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ARTICLE INFO ABSTRACT

Handling Editor - Brent Clothier Regular drainage (RD) systems ensure optimal crop growth by preventing oxygen stress and lead to a significant
loss of fresh water, a valuable resource that could be used to sustain crops during summer months. Controlled
drainage (CD) systems can raise the water table above the subsurface drains using a control pit. However, it
remains unclear to which extent CD contributes to better crop yield and more groundwater recharge. While
manual controlled drainage (MCD) is managed by hand, climate-adaptive drainage (CAD) offers the possibility to
continually adjust the water table based on weather forecast and crop needs. In this work, we conducted an in
silico experiment using the SWAP model to investigate the interactions between drainage types (RD and MCD)
over a 30-year timeframe, 3 soil textures and different drainage management practices in maize cultivation. MCD
leads to an increase in groundwater recharge (between 28 % and 45 %) and it reduces the drainage flux (between
25 % and 17 %) compared to RD. MCD increases maize transpiration mostly in loamy sand soils (+ 0.5 %
median). In other soils, transpiration is reduced due to oxygen stress. CAD for the 30-year data did not result in
large improvements in crop transpiration and resulted in less groundwater recharge and more drainage than
MCD. Although both MCD and CAD offer only minimal improvement of crop transpiration and is highly
dependent on soil type, weather conditions and drainage management, they do result in enhanced groundwater
recharge, which is crucial for maintaining water availability and supporting ecological systems.
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favorable conditions for crop growth and field trafficability for the
farmer (Miller et al., 2022; Molden et al., 2007). Regular tile drainage

1. Introduction

Water management is crucial to optimize agricultural productivity
and mitigate damage related to either excessive soil moisture or water
scarcity. Insufficient water supply leads to water stress (drought) and
crop failure (Liu et al., 2011), whereas excessive water leads to oxygen
stress and increases the susceptibility of soils to compaction (Nawaz
etal., 2013). Compaction leads the soil structure to deteriorate, which in
turn hinders root penetration, slows plant growth and reduces yield
(Bartholomeus et al., 2008; Kaur et al., 2020). To prevent suboptimal
conditions due to excessive soil moisture, drainage systems are
commonly used to artificially lower water levels and improve soil con-
ditions in diverse agricultural landscapes (Bartholomeus et al., 2023).

Tile regular drainage systems (RD) intercept and redirect surplus
water by minimizing surface runoff in the agricultural landscape, pre-
venting root anoxia and reducing erosion risk. These benefits ensure
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systems are primarily designed to efficiently remove excess water from
agricultural fields. This leads to a reduction in the capacity of the
landscape to retain and store water, which is crucial to overcome long
dry periods (Ekwunife and Madramootoo, 2023). Additionally, RD may
remove considerable amounts of groundwater from the water system in
periods in which there is no direct agronomic or societal need for
drainage. Therefore, these regular drainage systems do not offer the
possibility to manage the drainage level dynamically throughout the
year, but alternatives are available.

Managed drainage systems, commonly known as controlled drainage
(CD), offer a tailored and dynamic approach to water management
(Youssef et al., 2023). Using a hydraulic control structure placed at the
end of the tile drainage infrastructure (Miller et al., 2022), this drainage
technique enables farmers to adjust drainage levels according to specific
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crop requirements and prevailing climate conditions (De Wit et al.,
2022; Singh et al., 2022). Manual controlled drainage (MCD) is pri-
marily used when the control structures are operated manually, while
climate adaptive drainage (CAD) when the level is automatically
adjusted. In CAD, the drainage level is set based on the estimated crop
water requirements determined by either simple decision rules, sensors,
complex soil-plant-atmosphere models or weather predictions (De Wit
et al., 2024b; Miller et al., 2022). Both MCD and CAD drainage alter-
natives provide opportunities to increase water use efficiency, as more
water and nutrients can be retained in the soil for crops (Castellano
et al.,, 2019; Rietra et al., 2022). Most studies have emphasized the
importance of CD in the reduction of drainage discharge and nutrient
leaching (Miller et al., 2022; Wang et al., 2020). For instance, Kesicka
et al. (2022) demonstrated that CD allowed the accumulation of 22 kg of
NO3-N per hectare. In addition, CD helps to maintain freshwater lenses
on top of saline groundwater (Li et al., 2018; Pauw et al., 2015). A recent
meta-analysis of 64 observations conducted primarily in North America
(Singh et al., 2022) investigated the impact of controlled drainage on
soil moisture during the summer season. Their results showed a mostly
neutral effect of CD, primarily due to the limited amount of data re-
ported specifically related to soil moisture depth of these measurements,
which can vary significantly.

Crop transpiration is an important indicator for assessing the impact
of controlled drainage in the hydrological fluxes. CD increases grass
transpiration by 22 mm/year (De Wit et al., 2024b), while for soybean
and maize the improvement in evapotranspiration is 27 mm/year
(Youssef et al., 2018). The effects on crop yield remain ambiguous, with
some studies reporting increases and some reporting no significant
changes (Wang et al., 2020; Youssef et al., 2023). For instance, Wang
et al. (2020) observed a slight increase in crop yield by 0.11 % due to CD
in their meta-analysis over 61 publications mainly in North America and
Asia. Their study also provided compelling evidence that controlled
drainage effectively reduces drainage discharge.

The effectiveness of controlled drainage varies according to soil type,
weather conditions, cropping systems, and control practices such as
timing and imposed levels. Different soil types exhibit distinct water
flow characteristics which in turn influence the reaction of MCD and
CAD. For example, sandy soils commonly have better infiltration rates
and lower water-conserving capacities (Sloan et al., 2016). While this
results in a faster reaction to changes in the imposed drainage level, it
also reduces the natural buffering capacity. In addition, soil water flow
and drainage efficiency are not only affected by soil texture, but also by
soil structure. An extreme example of this is the difference between
ripened and unripened clays (Vermeulen et al., 2003). Finally, the ar-
chitecture of the soil profile with the properties of its different horizons
is crucial. For the application of CD to have agronomic benefits, the
presence of an impervious layer beneath the drains is important to
prevent too large percolation losses (van Bakel et al., 2013; Yu et al.,
2020) and ensure the capacity to store water above the drainage level
(Dukes et al., 2003).

Weather conditions also play an important role in the performance of
CD systems. Factors such as rainfall intensity and duration, evapo-
transpiration demand, and seasonal variations in water availability have
an impact on the drainage effectiveness (Salla et al., 2022; Sojka et al.,
2020). Regions with irregular rainfall patterns and prolonged dry pe-
riods can benefit from CD systems because they spread the available
water over longer time periods (Liu et al., 2011). In Belgium, where
recharge typically happens during winter, controlled drainage systems
might be beneficial during dry periods. This happens because MCD and
CAD retain water in the field longer instead of discharging it immedi-
ately to a network of ditches towards the sea (as it is the case in the
reclaimed coastal areas called the polders). However, it remains unclear
how it affects crop performance and groundwater recharge, and how
this depends on all the influencing factors: weather, soil, hydrogeology,
crop and the drainage management itself. As stated before, most studies
have demonstrated the effectiveness of controlled drainage in reducing
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the tile nutrient and drainage discharge. However, there are only a few
studies (e.g., De Wit et al., 2024a) that quantify the effects on the entire
water budget and crop development. In addition, setting up and moni-
toring long-term experiments in various controlled drainage situations is
challenging (Kesicka et al., 2022). In order to test the effectiveness of
different types of drainages for different pedo-climatic conditions and
weather scenarios, while having total control on the water balance, we
present a scenario-based in silico experiment in this paper using the
SWAP (Soil-Water—Atmosphere-Plant) model (Kroes et al., 2017).

