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ARTICLE INFO ABSTRACT

Handling Editor: Dr. B.E. Clothier Sufficient freshwater is needed for water dependent sectors such as agriculture, nature, drinking water, and
industry. However, even in low-lying, flood prone countries like the Netherlands, climate change, weather ex-
tremes, economic growth, urbanization, land subsidence and increased food production will make it more
complex to guarantee sufficient freshwater for all sectors. Furthermore, the frequency and amplitude of
extremely dry and wet weather conditions is expected to increase. The current Dutch water management system
is not designed to anticipate these extremes. Over the last decades, drained Dutch agricultural fields, land
consolidation and urbanization resulted in declining groundwater tables. Additionally, the fresh water demand of
different sectors (agriculture, industry, drinking water) increased, causing an increased pressure on the regional
groundwater system. As a consequence, the annual groundwater table in sandy soil areas dropped over time with
the effect that, nowadays, fresh water is becoming scarce in dry periods. In this paper we provide insight in the
shifting water management strategy in the Netherlands (1950-2020), with the corresponding drainage systems,
developing from conventional drainage (approx. 1950-1990), to controlled drainage (1990’s onwards), climate
adaptive drainage (2010 onwards) and subirrigation systems (2018 onwards). Furthermore, we provide insight
in the effect of subirrigation on groundwater levels and crop yields, based on both international literature and
measurements of Dutch field pilots. Although subirrigation can contribute to improved soil moisture conditions
for crop growth on field scale, we show that the water volume needed for subirrigation can be large and could put
a significant pressure on the available regional water sources. Therefore, efficient and responsible use of the
available external water sources for subirrigation (e.g. surface water, treated waste water, or groundwater) is
required. Finally, the implementation of controlled drainage with subirrigation asks for correct implementation
in the regional balance: it requires an integral, catchment-wide approach.
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1. Introduction Due to climate change, the range of weather extremes from

extremely dry to extremely wet is expected to increase and to occur

The Netherlands is a low-lying, flood prone country, located in a
delta in Western Europe (50° - 54° N and 3° - 7° E) (Fig. 1-I). Sufficient
freshwater is needed for the water dependent sectors as agriculture,
nature, drinking water, and industry. These sectors account for 193
billion euros, £16% of the Dutch economy (Ministerie van and Minis-
terie van, 2016). However, climate change, weather extremes, economic
growth, urbanization, land subsidence and increased food production,
among other things, will make it more complex to guarantee sufficient
freshwater for all sectors.

more frequently (Klein Tank et al., 2014; Philip et al., 2020; van Old-
enborgh et al., 2009). The Dutch sandy Pleistocene uplands (Fig. 1-I) are
particularly drought sensitive as these are rain fed and water supply
from rivers is limited (Deltaprogramma, 2014). However, June 2016
was extremely wet in parts of the Pleistocene uplands, with flooding as a
result. The years 2018, 2019 and 2020 were extremely dry in these re-
gions (van den Eertwegh et al., 2021) (Fig. 1-II). However, the water
management system is not designed to anticipate both weather ex-
tremes. The challenge is therefore to design a resilient soil-water system
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to be able to anticipate both (extremely) wet and dry periods.

In the Netherlands, most agricultural fields have been drained to
quickly get rid of excess water (Ritzema and Stuyt, 2015). Lower
groundwater tables and an increase in crop production were the results.
Over the past decades, however, excessive drainage contributed to
desiccation. Additionally, groundwater is used for drinking water pro-
duction and industrial applications, resulting in declining groundwater
tables. These activities affect nature areas by drought stress, less upward
seepage water, and brooks and fens that become dry (Hoogland et al.,
2010). The combination of the increasing food production, a reduction
of the available amount of fresh water, and an increase in the fresh water
demand, will lead to more fresh water scarcity and necessity for more
efficient use of fresh water resources (Witte et al., 2019). These future
challenges ask for a good understanding of historic developments and
future needs in the use of drainage systems within the regional water
management.

Subsurface drainage is essential to make the areas suitable for agri-
culture, because of the otherwise too shallow groundwater table. From
+ 1000 A.D. onwards several drainage systems have been applied in the
Netherlands (Haartsen et al., 2010; Hoeksema, 2007; Hooghoudt, 1952;
Ritzema and Stuyt, 2015; Ritzema and van Loon-Steensma, 2018; Van
Baars, 2005). After the Second World War, the Dutch population grew
and more food production was needed. Agricultural fields were inten-
sively drained to lower the groundwater table (Fig. 2). Furthermore,
land consolidation (Van den Noort, 1987; Vitikainen, 2004) and ur-
banization impacted the water levels (Witte et al., 2019) (Fig. 2).
Nowadays, drainage systems still quickly discharge fresh water out of
regions. Additionally, the water demand for irrigation (agriculture),
drinking water production and industry increased, resulting in increased
groundwater abstractions. As a consequence of this intensified drainage,
urbanization and increased groundwater abstractions, the yearly
average groundwater table in the sandy Pleistocene uplands (Fig. 1-I)
dropped by + 33 cm over the last century (Knotters and Jansen, 2005).
This desiccation (Fig. 2) negatively affects biodiversity (Hoogland et al.,
2010; Witte et al., 2019).

