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ABSTRACT

In Manitoba, spring snowmelt and heavy rainfall during the
growing season raise the water table in the root zone. A
three-year field study (2020-2022) was conducted to
evaluate the influence of water-table depth resulting from
tile drainage on soybean yield in heavy-clay soils of Arborg,
Manitoba. The different water table depth treatments are
represented by water table depth over-the-tile, midway-
between-tiles, and no-tile (control) in replicated field plots
in heavy clay soils. During the 2020, 2021, and 2022
growing seasons, the field plots used for this research had
tile drain spacings of 9 m, 4.5 m, and 13.7 m, respectively.
The tile depths ranged from 0.9 to 1.1 m. In 2020 and 2021,
which were relatively dry years, a higher yield trend was
observed in tiled plots compared to the no-tile control plots,
due to water being held back during the mid-season,
whereas the no-tile plots had excess water during the early
season. In 2022, a wetter year, the over-the-tile treatment
yielded significantly higher yields (p < 0.05) than the no-
tile treatment. Overall, the results indicate that tile drainage
combined with controlled water retention during dry
periods can improve soybean yield in heavy clay soils.
These findings highlight the importance of adaptive
drainage water management strategies to balance excess
moisture removal with water conservation during drier
periods in the Canadian Prairies.
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RESUME

Au Manitoba, la fonte des neiges au printemps et les fortes
pluies durant la saison agricole font remonter la nappe
phréatique dans la zone racinaire. Une étude expérimentale sur
trois ans (2020-2022) a été menée afin d'évaluer 'influence de
la profondeur de la nappe phréatique, résultant du drainage
agricole par tuyaux, sur le rendement du soja dans les sols
argileux lourds d'Arborg, au Manitoba. Les différents
traitements ont été représentés par la profondeur de la nappe
phréatique située au-dessus des tuyaux, a mi-chemin entre les
tuyaux et sans drainage (témoin), dans des parcelles
expérimentales répétées en sols argileux lourds. Au cours des
saisons agricoles de 2020, 2021 et 2022, les espacements des
tuyaux de drainage dans les parcelles utilisées pour cette
recherche étaient respectivement de 9 m, 4,5 m et 13,7 m. La
profondeur des tuyaux variait de 0,9 a 1,1 m. En 2020 et 2021,
années relativement seéches, une tendance au rendement
supérieur a été observée dans les parcelles drainées par tuyaux
par rapport aux parcelles témoins non drainées. Ceci s'explique
par la rétention d'eau en milieu de saison, tandis que les
parcelles non drainées ont connu un exces d'eau en début de
saison. En 2022, année plus humide, le traitement au-dessus
des tuyaux de drainage a permis d'obtenir des rendements
significativement plus élevés (p < 0,05) que le traitement sans
drainage. Globalement, les résultats indiquent que le drainage
agricole par tuyaux, combiné a une rétention d'eau contrdlée
durant les périodes seéches, peut améliorer le rendement du soja
dans les sols argileux lourds. Ces résultats soulignent
I'importance de stratégies adaptatives de gestion de l'eau de
drainage pour équilibrer I'élimination de I'exces d'humidité par
la conservation de I'eau durant les périodes plus séches dans les
Prairies canadiennes.

MOTS CLES

Nappe phréatique, au-dessus des tuyaux de drainage, mi-
chemin entre les tuyaux de drainage, absence de drainage.
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INTRODUCTION

The accelerated growth of the global population has
increased food demand, intensifying agricultural production
by increasing the use of inputs such as fertilizers, water, and
land, leading to water shortages and increased
environmental pollution (Yang et al. 2011). The impacts of
climate change include higher temperatures, changes in
precipitation patterns, and an increased frequency of floods
and droughts, affecting the amount of water available for
agriculture. Under water-scarce conditions, greater efforts
have been made to improve water-use efficiency, leading to
lower water consumption through better water management
strategiesClick or tap here to enter text.. Among these
strategies, better water table management can significantly
impact agricultural water use, improve agricultural
productivity and reduce the harmful effects of agriculture
on the environment (Mante et al. 2018).

Drainage is essential in agricultural lands since it
reduces waterlogging and enhances plant growth by
improving soil aeration. A considerable portion of farmland
can benefit from artificial drainage, as natural drainage is
less effective due to low hydraulic conductivity and
relatively flat terrain in the Prairie landscape.
Approximately 11% of global agricultural lands and 14% of
agricultural lands in Canada are subject to artificial drainage
(ICID, 2022). Tile drains are becoming popular in the
Canadian prairies as a method of improving drainage
(Manitoba Agriculture 2018).