The objective here is to systematically analyze the performance of
controlled drainage crop transpiration, groundwater recharge and pipe
drainage. While crop transpiration is not directly proportional to crop
yield because crop yield counts for only the harvestable product (Mulder
et al., 2018), the usage of crop transpiration instead of crop yield allows
to compare with other components of the water balance, such as pipe
drainage and groundwater recharge. The analysis is developed under
several realistic environmental conditions (soil, hydrogeology), distinct
management options (drainage timing and levels) and weather vari-
ability. More specifically, we evaluated two crucial aspects for farmers
and water managers: the impact of manual controlled drainage (MCD)
on crop transpiration (direct, economic value) and on groundwater
recharge and drainage flux (indirect, societal value) as compared to
regular drainage (RD). We also explore the added value of
climate-adaptive drainage (CAD). We do this in situations relevant for
Flanders (Belgium) and for maize as example crop. For simplicity, this
research focuses on the effect of MCD and CAD in the hydrological water
balance and does not address the effect on nutrient leaching.

To encourage reuse and reproducibility, we provided open user-
friendly Python codes (see Data and Code availability section),
enabling potential users to adopt a similar strategy for other cases.

2. Materials and methods
2.1. Concept of the in silico approach of this paper

To analyze the impact of manual controlled drainage on the soil
water budget and on crop performance in the context of Flanders,
Belgium, we adopted an in silico approach using the 1-D soil-plant-
atmosphere model SWAP (see Sections 2.2, 2.1Fig. 1a). The in silico
term comes from computer science and refers to a computational sim-
ulations used to plan and optimize real experiments or to explore a large
range of model scenarios. In silico experiments provide insights on how
systems respond to different conditions and give guidelines on which
parameters should be measured (Benes et al., 2020). In our scenario
cases, we compare manual controlled drainage (MCD) with regular
drainage (RD). Regular drainage has a constant drainage level, meaning
that water is continuously draining when the groundwater level in the
field is higher than the water level in the discharge medium (ditch). In
contrast, MCD allows farmers to adjust the drainage level manually
depending on the agricultural need. In addition, we illustrate the po-
tential of managing automatically the drainage level as considered in
climate adaptive drainage (CAD) (2.3). As manual controlled drainage
systems should have a sufficiently high success rate under variable
weather conditions over the years to be worth the investment of money
and time, we quantified its performance for a 30-year data set
(1994-2023) for the area of Uccle, Belgium. We developed scenarios for
maize representing combinations of a set of factors driving the drainage
performance: soil texture, hydrogeological bottom boundary conditions
and management of drainage (Fig. 1b).

We selected maize for all simulations because it is one of the most
important arable crops in Belgium (Gobin et al., 2023; Heuvelmans,
2010). We considered two possible sowing dates: 15 April and 15 May
with subsequent growing period of 160 days. These sowing dates were
selected to represent a reasonable potential range for sowing maize in
Belgium (Estrella et al., 2022; Gobin et al., 2023). Different crops like
sugar beet or winter wheat have different rooting depths, which would
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Fig. 1. (a) SWAP model showing the different fluxes (b) In silico approach employed in this research with its different components: climate data, crop, environment
(soil type and hydrogeology) and management. The onset of manual controlled drainage (MCD) —0.6 m occurs on April and May, while for climate adaptive drainage

(CAD) on April.

certainly affect the management of the groundwater table. The effect of
soil type is illustrated using three contrasting textures: loamy sand, loam
and clay characterized by the hydraulic parameters from the Rosetta
database (U.S. Department of Agriculture, 2019). This database has been
validated in several regions (Schaap et al., 2001; Stumpp et al., 2009).

Because the options for water retention and percolation from the soil
profile are strongly driven by the hydrogeology defined at the bottom
boundary condition, we designed four contrasting scenarios illustrating
the effect of the aquitard resistance (i.e. the hydraulic conductivity of
the layer below the soil profile) and the effect of the pressure head of the
underlying aquifer (see 2.4). In this study recharge is defined as the
water flux through the bottom boundary downwards, while the opposite
is referred to as upward flux. The four different bottom boundary sce-
narios may result in either recharge or upward flux through the bottom
boundary. The magnitude and direction of this water flux is critical for
controlled drainage. In the upward flux situation, a drainage level closer
to the surface can still retain a great deal of water in the field, even after
precipitation stops.

Drainage management options were set as follows. Regular drainage
is implemented with a drainage base of —0.9 m below ground surface as
is common in Flanders. This value was selected based on expert
knowledge, insights from drainage companies and local farmers since
the drainage base in Flanders ranges from —0.8 to —1.1 m. For manual
controlled drainage, the high drainage level during retention phases was
fixed at —0.6 m with a low drainage level of —0.9 m for sowing and
harvesting. The high drainage level was determined from literature
where optimal groundwater levels (GWL) for maize range between —0.5
and —1 m (Heuvelmans, 2010; Zipper et al., 2015). This choice is
arbitrary, as optimal levels vary together with all other factors. How-
ever, in order to compare between years and disentangle the contribu-
tion of different effects, this was the most straightforward yet realistic
setup. In the MCD scenarios, the low water level of —0.9 m was applied
10 days before sowing and 10 days before harvest as is commonly
necessary to ensure trafficability on the field (Ekwunife and Madra-
mootoo, 2023; Miller et al., 2022).

We assumed that it was always possible to release water from the
field to the ditch, thereby ignoring possible effects of ditch water level
on the drainage system (i.e. subirrigation from the ditch to the field) as is
common in ditches managed by the local Water Board (for instance, in

the Flemish Polders). To evaluate the performance of MCD compared to
RD over the 30-year period, a paired t-test was applied (Hsu and
Lachenbruch, 2014). Both MCD and RD were assumed to be dependent
treatments as they were performed under the same weather conditions
each year. Paired t-test were performed under the different combina-
tions of soil texture, water fluxes (drainage, recharge and transpiration)
and controlled pit management scenarios. In the paired t-test, the mean
water flux differences between MCD and RD were calculated for each
combination. p-values are considered significant below 0.05.

2.2. Numerical modeling using SWAP

The Soil Water Atmosphere Plant (SWAP) (Kroes et al., 2017) model
v4.2.0 is a one-dimensional hydrological model which solves the
Richards (1931) equation using a finite difference approach (Fig. 1a).
The required input data include soil hydraulic properties, top boundary
conditions driven by the weather, crop parameters, drainage system
properties and bottom boundary conditions (De Wit et al., 2024b).
SWAP has been developed and tested for more than 50 years in the
Netherlands (Heinen et al., 2024) under similar weather, hydro-
geological conditions and management practices as in Flanders. There-
fore, the model appears appropriate for exploring a range of drainage
scenarios in Flanders.

