the limits of acceptability
approach (e.g. Beven 2006; Liu et al. 2009) and a
simple binary weighing function:

1, MninX, 1) < S(0, X, t) < Mna(X, 1)

©, X, t) = { 0, otherwise

(M

Table 2. The prior ranges (based on the measurements in peat
and literature regarding clay, topsoil and bottommost soil) of
the saturated vertical soil hydraulic conductivities (K, at the
different depths from the soil surface.

Thin peat Thick peat
Depth [m] Keae Im h7'] Keae Im h~']
0-0.45 0.05-6.00 (3.4-4.3) 0.05-6.00 (0.5-4.5)
0.45-0.75 0.001-0.1 (0.04-0.08) 0.01-0.32 (0.06-0.19)
0.75-1.25 0.001-0.1 (0.06-0.10) 0.02-0.48 (0.05-0.07)
1.25-2.2 0.001-0.02 (0.007-0.018) 0.001-0.02 (0.001-0.019)

The posterior ranges (based on the inverse modelling approach) are given in
parentheses. Peat parameters are denoted in bold font.
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where M(X, t) is a measured variable of measurement X
(e.g. soil moisture or groundwater level) and time t.
5(0, X, t) is the corresponding simulated variable with
parameter set ©. M, and M,,,., were set according to
the minimum and maximum values of the measure-
ment. That is, the binary performance indicator
described whether the simulated values reside within
the acceptability limits. The soil moisture measure-
ments from the two locations and three depths
within both simulated field plots were pooled for the
computation of the performance indicator. That is,
the indicator describes whether the simulated
values from the depths 0.1-0.5m are within the
measured range from the depths 0.1-0.5 m (instead
of comparing the simulated and observed values sep-
arately for each soil depth). The indicator was con-
sidered to reasonably consider subgrid variability in
point measurements (groundwater levels and soil
moistures) and uncertainty interval in the drain dis-
charge measurements.

Based on Equation (1), the performance indicator
values [, for each measurement were calculated as:

n

1
(0, X) =% (Wx (O, X, 1) 2

i=1

where n is the number of time steps and W is a dimen-
sionless weighing coefficient. Aggregated performance
indicator (/;) was thereafter computed as the average
of the three I, values. Each W was set based on the
number of simulated time series. That is, W values

were % % and 1 for soil moisture (two locations and
three depths), groundwater level (four locations) and
drain discharge, respectively. Thus, the W values
balance the weight of the different optimisation
targets, and I, can range between 0 and 1.0. The per-
formance indicator describes the weighted share of
simulation results that are within the acceptability
limits.

Behavioural (acceptable) simulations were thereafter
chosen based on their performance rank. That is, we
(1) ran 105 simulations with the LHMC approach, (2)
computed I, values for each parameterisation and
finally (3) chose the three best-performing simulations
based on their I, rank. 105 was considered a reasonable
number of runs to sample the parameter space and to
produce plausible parameterizations (e.g. Christiaens
and Feyen 2002; Haahti et al. 2016). The calibration
scheme follows the GLUE framework (e.g. Beven 2006)
but model predictions are equally weighted (e.g.
Steffens et al. 2013).

Simulation scenarios

Three different simulation scenarios were conducted
with the behavioural model realizations (3 parameteriza-
tions for both thin and thick peat soil). The scenarios
were conducted to assess the hydrological impacts of
(1) controlled drainage, (2) peat thickness and (3)
terrain topography.

In the controlled drainage scenario, the drainage
depth was changed dynamically according to the drai-
nage control schedule at the site. The plausibility of
the simulations was estimated by comparing the simu-
lated change in groundwater depth, soil moisture and
drain discharge with the corresponding observed differ-
ence between the plots with controlled drainage and
regular drainage. Regarding the thin peat soils, the
observations from plots 1 and 6 were compared with
those of 2 and 5 (Figure 2). Regarding the thick peat
soil, the observations from plot 4 were compared with
those of plot 3 (Figure 2), since there was a systematic
difference between groundwater levels of plots 3-4
and 7-8, which would have complicated the straightfor-
ward comparisons (even though qualitatively the differ-
ences were minor). The parameterisation and simulated
area were the same as in model calibration and vali-
dation, and only the drainage control schedule was
changed in the model in this scenario.