In northern climates with a short growing season due to
wet, cold spring conditions, the implementation of
subsurface drainage could result in lower soil water
contents (Jin et al. 2008). Decreased soil water content
enables earlier field trafficability for field operations.
Decreased soil water also helps early soil warming, leading
to earlier seed germination and lengthening the growing
season (Acharya et al. 2019a). Tile drainage also helps
minimize surface runoff by removing excess water from the
root zone. Further, it improves soil aeration, thereby
facilitating higher crop yields (King et al. 2015). The
demand for agricultural drainage has recently increased due
to the unpredictability of precipitation patterns, which are
anticipated to intensify with climate change (ICID, 2022).
The drainage design depth and spacing are mainly
influenced by the average water table depth, soil type, and
rainfall (Kladivko et al. 2004). Drainage intensity depends
on soil type, topography, tile spacing, and depth. Narrower
drain spacing promotes faster and more efficient removal of
soil water than wider spacing. Increased drain spacing leads
to a smaller volume of water being drained from the soil
profile (Kladivko et al. 1991). Moreover, deeper drains
often result in higher drainage volumes (Acharya et al.
2019b). However, it can change as the permeability of soil
layers varies (Hoover and Schwab 1969).

One of the major incentives for farmers to adopt
drainage is the potential yield gains. Several studies have
demonstrated that soybean yield improvements were
observed in crops cultivated with water table management
practices (Evans et al. 1991; Cooper et al. 1992;
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Madramootoo and Papadopoulos 1991; Madramootoo et al.
1995; Tan et al. 1993). Furthermore, subsurface drainage
has been shown to provide significant benefits by
alleviating water stress and enhancing soybean yields in
clay soils (Soignier 2024). According to previous studies,
subsurface drainage has increased crop productivity during
wet years across various crop types (Satchithanantham
2013; Cordeiro 2014; Ndulue 2022). However, in North
Dakota, yields were 7% higher even in drier years across 20
tile drainage trials conducted from 2011 to 2019 (Tonneson
2020; Mourtzinis et al. 2020)). However, attention has been
devoted to the impacts of tile drainage on soybean
production in heavy clay soils from a Canadian perspective.
In Manitoba, excess moisture following spring snowmelt is
a major constraint in agricultural production. Farmers often
face challenges with excess soil moisture in spring due to
frozen soils, limited infiltration, and poor drainage, rather
than total annual rainfall. However, timely rainfall during
critical growth stages plays a major role in determining final
yield. The Manitoba Agricultural Services Corporation
(MASC) reported that between 1966 and 2017,
approximately 39% of crop losses were due to excess
moisture (MASC 2019). Heavy clay soils of the Interlake
contribute to high moisture content, especially during the
spring.

Soybeans represent the third-largest seeded area in
Manitoba, after canola and wheat, with 1.3 million acres
sown in 2021. Manitoba produced 1.16 million tonnes of
soybeans in 2020. Manitoba produced 18 percent of
Canada's soybeans in 2020. The economic return on
investment of field-scale tile drainage for soybeans in
Manitoba has not been assessed. No detailed study has
reported on the impact of drainage water management on
soybean crop yield in heavy clay soils in Manitoba
(Manitoba Agriculture, 2018).

The Province of Manitoba has recognized the
importance of surface drainage in the Interlake's peat areas
to ensure proper runoff after rainfall (Manitoba Agriculture
2018; Sri Ranjan and Hari 2022). In areas with heavy clay
soils, removing surface water may not be sufficient to
remove excess moisture from within the root zone if the soil
layers below the surface are saturated (Sri Ranjan and Hari
2022). Heavy clay soils of the Interlake contribute to high
moisture content, especially during the spring.

Therefore, the objectives of this three-year study were
to evaluate the effects of tile drainage on water table depth
and soybean yields in heavy clay soils of the Interlake
region of Manitoba.

