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Abstract

Cultivated peatlands are increasingly regarded as hot spots due to climate change
and other environmental concerns. Flexible water management, such as controlled
drainage, is proposed to optimize cultivation and reduce environmental risks in peat-
land fields. The hydrological and environmental implications of controlled drainage
depend on site-specific variables, and it is unclear how controlled drainage should
be implemented in various conditions. Simulation models are a promising approach
to systemically study the field hydrology, as models can capture the complete water
balance, which is difficult through experimental studies alone. We calibrated and
validated the spatially distributed model FLUSH to describe the hydrology of a field
block with a shallow peat cover and controlled drainage in central western Finland.
The objectives were to analyze the hydrological effects of controlled drainage and
detect hydrological connections between the field and an adjacent upslope forest
area. The results showed how inflow from the forest can induce high observed drain
discharge but impacted the block groundwater tables only in the proximity of the for-
est (distance <25 m). The effect of controlled drainage on groundwater tables was
on average (.15 m and seasonally varying. Controlled drainage reduced drain dis-
charge, and the reduction was larger with the forest area included in the model. While
controlled drainage effects on groundwater levels and soil moisture were insensitive
to groundwater influxes from adjacent areas, the water balance impact highlights
the role of hydrological connections in the hydrology of cultivated peatlands under
controlled drainage.

Plain Language Summary
Sustainable agriculture on peatlands requires water management that allows suf-
ficient removal of excess water when needed by the cultivation practices while

minimizing the negative environmental impacts of draining peatlands, especially

Abbreviations: CD, controlled drainage; GPR, ground-penetrating radar; KGE, Kling—Gupta efficiency; MAE, mean absolute error; OW, observation wells;

SWE, snow water equivalent; WRC, water retention curve.
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discharge.

1 | INTRODUCTION

Peatlands constitute a significant carbon stock, especially in
boreal and subarctic regions, where peat contains 15%-30%
of the global soil organic carbon (Limpens et al., 2008).
Due to their large storage of water, efficient connections to
surface water resources, and organic matter decomposition,
peatlands play an important role in water and biochemical
cycles (Rezanezhad et al., 2016). Agriculture is one of the
most typical land use practices in peatlands (Oleszczuk et al.,
2008), and especially in northern areas, where suitable min-
eral soil areas are limited, low-lying peatlands are exploited as
arable land areas because of their high water holding capac-
ity. In Nordic countries, 1,000,000 ha of peatlands are used
for agriculture (Maljanen et al., 2010).

Farming in peatlands requires intensive soil drainage
operations with consequences on local water balance and bio-
chemical cycling (Pham et al., 2023; Regina et al., 2016;
Yli-Halla, Lotjonen, Kekkonen et al., 2022). The drainage,
conducted with subsurface drain installations or open ditches,
is intended to lower groundwater table and at the same time it
affects the water balance of the fields. Lowered groundwater
tables in peatlands have been associated with peat degradation
leading to soil subsidence, increased carbon dioxide (CO,)
emissions, and nutrient leaching (Evans et al., 2021; Holden
et al., 2004; Ikkala et al., 2021; Laiho, 2006; Maljanen et al.,
2010; Yli-Halla, Lotjonen, Kekkonen et al., 2022), and drain
discharge is a major pathway for the export of nutrients to sur-
face waters (Coelho et al., 2020). The consequent challenge
of drainage design is to simultaneously consider both agri-
cultural productivity and environmental aspects of drainage
procedures.

Controlled drainage (CD) allows temporal adjustment of
the drainage outlet elevation (and consequently drainage
depth) to cope with different hydrological conditions and
drainage requirements, which makes it an attractive method
to reduce the environmental impacts of cultivated peatlands.
However, the feasibility of CD depends on local meteorolog-

carbon dioxide emissions and nutrient leaching. One promising method for this
is controlled drainage, a subsurface drainage method that enables controlling the
amount of drainage, but more research is needed to better understand how cultivated
peatlands respond to it. In this study, a computational model FLUSH was used to
describe the flow and storage of water and how controlled drainage affects them on a
cultivated peatland field in central western Finland. The model supported our hypoth-
esis that the large observed drain discharge was caused by groundwater flow from an
adjacent forest area. According to the model, the controlled drainage scheme that was

applied in the field raised groundwater tables on average 0.15 m and reduced drain

ical and hydrological variables and site conditions, including
topography and soil properties (Joel et al., 2009; Salo et al.,
2021). While hydrological impacts of CD have been stud-
ied in mineral soils in different locations (e.g., Dou et al.,
2022; Kesicka et al., 2023; Salo et al., 2021; Youssef et al.,
2021), there is a knowledge gap in how cultivated peatlands
respond to CD schemes, and what the main factors affecting
water balance are in peatland fields under CD. Hydrologi-
cal observations in peatland areas are challenged by existence
of complex interactions within the peatland. Implications of
field drainage are often studied with field-scale measurement
campaigns (e.g., Turunen et al., 2013; Yli-Halla, Lotjonen,
Kekkonen et al., 2022) and the data alone provide limited
mechanistic view on the interactions. Therefore, hydrological
knowledge based on combination of experimental and compu-
tational approaches is essential to gain sufficient knowledge
for local and regional-scale water management in cultivated
peatlands.

Peat is characterized by a strong dual porous nature
(Rezanezhad et al., 2016), and macropores in peat have been
shown to be important in runoff generation (Holden, 2009).
The water balance of a drained peatland field is on the first
hand controlled by meteorological conditions, the drainage
system, thickness and hydraulic properties of the peat layer,
hydraulic properties of the underlying mineral soil, vegeta-
tion, and topography. In addition, lateral groundwater flow
through field boundaries can be an important factor in the
field water balance, but it is often viewed only as an out-
flow component in the literature (e.g., Li et al., 2017; Muma
et al., 2017; Turunen et al., 2013; Youssef et al., 2021).
Together with deeper groundwater tables caused by drainage,
lowered soil surface elevation due to prolonged drainage prac-
tices and peat degradation can make agricultural peatland
fields more susceptible to groundwater inflow from adjacent
areas. Especially groundwater flow through more permeable
and macroporous upper layers of peat can have a strong
impact on local water balance (Lambert et al., 2022; Piivi-
nen, 1973). The presence of lateral groundwater inflow can
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have practical implications in drainage design, as, for exam-
ple, Koivusalo et al. (2008) found that ditch cleaning in a
peat forestry catchment increased water flow into the catch-
ment from the adjacent untreated control area. The impacts
of such hydrological connectivity on the field water balance
and the effects of CD have been rarely quantified, and the
impacts are challenging to disentangle with field observations
alone. Understanding of hydrological factors underpinning
the efficiency of CD in different conditions can also provide
information for targeting the measures within landscapes.