Besides measures to anticipate flooding and waterlogging, measures
for water retention are needed to be able to anticipate weather extremes,
to lower the anthropogenic pressure on the groundwater system, and to
guarantee the water availability for different sectors in dry periods.
Drainage systems can contribute to this. Besides discharging water, they
have the potential to retain and recharge water in the soil-water system
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as well. In the latter case, drainage systems are used for subirrigation.
These systems are typically relevant for areas with relatively shallow
(1-3 m-ss) phreatic groundwater levels, like the Dutch sandy Pleisto-
cene uplands, because of the highest urgency regarding declining
groundwater levels and increased irrigation water demand.

The objective of this article is to provide insight into the develop-
ment of drainage systems including the corresponding drainage strate-
gies and the consequences for the groundwater and surface water system
(Fig. 2). This article includes the functionality of different drainage
systems in agriculture, and the effect of drainage/subirrigation systems
on the groundwater table and water balance components, based on both
international literature and field experiments in the Dutch sandy Pleis-
tocene uplands. We describe drainage/subirrigation systems applied in
the Netherlands over the last decades, including their effect on the field
water balance. Additionally we discuss the challenges for future
implementation of drainage/subirrigation systems in the (regional)
water system, balancing between discharge, retention and recharge.

2. Drainage systems
2.1. Strategy drainage systems in the Netherlands

From the Second World War onwards the Dutch strategy was to in-
crease drainage capacity and quickly discharge water surplus (Fig. 2).
Later on, drainage systems were adapted to also be able to conserve
water during periods when drainage was not needed. The water man-
agement approach shifted in 2008 to a three-step approach with
decreasing priority: (1) retain excess of water in the field, (2) store water
in the (regional) drainage system, and finally (3) discharge water to the
river (Deltacommissie, 2008; Ritzema and Stuyt, 2015). This approach
anticipates hydrological events: a decrease in peak discharges during
heavy rainfall to prevent flooding and an increase in water storage for
use in dry periods (Ritzema and van Loon-Steensma, 2018). Such
adaptive water management is necessary to create enough storage ca-
pacity before heavy rainfall occurs. The different water strategies
resulted in an evolution of drainage systems over the last decades
(Table 1), as further described in the next paragraph.
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Fig. 1. I: The Netherlands with the (drought sensitive) sandy Pleistocene uplands (yellow) ( & 0 — 100 m+MSL). II: The climate in the Netherlands is typically
oceanic, meaning: fresh summers and cool winters. Precipitation is 850 mm per year on average, the reference evapotranspiration (according to Makkink, 1957) is
+ 559 mm per year on average (Klein Tank et al., 2014).The cumulative rainfall deficit (precipitation minus reference evapotranspiration in the growing season)
ranges between 100 mm for average years (black line, based on years 1981-2010, Weather Station De Bilt) and more than 300 mm for dry years such as 2018 (van

den Eertwegh et al., 2021) (red line).
Figure II is adapted from Philip et al. (2020).
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Fig. 2. Timeline with developments which impacted the landscape design and the groundwater levels in the Netherlands. Desiccation started already around 1950;
the main water management strategy was to discharge water. From 1990 onwards the agricultural management anticipated on preventing drought stress through i)
discharge water to avoid flooding or waterlogging, and ii) retain water when possible. From 2018 onwards the agricultural management changed more to i) discharge
water to avoid flooding or waterlogging, ii) retain water in the soil during rainfall, and iii) recharge water to prevent agricultural and hydrological drought. The

scheme applies to groundwater-dependent systems (i.e. <3 m-ss).

Table 1

Subsurface drainage systems in the Netherlands (1950-2020) related to the
corresponding water management strategy, method to control the drainage
level, authority to control the system and scale to which the strategy applies.

Drainage system Drainage Drainage System Water
strategy level controlled system
controlled by scale
via
No drainage - - - -
Conventional Discharge - -
drainage water
Controlled Discharge Ditch Water Board Regional
drainage water and/or water
Retain farmer system
water
Composite Discharge Control pit Farmer Field
controlled water water
drainage Retain system
water
Composite Discharge Control pit Farmer Field
controlled water water
drainage with Retain system
subirrigation water
Recharge
water

2.2. Subsurface drainage systems in the Netherlands

2.2.1. No drainage

The term drainage is internationally used to describe that the
groundwater table is lowered through measures as ditches and drainage
pipes (Stuyt, 2013). Here, we focus on fields with subsurface pipe
drainage (Stuyt, 2013). The period with no drainage is mainly the period
before the Second World War. Agricultural fields were surrounded by
ditches, but pipe drainage was not common, resulting in bulging
groundwater tables between the ditches (Fig. 3-I). Yield losses occurred
in wet years due to waterlogging.