METHODOLOGY

Study area

The study was conducted during the growing seasons of
2020 — 2022 at the Prairies East Sustainable Agriculture
Initiative (PESAI) research site, which is located 2.5 km
west of Arborg, Manitoba (50.904° N, 97.273° W). The site
has an elevation of 229 m above sea level and receives an
annual average rainfall of 466.86 mm. The average
precipitation during the growing season (May-September)
is 338 mm, while the average temperature is 14.9 °C
(Weather Stats, Canada 2021).
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AgriMaps show the PESALI site belongs to the Fyala soil
series, a heavy clay soil with an estimated clay content of
approximately 70-80%, based on the nearby D46 soil report
(Canada-Manitoba Soil Survey). Fyala soils have a thin,
dark gray Ah horizon high in organic matter and neutral to
mildly alkaline in reaction. This horizon lies beneath the
surface layer of fibrous, medium-acid to neutral peat and
muck, which is a 0- to 15-cm-thick debris pack. Although
it often extends into the Ckg horizon to depths of 20-30 cm.
The Ckg horizon is iron-stained, contains many large lime
carbonate concretions, and is grayish-brown to olive-gray
(Canada Agriculture 1982). The Fyala soils are commonly
associated with poorly drained conditions and seasonally
high water tables. The topography is almost flat, with an
average field slope of 0.01% (Canada Agriculture 1982),
sloping from west to east. The soil organic matter content
varies with depth, from 3.3% at 30 cm to 2.3% at 60 cm.
Soil texture analysis conducted in preparation for the
installation of the tiles identified the soil texture as clay with
very poor drainage (Agvise, 2014). Piezometers were
installed in 2018 to a depth of 3 m. Inspection of the soil
texture in the profile during the installation of the
piezometers at the centre of each plot confirmed it as heavy
clay in this location.

Experimental design

The field had four large plots (600 x 20 m/plot) running
North-South, further subdivided into three replicates in a
strip-plot design (Fig. 1). The field plots had tile spacing of
4.5m (15%), 9 m (30°), 13.7 m (45’), and no-tile with three
replicates each. Due to the need for crop rotation, soybeans
were planted in different tiled plots with different tile
spacings over the three years. As a result, data were
collected from plots with tile spacings of 9.0 m (30’) in
2020, 4.5 m (15°) in 2021, and 13.7 m (45’) in 2022, along
with no-tile plots used as control treatments in all three
years. A three-year crop rotation was practiced with canola
and wheat. Tile drains were installed at depths of 0.9 to 1.1
m below the soil surface. A drainage lift pump was installed
at the northernmost outlet to pump drained water from the
collector drains to a surface ditch that served as the outlet.
The lift pump operated intermittently, controlled by a float
switch.  The higher float switch setting functioned like
controlled drainage, allowing water to be held back in the
tiled plots.

Field management and data collection

Field experiments were conducted during the 2020-2022
growing seasons to compare the effects of water-table depth
across different drainage treatments. Weather data were
obtained from the Department of Meteorology and
Manitoba Agriculture during the study periods. Crop
evapotranspiration was calculated by using the following
equation (1)

ET, = K.ET, (1)
where ET. is crop evapotranspiration (mm/day), K. is crop
coefficient (Allen and Pereira 1998) and ET, is reference
crop evapotranspiration (mm/day).
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Fig. 1. Field layout.

The reference ET, is calculated using the FAO Penman-
Monteith equation (Allen and Pereira 1998):
_ 0.408A(Ry—G) + y% (es—ea)uz

ET, = )

A+y(140.34uy)

where ETo is the reference crop evapotranspiration
[mm/day]; R is the net radiation [MJ m 2 day!]; G is the
soil heat flux [MJ m? day']; T is the average daily air
temperature at the height of 2 m [°C]; u2 is the wind speed
at a height of 2 m [m/s]; es is the saturation vapor pressure
[kPa]; ea is the actual vapor pressure [kPa]; (es — €a) is the
vapor pressure deficit [kPa]; A is the slope of the
saturation vapor pressure-temperature curve [kPa/°C];
and y is the psychrometric constant [kPa /°C].

In 2020, 2021, and 2022, two drainage treatments:
over-the-tile and midway-between-tile were carried out in
replicated (3) plots and compared with control plots where
no-tile drains were installed. To assess the impact of
minor variations in water table depth on soybean yield,
these two drainage locations were treated as two different
treatments. However, during 2020 and 2021, the water
table depth was not recorded for the over-the-tile

127



treatment because the drain spacing was intermediate (9.0
m in 2020) and narrow (4.5 m in 2021). However, in 2022,
the water table depth was measured over the tile location at
a wider spacing of 13.7 m. The treatments “over-the-tile”
and “midway-between-tiles” refer to measurement
locations relative to the tile drains within the same plot,
rather than separate drainage systems. These positions
represent minor variations in water table depth caused by
the distance from the tile location to the mid-spacing.
Harvesting was done separately at both locations.

Piezometers equipped with water-level sensors (WLS)
were installed to measure water-table depth throughout the
growing seasons. The WLS (Solinst Levelogger Junior
3001, Solinst Canada, Ltd., Georgetown, Ontario, Canada)
was hung inside the piezometers in each plot to measure the
depth to the water table. The piezometers were made of 2.51
m-long galvanized iron pipes with three evenly spaced slots
along their length, spaced 0.22 m apart. Only the bottom 1.6
m of the pipe had slots to facilitate water flow from the soil
profile and prevent surface runoff from entering the
piezometers. The piezometers were wrapped in
geomembranes to prevent soil from entering.