Combined with field observations, hydrological simula-
tion models are an attractive approach to study the complete
water balance, gain deeper insight on the hydrological pro-
cesses, and test hypothetical water management schemes.
Earlier modeling studies in managed peatlands have mainly
focused on regional or catchment scales (e.g., Querner et al.,
2010, 2012) and forestry sites (e.g., Haahti et al., 2016;
Koivusalo et al., 2008). To our knowledge, field-scale mul-
tidimensional modeling studies of cultivated peatlands with
sub-drainage system have not been done. Several field-scale
simulation studies have been conducted in agricultural min-
eral soils applying conceptual and one-dimensional (1D)
models (e.g., Knisel & Turtola, 2000; Larsson & Jarvis,
1999), two-dimensional (2D) models (e.g., Salo et al., 2021;
Skaggs et al., 2004), and three-dimensional (3D) models (e.g.,
Turunen et al., 2013; Zhou et al., 2013). Unlike conceptual
and 1D models, 3D models can account for spatial variability
and are better suited for studying the hydrological interactions
between areas.

The objective of this study was to (1) quantify the effects
of CD on groundwater table depths, drain discharge, and peat
moisture in a cultivated field block next to a forest area with
higher soil surface elevation and (2) detect the existence and
role of groundwater inflow from the forest on the field hydrol-
ogy. A 3D dual-permeability hydrological model FLUSH was
calibrated and validated against field observations under CD,
and the results were compared to a simulated scenario of con-
ventional subsurface drainage. The impact of hydrological
connections between the field and the forest was assessed by
comparing simulation results with and without the forest.

2 | MATERIALS

2.1 | Site description

The Ruukki research station, maintained by the Finnish Nat-
ural Resource Institute (Luke), is in the municipality of
Siikajoki in central western Finland, 26 km from the coast
of the Bothnian Bay (Figure 1). During the years 2014-2023,
the average yearly temperature and precipitation in the region
-1, respectively. Monthly aver-
ages are shown in Figure 2. The experimental field named

were 3.8°C and 574 mm annum
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Core Ideas

¢ Combined with limited dataset, FLUSH provided
a transparent tool to quantify the hydrology of a
cultivated peatland.

* Hydrological connections had a strong impact on
the field water balance but not on groundwater
tables.

* Controlled drainage reduced groundwater table
depths on average 0.15 m but had a small impact
on peat moisture.

* Complex interactions within peatlands are a chal-
lenge for reproducing point observations with a
model.

NorPeat is 19.56 ha of arable land divided into six blocks
with an average slope of ~0.2% (Pham et al., 2023). It is sur-
rounded by similar arable land and bound by a forest area in
the north-eastern end. The field is covered with a shallow (15—
75 cm) layer of sedge peat mixed with coarse silt, below which
there is acid sulfate mineral soil consisting of silty soil on top
and clayey soil at the bottom. The area has been under agricul-
tural use circa 100 years, and during that time it has been used
for grass and cereal cultivation. The experimental field was
established in 2016 for monitoring greenhouse gas emissions
and leaching of substances (Yli-Halla, Lotjonen, Kekkonen
et al., 2022). This study focuses on the hydrology of Block
1 (Figure 1), a 2.97 ha area with the thickest peat layer (45—
75 cm) of the field blocks. The forest has higher soil surface
elevation compared to the field (~1.2 m), and it is drained with
~0.7-m deep open ditches (spacing ~35 m) (National Land
Survey of Finland, 2015). The forest is surrounded mostly by
arable land and connects to wetland areas roughly 3 km from
the field. The field and the forest share a 215-m-long border.

The field block is drained with controlled subsurface
drainage. During the simulation period (2018-2021), there
was a deeper open ditch at the north-western end of the block
(Ditch 1 in Figure 1), and a shallower open ditch between
the block and the forest (Ditch 2 in Figure 1). At the time
of the establishment of the experimental field, the drainpipes
in Block 1 and Block 2 (on the south-eastern side of Block
1) were renewed. In the renovation process, lateral drains (&
65 mm) were placed at a depth of 1.1-1.3 m with drain spacing
of 12 m and with gravel as the envelope material (6.5 m> of
gravel per 100 m of drainpipe). The drainage depth is clearly
below the peat cover, with drainpipes mostly lying in the silty
soil layer. Lateral drains are connected to a collector pipe (@
160 mm) leading to a control well (subsurface drainage outlet
in Figure 1), where the drain outlet elevation can be controlled
(Yli-Halla, Lotjonen, Kekkonen et al., 2022).
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open ditches, the groundwater (GW) table observation wells (OWs), the subsurface drainage outlet, and the simulated area.
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Average monthly precipitation and air temperature in
Ruukki during 2014-2023.

2.2 | Data description

The key measurements included drain discharge, groundwater
table depths, meteorological variables, soil hydraulic proper-
ties, soil moisture, and depth of the organic horizon. Drain
discharge was measured automatically every 15 min using
V notch weirs and pressure probes (STS PTM/N). At the
measurement station well, water is pumped away from the
well because the water level outside of the well is higher
than drainage pipe outlets. In addition to a 2.5 kW electri-
cal discharge pump, a tractor-driven hydraulic pump was used
during flooding periods. Compared to a set of manual exper-
iments conducted in 2017, there was an unsystematic error
of 10%-30% in the automatic measurements, the absolute
error having a negative correlation with the amount of drain
discharge. (Yli-Halla, L6tjonen, Joki-Tokola et al., 2022).