To represent maize transpiration, we used the static or “simple” crop
module of SWAP. This module considers that the green canopy and the
rooting depth do not depend on climatic conditions (Kroes et al., 2017).
The dynamic crop module (WOFOST) (De Wit et al., 2020) was not
considered in this study as it requires more parameters that were not
always available. Furthermore, estimating these parameters would have
potentially increased the uncertainty on the model outputs. As we first
wanted to focus on the drainage section, we used the simple crop module
as a way to minimize uncertainty coming from the above-ground part.
This simple crop module has been used for several conditions all over the
world (Monaco et al., 2014), thus we considered it acceptable for our
simulations. *Crop transpiration’ refers to transpiration at the canopy
scale. The potential evapotranspiration is calculated using the Penman
Monteith equation, from which the transpiration is derived via crop
height (crop and aerodynamic resistance). In addition, the model as-
sumes that crop transpiration is equal to the root water uptake,
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neglecting water accumulation in the plant (Kroes et al., 2017). The
water uptake under optimal and drought conditions was simulated by
the Feddes et al. (1976) function. Under dry conditions, the Feddes
function describes how the root water uptake decreases linearly between
two soil matric potential values. We used the approach of Bartholomeus
et al. (2008) to calculate water uptake in oxygen deficient conditions.
Compared to the traditional Feddes approach for oxygen reduction,
Bartholomeus et al. (2008) calculates the daily transpiration based on
physiological (root and microbial respiration) and physical process
(oxygen diffusion) (Heinen et al., 2024). The Jarvis (2011) root water
compensation was included in this study to represent the transpiration
process. This compensation considers the potential of the plant to alle-
viate stress in a part of the root zone by increasing uptake in another
zone. The root water uptake is incorporated in the Richards equation as
a sink term.

The drainage flux qgqi, sink term is calculated by the head difference
between groundwater and drainage system divided by drainage resis-
tance (Eq. 1) where @, is the averaged phreatic groundwater level
midway between the drains (cm), @g.qin is the drainage level including
imposed levels such as —0.6 m or —0.9 m and Yy, is the drainage
resistance in days (Xu et al., 2012). The drainage resistance is situation
specific, but for the present scenario analysis it remained constant for all
simulated cases. Following the approach of Tebbens et al. (1999), we
estimated that a drainage resistance of 12 days was appropriate for
typical Belgian farmland.
(Davg - ¢drain

@

Qdrain = Ydrain

The simulations were conducted independently for each period,
which spanned from the end of August in the year preceding the growing
season year until the end of December of the following year, covering a
total of 485 days. This approach facilitated the comparison of the in-
fluence of climate on soil water balance consistently across all years,
without considering the impact of previous events and initial soil
moisture conditions at the beginning of the simulations. As a result, the
memory effect of subsequent droughts on groundwater tables over
multiple years is not accounted for in this analysis. To maintain a focus
on the water balance, we chose transpiration instead of crop yield as an
indicator of crop performance. Table S.1 provides a comprehensive
overview of the modeling parameters used in this study.

2.3. Implementation of climate-adaptive drainage

Climate-adaptive drainage (CAD) describes forms of automated
controlled drainage where the timing and duration of the drainage is
continuously adjusted to the weather conditions and soil water status of
the parcel in question (van den Eertwegh et al., 2015). To adapt the
drainage level to the climate, data on groundwater level in the parcel
and weather predictions are necessary. While a manual controlled
drainage system requires more human labor to adjust the drainage level
at the control pit, CAD requires a motorized control since the frequency
of operation increases. Such systems with remote control can cost more
than 10k€ (Van den Eertwegh and Droogers, 2013) and demand yearly
maintenance. To help potential users assess the costs and benefits of
both systems, we assessed improvements to agronomic performance and
water budget of CAD in comparison to MCD. We selected the loam soil
type along the 30-year period using a fairly simple automated drainage
program: if the water level rises above a maximum threshold (i.e.
—0.6 m below surface level or —0.3 m above the tile drains placed at
—0.9 m) the control pit opens completely for two consecutive days. Then
the drainage level is reset to the targeted water level of —0.6 m. It is
possible to further optimize the automation based on data from soil
water potential sensors and/or crop modeling, but that exceeds the
scope of this article.

Agricultural Water Management 322 (2025) 109973

2.4. Formulation and analysis of the bottom boundary conditions
representing contrasting hydrogeological contexts

In this study, a flux type bottom boundary condition was used (Eq.
2). The bottom flux g, (cm/day) is calculated from difference of the
hydraulic head in the phreatic groundwater @4, (cm) and an average
hydraulic head in an underlying semi-confined aquifer @, (cm) divided
by its aquitard resistance C (day). This Cauchy bottom boundary con-
dition is commonly used in SWAP simulations where drainage systems
are involved (e.g. De Wit et al. 2024b and Fatindez Urbina et al. 2020). It
allows us to represent different realistic scenarios regarding the provi-
sion of water to the soil-plant system from below and the speed with
which water can reach the bottom of the soil system.

d)aquif - djavg

C (2)

Qbor =

Since this boundary condition type highly influences the dynamics of
the water table and the amount of water retained in the soil profile, we
illustrate how the hydraulic head in the confined aquifer (AQAVE
parameter in SWAP) and the aquitard resistance C (RIMLAY parameter
in SWAP) influence the performance of MCD. To address this, we
generated four scenarios in loam soil representing all combinations of
AQAVE values of —0.2 and —1.6 m and RIMLAY values of 1200 and 300
days as depicted schematically in (Fig. 1b) the interaction between the
top and bottom boundary conditions, the tuning of the parameters
AQAVE and RIMLAY were developed over a 30-year period with April
15 as drainage/sowing date.

Fig. 2 shows the impact of these four parameter combinations on soil
moisture profile in the beginning (1 May) and towards the end (1
August) of the maize growing season. On 1 May, all the parameter
combinations result in a water content close to saturation above the
drains installed at —0.9 m, except for the low RIMLAY of 300 days and
low AQAVE of —1.6 m. Low RIMLAY and low AQAVE result in a high
recharge flux through the lower boundary causing the reduction of
water content above the drains, which is not the case for MCD at the
beginning of growing season. High AQUAVE of —0.2m and a low
RIMLAY of 300 days maintains the water content close to saturation at
the imposed water level —0.6 m for both 1 May and 1 August throughout
the entire growing season. High ground water levels are rarely observed
in late summer except within a system with a significant upward flux
from an underlying aquifer or during intense long periods of rainfall.
When comparing low (-1.6 m) and high (-0.2 m) AQAVE using high
RIMLAY (1200 days), the outcomes in water content remain similar at
the beginning of the crop season. However, in most years by late summer
(1 August), a gradual shift towards the residual water content in all soil
textures is observed when low AQAVE (-1.6 m) is applied. This shift
change is commonly observed, especially in the top layers, as MCD
cannot retain enough water until the end of the season. Additionally, in
1 August, a zone of water depletion in the upper —0.3 m for all years is
observed after rain events; this can be explained primarily by root water
uptake.