Hydrological impacts of peat thickness were assessed
by swapping the soil parameters between the two simu-
lated domains. That is, the simulations in plot 1 (peat
layer thickness 0.4 m) were run using the soil hydraulic
parameters from plot 4 (peat layer thickness 1.25 m),
and vice versa.

The hydrological impacts of the topography sur-
rounding the monitored plots were analysed with two
different scenarios related to the DEM (terrain topogra-
phy scenarios). In the first scenario, the terrain slope of
the areas sloping towards the experimental site (north
side of the plots) was increased to 0.05 (hereby
upslope scenario). In the second scenario, the terrain
slope of the areas sloping outwards from the experimen-
tal site (west side or east side of plots 1 and 4, respect-
ively) was changed to 0.05 (hereby downslope
scenario). It was presumed that the upslope and down-
slope scenarios can increase or decrease, respectively,
the net influx of groundwater to the experimental site.

Results
Model calibration and validation

The multiobjective calibration in the thin and thick peat
domain resulted in /, values of 0.75-0.76 and 0.77-0.80,
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respectively, for the three behavioural model parameter-
izations (Table 2), which demonstrates that the simulated
values were mostly within the measured ranges (Figure
5). The mean simulated and measured groundwater
level (Pearson r=0.63-0.73, p <0.01) and soil moisture
(r=0.26-0.57, p<0.01) values also correlated, which
demonstrates the correspondence between the timing
of the simulated and measured values. However, there
were also differences between the measured and simu-
lated values. In the thin peat soil, the simulated ground-
water table was often deeper than the observed values
(Figure 5a). Note also that there was clearly more variabil-
ity in the measured soil moisture values than in the simu-
lation results (Figure 5¢,d).

The model validation resulted in I, values of 0.38-
0.53. That is, the performance was comparable but
weaker than during calibration. Note also that during
the frost period, the measured liquid share of soil moist-
ure dropped, and the process was not described by the
model (Figure 5c-d). After the frost period, the simulated
and measured mean soil moisture values clearly differed
in the thick peat soil (Figure 5c-d). This demonstrated
how soil frost can affect the distribution of soil moisture
during winter periods. Note also that in the thin peat
soil, the simulated amount of drain discharge during
snowmelt was lower than the measured amount
(Figure 5e). Overall, the amount of drain discharge
(simulated and measured) was clearly higher in the
thin than in the thick peat soil (Figure 5e-f). For refer-
ence, the amount of precipitation was 1031 mm
during the calibration-validation period.

Hydrological impacts of controlled drainage

The simulated controlled drainage impact on ground-
water depth (mean decrease of 0.17-0.21 m compared
to regular drainage) was of the same order of magnitude
but higher than the measured impact (mean decrease
of 0.01-0.10 m) in the studied plots (Figure 6a-d).
The simulations generally overestimated the impact
between November 2021 and April 2022 (Figure 6a-d).
The simulated controlled drainage impact on soil moist-
ure (mean increase of 4.7-5.8 percentage points) was of
the same order of magnitude as the measured impact
(mean increase of 2.2-8.5) (Figure 7a-d). Both the
measured and simulated groundwater depth and soil
moisture impacts were higher in the thick than in the
thin peat soil (Figures 6 and 7). During the growing
season (May-Sep), the mean moisture and groundwater
depth values were practically similar in the plots with
regular and controlled drainage (Figures 6 and 7). Both
the simulated and measured impacts of controlled drai-
nage were lower during the summer season (June-

August) than during the other seasons. Regarding the
measurements in the thin peat soil, the differences in
groundwater depths were higher between different
groundwater tubes within the plots with regular drai-
nage than between the controlled and regular drainage
plots (Figure 6b). The measured soil moisture values
were clearly more variable than the simulated values
(Figure 7).

According to both simulations and measurements,
controlled drainage can overall increase the probability
of lower groundwater depth and higher soil moisture
values compared to regular drainage (Figures 6e-j and
7e-j). The mean simulated impacts (the difference
between the controlled drainage scenario and the
regular drainage scenario) mostly shared a positive cor-
relation with the corresponding measured impacts (r=
0.56-0.63, p < 0.01, Figures 6j and Figure 7i-j), with the
exception of groundwater depths in the thin peat soil,
where the mean measured impact was very small (see
Figure 6b and i).