2.2.2. Conventional drainage

Conventional drainage consists of single drainage pipes discharging
on a ditch (Fig. 3-II). The drainage pipes are installed higher than the
maintained ditch level; drainage stops if the groundwater level is below
the height of the drainage system (Stuyt, 2013). Conventional drainage
was installed on a large scale after the Second World War (Stuyt, 2013).
The primary purpose of conventional drainage is to reduce high
groundwater tables in winter and early spring for tillage purposes and to

prevent water logging during the growing season (Ritzema et al., 2008,
2006). Lowering the groundwater table results in a flatter groundwater
table. However, conventional drainage may also introduce drought
stress in the summer period, as less water is available (Tan et al., 2002).
Nowadays, about 34% of the Dutch agricultural land contains pipe
drainage (Massop and Schuiling, 2016).

2.2.3. Controlled drainage

Controlled drainage (or: level-controlled drainage, (Stuyt, 2013))
consists of single drainage pipes connected to the ditch, comparable
with conventional drainage, but with drainage pipes below the main-
tained ditch level (Fig. 3-III). Doing so, conventional drainage is modi-
fied to control the drainage outflow through controlling the water level
in a ditch by a weir. The purpose of controlled drainage is to (i) prevent
unnecessary drainage and conserve water in the regional water system
during rainfall, and (ii) reduce peak outflows during discharge. The
ditch level is often controlled for a region by water management au-
thorities. This means that effects of controlled drainage can be different
for upstream and downstream parcels.

2.2.4. Composite controlled drainage

Composite controlled drainage contains a drainage system where the
single drains are connected by one collector pipe at the end of the field
(Fig. 3-IV-1). The collector pipe is connected with the control pit and the
control pit is connected with the adjacent ditch. The difference between
controlled drainage and composite controlled drainage is that the
drainage level by composite controlled drainage is regulated by the
control pit via the farmer for one agricultural field, instead of by a water
management authority for a larger region. The control pit contains a
fixed weir structure. The water level in the control pit is equal to the
water pressure in the drainage pipes. The system allows to retain water
within agricultural parcels and to maintain specific groundwater levels,
controlled by the farmer:

1. Discharge water to lower the groundwater level during wet periods.
Drainage outflows can be reduced and controlled. Drainage occurs if
the weir crest in the control pit < the water level in the control pit.

2. Retain and store water in the soil-water system to prevent fast
decline of the groundwater level during dry periods and raise the
groundwater level during periods of rainfall. Water retention occurs
if the weir crest in the control pit > the water level in the control pit.

The dual-purpose of this system fluctuates several times during a
crop season, with a focus on water management at field scale. The timing



J.A. (Janine) de Wit et al.

No drainage m

Composite controlled drainage V-1

6// 7 7 4

Agricultural Water Management 269 (2022) 107677

Conventional (I1)/ Controlled (Ill) drainage

y //(‘
Ve,

£

/[

‘_‘_.

Composite controlled drainage with  ——
su birrigation Effluent/ surface water/ groundwater

Fig. 3. Agricultural field without pipe drainage (I), with conventional drainage (II), with controlled drainage (III), with composite controlled drainage with a fixed
weir (IV-1) or an online controlled weir structure (IV-2) and composite controlled drainage with subirrigation controlled by a fixed weir or online controlled weir

structure (V).

of these functions depends on the geographical characteristics of the
area as local rainfall patterns, regional surface water management
(winter and summer water levels maintained by water authorities),
water supply area or free drainage area, soil type, and regional
groundwater flow. Composite controlled drainage works effectively in
areas that are nearly flat (surface slope < 1%) (Ayars et al., 2006; Car-
stensen et al., 2020; Massey et al., 1983). In-field differences in the
groundwater table are automatically levelled.

2.2.5. Climate adaptive drainage

Climate adaptive drainage (CAD) is a technological advanced
example of composite controlled drainage, where the weir structure in
the control pit can be automatically online controlled (van den Eertwegh
et al., 2013) (Fig. 3-IV-2). An important difference between a ‘basic’
composite controlled drainage and CAD is the process of managing the
drainage level in the control pit. For CAD the drainage level can be
controlled remotely through the internet and any drainage level (be-
tween a physical maximum and minimum) can be set. For ‘basic’ com-
posite controlled drainage the drainage level can only be controlled
manually and only few drainage levels can normally be set. By
combining the CAD-system with a CAD-management algorithm, the
required drainage level can be set automatically based on weather
forecasts and the current hydrological status of the field, thus actively
controlling the soil moisture conditions in the root zone (Bartholomeus
et al., 2015).

The CAD-management algorithm (Bartholomeus et al., 2015) com-
bines field measurements (precipitation, groundwater table, soil mois-
ture content, crest level, and ditch level), the actual weather forecast,
and the numerical hydrological SWAP model for the unsaturated zone
(Kroes et al., 2017) combined with the optimization algorithm PEST
(Doherty, 2010) to estimate the optimal crest level. The algorithm takes
into account preventing oxygen stress (according to Bartholomeus et al.,
2008), and preventing unnecessary discharge.