These outcomes confirm that the hydrogeological conditions at the
bottom of the drained soil-plant system strongly influence the dynamics
of the water table and therefore the performance of MCD. These results
regarding the boundary conditions suggests that the parameter combi-
nation of high RIMLAY of 1200 days and low AQAVE of —1.6 m is the
most suitable option to represent controlled drainage in SWAP, as they
follow common hydrogeology and weather conditions for Flanders. This
parameter set was therefore chosen for the both controlled drainage
analysis MCD and CAD discussed below.

2.5. Meteorological analysis and selection of wet and dry years

A 30-year (1994 — 2023) dataset of historical daily weather from
Uccle, Belgium (Joint Research Centre, 2024) was used as an input for
the SWAP model. Climate predictions were not included. To account for
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Fig. 2. Effect of manual controlled drainage (MCD) on soil moisture content using different values for the hydraulic head in the confined aquifer (AQAVE in m) and
the aquitard resistance (RIMLAY in days) for a 30-year dataset. The water content is shown for 1 May and 1 August for loamy sand, loam and clay soils using different
combination of: (a) RIMLAY= 1200 and AQAVE= -0.2, (b) RIMLAY = 300 and AQAVE= -0.2, (¢c) RIMLAY = 1200 and AQAVE= -1.6, (d) RIMLAY = 300 and
AQAVE= -1.6. Blue and orange lines represent the wet years (1994, 2001, 2006) and dry years (2018,2020,2022), respectively.
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the increased likelihood of climatic extremes in Flanders due to climate
change, we identified those extremes in the historical dataset to illus-
trate the effect of extreme conditions on the performance of MCD and
CAD. The definition of dry and wet years was based on two metrics, the
precipitation deficit index (PDI) and the number of consecutive days
with rainfall (CDR). The PDI is the difference between daily precipita-
tion and the reference evapotranspiration (Bayissa et al., 2018; Vanon-
geval and Gobin, 2023). For CDR, a day is classified as a rainy day as
soon as a threshold of 0.2 mm of rainfall is reached, as implemented by
Gobin and de Vyver (2021). Both meteorological indices (PDI and CDR)
were calculated for the duration of a typical growing season for maize in
Flanders, i.e. from 15 April to 10 September (160 days in total). Per each
year, the cumulative PDI was computed for the entire growing season,
whereas the maximum CDR was selected. As crop growth and perfor-
mance depend not only on the extent of a dry or wet period, but also the
timing of those events in the growing season, we repeated the calcula-
tion of the indices separately for each of the three main stages in the
maize growing season (BBCH 2001): vegetative, reproductive and
maturity stage. In Belgium, the vegetative, formation and maturity
stages for maize last approximately 55, 36 and 65 days, respectively

Vegetative stage

Formation stage
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(personal communication with agronomic experts). We selected the
three driest and three wettest years of the 30-year dataset as they
represent the most extreme weather cases and cover 10 % of the data.
Fig. 3 shows the calculated metrics in the three growth stages and over
the entire season. Negative PDI values (precipitation lower than refer-
ence evapotranspiration) are predominant. The years 2020, 2018 and
2022 have the smallest PDI and were selected as ‘dry’ years. The PDI
distribution across the main BBCH growing stages reveals that years
with positive PDI occur more frequently as the growing stage advances.
In the maturity stage, five years out of ten show a positive precipitation
deficit index, meaning there is more precipitation available than the
evaporative demand. The years 2001, 1994 and 2006 all had more than
20 consecutive rainfall days during the growing season and were thus
selected as wet years. For these years, the highest number of CDR
occurred during the maturity stage. Some years were hard to classify as
wet or dry. For instance, in 2023, the maximum number of consecutive
dry and wet days were 22 and 18, respectively. In that year, dry cir-
cumstances characterized the vegetative stage, followed by wet condi-
tions during the formation stage.

Maturity stage Entire growing season

1993 1993 1993 1093
1994 1994 1004 1992
1995 1995 1995 1995
1996 1996 1096 1998
1997 1997 1097 1999
1998 1908 loo8 1998
1999 1999 1999 1999
2000 2000 2000 2000
2001 2001 2001 2000
2002 2002 2002 2002
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2004 2004 2004 2004
2005 2005 2005 2o0e
2006 2006 2006 2006
2007 2007 2007
2008 2008 2008 2007
2009 2009 2009 2008
2010 2010 2010 2010
2011 2011 2011 2o1e
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Fig. 3. (top) Cumulative precipitation deficit index (PDI) for 30 years in different growing stages (a) to (c) and during the entire growing season (d). (bottom)
Maximum cumulative days with rainfall (blue) and without rainfall (red) for 30 years. Darker orange and blue years represent the three extreme wet and dry years.
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3. Results
3.1. Time series of fluxes and relevant variables during the dry year 2020

Fig. 4 shows the main fluxes in (rainfall) and out (transpiration,
drainage) of the soil-plant system as simulated using SWAP during the
the dry year 2020 together with some relevant variables: oxygen and dry
stress, groundwater level, soil matric potential (PHEAD variable in
SWAP) and rooting depth. It contains the scenarios in which maize was
sown on 15 April in loam soil. Fig. 4 illustrates how the scenarios are
implemented and the impact they have on those fluxes and variables
over time. In 2020, drainage only occurs in winter due to the excessive
rainfall and the high groundwater level above the imposed MCD and RD
levels of —0.6 and —0.9 m, respectively. In winter during intense pre-
cipitation events, the maximum drainage discharge peaks were not
different between MCD and RD. However, the drainage flux decreases
faster under MCD than under RD. Under MCD, the cumulative discharge
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drops by 19 % compared to RD over the entire simulation period. In this
dry year, a bit of oxygen stress occurs in the beginning of the growing
season, followed by a period dominated by dry stress. This is also visible
in the soil pressure head (higher incidence of negative values towards
the end of the growing season). Groundwater levels decrease as a
consequence of both rainfall reduction and the drainage management at
the start of the growing season, but differences between MCD and RD
disappear over time, even in the dry year 2020. Over the simulation
period, the groundwater level increases by 8.5 % using MCD compared
to RD. In 2020, lowering the drainage level for harvest is not effective, as
GWL levels have dropped below the deepest drainage level by that time.
In MCD, no significant increase in transpiration was simulated in 2020
as compared to RD. Additionally there is no meaningful difference
(0.05 %) in soil evaporation between MCD and RD (data not shown).