The simulated impact of controlled drainage on the
drain discharge accumulations also corresponded with
the measured impact (Figure 8a,b). According to the
mean of measurements and simulations, controlled drai-
nage reduced the amount of drain discharge by 862 and
457 mm in the thin and thick peat soil, respectively
(Figure 8a,b).

Hydrological impacts of peat thickness and
terrain topography

In the peat thickness simulation scenarios with regular
drainage, the mean groundwater depth was on
average 0.02-0.06 m smaller in the thin peat soil com-
pared to the thick peat soil (Figure 9a and c). Drain dis-
charge was 0.31-0.35 m smaller with the thick peat than
with the thin peat. Under controlled drainage, the mean
groundwater depth was 0.01-0.05 smaller in the thick
peat than in the thin peat soils (Figure 9b and d).
Overall, the increase in peat thickness decreased
groundwater depths quite systematically throughout
the simulation period with controlled drainage, with
the exception of the early autumns (September-
October), when groundwater depths decreased more
rapidly in the thin than in the thick peat soils (Figure
9b and d).

The terrain topography scenarios showed how the
simulation results were affected by changes in the
terrain slope (Figure 9e-h). In the upslope scenario
(where the upslope terrain slope was increased to 0.05),
the groundwater depth decreased on average by
0.20 m, and drain discharge increased by 0.72 m in the
thin peat soil (compared to the simulations with the
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measured DEM, Figure 9e). In the thick peat soil, the  9g). The downslope scenario increased the groundwater
upslope scenario decreased groundwater depth by depth by 0.15m and decreased drain discharge by
0.05 m and increased drain discharge by 0.11 m (Figure ~ 0.39 m in the thin peat soil. In the thick peat soil, the
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Figure 6. The simulated and measured groundwater depth with controlled and regular drainage in (a—b) thin and (c—d) thick peat soil,
the related cumulative probability distributions in (e—f) thin and (g-h) thick peat soils, and (i—j) the relationship between the
measured and simulated mean impact of controlled drainage. In a-d, the lines show the mean, and the envelopes denote the
minimum and the maximum. The d values denote the mean difference between the groundwater levels in the controlled drainage
and regular drainage simulations or measurements. The drainage control time series (corresponding to drainage outlet elevation at
the control well) is shown in b and d. Comparison between the control time series and measured groundwater levels demonstrates
how close to the control depth (depth of drainage outlet from the soil surface) the groundwater levels were during the study period.

downslope scenario increased groundwater depth by
0.05 m and decreased drain discharge by 0.09 m.
Controlled drainage impacted the groundwater levels
in the terrain topography scenarios as follows. In the thin
peat soil, groundwater depth was smallest with the
steep upslope (mean depth 0.46 m), while the mean
depths were 0.70 and 0.89 m with the measured DEM

and with the steep downslope terrain, respectively
(Figure 9f). Controlled drainage affected groundwater
depth more in the upslope (mean decrease 0.22 m)
than in the downslope (mean decrease 0.13 m) scenarios
(Figure 9f). Regarding thick peat soil, the results were
similar but with smaller differences (mean decrease
0.22 and 0.20 m in the up- and downslope scenarios),
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and regular drainage simulations and measurements.

and the groundwater depth resided closer to the soil
surface (mean depth 0.46-0.56 m) than in the thin
peat soil (Figure 9h).

Discussion

The results showed how controlled drainage had an
impact on groundwater levels, but the measured and

simulated impact on groundwater levels (<0.21 m) was
low compared to the adjustment of the drainage
depth (0.8 m above the drainage depth of the regular
subsurface drainage). The magnitude of the impact is
comparable to previously reported results in peat soil
(Salla et al. 2024) and silty soil (e.g Salo et al. 2021;
Salla et al. 2022). On the other hand, the impact of con-
trolled drainage on the amount of drain discharge can
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Figure 8. Simulated (lines) and measured (ranges) drain discharge accumulations in the areas with (a) thin and (b) thick peat soil.