Standard agronomic practices were followed throughout
the study period (2020-2022) to ensure consistent crop
management across treatments. Soybean varieties differed
by year: Karpo R2 in 2020, S000-M2 (RR2Y) in 2021, and
DKBO0009-89RR2X in 2022. All plots were seeded at a row
spacing of 7.5 inches. The seeding rate was 52 lbs/acre and
was kept consistent across all study years.

Weed control was achieved by applying glyphosate
herbicide at a rate of 0.67 L/acre. In 2020, glyphosate was
applied once on June 22, while in 2021, it was applied twice
on June 14 and June 29. In 2022, weed control practices
followed standard field management protocols.

Harvesting was conducted at crop maturity, with harvest
dates recorded as September 23 in 2020 and September 29
in both 2021 and 2022. All other agronomic practices,
including field preparation and crop management, were
kept consistent across treatments and years to minimize
variability unrelated to drainage treatments.

Solinst Levelogger 4.6.1 software was used to calculate
water table depth from WLS data. In addition to weather,
yield, and water table depth data, plant counts were
conducted 14 days after emergence, and plant height was
recorded before harvest. Root depth was calculated using
the method described by Dwyer et al. (1987), which
examined root development in heavy clay soils.
Additionally, capillary flux, defined as the depth of water
moving upward from the water table per day, was calculated
using the Averianov formula (Yang et al. 2011; Zammouri
2001; Jorenush and Sepaskhah 2003). These measurements
were used to evaluate the influence of tile drainage on
soybean phenology during the 2020-2022 growing seasons.
Statistical analysis
Field data, including soybean yield, plant counts 14 days
after emergence, and plant height before harvest, were
analyzed by ANOVA. Water table depth, as well as growth
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period—specific water table depths, were compared using t-
tests and ANOVA. The years 2020 and 2021 were treated
as two-group comparisons, while 2022 included three
treatment groups. Further, a post hoc test (Tukey’s HSD)
was performed to determine significant differences among
the treatment means at the 5% significance level (p < 0.05)
using JMP software (Version 16, SAS Institute, Inc., Cary,
N.C)).

RESULTS

Weather

The 2020 and 2021 growing seasons were characterized by
below-average precipitation and relatively dry conditions,
whereas 2022 experienced above-average rainfall,
particularly during early growing season. Temperature
trends were generally consistent with long-term averages
across all years. Detailed monthly variations are presented
in Fig. 2 and Fig. 3.

The total ET calculated during the growing seasons in
2020, 2021, and 2022 was 714.2, 773.8, and 820.8 mm,
respectively, and the water deficiency was 517, 572, and
388.4 mm, respectively (Figs. 4 and 5). Throughout the
growing seasons, high evapotranspiration (ET) was
observed during the vegetative stage, with values of 218.1
mm in 2020, 263.6 mm in 2021, and 209.5 mm in 2022. In
2020 and 2021, rainfall alone was insufficient to meet crop
water requirements across all growth stages. In 2022, the
pod formation and seed-filling stages experienced a greater
water deficit than other growth stages, including vegetative,
flowering, and maturity (Fig. 5). Overall, both 2020 and
2021 experienced a dry spring followed by a dry summer,
whereas 2022 had a wet spring followed by a dry summer
in the later season.

Crop yield responses under moisture extremes

Soybean yield response varied across the study period,
depending on prevailing moisture conditions. A comparison
of mean soybean yields was conducted at three positions
relative to drainage intensity: two locations within the tile
plots (over-the-tile and midway-between-tiles) and one in
the no-tile plots, which served as the control treatment. The
over-the-tile and midway-between-tiles locations were
chosen to investigate the impact of minor variations in water
table depth across the tiles. During 2020, which had a dry
spring and tiles spaced at 9.0 m, the mean soybean yields
were 1977.7,2043.7, and 1885.7 kg/ha for the over-the-tile,
midway-between-tiles, and no-tile treatments, respectively.
The mean comparison for each treatment showed that the
over-the-tile and midway-between-tiles treatments were
4.9% (+92 kg/ha) and 8.4% (+158 kg/ha) higher than the
no-tile plots, respectively. However, the average soybean
yields in 2020 showed no statistically significant difference
between treatments (p>0.05) due to wide variation among
replicates (Fig. 6).

During the 2021 growing season, the average soybean
yields were 1084.7, 1004.0, and 971.7 kg/ha from over-the-
tile, midway-between-tiles, and no-tile, respectively. The
over-the-tile and midway-between-tiles  treatments
produced grain yields 11.6% (+112.9 kg/ha) and 3.3%
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Fig. 2. Comparison of monthly average temperature during the study period 2020 to 2022 and 30-year long-term
average (1991-2020).