2.2.6. Composite controlled drainage with subirrigation

The current (composite) controlled drainage systems can be modi-
fied to systems for controlled drainage with subirrigation (Fig. 3-V), by
supplying (external) water into the control pit. This water could flow
into the control pit directly or through active pumping. The water

pressure in the drainage systems raises as consequence of subirrigation.
If the water pressure in the drainage system is higher than the ground-
water level, water infiltrates from the drainage pipes into the soil. The
goal of subirrigation is to raise the groundwater level (Fig. 4) and to
increase the soil moisture content in the root zone. Thus, controlled
drainage with subirrigation could serve three purposes:

1. discharge water,
2. retain water,
3. recharge water.

An external source of water should be available for subirrigation.
This can be surface water, water from ponds, recycled drainage water,
groundwater or treated (industrial or domestic) waste water (Allred
et al., 2003; Ayars et al., 2006; Bartholomeus et al., 2018a, 2017, 2018b;
de Wit et al., 2021a; Drury et al., 1996; Hay et al., 2021; Narain-Ford
et al., 2020, 2021; Ng et al., 2002; Smith et al., 1985; Tan et al.,
2002). Composite controlled drainage with subirrigation is applied in
various field experiments in the Dutch sandy Pleistocene uplands (Bar-
tholomeus et al., 2018a, 2017, 2016, 2018b; de Wit et al., 2021b). Fig. 4
shows the measured and modeled groundwater table of two Dutch field
experiments Lieshout and America (de Wit et al., 2021a). The ground-
water table raises directly once water is pumped into the drainage sys-
tem (grey blocks in Fig. 4). As a result, the groundwater table fluctuates
+ 70 / 80 cm below soil surface at the start of the crop season (Fig. 4).
The groundwater table is + 100 cm higher with external water supply
than without water supply in the mid crop season (Fig. 4). However,
Fig. 4 also shows that the water supply is not enough to maintain the
groundwater level in extremely dry seasons (2018 and 2019). The
average water supply was +400 mm/year in Lieshout (using treated
industrial waste water) and + 900 mm/year in America (using
groundwater) in the growing season (£160-190 days) (de Wit et al.,
2021a). That is a high amount compared to the average yearly precip-
itation surplus in the Netherlands of about 250 mm/y (Fig. 1-II). Addi-
tionally, the amount is considerably higher than the average
precipitation deficit in the summer period of about 50-100 mm/y
(Philip et al., 2020). So, although subirrigation could alleviate drought
stress at agricultural fields, it could also provide a significant pressure on
available water sources. Therefore, it is important to recognize that the
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Fig. 4. Groundwater levels (cm+ soil surface, cm+ss) in two field experiments with a subirrigation-system: with water supply/subirrigation (blue, measured),
reference situation (green, measured), and without water supply (red, modeled). The grey blocks represent the period of water supply (subirrigation), the dark grey

blocks represent the amount of water supply.
Figure adapted from de Wit et al. (2021a).

use of a specific water supply source for subirrigation will propagate
through the regional water system and will affect different components
of the regional water balance. Subirrigation using surface water for
example can be critical in areas without supplemental water, as ditches
can become dry in drought periods. Additionally, especially when using
treated wastewater or surface water as supply source, water quality is-
sues are important (Beard et al., 2019; Dingemans et al., 2018;
Narain-Ford et al., 2020, 2021). All in all, responsible use of available
water resources for subirrigation is a key issue.

3. Effects of drainage systems on the water balance

Drainage systems directly affect the (ground) water system and all
components of the water balance at field scale (Fig. 5).

Besides in countries like the Netherlands, drainage systems are
commonly applied in the USA (Doty and Parsons, 1979; Skaggs et al.,
2012), in arid regions with irrigated agriculture like Egypt and Pakistan
(Abdel-Dayem and Ritzema, 1990; Ritzema, 2007), in Australia
(Christen et al., 2001), and in India (Ritzema et al., 2008). Tables 2 and 3
provide an overview of field experiments on conventional drainage vs.
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Fig. 5. The soil water column at field scale with the water balance components in the (un)saturated zone.
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Table 2
Literature overview focused on i) effects of (composite) controlled drainage compared to conventional drainage for groundwater table, relative increase of crop yield,
crop type, and ii) system design characteristics: drain spacing and drain depth. The values in de table are copied from the reference paper.

Reference Country Soil Groundwater table (m-ss) Crop Drain characteristic

Conventional drainage Controlled drainage Yield (%) Type (-) Spacing (m) Depth (m)

Abdel-Dayem and Ritzema (1990) Egypt Clay - +10 Rice 15-60 1.2-1.7
+ 130 Wheat
Grigg et al. (2004) USA Silt loam - - -3 Corn 15 1.25
Wesstrom and Messing (2007) Sweden Loamy sand 0.80 0.20-0.60 +2-18 Grain 10 1.0
Delbecq et al. (2012) USA Silty (clay) loams - - +5.8-9.8 - - -
Table 3

Literature overview focused on i) effects of composite controlled drainage with subirrigation (‘sub’) compared to systems without subirrigation (‘no sub’) for
groundwater table, relative increase of crop yield (‘yield’), crop type (‘type’), and water supply amount (‘amount’) and water supply period (‘period’), ii) system design
characteristics: used water source, drain spacing and drain depth. The values in de table are copied from the reference paper.