be high (Figure 8), which raises the question of why the
impact on groundwater tables remains modest. Previous
studies have also reported a high impact of controlled
drainage on drain discharge (e.g. Salo et al. 2021; Salla
et al. 2024). The high impact on drain discharge and rela-
tively low impact on groundwater levels in the current
study demonstrate that controlled drainage can
change the water flow routes more than the field-scale
soil water storages (soil moisture and groundwater
levels). That is, when drain discharge decreases due to
controlled drainage, it does not necessarily increase
groundwater levels but can increase lateral groundwater
seepage from the fields. Similar results have also been
found in mineral (Liu et al. 2019; Youssef et al. 2021)
and peat soils (Salla et al. 2024). Changes in evapotran-
spiration would not explain the difference, since most
of the discharge occurs during the dormant seasons
when evapotranspiration is minimal (e.g. Jin and Sands
2003; Turunen et al. 2015). Also, the simulated amount
of surface runoff was negligible.

Practically, the impact of controlled drainage on
groundwater levels can be counteracted by evapotran-
spiration during the growing seasons and net ground-
water  fluxes throughout the years. While
evapotranspiration is minimal outside the growing
seasons (e.g. Turunen et al. 2015), groundwater fluxes
and other flow routes can affect or counteract the drai-
nage control measures also during the dormant
seasons. Topography and lateral fluxes are strong
drivers of hydrological processes (e.g. McGuire et al.
2005; Maxwell and Condon 2016). Previously, also
Youssef et al. (2021) showed how lateral seepage can
affect the hydrological implications of controlled

drainage in a mineral soil. Recently, also Mahmood
et al. (2023) and Turunen et al. (2015) demonstrated
how lateral fluxes can affect field-scale drain discharge.
Additionally, Quillet et al. (2017) and Bourgault et al.
(2019) showed how peatlands can be connected to sur-
rounding hydrological systems. Our study shows the
implications of field-scale water management in peat
soils with a spatially distributed approach. The benefit
of the approach, compared to 1D models or field-scale
data, is that it can more comprehensively consider
spatially varying features, such as terrain slope variations
and locations of drainage lines. The approach is useful,
for example, for scenario analyses or disentangling
hydrological impacts of different spatial features. Practi-
cally, topography and hydraulic gradients can generate
groundwater influx, which increases drain discharge
and groundwater levels. On the other hand, ground-
water seepage from a field can decrease the ground-
water levels even during those time periods when
evapotranspiration is minimal and the drainage control
level is close to the soil surface. In other words, when
assessing the hydrological impacts of controlled drai-
nage, the location of a field within a landscape (within
the spatial variations of topography, drainage lines,
hydrogeological structures and soil characteristics) can
be important. In addition to water flow, groundwater
fluxes can transport substances. Therefore, environ-
mental load assessments that consider only loads via
drain discharge may not comprehensively describe the
loads. Regarding the targeting of controlled drainage
measures, in our simulations, controlled drainage
affected the groundwater depth the most when the
groundwater influx to the monitored area was high
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(Figure 9). However, influx does not necessarily increase
the impact of controlled drainage on groundwater levels
(Salla et al. 2024), but the effect depends on the relation
between incoming and outgoing outflow routes.

During the growing seasons, the amount of evapo-
transpiration exceeds the amount of precipitation in
high latitude conditions and thus decreases soil water
storage and groundwater levels (e.g. Jin and Sands
2003: Turunen et al. 2015; Salo et al. 2021). Controlled
drainage is practically unable to increase groundwater
levels and soil moisture values during the growing
seasons (Figures 6-7) if the amount of evapotranspira-
tion exceeds the amount of precipitation and ground-
water influxes. However, depending on the control
schedule, controlled drainage could be used to main-
tain relatively high groundwater levels before the
growing season, to keep soil water contents higher
than with regular drainage during the early growing
season (e.g. Salo et al. 2021). The challenge is that
increased groundwater levels can affect trafficability
and farming operations, and therefore the drainage
control schedule must be set carefully when consider-
ing both emissions and productivity. Moreover, if the
groundwater influxes are high, controlled drainage
may increase groundwater levels also during the
growing season (Figure 9e-f). The largest share of
greenhouse gas emissions in cultivated peatlands
occurs during growing seasons (Heikkinen et al. 2024;
Honkanen et al. 2024), which means that mitigation of
the emissions would need groundwater levels increases
particularly during the growing seasons. Each 0.1 m rise
in groundwater level can considerably reduce emissions
(Evans et al. 2021; Lang et al. 2024). Our analysis shows
the challenge of achieving such increases during
growing seasons while keeping soil conditions simul-
taneously favourable for agricultural operations and
productivity. The most effective way to increase
groundwater levels would be to block drains and
open ditches, but it would negatively impact farming
operations and the trafficability of the soils.