(+32.2 kg/ha) higher, respectively, than the no-tile plots.
Yields over the tile were higher than midway between tiles,
with the lowest yields in the control plots with no tile (Fig.
6). However, average soybean yields were not statistically
different between treatments (p>0.05) in 2021 due to high

variability among replicates.
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In 2022, the average yields were 3316.89 (over-the-tile),
2796.05 (midway-between-tiles), and 2604.17 kg/ha (no-
tile), with 27% (+712.7 kg/ha) and 7% (192.9 kg/ha)
increases in yield in the over-the-tile and midway-between-
tiles plots, respectively, compared to the no-tile plots (Fig.

6). In 2022, a significantly higher yield (p<0.05) was
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Fig. 3. Comparison of monthly rainfall during the study period 2020 to 2022 and the 30-year long-term average (1991-
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observed from over-the-tile compared to no-tile. However,
no statistically significant difference was found between
midway-between-tiles plots and no-tile plots, or between
midway-between-tiles plots and over-the-tile plots.
Phenological response

Plant height The plant height during the maturity stage or
before harvesting, determined as the average of five
randomly selected plants from each plot, is presented in Fig.
. The measured plant heights in 2020 were 71 cm over the
tile, 80 cm midway between tiles, and 73.2 cm in the no-tile
treatment. In 2021, the highest plant height was observed in
the over-the-tile plot, followed by the midway-between-

tiles and no-tile plots, at 37.17, 35.39, and 34.50 cm,
respectively. Likewise, in 2022, the observed plant heights
were 78.15, 79.08, and 84.38 cm for the over-the-tile,
midway-between-tiles, and no-tile plots. However, the
statistical differences between treatments in plant height
were not significant at the p>0.05 level across the 2020,
2021, and 2022 growing seasons.

Plant counts 14 days after emergence In 2021, the plant
populations were 74, 62.4, and 65.2 (plants/m?) over-the-
tile, midway-between-tiles, and no-tile, respectively. The
plants were denser over-the-tile, with lower density for both
midway-between-tiles and no-tile (Fig. ). However, the

300 -
250 - N
FA
E 200 - 9 é
E ¢ g
S 150 - 7] ' é
35 % _ Yé g
(0] £
£ 100 -
= % ¢
50 A % é
) =2 b > ® =2 b o =) o >
s £ 8 3 |2 £ 8 ¢ 2 2 8 § ¢
o 3 s | 3 > 3 =
8’ o 8’ T 8’ ™
> > >
2020 2021 2022

Fig. 5. Estimated Water deficit during different soybean growth stages.
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significantly different (p < 0.05).
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observed plant numbers from each treatment were not
significantly different (p>0.05). During 2022, the number
of plants per m? over-the-tile, midway-between-tiles, and
no-tile treatments was 58.0, 76.0, and 59.6, respectively.
Midway-between-tiles plots showed significantly higher
plant density (p<0.05) than over-the-tile and no-tile plots.

Water table dynamics in relation to drainage intensity
Water table depth varied across treatments as a function of
both drainage intensity and climatic conditions. Water table
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depth and rainfall distribution during the 2020 to 2022
growing seasons are shown in Figs. 9 - 11. The presented
water table depth values represent the mean of three
replicates per treatment. Variability between replicates was
observed but not shown in the figures for clarity. The
seasonal average water table depth midway-between-tiles
and no-tile plots was 1.20 and 1.53 m in 2020 (Fig. 9 and
Table 1). Further, the water table in the no-tile plots
remained below the tile depth during 2020 (9 m spacing)
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(Spacing — 13.7 m/45 ft).

due to a dry spring followed by dry months. Later, during
the mid-vegetative season, and occasionally reaching the
tile depth, until the end of the flowering stage (Fig. 9). In
2020, the water table depth midway-between-tiles showed
a steady decline during the growing season compared to no-
tile plots, which showed greater fluctuations.

In 2021 (4.5 m spacing), the seasonal average water
table depths midway-between-tiles and no-tile plots were
2.0 and 2.05 m, which were well below the depth of
installed tiles (Fig.10 and Table 1). The water table depth in
the tiled and no-tile plots remained below the tile depth
throughout the growing season. This resulted in much
lower yields across all treatments than the Provincial
average yield.