& 1.0 1 ] -0
g a) i =
c 0.81 1 1 Fl >
-é - ! I Emm Rain -E
>
© 5061 i H f r2 €
g E 1 1 —
= 1 1 =
©S 0.4 1 1 ——— MCD transpiration | 3 o
E_ 14l : : ~== RD transpiration £
2 0.2 1 ‘ | 1 1 —— MCD drainage ra4 g
© A\ﬂ ¥‘ i 1 —-=- RD drainage
e \
= 0.0 ) AL . 5
1.0 T T
_ (b) i i
> 0.8 1 1 1
© 1 1
3 0.6 1 1
£ 1 1
S 1 1
} }
£ 0.4 \ 1 —— MCD oxygen stress
g : —--- RD oxygen stress
n 0.2 H H 1 —— MCD dry stress
1 —=- RD dry stress
0.0 : L A 1 '
January March May July September November
0
g
r—100 z
[]
>
—— MCD GWL 2
--- RDGWL —200 .%
—— MCD levels 5
=== RD levels
-300

Depth [cm]

Depth [cm]

January March May

-103 -10? -10?

=== Roots MCD

July

=== Roots RD

November

September

0 10t

Pressure head [cm] (log scale)

Fig. 4. Simulation results for manual controlled drainage (MCD) and regular drainage (RD) during the 2020 dry year. (a) water fluxes (transpiration, drainage &
rainfall), (b) oxygen and dry stresses, (c) groundwater levels (GWL) and drain levels, pressure head in logarithmic scale and rooting depth for (d) MCD and (e) RD.

The green dashed lines represent the planting and harvesting dates for maize.
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3.2. Influence of soil texture on the performance of controlled drainage

Soil texture significantly influences the distribution and movement
of water along the soil profile and therefore also the effectiveness of
drainage practices. Fig. 5 shows how soil texture affects the difference
between MCD and RD for the most important fluxes of the water bal-
ance. We calculated this for the 30-year time series (1994-2023) for
three soil textures (loamy sand, loam, clay) and focusing on the scenario
in which the water level is lowered in the control pit on 15 April. Fig. 5
displays the average difference between MCD and RD in average flux
cumulated over the growing season. Positive values represent an in-
crease in the respective water flux due to manual controlled drainage,
while negative values represent a decrease. The larger the bar, the bigger
the difference between MCD and RD; in other words, the more effective
manual controlled drainage was in reducing or increasing that specific
flux. It does not say anything about the absolute magnitude of that flux
(Fig. 6).

The additional amount of water percolating (recharge) at the bottom
of the soil profile due to MCD remains nearly constant across all soil
types, with median values between 4.2 and 4.6 cm cumulating over the
entire year. However, the drainage flux is strongly affected by soil
texture. The differences are negative for this flux for all soil textures,
showing that MCD is effective to reduce the amount of water lost by
drainage as compared to RD. The median reduction is bigger in loamy
sand compared to loam or clay, with values of 5.7 cm and 4.6 cm,
respectively. Loamy sand soil is most reactive to drainage management
(higher hydraulic conductivity). Note that in extremely dry years such as
2018 and 2020, the drainage flux is strongly reduced both in RD and
MCD, removing the effect of soil texture (Fig. 8). The median transpi-
ration is higher under MCD than under RD for loamy sand only. On the
finer soil textures, oxygen stress is occurring more frequently resulting
in lower transpiration across the 30 years. One must mention that there
are outliers in which the transpiration also increases for the finer tex-
tures (Fig. 8). For instance, in 2018, transpiration in MCD increases by
0.97 % and 1.15 % for loam and clay soils.

3.3. Drainage management: effect of timing, frequency and duration on
water fluxes and crop transpiration

Installing a control pit is only a first step; optimizing the operation is
equally important. As optimal management varies with all other factors
studied above, simulations are crucial to explore the effect of drainage
timing (and by extension full climate-adaptive drainage) on crop per-
formance and on the water balance. For two management practices

Decrease Increase
—
Recharge —l— o o
@©
Drainage =T
o HB—
Transpiration{ © —— Loamyisand
i — = Loam
Clay
-10.0 -7.5 -5.0 —2.5 0.0 2.5 5.0 7.5 10.0

% q(MCD) - £ q(RD) [cm]

Fig. 5. Difference between the cumulative water fluxes between manual
controlled drainage (MCD) and regular drainage (RD) over the growing season
for different soils (loamy sand, loam and clay) along the 30-year time series
using a sowing date of 15 April. Each box represents the distribution of MCD —
RD differences per year, with the red line indicating the median value for each
water flux.
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(sowing on 15 April and 15 May) in loam soil, we calculated the impact
of MCD on the total transpiration, drainage and recharge fluxes for all 30
years from 1994 to 2023 (Fig. 6). Because most drainage and recharge
occur during the winter in Flanders, these calculations were performed
for 1) the entire simulation period and 2) the maize growing season
alone. When counting only the growing season, the median cumulated
drainage and recharge were both below 5 cm, while over the entire
simulation period, the recharge is greater than 10 cm while drainage is
more than 21 cm.

MCD retains more water in the soil than RD, regardless of sowing
date/timing of the controlled drainage events. As a result, MCD allows
more water to percolate into the underlying aquifer. For the sowing date
15 April, the median recharge increases by 4 cm over the entire simu-
lation period, while sowing date 15 May results in a recharge increase of
6 cm. MCD significantly reduces the amount of drainage by 4 and 5 cm
for sowing dates 15 April and 15 May, respectively. Interestingly, the
tendency toward increased recharge and decreased drainage under MCD
is greater for sowing on 15 May. Even though most of the contribution to
each water flux happens during winter, rainfall events late in the sum-
mer and/or beginning of fall can contribute to these water fluxes in spite
of the intense evapotranspiration during the growing season. Note that
RD also results in changes to drainage and recharge fluxes with the
sowing date. In the RD scenario, the drainage base remains constant, but
the timing and magnitude of transpiration still varies with the sowing
date due to a different growing period.

In manual controlled drainage, the 30-year median data show a
slight decrease in crop transpiration compared to regular drainage. This
outcome is consistent across both controlled management practices; it is
most likely due to the additional oxygen stress as MCD increases the
amount of water in the root zone.

Fig. 7 highlights how varying weather conditions influence the effect
of manual controlled drainage. It illustrates the effect of MCD on dry and
oxygen stress in the three most extremely wet and dry years in loam soil
(2.5). MCD reduces dry stress compared to RD irrespective of the timing
of lowering the water level to prepare for sowing. This positive effect is
more pronounced during wet years and early sowing (15 April) as more
water can be stored in the root zone. During these wet years, MCD re-
duces dry stress by only 1.76 cm. Interestingly, in the selected dry years,
maize sown in April reported significantly more dry stress compared to
maize sown in May, with values of 18.15 cm and 8.06 cm, respectively.

Even if dry stress can be partially mitigated by MCD, the increases in
oxygen stress might be problematic. Regardless of the timing of water
level management, oxygen stress increases with MCD. Overall, these
results suggest that extreme weather conditions during the growing
season strongly influence the dynamics of the root water uptake.