Groundwater table depths were measured from two obser-
vation wells (OWs) in the block reaching the depth of 2 m
(OW2 and OW4 in Figure 1). Both wells are located in the
middle of two adjacent drainpipes at distances of 47 m (OW
2) and 172 m (OW 4) from the north-western end of the block.
In addition to infrequent manual measurements, groundwater
table depths were automatically measured every 15 min with
Solinst Levelogger probes.
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Hourly observations of air temperature, precipitation, wind
speed, relative humidity, downward shortwave radiation, and
snow depth were made at the site by the Finnish Meteoro-
logical Institute. In addition to seven snow water equivalent
(SWE) measurements conducted during the study period,
observed SWE was approximated from the observed snow
depth. A crude approximation of SWE being half of snow
depth was used, which is in line with Hill et al. (2019).
The approximation was found to reflect individual field
measurements of SWE and was thus assumed to yield a
sufficient picture of SWE dynamics, especially during the
hydrologically crucial major melting events in spring.

A ground-penetrating radar (GPR) was used to measure
the thickness of the organic soil layer in the block, and soil
hydraulic properties were determined from one location of
the block at a depth range of 070 cm. The measurements
described the properties of four different vertical soil layers:
three peat layers and one mineral layer. Water retention curves
(WRCs) were measured for all four layers using 10 pres-
sure values logarithmically from 0.01 to 50 m. The shares of
macropores were estimated based on the pore volume drained
with 0.1 m pressure, according to Jarvis (2007). Dry bulk
densities and porosities were measured from the same soil
samples. Saturated hydraulic conductivities were measured
only for the top and bottom peat layers. Soil moisture was
measured from the peat layers at depths of 0.1 and 0.5 m with
Soil Scout soil moisture sensors, but the measurements cov-
ered only 45% and 10% of the study period at the depths of
0.1 and 0.5 m, respectively.

3 | METHODS

3.1 | FLUSH

FLUSH is a dynamic and spatially distributed model for
describing the hydrology of drained agricultural fields
(Warsta, 2011; Warsta et al., 2013). It has been used to study,
for example, the performance of subsurface drainage systems
with different installation methods (Salo et al., 2019), the
impacts of terrain slope on field water balance (Turunen et al.,
2015), combined effects of CD and open ditch damming
(Isomiki et al., 2024), and nutrient and sediment transport in
drained agricultural fields (Salo et al., 2015; Turunen et al.,
2017).

The 3D subsurface flow domain applies a dual-
permeability model, which means the total porosity in
each cell of the 3D computational grid (x, y, and z dimen-
sions) is divided into soil matrix and macropore domains to
depict slow and fast flow regimes, respectively. In both pore
systems and in saturated and unsaturated zones, lateral (x and
y) and vertical (z) water flow between the cells is described
with the 3D Richards equation. The Richards equations for

both pore systems (Warsta, 2011, egs. 38 and 39) are numeri-
cally solved in the 3D global solution using the forward finite
difference method for the temporal components and the finite
volume method for the spatial components. Water retention
properties and unsaturated hydraulic conductivities are calcu-
lated with the van Genuchten (1980) model. Water exchange
between soil matrix and macropore domains is treated as a
sink/source term in the continuity equations depending on the
direction of the exchange. The rate of exchange depends on
the pressure difference and hydraulic conductivity between
the domains (Gerke & van Genuchten, 1993; Warsta, 2011).
In both pore systems, groundwater table depth is defined as
the first level of unsaturation starting from the bottom, and
therefore the model gives separate groundwater table depths
for both matrix and macropore systems. The 2D overland
flow is solved using the diffuse wave approximation of the
Saint Venant equations. Evapotranspiration is computed
based on potential evapotranspiration, prescribed rooting
depth timeseries, and simulated soil moisture. Description
of snow accumulation and melt based on energy balance
has been added to the model, according to Koivusalo et al.
(2001).

In the model, precipitation is first stored in depression stor-
age on the soil surface and thereafter the water can infiltrate
into both pore systems. The infiltration is computed based
on Darcy’s law (Warsta et al., 2013). If precipitation or/and
snowmelt exceed the infiltration capacity and the depres-
sion storage is full, overland flow is initiated. Water can be
removed from the model via evapotranspiration and ground-
water outflow through model boundaries, open ditches, and
subsurface drainpipes. Groundwater outflow can be described
with a constant head type boundary condition or with a speci-
fied slope of the water table at the boundary. Open ditches and
subsurface drainpipes act as local sinks, where the subsurface
outflux in a computation cell containing a drainpipe or ditch
segment is calculated as follows:

Hc - (Hs + Hcomrol)

q=AK; o ,

ey

where ¢ (L>T~!) is the volumetric flux, A (L?) is the area of
the sink within the cell, K| (LT~!) is the saturated hydraulic
conductivity of the soil, H. (L) is the hydraulic head in
the soil, H, (L) is the hydraulic head in the drainpipe/ditch,
H .ot (L) is the control effect in controlled subsurface
drainage (i.e., the elevation difference between the drain out-
let and drainpipe in the cell when the outlet elevation is higher
than the drainpipe elevation and 0 m otherwise), and 2 (L) is
the entrance resistance. Note that flow to open ditches and
subsurface drains is active only when H, exceeds the sum of
H and H> and water cannot flow from drains or ditches
into the soil. Water can be removed through the open ditches
as well as overland flow.
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Water exchange rate between the pore systems is described
as follows:

T =vK I Hy - H,|, @

where 7 (T~!) is the water exchange rate between the sys-
tems (the direction of water flow is toward the lower hydraulic
head), y (L72) is the exchange coefficient, K, (LT~!) is
the hydraulic conductivity of the pore system with higher
hydraulic head, and Hf and H,, (L) are the hydraulic heads
in the macropores and in the soil matrix, respectively.