The data and the simulations also showed how con-
trolled drainage affected groundwater levels more in
the thick than in thin peat. Moreover, peat can retain a
large amount of water even under the suction pressures
corresponding to the drain depth (Figure 4) and thick
peat layers can retain large volumes of water. Therefore,
under a similar amount of evapotranspiration, the
groundwater table in thick peat soil can remain higher
than in thin peat soil underlain by mineral soil layers
(Figure 9). Note also that the hydrological implications
of peat thickness are also dependent on the hydraulic
properties of the underlying mineral soil. In the current
study, the peat layers were underlain by clayey soil.

Clayey soils can typically retain a relatively large share
of water and have lower hydraulic conductivity com-
pared to coarser soil types (e.g. Schaap et al. 2001). Peat-
lands can be underlain by different types of mineral soils
(e.g. Quillet et al. 2017). Thus, the difference between
plots with thick or thin peat layers is likely more pro-
nounced when the peat is underlain by coarser
mineral soil material.

The benefit of our model application was to disentan-
gle the different factors affecting hydrological variables
at the experimental site. Practically, such analysis
would be challenging without computational tools,
even though groundwater fluxes could be monitored
with comprehensive field campaigns (Rozemeijer et al.
2016). Our results show that the net in- or outflux of
groundwater can affect groundwater levels as much or
more than controlled drainage measures (Figure 9).
Moreover, the impact of controlled drainage was
higher in the upslope scenarios than with the measured
DEM. Knowledge of the hydrological impacts of different
factors (e.g. peat thickness and topography) can be ben-
eficial regarding the targeting of controlled drainage
measures within catchments. Such knowledge could
be combined, for example, with catchment-scale topo-
graphic wetness index computations (e.g. Segrensen
et al. 2006; Grabs et al. 2009) when targeting of the
measures within landscapes is of interest. Process under-
standing related to the flow routes within landscapes
can also be relevant regarding drought assessment.
Under similar precipitation deficiency conditions
(meteorological drought), areas which receive a con-
stant influx of water can be less prone to hydrological
drought (e.g. Van Loon 2015) than areas that receive
less net influx. Based on our simulations, controlled sub-
surface drainage has the highest potential to increase
groundwater levels in areas with thick peat soils and
high influx of groundwater. The results apply to the
study conditions, but the impacts of local terrain slope
can be different, for example, in mountainous areas
with bottom-fed peat soil systems.