The goal of controlled drainage is not only to reduce crop stress and
improve transpiration but also to reduce the quick evacuation of water
from the landscape. Fig. 8 shows that controlled drainage indeed always
diminishes the amount of water drained from the system and increases
the groundwater recharge towards the lower aquifer. However, its effect
on crop transpiration depends strongly on the soil texture, weather
conditions and whether the drainage management was appropriately
implemented to mitigate both drought conditions as well as oxygen
stress. Our in silico approach makes it possible to evaluate the complex
interaction between soil texture, drainage management, weather con-
ditions and crop growth. We performed a paired t-test between MCD and
RD during the 30-year period and for all discussed scenarios for each of
the studied fluxes of the water balance to assess whether they were
statistically different under MCD than under RD. (Table S2 provides the
statistical results of the paired t-test). The results indicated that there
was a statistically significant difference (p-value < 0.05) between the
median of both MCD and RD in all combinations except for transpiration
in loamy sand soil under MCD with a sowing date/timing of 15 May.

The results of the combination of all factors discussed above (soil
texture, weather, sowing/timing management) are summarized in
Fig. 8. This figure presents the annual increase in water flux (in %) for
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MCD compared to RD. A positive value indicates a rise in the water flux
due to MCD compared to RD. MCD increases recharge to the underlying
aquifer in all years of the 30-year dataset. This median increase is
approximately 28 % for coarser and 45 % for finer soils, averaged across
both April and May sowing/drainage management. Under MCD,
drainage was reduced (around 18 %) for loam and clay soils indepen-
dent of drainage timing. This reduction was higher for loamy sand
(22-26 %). Earlier drainage (April) slightly increases the median tran-
spiration (by 0.5 %) in loamy sand soil across the 30-year timeframe.
However, the year by year analysis shows that the soil texture strongly
determines in how many years an improved transpiration is occurring:
19 years for loamy sand, 9 years for loam, and 12 years for clay soil in
the case of sowing on 15 April and associated drainage immediately
before sowing.

Given the impact of drainage timing on crop transpiration and other
water fluxes, climate adaptive drainage (CAD) using an automated
control pit and groundwater level and/or soil moisture sensors may
present a solution to optimize oxygen and dry stresses during the season,
while still retaining more water in the landscape than in regular
drainage. To investigate this, we implemented a simple form of CAD

along the 30-year time series in which the drainage level is lowered as
soon as a desired threshold of groundwater level is reached, i.e. —0.6 m
below ground surface. The CAD system lowered it to the pipe level
(-0.9 m) for two days before returning it to the target level (-0.6 m). This
is a simple form of CAD, as the drainage level itself can also be adjusted
dynamically to obtain optimal soil moisture conditions in the root zone
adapted to the crop growth. Because that solution requires more sensors
and model predictions and the goal was to investigate the value of CAD,
we opted for the simple CAD solution. The simulations were performed
using loam soil type and with the maize sowing date of 15 April. Fig. 9
represents the comparison of groundwater levels and water stresses
(oxygen and dry) between dynamic controlled drainage and regular
drainage during the wet years of 2001 and 2006. 2001 was a wet season
along the maturity stage, while 2006 during the vegetative stage (2.5).
The CAD was activated three times in 2001 and four times in 2006, of
which the first and last were before sowing and harvest, identical to
MCD. This shows that CAD is activated more often when there are
precipitation days at the beginning of the growing season as the
groundwater table is closer to the surface. However, these high
groundwater levels lead to oxygen stress as seen in 2006. In contrast, in
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extremely dry years such as 2020, the water level never reached the
threshold of —0.6 m. As a result, CAD was not activated on any day
during the growing season in that year. This indicates that in intense
drought growing seasons CAD did not add value compared to MCD (data
not shown). Model results along the 30-year period (Fig. 10) showed
that the recharge was reduced by 0.4 cm compared to MCD. The year
2007 presented the highest recharge reduction with a value of 2.03 cm.
Drainage pipe increased 0.7 cm compared to MCD along the 30-years,
being the 2007 with the highest increment. Even though crop transpi-
ration was not higher for CAD compared to MCD considering all years,
CAD increases transpiration, particularly in wet years. For instance, in
2006, there was an increase of 0.22 cm using CAD since the dry stress is
mitigated at the end of the growing season.

4. Discussion
4.1. Modelling manual controlled drainage: reliability and constraints

The effects of controlled drainage on the water balance fluxes have
not received as much research attention as their impact on the quantity
and quality of drainage water (Singh et al., 2022; Wang et al., 2020). The
limited exploration of this aspect might be attributed to the high cost of
experimentation and the limitations of many field-scale computational
models in accurately simulating soil-plant processes coupled with
drainage (De Wit et al., 2022; Ritzema and Stuyt, 2015; Van de Craats
et al., 2021). Salo et al. (2021) have shown that the 2D numerical
soil-plant system coupled to a 3D subsurface model (the FLUSH model)
is reasonably reliable to represent the fluxes within a drained soil-plant
system using a data set from Finland, although that is a quite compu-
tationally expensive approach with a high number of parameters to
define. De Wit et al. (2024b) have calibrated the quasi-2D numerical
model SWAP to represent controlled drainage and subirrigation in 4
experimental sites in the Netherlands with satisfying results. While the
existing models require further validation in a larger variety of pedo-
climatic and hydrogeological contexts to accurately quantify the actual
flow magnitudes within the system, they have already proven to be
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reasonably reliable to test the effect of different water management
scenarios. The results of the current scenario analysis for the context of
Flanders, Belgium can therefore serve as a basis for further controlled
drainage research, targeting the validation of the highlighted tendencies
and knowledge gaps from the scenario analysis.

4.2. Environmental benefits of MCD in the water balance components

The in silico experiments consistently demonstrate that manual
controlled drainage systems have a notable impact on hydrological and
environmental goals primarily by reducing drainage outflows and
increasing groundwater recharge. Our simulations covering the period
from 1994 to 2023 demonstrate that pipe drainage is reduced by
approximately 22 %. This coincides with 160 studies around the globe in
which average pipe drainage was reduced by 28 % compared to regular
drainage (Wang et al., 2020). Using DRAINMOD, Youssef et al. (2021)
demonstrated that the majority of these reductions might be attributed
to the increase of lateral flow from the saturated zone in a shallower
sandy soil layer. This SWAP simulation does not consider lateral flow
from either the saturated or the unsaturated zone. The model is a
quasi-2D: the water balance is represented by the vertical fluxes, just
including the drainage flux in a quasi-2D approach. On sloping terrain,
interflow can indeed be an important process resulting in a redistribu-
tion of water. Nevertheless, in fields under controlled drainage, the slope
is commonly minimal (less than 1 %) (Yu et al., 2020), as a result,
interflow is generally considered negligible. In some agricultural fields,
the amount of water retained in the soil due to controlled drainage is
highly affected by the ditches or streams nearby the field. To represent
these interactions, it is recommended to add an extra drainage module
into the SWAP model to include these surface water streams, as showed
by De Wit et al. (2024b). Alternatively, the usage of a 2D or 3D model
can represent these dynamics. However, it is important to considered
that increasing the dimension of a model requires a higher number of
parameters which are not always available. It is difficult to predict the
exact amount of groundwater recharge due to the complex interaction
between weather, crop, soil and hydrogeological context. Salla et al.
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Fig. 8. Increase of the water fluxes under manual controlled drainage (MCD) compared to regular drainage (RD) in [%] for loamy sand soil (a,b,c), loam (d,e,f) and
clay (g,h,i) soils. The plotted vertical lines represent the median percentage increase across all simulated years under the controlled pit management of 15 April
(green line) and 15 May (red line). A positive value indicates an increase in water flux due to MCD.
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date of 15 and loam soil. The results are shown for 30 years.