3.2 | Model application

3.2.1 | Model setup and calibration

The model setup included the cultivated block and part of the
adjacent forest area (Figure 1). Drainpipes were set into the
block according to the actual drainage design. Ditch 1 had a
depth of 1.5 m, Ditch 2 had a depth of 0.6 m, and the for-
est area was drained with five 0.7-m deep open ditches based
on digital elevation model (National Land Survey of Finland,
2015). The pressure head in the drainpipes and ditches was
assumed to be a constant of 0 m (the ditch water levels were
not measured). This means that H, in Equation (1) was treated
as just the elevation head. The horizontal cell size of the 3D
grid was 5 m X 5 m. The grid was arranged so that the eleva-
tion of the topmost grid cell of each column was set according
to the topography. The cell thickness ranged from 0.02 m at
the surface to 0.5 m at the bottom, and the total depth of the
grid was a constant 3.4 m. The model had five soil layers: three
peat layers and a mineral layer according to the soil samples,
and a bottom layer. The block was divided into five areas with
varying thickness of the lowest peat layer according to the
GPR data. The forest area had a constant peat cover thickness,
and the lowest peat layer was made thicker according to the
average elevation difference between the forest and the block
(1.2 m). To compensate for the increased peat thickness in
the forest, the bottom layer thickness was reduced. Otherwise,
the soil parameters and potential evapotranspiration parame-
ters were the same for the block and the forest due to lack of
measurements from the forest. The north-eastern and south-
western boundaries (Figure 1) allowed groundwater outflow
using a groundwater gradient equal to the soil surface gradi-
ent at the boundaries but no inflow (Turunen et al., 2013).
Currently, the model output does not differentiate between
groundwater outflows generated at different boundary seg-
ments. The south-eastern boundary and the north-western
boundary below the ditch were impermeable. The bottom

boundary was impermeable, and its elevation followed the soil
surface elevation.

The WRC parameters (a and 7 in eq. 21 in van Genuchten
[1980]) for the soil matrix were obtained by fitting the mod-
eled WRC to the observed water retention values from the soil
samples. van Genuchten parameters for the macropores were
taken from previous studies of Turunen et al. (2013) and Salo
et al. (2021).

Hourly timeseries of precipitation, air temperature, rela-
tive humidity, shortwave and longwave radiation components,
wind speed, and potential evapotranspiration were used as
the meteorological input for the model. Wind speed was
measured at 16 m above the ground, so it was adjusted to
the standard height of 2 m following the logarithmic wind
speed profile above a short grassed surface suggested by
Food and Agriculture Organization (FAO) guidelines (Allen
et al., 1998). Potential evapotranspiration was determined
with the Penman—Monteith equation (Allen et al., 1998), and
the longwave radiation was based on the Stefan—Bolzmann
law, following the FAO guidelines (Allen et al., 1998). Poten-
tial evapotranspiration was set to zero during snow cover, as
the integrated snow model computes evaporation from the
snowpack. Observed precipitation was adjusted by factors of
1.1 and 1.2 for simulated rainfall and snowfall, respectively
(Fgrland et al., 1996). Following Turunen et al. (2015) and
Salla et al. (2022), rooting depth was 0.05 m until the time of
sowing, after which it grew linearly 0.01 m day~! until har-
vest or until it reached the maximum value of 0.75 m where
it remained until harvest. After harvest, it returned to 0.05 m.
The rooting depth of 0.05 m was used to describe evaporation
from the surface layer outside growing seasons.

The calibrated parameters consisted of saturated hydraulic
conductivities, shares of macropores, exchange coefficients
between the pore systems (Equation 2) (Table 1), and the
drain resistance £2 (Equation 1). The share of macropores of
the observed mineral layer was calibrated because the mea-
sured water content at 0.1 m pressure in that layer was higher
than its measured total porosity. A condition of no macro-
pores was set in the bottom layer based on the calibration
and was numerically implemented in the model application
by giving the pore systems identical properties, as setting
the share of macropores explicitly to zero is not supported
by the two-domain parameterization of the model. The cal-
ibration period was August 2018—February 2020, and the
validation period was March 2020-October 2021. Only auto-
matic observations were used in the calibration and validation.
The parameters were manually calibrated, and the model per-
formance was evaluated using Kling—Gupta efficiency (KGE)
and mean absolute error (MAE) for hourly groundwater table
depths at the OWs and hourly drain discharge. KGE combines
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TABLE 1
macropores, exchange coefficients, and total porosities of the soil layers.

Depths, saturated hydraulic conductivities (K,

Layer Peatl Peat2
Depth (m) 0-0.25 0.25-0.35
Kgm (mh™h) 0.00019 0.00023
Ky (mh™h) 1.7 1.6
Oresm (m* M) 0.04 0.05

a, (1 m™) 7.68 8.57

ny, (<) 1.16 1.13
Ores¢ (M®> m™3) 0.1 0.1

a; (I m™) 10 10

ng (=) 1.8 1.8
Share of macropores (%) 9.2 8.6
Exchange coefficient y (-) 0.9 0.9
Total porosity (%) 82.1 92.1
Ko (mh™h) 0.1566 0.1378

), residual water contents (6,

Vadose Zo 7 of 17

), the van Genuchten parameters (a and n), shares of

res

Peat3 Mineral Bottom
0.35-0.60* 0.60°-1.10 1.10-3.40
0.00026 0.001 0.0001
0.9 0.006 -

0.10 0.14 0.10
2.9 0.37 0.58
1.14 1.79 1.12
0.1 0.1 0.01

10 10 7
1.8 1.8 2.0
4.6 0.1 0.0
0.9 0.1 -

94.3 38.4 56.0
0.0461 0.0010 0.0001

Note: Subscripts m and f refer to soil matrix and macropores, respectively. The gray parameters were calibrated, yellow parameters were taken from literature (Salo et al.,

2021; Turunen et al., 2013), and the green parameters were based on observations. The bottom row shows the total saturated hydraulic conductivities, that is, the weighted

mean of conductivities in matrix and macropores with the pore system fractions as weights.
In the model application, the depth of the interface between Peat3 and Mineral layers varied spatially between 0.55 m and 0.65 m.

evaluations of correlation, standard deviation, and mean
(Knoben et al., 2019):

2 2
o .
KGE=1-1/(r - 1)2+(ﬁ— 1) +(”ﬂ— 1> ,
Oobs Hobs
3
where r is the linear correlation coefficient between obser-

vations and simulation, ¢ is the standard deviation, and y is
the mean. The subscripts sim and obs refer to simulation and

observation, respectively. Correlation between a time series
and observation is not defined if the time series has a constant
value, but assuming the correlation as zero yields a natural
benchmark for the constant time series of observation mean:
KGE=1- \/ 2~ —0.4 (Knoben et al., 2019). Another bench-
mark used by Knoben et al. (2019) is the midpoint between
mean observation KGE (—0.4) and a perfect model KGE (1).
In this study, KGE values are classified as weak (KGE < 0.3)
and satisfactory (KGE > 0.3).