In 2022 (13.7 m spacing), the average water table depths
for over-the-tile, midway-between-tile, and no-tile plots
were 0.89, 1.09, and 1.10 m (Fig.11 and Table 1). During
the vegetative stage, no-tile plots had a shallower water
table, followed by midway-between-tiles and over-the-tile.
At 35 days after planting, a shallower water table was
observed over-the-tile plots than in the midway-between-
tiles and no-tile plots until harvest.

Root development is strongly correlated with water

table depth, which in turn affects crop yield. Root depth for
soybeans in clay soils was estimated at 0.84 m during the
seed-filling stage using the method described by Dwyer et
al. (1987) (Figs. 9-11).
Contribution of capillary flux to crop water
requirements Capillary flux played a variable role in
supplying water to the crop, depending on water-table
depth and weather conditions. Figure 12 shows the
estimated average daily capillary flux calculated using the
Averianov model. In 2020, the highest flux was observed
midway-between-tiles plots during the mid-vegetative
stage. It decreased gradually towards the end of the
vegetative stage or beginning of the reproductive stage
(2.55 mm/day) as the water table declined. During the
reproductive stages, flux remained below 2 mm/day. With
no-tile treatment, the calculated upward flux was below
Imm/day throughout the growing season. Similarly, poor
flux was observed, with estimated capillary flux < 0.5
mm/day in both treatments in 2021.

In 2022, the upward flux was as high as 4.29, 4.38, and
5.14 mm/day under over-the-tile, midway-between-tile,

Table 1. The observed average daily water table depth for over-the-tile, midway-between-tiles, and no-tile

treatments.
Treatment Water table depth during the growing season (m)
2020 2021 2022

Seasonal High Low Seasonal High Low Seasonal High Low
Over-the-tile - - - - - - 0.9° 0.37 1.43
Midway-between-tiles 1.20° 0.52 1.77 2.052 1.92 2.26 1.1 0.25 1.75
No-tile 1.532 1.08 1.91 2.002 1.65 241 1.1 0.10 1.81
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and no-tile conditions, respectively, during the mid-
vegetative stage. Beyond 88 days after planting, the
estimated flux declined below 0.5 mm/day over-the-tile.
However, midway-between-tiles and no-tile treatments
showed high upward flux during the vegetative stage, which
then declined during the reproductive stages. The upward
capillary flux is greater with a deeper root zone.

Weather pattern, drainage, and yield In 2020, throughout
the growing season, the midway-between-tiles treatment
exhibited a significantly shallower water table compared to
the no-tile plots. This was due to water backing up into the
field because of the lift pump's limited capacity.
Consequently, a higher yield trend was observed in the
midway-between-tiles treatment, although the difference
was not statistically significant. Spring snowmelt and
rainfall influenced soybean yield in 2020. The rainfall was
well distributed from the vegetative stage through the pod
formation stage (R3) (Figs. 9 and 13).
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In 2021, the tiled and no-tile plots had water table depths
below 0.9 m from the soil surface during the growing
season. The statistical analysis of average daily water table
depth for each growth stage showed that water table depths
differed significantly (P < 0.05) throughout the season,
except at the beginning of the seed-filling stage (RS).
During the vegetative (VE) stage to the mid-reproductive
stage (R4), the water table depth midway-between-tiles was
significantly deeper and became shallower during the seed
(R5 and R6) and maturity (R7 and R8) stages compared to
no-tile plots. The higher yield trend in the midway-
between-tiles treatment compared to the no-tile treatment
could be attributed to a shallower water table during the
seed development stages (RS and R6) (Figs. 10 and 13).

Since 2022 was a wet year, a significant fluctuation in
water table depth was observed across stages and
treatments. The shallower water table might cause
deleterious stress on crop yield in no-tile plots due to excess
soil water during the early vegetative stage (Fig. 11). In
2022, during the vegetative stage (VE), the average water
table depth did not differ significantly among the three
treatments, indicating that the influence of water table depth
was similar for all treatments. Furthermore, during the
flower initiation stage (R1), the water table depth in the
over-the-tile treatment was significantly shallower (p<0.05)
compared to the midway-between-tiles treatment.
Throughout the full bloom stage (R2) to the beginning of
the seed filling stage (RY5), the over-the-tile treatment
maintained a significantly (p<0.05) shallower water table
depth compared to the midway-between-tiles and no-tile
plots. During the full seed (R6) and early maturity (R7)
stages, there were significant (p<0.05) differences in water
table depth across all three treatments. From the full pod
formation stage (R4) onwards, the water table depth began
to decline below the tile depth. However, the gradual
decline showed an upward flux from the saturated zone to
meet plant uptake. Overall, based on water table depth, the
germination stage and the stages from flower initiation (R1)
to full pod formation (R4) influenced crop yield in 2022
(Fig. 13).