(2022) and Salo et al. (2021) demonstrate that MCD considerably in-
creases deep groundwater recharge using unsaturated flow models,
whereas Sun et al. (2016) concludes when employing a bucket water
balance model that this increase is minimal compared to the effective
rainfall. Our simulations suggest that MCD increases a median recharge
between 28 % and 45 % compared to RD in the Flemish pedoclimatic
context.

4.3. Agronomic impacts and crop response

Although it is widely hypothesized that manual controlled drainage
improves crop development, the scenario analysis shows that this is far
from universal. From our simulations, we observed a moderate median
increase in crop transpiration only in loamy sand soils over 30 years and
a decrease in other soil types. While crop transpiration is related to crop
biomass, it does not directly relate to yield because yield formation
depends on complex source-sink relations (e.g. partitioning, respiration)
and therefore more difficult to interpret. It should be noted that the
agronomical outcome depends highly on the combination of weather
conditions, soil characteristics and controlled drainage management.
MCD mitigates dry stress, but in wet years oxygen stress increases if the
water level is only managed before sowing and harvest (common prac-
tice for many farmers working with this technique). This is also
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confirmed by De Wit et al. (2024a), who demonstrates that MCD reduces
dry stress in grass by 22 cm in a dry year and increases oxygen stress by
0.05 cm during a wet year compared to RD using the SWAP model. In
this study, we used transpiration as a proxy for crop yield (they are
directly related in SWAP and can thus be compared with the other fluxes
of the water balance). In the literature, crop yield is most often used to
assess the effectiveness of MCD. For instance, Ekwunife and Madra-
mootoo (2023) and Tolomino and Borin (2019) demonstrated a positive
impact of MCD on maize yield during dry years, but negative impacts
during wet years. In addition, five out of eight studies compiled by
Youssef et al. (2023) indicate that MCD does not have a considerable
effect on maize yield.

4.4. Effect of the soil texture

The effects of manual controlled drainage in achieving both envi-
ronmental and agronomical goals are significantly influenced by
different combinations of soil texture, drainage management practices,
crop characteristics and weather conditions (Singh et al., 2022; Youssef
et al., 2023). Among these factors, the frequency, magnitude and timing
of dry and wet events (weather conditions) are particularly important.
Soil texture highly influences the effect of MCD on the amount of water
distributed in each of the fluxes, especially for drainage and
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transpiration. In our study on loamy sand, loamy and clay soils, we have
shown that MCD effectively reduces water loss, as it significantly de-
creases the drainage pipe flux compared to RD. This allows water to be
stored in the root zone throughout the entire maize growing season
where it can be used later, thus mitigating dry stress. In coarse soils
under wet conditions, the surplus water is drained faster, thus pre-
venting oxygen stress. Finely textured soils are more vulnerable to
excess rainfall, as the water residence time increases compared to coarse
soils (Wang et al., 2009). In finely textured soils, MCD leads to a
decrease in maize crop transpiration due to an increase in oxygen stress.
It must be noted that there are very few studies, especially in field
conditions, quantifying the oxygen stress in plants and even less on how
various agricultural crops cope with this and might adapt their rooting
system or physiological processes. For instance, Bartholomeus (2010)
has shown that the calculation of critical gas-filled porosities of the soil
is essential to determinate oxygen stress caused by increase of soil
moisture. It seems now that the effect of oxygen stress might sometimes
be overestimated and further validation of the underlying processes in
field experiments is necessary.

The drainage design was outside the scope of the present study, but
the depth and spacing of the drains can be adjusted according to soil
texture to optimize water availability. Yu et al. (2020) and Fouss et al.
(1999) emphasize that the limitations of MCD for medium and fine soil
textures are not due to physical issues but rather economic consider-
ations. For instance, to reduce oxygen stress in MCD, design properties
such as reduced pipe spacing and increased pipe diameter could lead to
higher installation costs. However, regulatory guidelines often enforce
farmers to place MCD systems on the existing regular drainage pipes,
impeding the ability to change the pipe spacing and diameter. In silico
simulations may reveal differences in effectiveness of MCD pipe spacing
and diameter for different soil textures.

4.5. Impact of controlled level management

Decisions on timing of the drainage measurements prove to be
crucial as well. Our simulations demonstrated that if the controlled
water management begins early in the maize growing season (15 April),
MCD is more favorable for crop development than on 15 May, since
more time is left to build up the water table again with spring rain before
the drier periods start and crop transpiration increases. Even though this
is a simplified representation of how controlled drainage management
can vary with soil properties stability and crop calendars, it shows that
the timing of the operation of the control pit will also affect the effi-
ciency of MCD. Kgsicka et al. (2023) showed that initiating the
controlled drainage management earlier in spring significantly increases
the number of days where the groundwater level rises above the
drainage pipes. We also see in our results that this approach helps to
reduce dry stress in more advanced crop development stages. Even
more, we see that if we increase drainage events to alleviate oxygen
stress in our CAD scenarios, the drought stress typically increases later in
the season compared to MCD, since less water is retained in the system
for later. Tolomio and Borin (2019) conclude that years characterized by
wet springs followed by summer droughts create more favorable con-
ditions for MCD. However, the raised groundwater table might increase
oxygen stress during the earlier crop growth phases. Zipper et al. (2015)
observed that the increase in groundwater level due to MCD during the
vegetative stage in maize causes leaf area index (LAI) reduction due to
oxygen stress but in more advanced growing stages, the LAI peak lasted
longer due to more soil moisture in the root zone. Additional insights are
needed to understand how crop growth and physiological changes are
affected when soil moisture status is close to saturation. Models may
currently underestimate the capacity of the plant to adapt to dynamic
groundwater levels, both by dynamically adapting their rooting pattern
and by utilizing compensation mechanisms with their root system at a
specific moment in time.

To optimize agronomical outcomes, the management of manual
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controlled drainage levels should be adjusted depending on the specific
cultivar, groundwater level, soil texture and weather site conditions. The
impact of groundwater level on maize transpiration is determined by the
rooting depth and the canopy development (Ayars et al., 2006; Kang
et al., 2001). For crops with deeper roots, the groundwater level should
be deeper. However, since manual controlled drainage is intended for
shallower groundwater levels that can be managed above the pipe
drainage depth, having a deeper groundwater level is not practical. In
terms of soil texture, Kang et al. (2001) demonstrate that the optimal
groundwater level for maize is —1.2 m in loam soil while Zipper et al.
(2015) report optimal groundwater levels of —0.6 for sandy loam, —0.8
for loam and —0.9 for silt loam soils. Farmers in Flanders typically adjust
the level before going on the field, for trafficability, as shown in this
scenario analysis. The extreme conditions whether too wet or too dry
require the farmer to regularly adjust the water level (Giller et al., 2025).
This weather variability indicates the need for a decision support system
that can help farmers to make these water management decisions in a
more informed way. This system could take into account local condi-
tions, crop type, and real-time weather conditions. Doing this, the
adjustment of the control level could significantly improve crop devel-
opment. In our in silico approach, we consistently applied a MCD level of
—0.6 m across all years and soil texture scenarios. This uniformity
enabled us to compare how standard controlled pit management affects
various water fluxes using a common MCD installation in Flanders with
a drain placed at —0.9 m depth below surface. Therefore, our current
results should not be interpreted as a universal guideline but rather as an
example to explore the magnitude of the effect of several influencing
factors on controlled drainage performance and for conditions in Flan-
ders (Belgium). Using the Python codes, one could now easily adapt the
current methodology to another combination of soil-crop-drainage
design and management.