Despite the benefits of combining the comprehen-
sive data with the model application, the approach
also had limitations. For example, our simulations under-
estimated the variability in soil moisture compared with
the measurements (Figure 7) did not accurately repro-
duce all observed hydrological variability in the field
(Figure 5). This implies that the hydraulic properties of
the experimental site were not entirely accurately ident-
ified in the model application. Inclusion of preferential
flowpaths, more comprehensive open ditch flow pro-
cesses and soil frost processes into the model would
likely improve the representation (e.g. Gardenas et al.
2006; Warsta et al. 2013; Salo et al. 2021), even though
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such applications in peat soils are still rare and empirical
studies on the related model parameters are rare. More-
over, preferential flowpaths may have high spatial varia-
bility in peat soils (e.g. Hare et al. 2017), and for example
the interface between peat and clay layers might cause
vertical spatial variability of the flowpaths. Methods such
as ground-penetrating radars and tracers (e.g. Hare et al.
2017) could be useful for the identification of preferen-
tial flowpaths. The modelling approach of our study
spatially averaged hydraulic conductivities (Table 2)
and thus did not make a distinction of features smaller
than the computational grid cell size. We measured ver-
tical hydraulic conductivity within one plot, and the use
of the measurements in the model resulted in reason-
able model performance and posterior ranges (Table
2), but more measurements would most likely provide
more information on the spatial variability. Moreover,
as the horizontal fluxes were found to be important in
the current study, measurements of horizontal hydraulic
conductivities would be an interesting future research
direction, as such measurements are currently very
rare. The comparison of simulated and measured time
series in the current study showed how soil frost can
induce moisture distribution, particularly in the thick
peat soil (Figure 5c—d). While the model did not describe
the impacts of soil freezing on hydraulic properties, the
relatively high amount of measured drain discharge
during the spring snowmelt period (Figure 8) indicated
that frost did not markedly prevent drain discharge gen-
eration. Likely, the conductive pores were not occupied
by ice (e.g. Stahli et al. 1996). We also had challenges in
fitting the van Genuchten (1980) model to the water
retention data. We applied a straightforward approach
to describe the water retention properties and tested
the plausibility in model calibration-validation, but
more sophisticated approaches to describe the
observed curves would most likely improve the descrip-
tion. Likely, the description of the water retention prop-
erties could benefit from an improved understanding of
how hydrophobicity and hysteresis (e.g. Dekker and
Ritsema 1996; Naasz et al. 2008; Hewelke et al. 2016)
can affect the field-scale water retention dynamics.
Note that water retention characteristics are typically
measured as drying curves under static steady-state con-
ditions with long equilibration periods (e.g. pressure
chambers). In field conditions, the hydraulic pressure
differences are highly dynamic, and thus the water
retention process can differ from those measured in
the lab (e.g. Weber et al. 2024). Hydraulic non-equili-
brium during infiltration and drainage processes is
common in soils and affects both water retention and
hydraulic conductivity, which thereby do not follow a
unique water retention curve as assumed in Richards’

equation (Vogel et al. 2023). Moreover, these processes
and characteristics can induce uncertainties in the
interpretation of the measurements, for example, by
causing unexpected spatial differences between the
observations (see Bouma et al. 1980; Dekker and
Ritsema 1996; Weiler 2005; Dolezal et al. 2015). This
can consequently cause a commensurability challenge
between the measured (point observations) and simu-
lated values (gridded elements). However, despite
these challenges and limitations, we consider the
model application to be fit for purpose and to reason-
ably provide new information about the studied
phenomena, particularly regarding the direction of
change (rather than absolute values) in the studied vari-
ables. Regarding the interpretation of the different data,
it is considered beneficial to bring empirical data into a
single computational modelling framework and to
provide a coherent explanation of the hydrological
impact of controlled drainage. While the heterogeneity
of peat soils is vast, exploring the organising principles
and key driving factors beyond the heterogeneity and
small-scale process complexity (e.g. McDonnell et al.
2007) can provide a reasonable approach to advance
the understanding of the hydrology of agricultural
peat soils.

Conclusions

Based on simulations and measured drain discharge
differences between plots with regular and controlled
drainage, controlled drainage can markedly reduce
drain discharge in cultivated peat soils. However, the
impacts on groundwater levels can be clearly smaller
than the adjustment of the drainage depth. This was
mainly due to changing flow route contributions
(groundwater outflux and other outflow components).
Groundwater in- and outfluxes were shown to markedly
impact the field hydrology, and thus the results show
how individual field parcels can be linked to the hydrol-
ogy of the surrounding areas. Moreover, if the soils are
drained efficiently during the spring, controlled drainage
cannot increase groundwater levels thereafter during
the growing seasons when the amount of evapotran-
spiration exceeds the amount of precipitation and
influxes.

Quantitative information on the hydrological role of
controlled drainage, peat thickness and topographic
conditions may be beneficial regarding the targeting
of controlled drainage measures within landscapes. Con-
trolled subsurface drainage may have the highest poten-
tial to increase groundwater levels in areas with thick
peat soils and steep upslope areas, compared to thin
peat layers and steep downslope areas.
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The benefit of the model application was to analyse
the hydrology of agricultural peat soils more compre-
hensively than previously and to bring different empiri-
cal data into a single computational frame for a cohesive
analysis. However, there are still knowledge gaps and
uncertainties (such as processes related to the observed
high variability of soil moisture within the experimental
plots and how groundwater fluxes can limit the effects
of controlled drainage) related to the hydraulic par-
ameters of agricultural peat soils, which can essentially
differ from those of pristine peat soils.
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