Reference Country Soil Groundwater table Crop Water supply Water Drain characteristic
No sub (m-ss) Sub (m-ss) Yield (%) Type (-) Amount Period source Spacing Depth
(mm) @ (m) (m)
Hooghoudt NL Heavy 1.0 0.40/ 0.45 + 84 Hay 4 mm/d 100 Surface 2.0 0.6/ 0.8
(1952) clay water
Massey et al. Site 1 Loamy - - - 227° - 40 1.0
(1983)? /USA sand
Site 2 Loamy - - - 1717 - 30 1.0
/USA sand
Site 3 Loamy - - - 296" - 15 1.0
/USA sand
Doty and USA Sandy 0.6 higher b - 410 (1975), 135 - 32 1.2
Parsons loam 260 (1976)
(1979)
Smith et al. USA Sandy 1.0° 0.70 - - 305.1 135 Surface 15 1.0
(1985) loam water
Drury et al. Canada Clay 1991: 1.22, 1991: 0.95, - - 109 (1991, +76 Irrigation 7.5 0.6
(1996) loam 1992: 0.92, 1992: 0.55, 1993, 1994) pond
1993: 1.30, 1993: 0.60, 5.7 (1992)¢
1994: 1.10 1994: 0.50
Fisher et al. USA Silt - 7 (1995), Corn - - 5 0.75
(1999) loam 45 (1996)
Mejia et al. Canada Silt 1.30 0.91°¢ +13.8 - 223 - 18.3 1.0
(2000) (1995) loam
Canada 1.21 0.75 + 6.6 - 248 -
(1996)
Ng et al. (2002) Canada Sandy 1.31 0.82 + 64 Corn 183.9 60 Surface 6.1 0.60
andTan et al. loam water (lake)
(1999)
Allred et al. USA Clay - Dry years Corn - Re-use 2.4-4.9 0.76-0.91
(2003) +34.5 Soybeans runoff
+38.1 water
Wet years Corn
+14.4 Soybeans
+9.7
Average Corn
+19.6 Soybeans
+17.4
Hornbuckleetal.  Australia (clay) 0.3 higher 143 17 - 36 1.8-2.2
(2005)" loam
Wesstrom et al. Sweden Sandy 0.30-0.70 +6-10 Potatoes 2002: 60 - - 16 1
(2014) loam +20 Wheat 2003: 80
Jouni et al. Iran Silty 1.11 0.71 +27 Wheat 731 +242 - 80 2.0
(2018)% clay

@ : The values are based on the 27-year average results predicted by the model DRAINMOD, validated on 3 field sites. Most important assumptions in the model:
water level in the outlet was constant (this reduced the soil storage available for precipitation and increased drainage and surface runoff). The values are per growing
season, the exact days of a growing season are not given in the paper.

b : Yield increases with increasing pipe drain spacings. No yield was measured at a reference situation.

¢ : It was not a reference situation, but different subirrigation systems were used for differences in groundwater table effects through subirrigation. The average
results of control method C are presented.

d : The year 1992 is reported. However, almost no subirrigation was added due to a large amount of rainfall in the growing season. The year 1992 is not included in
the calculation of water supply to a ‘standard’ growing season of 180 days.

¢ : The controlled drainage experiment with a drainage level of 0.50 m - ss is used (CWTj s0)

f : The experimental fields were fields with free drainage (conventional drainage) and controlled drainage, both with subirrigation.

8 : Only yield of the wheat from the experiments free drainage and controlled drainage 70 cm is shown. Another experiment, and two other crops are also reported in
the article.
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controlled drainage and controlled drainage vs. subirrigation respec-
tively, providing quantitative information on the effect of the different
drainage systems on water retention and water supply.

3.1. Controlled drainage vs. conventional drainage

The main difference in strategy between controlled drainage and
conventional drainage is retention of water (Fig. 3, Table 2), to reduce
discharge and keep the groundwater level and soil moisture availability
at a sufficient level for crop growth. This process affects different water
balance components:

e Pipe drainage decreases compared to conventional drainage because
the ditch water level could be controlled (Bonaiti and Borin, 2010;
Drury et al., 1996; Hornbuckle et al., 2005). The decrease of pipe
drainage follows partly due to an increased soil water storage ca-
pacity through the controlled drainage. Riley et al. (2009) showed a
decreased pipe drainage of 14% in a lysimeter experiment. Skaggs
et al. (2010) reported in different controlled drainage field experi-
ments in the USA a decrease in pipe drainage of 16-29% in clay soils,
and 17-85% in sandy loam. Jeong et al. (2018) reported a decrease
of 51% in silty clay soils. Wesstrom and Messing (2007) observed a
decrease of 5-35% in sandy loam. Rozemeijer et al. (2016) published
data for the Netherlands, with drainage values (November-April) in a
reference period of 303 mm for conventional drainage compared to
163 mm (2009-2010) and 127 mm (2010-2011) for controlled
drainage. Controlled drainage thus leads to an increase in water
retention (Table 2), i.e. water that would have been discharged to the
surface water when using conventional drainage remains in the
groundwater system with controlled drainage (Skaggs et al., 2010).
Actual evapotranspiration (ET,e) increases through improving
drainage conditions and improved soil moisture conditions
(Abdel-Dayem and Ritzema, 1990), and herewith less drought stress
in summertime. This leads to increased crop yields (Table 2). The
reviewed field studies in Skaggs et al. (2010) showed a maximum
ET, increase of 10% for corn with controlled drainage compared to
conventional drainage. Evans and Skaggs (1985) reported an in-
crease of 2-5% for corn yield in the USA. Doty et al. (1975) found a
general rule that the silage yield of corn could increase by 0.5 t/ha
for each day that the water table was maintained at less than 100 cm
below soil surface in a sandy Coastal Plains soil (USA). However,
Grigg et al. (2004) reported a decrease of 3% in corn yield with
controlled drainage in the USA (Table 2) because of a too shallow
water table for the roots early in the growing season. This shows that
proper management of controlled drainage systems is required in
order to increase water availability to prevent drought stress, while
preventing oxygen stress too (Bartholomeus et al., 2008; Hack-ten
Broeke et al., 2016).