3.2.2 | The effects of controlled drainage and
inflow from the forest

The CD in the model followed the reported drainage sys-
tem operation (Figure 3). The simulated effects of CD on
groundwater table depths and drain discharge were quantified
by subtracting the CD results from the conventional subsur-
face drainage (1.1-m drainage depth) results. The CD effect
on groundwater table depths was averaged over the com-
putational cells between the OWs. The CD effect on peat
soil moisture was quantified by subtracting the results with

conventional subsurface drainage from the results with CD.
Regarding the CD effect on peat soil moisture, a weighted
mean was taken at the locations of the groundwater observa-
tion tubes over the vertical column of peat cells and over both
pore systems (matrix and macropores) at the OW 2 and OW
4. The peat cell thicknesses and pore system fractions were
used as the weights.

The effect of inflow from the forest was quantified by com-
paring the initial simulation results to a scenario where the
forest was excluded from the simulation and an impermeable
boundary was placed on the north-eastern border of the block
below Ditch 2. The effect on groundwater table depth was
averaged over the study period and over computational cells
having the same distance from the forest, gaining an average
effect as a function of distance from the forest.

4 | RESULTS

4.1 | Model calibration and validation

The applied saturated hydraulic conductivities, van
Genuchten water retention parameters, porosities, and
exchange coefficients are listed in Table 1, where the cali-
brated parameters are marked with gray color. The calibration
resulted in the peat layers having 3—4 orders of magnitude
higher saturated hydraulic conductivities in macropores com-
pared to the soil matrix, whereas the difference was smaller
in the mineral layer. Macropores were excluded from the
clayey bottom layer, as macropores with significantly higher
conductivity compared to the matrix led to too efficient
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FIGURE 3

Control depth, that is, the depth of drain outlet from the soil surface in the controlled drainage well. The depth of 1.1 m means that

no drainage control was used, and the depth of 0.0 m refers to an attempt to prevent all drain discharge.
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FIGURE 4

removal of water from the grid and too deep groundwater
tables. Due to the high conductivities in the peat macropores,
the total conductivities were on average 200 times larger in
peat compared to the mineral and bottom layer. The drain
resistance (€2 in Equation 1) was calibrated to a value of 0.6 m.

SWE computed by the model was compared to SWE
approximated from snowpack thickness
(Figure 4). The actual SWE measurements showed that
the method to approximate SWE from snow depth gave
credible values despite its crudeness. The SWE dynamics
matched reasonably well during snow accumulation, but the
simulation exhibited too fast melting in February and March
of 2019 and March of 2021.

The observed and simulated groundwater table depths are
shown as ranges in Figure 5, and the performance metrics are
listed in Table 2. During the calibration period, the KGEs

observations

Time

The simulated snow water equivalent (SWE), the SWE approximated from observed snow depth, and seven measured SWE values.

and MAEs were on average 0.52 and 0.17 m, respectively,
indicating a satisfactory model performance. Still, during two
timespans in the calibration period, October 2018—February
2019 and September 2019—-October 2019, there were large
differences between simulation and observations. Also, the
differences in simulated and observed snowmelt events in
2019 were visible as mismatch in the groundwater table
dynamics. During the validation period, the model perfor-
mance decreased. The KGEs and MAEs were on average 0.16
and 0.19 m, respectively, and KGE remained above 0.3 only
in the matrix in the OW 2. The KGE values decreased more in
the OW 4 and the MAE values were 0.05-0.06 m higher than
in OW 2. The observed groundwater tables were deeper in
the OW 4 for most of the validation period, especially from
September 2020 to May 2021 (seen as the relatively large
observed range in Figure 5).
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FIGURE 5 Observed range of groundwater table depths over the two observation wells and simulated range over all the grid cells between the

observation wells (matrix and macropores), including the control depth. The vertical line separates the calibration period August 2018-February

2020 and the validation period March 2020-October 2021.

TABLE 2
errors (MAE) for groundwater table depths and drain discharge.

Kling—Gupta efficiencies (KGE) and mean absolute

Efficiency
Variable value Calibration Validation
Groundwater table  Matrix KGE  0.42 0.34
depths (observation  nacropore  0.45 0.21
well 2) KGE
Matrix MAE 0.15m 0.18 m
Macropore 0.18 m 0.15m
MAE
Groundwater table  Matrix KGE  0.65 0.13
depths (observation
well 4)
Macropore 0.56 —0.04
KGE
Matrix MAE  0.15 m 0.24 m
Macropore 0.18 m 0.20 m
MAE
Drain discharge KGE 0.62 0.60
MAE 0.03mmh™"  0.03mmh™!

The adjusted precipitation was 902 and 1108 mm during
the calibration period and validation period, respectively, and
the simulated actual evapotranspiration was on average 74%
of the potential evapotranspiration (Figure 6a). The observed
and simulated drain discharges are shown in Figure 6b,c, and
the corresponding performance metrics are listed in Table 2.
Cumulative curves are shown for hydrological years reset-
ting in the beginning of September except in the beginning
of the first and in the end of the third hydrological year,
both of which have one extra month. Unlike with ground-
water tables, the drain discharge performance was similar

between the calibration and validation periods, the KGEs
being 0.62 and 0.60, respectively. In the beginning of the
calibration period, the model produced more drain discharge
than what was observed (Figure 6b,c), even though the mod-
eled water table was clearly lower than the measured water
table (Figure 5). The simulated snowmelt event in Febru-
ary 2019 was visible as an early discharge event, and the
total amount of snowmelt induced drain discharge was lower
in the simulation. During the validation period, there were
two observed drain discharge events that were not repro-
duced by the model: April-May 2020 and January—February
2021. Especially the measured discharge in February 2021
coincided with low observed water tables in comparison to
simulation and control depth in Figure 5, suggesting a clear
inconsistency between discharge and water table observa-
tions. The simulated snowmelt-induced drain discharge in
the spring 2021 was again lower than observed, but the
difference was smaller compared to the spring 2019. In June—
September 2021, some drain discharge was observed despite
high drainage outlet elevation during that time.