The final soybean yield from the fully replicated study
in 2022 was correlated with the average daily water table
depth at each soybean growth stage (Fig. 14). As water table
depth increased, yield declined. The over-the-tile treatment
yielded significantly higher yields (p<0.05) than the no-tile
treatment. In 2022, the removal of excess water by drainage
during periods of heavy rainfall, coupled with controlled
removal of water over-the-tile at other times, led to a
significantly higher yield (p<0.05) in the over-the-tile
treatment. The yield-water table depth trend lines by
soybean growth stage indicate a strong negative correlation
between yield and average water table depth. The negative
correlation appears to become more pronounced starting
with the full pod (R4) stage. The boxes delineating the three
treatments show that the over-the-tile treatment yields
significantly more than the no-tile treatment. However, due
to a lack of correlation between replicates and treatments
resulting from severe drought, the 2020 and 2021 seasons
are not presented here.
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DISCUSSION

Soybean yield

In 2020, despite dry conditions, soybean yields were higher
under the over-the-tile and midway-between-tile treatments
than under the no-tile treatment. The higher yield trend in
tile treatments could be attributed to improved management
of spring snowmelt before planting, facilitated by 9 m drain
spacing. However, no statistically significant differences
were observed, likely due to high variability among
replicates, a common challenge in field experiments caused
by spatial heterogeneity in soil and environmental
conditions (Kravchenko et al. 2017).

These findings are consistent with previous studies
reporting limited yield response to drainage under dry
conditions (Satchithanantham et al. 2012; Ndulue et al.
2022). However, in the present study, yield improvements

Volume 66 2024

CANADIAN BIOSYSTEMS ENGINEERING

of maturity and R8 - Full maturity.

were more pronounced under wetter conditions,
highlighting the importance of weather patterns in
determining drainage -effectiveness. In 2021, yield
differences between treatments remained statistically non-
significant, with overall lower yields due to drought
conditions. Despite dry summers in both 2020 and 2021, tile
drainage consistently produced higher yields than the no-
tile treatment. Under similar dry conditions, previous
studies have also reported no significant differences in yield
between drainage treatments and no drainage control.
Given that 2020 and 2021 were relatively dry years,
prevailing weather conditions likely influenced the impact
of drainage on crop performance. In this study, the
beneficial effects of drainage appeared to diminish as
drought conditions intensified, due to the continuous
drainage of infiltrated rainwater, particularly in 2021, when
narrower drain spacing was used. This finding aligns with
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the 2022 growing season.

previous research indicating that tile drainage is most
effective in mitigating excess water stress rather than deficit
water stress (Acharya et al. 2019b). These findings are
consistent with previous studies reporting limited yield
response  to  drainage under dry  conditions
(Satchithanantham et al. 2012; Ndulue et al. 2022).

In contrast, the 2022 growing season demonstrated a
clear benefit of tile drainage under wetter conditions, with
significantly higher yields observed in the over-the-tile
treatment. This suggests that drainage plays a critical role in
mitigating excess moisture stress, particularly in heavy clay
soils where waterlogging can limit crop growth (Fraser and
Fleming 2001; Kokulan et al. 2019). However, in the
present study, yield improvements were more pronounced
under wetter conditions, highlighting the importance of
climatic variability in determining drainage effectiveness.
Cordeiro and Sri Ranjan (2012) conducted a subsurface
drainage study during the 2010-2011 period on corn grown
in sandy loam soils in Winkler, Manitoba. The treatments
included no drainage with no irrigation (NDNI) as the
control; no drainage with overhead irrigation (NDIR); free
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drainage with overhead irrigation (FDIR); and controlled
drainage with subirrigation (CDSI). Drain tiles were
installed at a depth of 0.9 m, with two spacing practices: 8
m for CDSI plots and 15 m for FDIR plots. They reported
no significant differences in corn yield in southern
Manitoba during 2011, a year characterized by drier-than-
normal weather. However, FDIR (11.28 Mg/ha) showed a
higher yield than NDIR (10.47 Mg/ha), although the
difference was not statistically significant. Under similar
dry conditions, Satchithanantham et al. (2012) and Ndulue
et al. (2022) also found no significant differences in potato
and canola yield, respectively, between drainage treatments
in sandy loam soils in Winkler, Manitoba.

Schott et al. (2017) reported that, over five years (2011-
2015), corn and soybean yields in no-drainage treatments
were, on average, 6% lower than those in tile-drained fields
in Jowa. Notably, 2011 and 2012 received 23 % and 20%
below-average rainfall, respectively, while 2013, 2014, and
2015 experienced near-average rainfall.