Surface runoff could either increase or decrease, depending on the
hydrological boundary conditions, soil physical properties and rain
intensities. An increase is modeled by Singh et al. (2007) and Skaggs
et al. (2010) and observed in a lysimeter experiment (Riley et al.,
2009) and field experiment (Drury et al., 1996; Grigg et al., 2004).
Wesstrom et al. (2014) reported a decrease in runoff through
controlled drainage compared to conventional drainage, from 254 to
319 mm to 151-187 mm per year (1 July — 30 June).

Downward seepage (groundwater recharge) increases as result of
controlled drainage (Singh et al., 2007). However, downward
seepage is a difficult water balance term to measure. Skaggs et al.
(2010) stated therefore that the downward seepage rate with
controlled drainage will be approximately equal to the natural
drainage rate that occurred before installing the controlled drainage
system. This will be the case if ET,; with controlled drainage is equal
to ET, of the original situation.

Controlled drainage thus leads to an increase in water retention. This
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water is available for crops, recharges the groundwater or slowly dis-
charges to the surface water through the subsoil. It should be noted,
however, that significant water retention with controlled drainage could
only be achieved if shallow drainage levels are maintained already in
spring. Furthermore, once water has been discharged in early spring,
significant water retention can only be realized as significant rainfall
occurs too.

All in all, the development of difference drainage systems, affected
the water balance terms over time (Table 2):

e No drainage: ET, is limited as consequence of too wet conditions.
Because of the wet conditions, surface runoff and ditch drainage are
high.

e Conventional drainage: Compared to ‘no drainage’, discharge
through pipe drainage increases, groundwater recharge and runoff
decrease. ET,t increases as result of less oxygen stress and earlier
opportunities for tillage. However, excessive drainage and herewith
too low groundwater levels in summertime may result in drought
stress and reduced ETp.

Controlled drainage: Compared to ‘conventional drainage’ pipe

drainage decreases and downward seepage increases (Table 2).

Surface runoff may either increase or decrease. ET,; mainly

increased, but can decrease with poor water level control (i.e.

creating too wet conditions).

3.2. Composite controlled drainage with subirrigation vs. (composite)
controlled drainage

The main difference in strategy between composite controlled
drainage and subirrigation is active recharge of water (Fig. 3, Table 2) to
raise the groundwater level and increase soil moisture availability for
crops. Water balance components are strongly affected by subirrigation:

¢ Pipe infiltration increases through subirrigation, which is by defini-
tion the main difference between composite controlled drainage and
composite controlled drainage with subirrigation: water is actively
added to the system. The infiltration amount found in international
literature varies between 170 and 410 mm, but the water supply
periods differ as well (Table 3). When the water supply data from
Table 3 are transposed to a ‘standard’ growing season of 180 days,
cumulative infiltration ranges between approximately 250 -
1500 mm/180days. Ranges are high, due to differences in required
raise of groundwater level, length of the growing season, and water
losses through lateral ditch drainage and downward seepage (Smith
et al., 1985). The groundwater table is typically raised by approxi-
mately 30-40 cm (Table 3). The main water supply source used for
subirrigation is surface water (Table 3).

ET, increases through subirrigation, but it is strongly related to the
effects in groundwater table. Due to a shallower groundwater table,
an upward flux is expected from the water table through the unsat-
urated zone to the root zone. However, the rate of upward flux de-
creases rapidly when the distance between the water table and the
rootzone increases (Smith et al., 1985). For example, the upward flux
could be 6 mm/d at a water table depth of 70 cm below the rootzone,
but decreases to 2 mm/d at water table of 90 cm below the rootzone
for a sandy loam soil (Smith et al., 1985). However, this flux strongly
varies between soil types (Table 2). Increased yields have been
found, ranging from + 6.6% (Mejia et al., 2000) to + 64% for corn in
the USA (Ng et al., 2002). Assuming a linear relationship between
relative yield and relative transpiration (de Wit, 1958), transpiration
will show a similar increase.