The simulated drain discharge was compared also to the
scenario without the forest area (Figure 6b,c). Excluding the
forest led to a much lower amount of drain discharge, the dif-
ference being on average 149 mm per hydrological year. The
simulated amount of drain discharge without the forest was
only 60% of what was observed. The simulated groundwa-
ter tables at the OWs were almost identical with and without
the forest, as the average difference was less than 0.001 m.
Figure 7 shows that the inflow from the forest reduced ground-
water table depths in the proximity of the forest compared to
the scenario with no forest, but with distances above 25 m
from the forest, the impact on groundwater table depths was
close to zero.
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FIGURE 6

(a) Daily precipitation, potential evapotranspiration (PET), and simulated actual evapotranspiration (AET); (b) hourly observed and

simulated (with and without the forest area) drain discharge; and (c) the corresponding cumulative values. In (a), evaporation from snowpack is not

included, as it is computed separately by the integrated snow model. In (c), the cumulative curves reset in the beginning of September, expect in the

beginning of the first and in the end of the third hydrological year, both of which have one extra month.
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FIGURE 7
depths in the block without the forest and with the forest included in the

The average difference between groundwater table

model as a function of distance from the forest. Positive values indicate
shallower groundwater tables with the forest included.

At the depth of 0.1 m, the simulated soil moisture in peat at
the locations of the OWs varied between 29% and 82% (total
porosity at that depth) in the matrix and between 11% and
82% in the macropore domain. The average values were 65%
and 28% in the matrix and macropores, respectively. 86% of
the measured soil moisture values at 0.1 m were between the

simulated matrix moisture and macropore moisture, and the
rest were below that range. At the depth of 0.5 m, the simu-
lated soil moisture in peat varied between 82% and 94% (total
porosity at that depth) in the matrix and between 19% and 94%
in the macropore domain. The average values were 91% and
53% in the matrix and macropores, respectively. 69% of the
measured soil moisture values at 0.5 m were between the sim-
ulated matrix moisture and macropore moisture, and the rest
were below that range.

4.2 | The effects of controlled drainage

After the modeling setup was tested against field obser-
vations, we simulated the potential of CD to influence
groundwater levels, peat moisture, and drain discharge in field
scale by comparing the CD scheme to conventional subsurface
drainage (Figure 8). During summer months (June—August),
when the control depth was set from 1.1 to 0.6 m, ground-
water table depths were reduced on average by 0.1 and 0.08
m in the soil matrix and macropores, respectively. These CD
effects were lowest in 2018 (0.05 and 0.03 m) and high-
est in 2020 (0.12 and 0.11 m), which correlates negatively
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FIGURE 8 The simulated (a) reduction of groundwater table depths in the soil matrix and macropores (averaged over the grid cells between

the observation wells), (b) change in peat moisture (averaged over the observation well locations and depth range of 0—0.65 m), and (c) cumulative

reduction of drain discharge caused by controlled drainage in comparison to conventional drainage.

with average groundwater table depths (Figure 5). During
other months with control depth of 0.6 m, the average CD
effects on groundwater tables were 0.18 and 0.19 m in the
soil matrix and macropores, respectively. Control depth of 0
m (i.e., blocking all drain discharge) led to the highest aver-
age effect during summer months (0.17 and 0.16 m in the
soil matrix and macropores, respectively). The changes in peat
moisture reflected the CD effect on groundwater tables. The
changes were small, as the control depth of 0.6 m resulted only
in an average change of 1.8 percentage points, which was due
to peat maintaining high moisture content even without CD,
especially in the deeper layers.

During the first half of the study period, when CD was
applied only during growing seasons, the CD effects on drain
discharge were small, and taking the control off led to higher
drain discharge compared to conventional drainage (seen as
negative slopes in Figure 8c). During the second half of the
study period, CD was applied for a longer period while the
groundwater tables and precipitation were also higher, which
resulted in much larger reduction of drain discharge. Exclud-

ing the forest area from the simulation did not have an impact
on how CD affected groundwater levels or peat moisture at
the OWs, but the absolute reductions of drain discharge were
twice as large with the forest (Figure 8c). The relative reduc-
tions of drain discharge were 22% and 17% with the forest
included and excluded, respectively.

The spatial distributions of the CD effects on matrix and
macropore groundwater table depths are shown in Figure 9,
averaged over the times when the control depth was set to 0.6
m. The blue color depicts how much the average groundwater
table depths were reduced by CD at different locations, darker
shades indicating larger effect. The CD effects on groundwa-
ter table depths in the field block correlated negatively with
the soil surface elevation, that is, larger effects taking place
at lower surface elevations. Higher effects can also be seen in
the drainpipe locations as inclined stripes. The average effects
over the field block were 0.16 m and 0.18 m in the matrix and
macropores, respectively, and the effect was visible circa 30
m into the forest area. The highest effects took place at the
border between the block and the forest.
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FIGURE 9 The average effect of the controlled drainage scheme on groundwater table depths (a) in the soil matrix and (b) macropores

compared to conventional drainage during the times when the control depth was set to 0.6 m. Larger values mean larger average reductions of

groundwater table depth.

5 | DISCUSSION
5.1 | Model parameterization, performance,
and uncertainties

FLUSH provided a transparent tool to quantify the hydrol-
ogy of the drained peatland in combination with a limited
hydrological dataset. The main implication from the model
calibration and validation process was that replication of quick
drain discharge was not possible without inclusion of macro-
pore domain in the model parameterization of the peatland
field. The role of macropores in simulated drain discharge
dynamics has been highlighted also by Akai et al. (2008).
The second observation was that the measured volume of
drain discharge could not be simulated without inclusion of
subsurface flow entering the field from the adjacent forest.
The novelty of our computational exercise is to demonstrate
these processes that are not clearly visible in the dataset
alone.