4.6. Climate adaptive drainage

Precipitation (occurrence and duration) plays an important role in
the effectiveness of climate-adaptive drainage (CAD). CAD is often rec-
ommended to optimize drainage efficiency for both agronomic and
environmental objectives (Youssef et al., 2023). We therefore tested a
simple form of CAD in loam soil type in this study. In our 30-year period
simulation, CAD was set to prevent groundwater levels above —0.6 m,
which could be problematic for maize crop development as high
groundwater levels leads to oxygen stress. In our 30-year data set, the
median results showed that CAD did not show benefits on crop tran-
spiration compared to MCD. However, in specific years characterized by
high amount of rainfall in the early season (e.g. 2007, 2012, 2014; see
rainfall analysis in Methods), CAD improved crop transpiration between
7 % and 15 %. In these years, the reduction of the groundwater drainage
level to —0.9 m lowered the water content in the root zone, avoiding
oxygen stress. Opposite in drier years, the water removal due to CAD
reduces the water availability to cope with drought stress in more
advanced crop stages. This can be problematic since the flowering in
maize is the most vulnerable stage to water scarcity (Farré and Faci,
2009). In addition, because the control level using in CAD is reduced
throughout the growing season, fast water fluxes such as drainage in-
creases by 0.7 cm, while slower water fluxes such as groundwater
recharge decreases by 0.4 cm. This demonstrates that in consecutive
days with rainfall, CAD easily removes water from the landscape, as
water is evacuated faster through the pipes and does not reach the un-
derlying aquifer. CAD is a recent development in agricultural drainage
management, thus only a few studies are available for comparison to our
results. For instance, De Wit et al. (2024a) concluded that the usage of
CAD decreases pipe drainage by 32.2 cm, groundwater recharge by
21.0 cm and transpiration by 0.3 cm compared to MCD with subirriga-
tion during a wet year. The application of subirrigation for both MCD
and CAD in their study explains the clear difference in the results be-
tween their study and the present one. Our findings are similar to those
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of Miller et al. (2022) who demonstrate that CAD reduces annual
drainage volumes compared to RD. They also conclude that for indi-
vidual intense rainfall events (cumulative rainfall higher than 10 mm),
no significant difference in the maximum drainage discharge is observed
between CAD and RD. They conclude that the extreme precipitation
events combined with antecedent wet conditions create a similar
discharge pattern for both CAD and RD. Future improvements could
adapt the management of CAD decision based on soil moisture condi-
tions and rainfall patters to maintain optimal conditions for crop
growth, as demonstrated by Bartholomeus et al. (2015). The combined
results of these studies demonstrate the need for additional research on
CAD, because it is recognized as a drainage alternative that helps
farmers adapt to the current change in weather conditions.

4.7. Bottom boundary condition sensitivity

To further understand the applicability of crop-soil water models as a
representation of controlled and regular drainage, it is important to
understand their characteristics and setup. Before testing our in silico
approach, different combinations of aquitard resistance (RIMLAY) and
the underlined hydraulic head (AQUAVE) were tested. Even though
every site will have its own specific parameter combination to accu-
rately represent the local field conditions, the chosen combinations in
our scenario analysis enabled us to grasp the influence of these param-
eters on the soil water distribution and the direction of water fluxes (in
and out of the system) in a context in which controlled drainage could be
considered as a useful water management technique. Groundwater
levels in Flanders tend to start high at the beginning of the growing
season and tend to drop below the drainage level by late summer. The
results indicate that a high RIMLAY value produces the impermeable
layer effect beneath the pipes, which is important to reduce downward
seepage and to maintain the desired groundwater level (Yu et al., 2020).
De Wit et al. (2024b) demonstrated that calibrated values of RIMLAY
oscillated from 350 to 2000 days whereas AQAVE oscillated from 1.4 to
2.0 m for agricultural plots located in the Netherlands. Our selected
values of RIMLAY and AQAVE fall within those ranges, indicating that
our in silico approach is close to in situ experiments in which MCD could
be successful. These findings must be interpreted with caution, as the
combination of weather, soil properties and controlled level pit man-
agement vary for different regions and situations. The present bottom
boundary condition analysis provides an overview on how the param-
eter definition at the boundary plays an important role on the model
results for controlled drainage.

5. Conclusion

The present in silico study suggests that manual controlled drainage
(MCD) reduces pipe drainage and increases groundwater recharge to the
underlying aquifers compared to regular drainage (RD). This provides a
significant societal benefit by promoting sustainable groundwater
management and reducing loss from agricultural landscapes. The
agronomical benefit as measured by maize transpiration as a proxy for
crop yield is minimal and occurs mainly when maize is cultivated in
loamy sand soil and when the controlled pit management starts earlier in
the season (15 April). This benefit is influenced by the following factors:
(I) the site-conditions (soil characteristics, groundwater level) of each
field, (I) controlled pit management (timing and level) and (III) weather
conditions (wet and dry). The different combination of these conditions
plays an important role in the distribution and amount of the water flux
in the soil. For instance, in wet years, more water can be retained in the
landscape using MCD by maintaining a high level in the controlled pit,
especially in fine texture soils. This may result in more oxygen stress and
a concomitant reduction in crop transpiration. Climate-adaptive
drainage (CAD) simulation in loam soil showed that the societal bene-
fits are reduced compared to MCD (i.e., CAD increases the amount of
pipe drainage and reduces the groundwater recharge). On average
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during the 30-year simulation, CAD did not lead to significant im-
provements on crop transpiration compared to MCD in loam soil. The
results of this study offer valuable insights for farmers and water man-
agers, contributing to informed policymaking on farm decision-making
and supporting sustainable smart drainage techniques in agricultural
systems. For future studies, it is recommended to include a more detailed
representation of the dynamic rooting system under the different soil
moisture dynamics caused by MCD and CAD. Since typically rotations
will take place on the parcel on which the drainage control is installed,
the inclusion of cover crops in the analysis would give a more realistic
view on the overall impact of the technique on the farmer practice.
While the hydrological management of controlled drainage is complex,
this study demonstrated the inherent interdisciplinary nature of the
topic. Future research combining hydrology, agronomy and farm eco-
nomics will be needed to meet the challenges associated with drainage
management in a changing environment.
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