Downward seepage increases through subirrigation (Massey et al.,
1983; Smith et al., 1985). Downward seepage values are strongly site
dependent, as recharge depends on the soil hydraulic conductivity,
the natural water table depth, and the water level in adjacent ditches
or canals (Massey et al., 1983; Smith et al., 1985). In general, higher
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ditch levels result in less lateral drainage to ditches and more
downward seepage (Hooghoudt, 1952).

e The exact annual effects of subirrigation on water balance compo-
nents depend on the required increase in groundwater level, soil
properties, site conditions, ditch water level, crop characteristics and
drain criteria (Singh et al., 2007; Skaggs et al., 2010, 2012). The
maintained drainage and ditch level have been identified as most
important factors for the results on the increased groundwater table
and water balance components (Hooghoudt, 1952; Jouni et al., 2018;
Mejia et al., 2000). Most advantages with subirrigation are reached
in drier summers, rather than in wet summers (Mejia et al., 2000).
Given the large amounts of water recharged through subirrigation
systems, the order of magnitude of different water balance compo-
nents will be mostly in the range of hundreds of mm on a yearly basis.

All in all, the development of subirrigation caused differences in
water balance terms compared to only composite controlled drainage
(Table 3):

e Composite controlled drainage: the water balance components are
similar to controlled drainage.

Composite controlled drainage with subirrigation: the modified
composite controlled drainage aims to recharge water as well. Dur-
ing periods of drainage (discharge) the water balance components
will be similar to composite controlled drainage. In subirrigation
periods, the components pipe infiltration, downward seepage /
groundwater recharge and ET, increase compared to composite
controlled drainage (Table 3).

The differences in water balance terms caused by development of
drainage systems are summarized in Table 4.

4. Local and regional implementation of controlled drainage
with subirrigation

Changes in drainage systems were mainly triggered by land use
changes as consequence of social and economic changes as clearly
showed in literature, resulting in declining groundwater tables (Fig. 6).
Although the water management is now in a process towards a more
adaptive approach (Van der Brugge et al., 2005), a resilient soil water
system is needed to anticipate the expected (future) weather extremes
(Fig. 2). Tables 2 and 3 show that controlled drainage systems can
contribute to water retention when compared to conventional drainage
systems, but also that subirrigation could be applied to actively recharge
the groundwater. Doing so, crop water availability could be managed in
a more adaptive manner. However, literature also shows that only part
of the water used for subirrigation is used for root water uptake, and part
of the applied water feeds the groundwater system (increased downward
seepage). Furthermore, the total amount of water used for subirrigation
can be large, which could put a significant claim on the available water
sources. Therefore, subirrigation systems should be implemented in such

Table 4
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a way that they fit within the regional management.

Local and regional scale components affect the desired effects of
controlled drainage systems with subirrigation (Fig. 7). Requirements
for such a system on local (field) scale are the technical design of the
drainage system in relation to environmental characteristics. Local
characteristics directly affect the water table and thus the growing
conditions of crops. Depth and spacing of drain pipes varies throughout
the reported field experiments (Tables 2 and 3). Drain spacing is often a
function of drainage criteria (Ayars et al., 2006; Ritzema et al., 2008;
Skaggs et al., 2012). Two reasons for a narrower drain spacing are a
faster water removal in drainage mode, and a more uniform water dis-
tribution in the soil in subirrigation mode (Allred et al., 2003). The
required pump capacity depends on the required water supply (fre-
quency and capacity) and the determined drainage level. More efficient
water use can be obtained through non-continuous pumping or to store
and infiltrate drainage water in the winter period for the growing season
(Massey et al., 1983). The intended drainage level can be constant e.g. 0,
7 m-ss, or can be varied according to the crop stage and thus root
development (Jeong et al., 2018), or the groundwater table (Giardini
et al.,, 1995). Proper management is necessary to avoid too shallow
water tables in the early growing season, that negatively impacts the
root proliferation or might result in oxygen stress, and thereby limit crop
growth (Grigg et al., 2004). The pumping strategy could be optimized to
reach the intended drainage level, while minimizing the water supply
(Smith et al., 1985). Soil characteristics are not changeable, but effects
of controlled drainage with subirrigation differ with soil characteristics
(Doty and Parsons, 1979). Fox et al. (1956) and Yu et al. (2020) reported
that a soil layer with limited permeability at a shallow depth is needed
with subirrigation to avoid extreme downward seepage losses. Finally,
ditch levels surrounded by the field are important as a shallow
groundwater table with low ditch levels results in lateral drainage, an
unfavorable effect (Giardini et al., 1995). Adjusting surface water levels
in adjacent canals/streams is recommended to minimize lateral drainage
of infiltrated water. The implementation of a controlled drainage system
with subirrigation should thus include the soil, crop, hydrological and
meteorological characteristics of a site (Ayars and Evans, 2015; Skaggs,
1981, 1987).