Peatlands are heterogenous in terms of hydraulic properties
(Rezanezhad et al., 2016; Wang et al., 2021). However, due to
spatially lacking data on soil properties, the soil parameters
used in this study did not vary horizontally, apart from the dif-
ferences in soil layer thickness and topography. In Wang et al.
(2021), spatial autocorrelations of saturated hydraulic con-
ductivity and macroporosity were classified as weak in natural
end extremely degraded peat sites and strong and moderate,
respectively, in a moderately degraded site. The autocorrela-

tions of the van Genuchten parameters were mostly moderate.
Due to Wang et al. (2021) having only three sites, it cannot be
concluded how this autocorrelation is related to the degree of
peat degradation. While having soil measurements only from
one location is a source of uncertainty in this study, it is not
unreasonable to assume that the spatial autocorrelations of
the applied parameters were not high, and thus, there was no
strong systematic variation within the field which would cause
a large difference in the model results.

Peatlands are often described as anisotropic in terms of
hydraulic properties (Rezanezhad et al., 2016; Wang et al.,
2020). However, this is not always the case. In Kiuru et al.
(2022), there was only slight anisotropy in the top peat layer,
while no anisotropy was found in deeper more degraded lay-
ers. In this study, vertical and horizontal saturated hydraulic
conductivities were not measured separately, and the same
values were applied in the model for both directions. While
saturated hydraulic conductivities in the matrix were based on
measurements, the ones in macropores were calibrated, and
thus, their values were affected by possible anisotropy of the
site. Models are never perfect representations of reality, and
we suspect that the cost of increasing the amount of calibrated
saturated hydraulic conductivities of peat would be larger than
the benefit, especially in a field with a shallow peat cover.
As aresult of the calibration process, the peat layers obtained
high saturated hydraulic conductivities in macropores in rela-
tion to the measured conductivities in the peat matrix. This
reflects the common characteristics of peat, which is reported
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to have strong dual porous nature (Rezanezhad et al., 2016).
The importance of macropores in hydrological modeling of
peat has been noted also by Dettmann et al. (2014). Due
to the thick peat cover in the upslope forest area and the
highly conductive macropores of peat, there appeared to be a
large inflow across the forest—field interface, which is in line
with the findings of Lambert et al. (2022). Unique hydraulic
properties of macropores are difficult to determine with mea-
surements, but their inclusion and parameterization in the
model is crucial due to their dominant role in soil water
flow. The saturated hydraulic conductivities of peat macro-
pores were calibrated in this study, but their water retention
parameters were taken from a mineral soil study (Salo et al.,
2021). The bottom layer was calibrated to have no macrop-
ores, as conductive macropores allowed too efficient removal
of water from the grid. This connects to uncertainties related
to the boundary conditions and water levels in the open
ditches.

The model performance in terms of groundwater level
simulation was more satisfactory during the calibration than
the validation period. The validation performance decreased
due to lower simulated depths compared to the observa-
tions, particularly in the OW 4. A possible reason for the
different observed behavior of the wells is transient and
spatially varying hydrological interaction between the block
and its environment caused by, for example, changes in
local preferential flow dynamics due to freeze-thaw cycles
or anthropogenic impacts (e.g., Hare et al., 2017). Another
possible reason is the scale mismatch between the point mea-
surement and the grid-scale model result, as the observed
values depend on the location of the well in relation to
the spatial differences in the macropore networks (Bouma
et al., 1980). Drain discharge is aggregated over the drainage
system, which makes it less sensitive to field-scale spatial het-
erogeneity, and with respect to drain discharge, the model
performance for the calibration and validation periods was
equally satisfactory.

Hydrological measurement campaigns spanning for years
are challenging in Nordic peatlands. Soil freezing and thaw-
ing may lead to spatially variable changes in the groundwater
level, observation tubes may be blocked due to presence of
ice in the tube, and snowmelt can cause floods disturbing
discharge measurements. There were seeming inconsisten-
cies in the hydrological datasets used in this study, that is,
groundwater table and drain discharge observations, which
became obvious when set against the model results. Dur-
ing conventional drainage in October—November 2018, the
observed groundwater levels were at depth of 0.5-0.7 m, but
very little drain discharge was measured. This contrasts with
times when larger quantity of drain discharge was measured
even though the observed groundwater levels were approxi-
mately at the same level and the control depth was elevated

to 0.6 m from the soil surface (e.g., May 2020). In January—
February 2021, there was a large amount of drain discharge
measured while the observed groundwater levels were more
than 0.15 m below the control depth. In our model, drain dis-
charge is generated always when the water table is above the
drainpipe depth. These inconsistencies suggest issues in the
hydrological measurement systems or in the CD management,
but they can be partly caused by complex hydrological behav-
ior between the block and the forest. There were nine manual
groundwater table depth observations during the study period
(four in the OW 2 and five in the OW 4), all of them fitting
reasonably well to the automatic observations. However, in
April 2018, before the study period, there were four man-
ual observations made in the OW 2, which were 3540 cm
lower than the automatic observations, raising some concern
about the reliability of the automatic groundwater table obser-
vations. The automatic drain discharge observations had an
error ranging between 10% and 30% in 2017 compared to
manual measurements, but this error was unsystematic and
did not likely lead to large bias on an annual basis. During the
study period, the original drain discharge measurement data
exhibited some unrealistic spikes (50—-100 mm h~!), which
were assumed to be measurement artifacts caused by flood-
ing at the observation system. These spikes were pruned off,
but it is still uncertain whether and to what extent flood-
ing or other disturbances affected the rest of the discharge
dataset.

Seibert et al. (2018) argued that the model performance
should be evaluated based on what can be expected or what
is possible for a certain dataset. The hydrological simula-
tions and observations in this study exhibited inconsistencies,
although it is difficult to say exactly how much the model
performance was limited by the accuracy of observations.
The model bound the measurements together and retained
computational consistency between the hydrometeorological
variables, thus providing a reference to assess the quality and
consistency of the independent observations. Keeping the lim-
itations of the observation dataset in mind, the model setup
was considered adequate in describing the field hydrology
and to be used in studying the effects of CD in the field.
Drained peatlands are significant CO, hotspots and hydrology
is a major driver of the biochemical processes, but mecha-
nistic descriptions of peatland hydrology are still rare. This
study aimed to improve our understanding of this impor-
tant but under-researched topic. The strength of the applied
approach was to combine the different measurements into
a single computational framework, which has been bench-
marked in previous field-scale studies (e.g., Turunen et al.,
2013, 2015; Warsta et al., 2013). The approach produces sys-
temic and transparent computational information regarding
the hydrology of the peatland field, which would be difficult
to produce only empirically.
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5.2 | The hydrological effects of controlled
drainage in the peat field

Water management is proposed to be among the most effec-
tive ways to mitigate peat decomposition and high greenhouse
gas emissions from cultivated peatlands (Evans et al., 2021;
Wen et al., 2020), but hydrological impacts of CD have been
rarely quantified. During summer months (June—August), set-
ting the control depth from 1.1 to 0.6 m resulted in average
reductions of 0.1 and 0.08 m in the soil matrix and macrop-
ore groundwater tables, respectively. Already this magnitude
is relevant regarding reductions in peat degradation (Evans
et al., 2021). Higher effects were gained outside the summer
months. It is clear that often the CD target could not be met,
as groundwater tables were much of the time deeper than the
control depth. The CD effects depend on the hydrological con-
ditions (Joel et al., 2009; Salo et al., 2021), and the lower CD
effect during summer was caused by relatively deep ground-
water tables and high evapotranspiration losses. With deeper
groundwater tables, CD had less potential to affect their depth,
and with groundwater tables below the drainage level, CD had
no impact at all. Another factor is the duration of the con-
trol period, as longer periods of CD can allow more water to
accumulate into the soil, leading to higher groundwater levels
(Salla et al., 2022).

The effects of CD on groundwater tables showed spatial
variability in the field block. As expected, slightly higher CD
effects took place at the drainpipe locations. The CD effects
also correlated negatively with the soil surface elevation. This
can be explained by drainpipes having a constant depth from
the soil surface in the model. At locations with lower soil
surface elevation, there was a larger difference between the
drainpipe elevation and the outlet elevation, leading to higher
potential CD impact. The largest effects in the block took
place next to the forest area, which is in line with the simulated
groundwater tables being higher close to the forest.

It should be noted that changes in the soil moisture
profile caused by changes in groundwater levels are signifi-
cantly weaker when the distance from the groundwater table
increases (Orellana et al., 2012). Thus, the CD effect on peat
moisture and degradation might be low in areas with shal-
low peat cover and deep groundwater tables. Our simulation
showed the CD effect on peat moisture to be mostly less than
5 percentage points, but one reason for this was the high
water retention capacity of the peat matrix. The soil matrix
of the deeper parts of the peat cover often remained nearly
saturated outside the summer months even with conventional
drainage. Lower peat moisture took place during the summer
months, at times when the groundwater tables were deep, and
the CD effect on groundwater tables was limited, leading to
low effects on peat moisture as well.

The results showed that the CD effect on drain discharge
depends on the hydrometeorological conditions, particularly

the position of groundwater table relative to the control depth,
and the duration of control measures. Drain discharge is
directly linked with leaching of nutrients from the field into
surface waters (Carstensen et al., 2019; Yli-Halla, L6tjonen,
Kekkonen et al., 2022). When CD was applied only during
growing seasons, the effect on drain discharge was small, and
drain discharge was temporarily larger compared to conven-
tional drainage when control was taken off. Still, retaining
water in the field during growing seasons can increase the
efficiency of nutrient uptake of the plants, leading to lower
nutrient load on surface water (Wesstrom & Messing, 2007).

5.3 | The effects of hydrological connections
Hydrological connections have been found to affect the water
balance of drained peatlands (Koivusalo et al., 2008). Also,
Mahmood et al. (2023) and Turunen et al. (2015) showed how
topography and adjacent hillslopes can be important drivers
in drain discharge generation. While it has been reported
that CD can increase lateral flow from field areas (Youssef
et al., 2021), hydrological impacts of lateral inflow in con-
trolled drained peatlands have not been previously analyzed.
Our simulation results showed how hydrological connections
between the field and the adjacent forest area can induce high
drain discharge at the field. In this study, both absolute and rel-
ative reductions of drain discharge caused by CD were larger
with the forest included in the simulations.

The inflow from the forest had a relevant impact on
groundwater tables within about 25 m from the forest, but
farther away at the OWs it had no impact on groundwa-
ter tables or how they were affected by CD. This implies
inflow into a field might not be important regarding peat
degradation in field-scale, but it depends on how fast the
incoming water is removed from the field via drainage system,
evapotranspiration, or lateral groundwater outflow.

6 | CONCLUSIONS

A 3D modeling system and its application added value to
limited hydrological observations and revealed how hydro-
logical processes in a cultivated peatland responded to CD.
The simulation showed that CD raised groundwater tables
to an extent that has been shown in literature to be rel-
evant in reducing peat degradation and CO, emissions.
However, a high groundwater table in the field was not
maintained with CD during the summertime with high evap-
otranspiration losses. The effect of CD on peat moisture was
small, mainly due to the high water retention capacity of
peat.

The adjacent forest area had a strong impact on the field
water balance. The impact of the inflow on groundwater table
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depths was spatially limited to the proximity of the forest,
whereas the inflow strongly increased the amount of drain
discharge. The impact of CD on groundwater table and soil
moisture was insensitive to forest inflow, whereas the con-
trol impact on drain discharge was greatly dependent on the
presence of forest inflow. Hydrological connections affecting
the field water balance complicate interpretations made from
hydrometeorological data alone and highlight the need to view
the field as a part of its environment with varying topography
and land use.
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