Applied sources of water supply are collected rain water (Drury et al.,
1996), surface water (Tan et al., 1999), and collected drain water (Allred
et al., 2003). Besides these relatively common water sources, use of
alternative water sources, like treated wastewater, is being explored
(Narain-Ford et al., 2021). First of all, the water source must be of a
sufficient quality to use it for subirrigation. However, given the signif-
icant changes of water balance components due to subirrigation (see
previous section) also in terms of water quantity the propagation of the
water use for subirrigation throughout the whole water system should
be quantified. Hardly any literature is available about the application of
different water sources for subirrigation and the impact of the used
water source on the regional water system. However, in many countries,
there are competing claims on water sources; the water demand not only
comes from the agriculture sector, but also from the industry, drinking

The effects of drainage systems (no drainage, conventional drainage, controlled drainage, composite controlled drainage, composite controlled drainage with sub-
irrigation) on the water balance components are described as o = no effect, - = decrease of this component, + = increase of this component. All effects of a drainage
system are compared to the situation with the previous drainage system. Effects based on literature overview in Tables 2 and 3.

Drainage system Surface Ditch Ditch Pipe Pipe Downward ETact”

runoff infiltration drainage infiltration drainage seepage” -
wet dry

No drainage

Conventional drainage - o - o + - + -

Controlled drainage —+ - o + + -/o0  +

Composite controlled drainage o o o o o o o o

Composite controlled drainage with o - o + o + o/- +

subirrigation

a

actual evapotranspiration (ET,.) can increase (+) or decrease (-) as result of either too wet (‘wet’) or too dry (‘dry’) conditions.
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Fig. 6. Drainage development in the Netherlands occurred parallel to social and economic changes in the last decades.
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Fig. 7. Overview of local and regional scale components to take into account when implementing controlled drainage with subirrigation systems.

water, and nature (Zikos and Hagedorn, 2017). When subirrigation is
applied on regional scale, the implementation requires knowledge of the
entire regional water cycle, including the anthropogenic water demand
of different sectors that are already putting claims on the same water
sources (Fig. 8) (Pronk et al., 2021). Besides that, efficient use of water
sources is required to sustain the regional groundwater table (Xue et al.,
2017). In this context, controlled drainage with subirrigation is a special
method as water is used for increased evapotranspiration and crop
yields, while limiting (ground)water abstractions for sprinkler irriga-
tion, but also to replenish groundwater (Table 4). Doing so, subirrigation

has the potential to keep water within the regional groundwater system,
that would have been discharged otherwise.

In order to incorporate subirrigation within the regional water bal-
ance, insights in the regional water availability and the propagation of
water use for subirrigation throughout the whole water system needs to
be quantified. Given the large ranges in water needs found in literature,
it is clear that regional scale water needs for subirrigation systems
should be known, before they could be incorporated in the regional
water management in a responsible manner.

Controlled drainage with subirrigation has been described in
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Fig. 8. Composite controlled drainage with subirrigation at field scale (part of ‘Agriculture and horticulture’) needs to fit in the regional water availability and
demand for that water by multiple sectors. Left figure represents the anthropogenic water system of the Netherlands for the current situation, the right represents the
anthropogenic water system of the Netherlands for the future (2050) situation. The flows and the net pressure on the groundwater system are given in million m?

year!. Details about the flows are described in Pronk et al. (2021).
Figures adapted from Pronk et al., 2021.

literature over the past decades, focusing on effects on local scale
(Table 3). It is important to apply this field scale knowledge in the
current changing water strategy of water retention and water recharge
on regional scale (Fig. 2). Correct implementation of controlled drainage
with subirrigation in the regional water system is an integral,
catchment-wide question with different challenges (Fig. 7):

e Insight is necessary in the water availability for subirrigation of each
location, both in space and time.

o Efficient water supply and minimizing the water supply could be
reached through optimized pumping strategy (Smith et al., 1985).

e Water resources, other than surface water, could be used for water
supply, like industrial or treated wastewater. Important conditions
are sufficient water quality and limited negative side effects during
the propagation through the entire water system (Pronk et al., 2021).

5. Conclusion

This paper gives insight in the development of drainage systems over
time in the Netherlands, occurring parallel to the structurally declining
groundwater levels. Literature showed clearly that changes in drainage
systems were mainly triggered by land use changes as consequence of
social and economic changes (Fig. 6). However, the main Dutch water
management system is still focused on discharging water (Ritzema and
Stuyt, 2015; Ritzema and van Loon-Steensma, 2018). To cope with the
imbalance in water demand and water supply and climate change,
controlled drainage with subirrigation could be a viable measure to (i)
discharge, (ii) retain and (iii) recharge water. This system has the po-
tential to (1) improve growing conditions for crops at field scale, (2)
reduce peak discharges at regional scale, and (3) discharge less water at
regional scale and increase groundwater recharge.

Drainage systems affect most water balance components (Table 4).
Controlled drainage increases especially ET,., downward seepage and
runoff, while pipe drainage decreases. The biggest advantage of
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controlled drainage with subirrigation is to supply water, raise the
groundwater level and improve the soil moisture conditions for crop
growth, while still having the option to discharge water when needed.
Another advantage of controlled drainage with subirrigation compared
to controlled drainage is that it could contribute to increased water
retention and recharge (Table 4). However, it could significantly alter
water balance components. Therefore, correct and responsible imple-
mentation of subirrigation in the regional system is needed (Fig. 7),
which requires knowledge on the effects of controlled drainage with
subirrigation throughout the entire water system.
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