Given that 2020 and 2021 were relatively dry years,
prevailing weather conditions likely influenced the impact
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of drainage on crop performance. In this study, the
beneficial effects of drainage appeared to diminish as
drought conditions intensified, due to the continuous
drainage of infiltrated rainwater, particularly in 2021, when
narrower drain spacing was used. This finding aligns with
previous research indicating that tile drainage is most
effective in mitigating excess water stress rather than deficit
water stress (Acharya et al. 2019b).

Acharya et al. (2019b) examined the effects of drainage,
tillage, and crop rotation on corn and soybean yields in
North Dakota from 2014 to 2017. They found that
subsurface drainage had no significant impact on soybean
yield in Fargo silt loam soil during years with low seasonal
rainfall. Their study further suggested that subsurface
drainage benefits yield more significantly in wet years.
Phenology
Growing seasons had different drainage spacing and rainfall
events. The 2020 and 2021 growing seasons were dry;
however, early-stage vegetative growth was not affected
because it was supplemented by spring snowmelt. The
closely spaced tiles (4.5 m apart) helped manage the
elevated water table resulting from snowmelt.

During the vegetative stage, when soybean plants
develop six fully expanded trifoliolate leaves, their typical
height ranges from 30 to 35 cm (Greg and Hans, 2021).
However, soybean plants can develop, on average, 12 nodes
by the end of the vegetative stage (Iowa State University
Extension and Outreach 2022 Manitoba Pulse and Soybean
Growers 2015a). In 2021, the average soybean height at
maturity ranged from 34.5 to 37.2 cm, likely due to severe
water deficits from the vegetative stage through pod
formation. This prolonged water deficit significantly
affected plant growth and ultimately impacted soybean
yield. In contrast, plant heights recorded in 2022 were
highest in no-tile plots, followed by midway-between-tiles
and over-the-tile plots. The 2022 growing season
demonstrated the influence of adequate water availability
during the vegetative stage, supported by spring snowmelt
and rainfall. The wider drain spacing (13.7 m) in the heavy
clay soil used in 2022 contributed to greater water table
depth fluctuations over-the-tile than in the midway-
between-tile and no-tile treatments.

Overall, plant phenology data indicate that in 2021,
drought conditions affected plant height but did not affect
plant population or density. Conversely, in 2022, excessive
soil moisture influenced plant density but had no significant
effect on plant height.

Water table depth

In 2020, during the mid-vegetative stage in tiled plots, the
water table depth was generally closer to the root zone,
particularly midway between tiles, due to water retention
caused by the lift pump operating later with a higher float
switch setting. This effect was more pronounced during
high-rainfall events, when water was temporarily held in the
field before the float switch activated the pump to discharge
the sump water into the surface ditch. As the season
progressed, the water table in tiled plots declined steadily
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with crop water uptake, whereas greater fluctuations were
observed in no-tile plots. These fluctuations were attributed
to rainfall recharge and crop water uptake.

In contrast, the 2021 growing season exhibited a deeper,
more stable water table in midway-between-tile plots,
indicating limited upward water movement until mid-
season. This finding aligns with previous research
(Mancarella and Simeone 2012; Shackelford et al. 1994),
suggesting that deeper water tables reduce capillary rise and
limit water supply to crops, particularly in low-permeability
soils.

The 2022 growing season presented a different scenario,
with shallower water tables across all treatments. Over-the-
tile plots exhibited the highest water retention, followed by
midway-between-tile and no-tile plots. This was attributed
to slower pumping rates during a wetter year, which held
water back in the tiled plots, similar to controlled drainage.
These conditions likely contributed to greater water
availability in the over-the-tile treatment, which may have
supported improved moisture conditions for crop growth.
In both 2020 and 2022, the retention of water in tiled plots,
effectively mimicking a controlled drainage system, may
have influenced crop performance by maintaining more
stable moisture conditions (Wesstrom et al. 2014;
Ballantine and Tanner 2013; Cordeiro and Sri Ranjan
2012).

Weather pattern, drainage, and yield

In 2020, the shallower water table in tiled plots suggests
drainage control, likely due to the lift pump operating late.
The midway-between-tiles plots consistently maintained a
shallower water table, thereby improving crop water
availability during the early and mid-growth stages. In
contrast, the deeper water table in no-tile plots may have
forced roots to grow deeper (Tkachuk 2019), while greater
fluctuations in water availability could have negatively
impacted soybean yield.

During the 2021 growing season, water table depth in
both tile and no-tile treatments remained below the tile
depth. In non-tile plots, the water table was initially
shallower but became deeper during seed filling and
maturity due to continuous plant water uptake. From the
mid-vegetative stage to early seed formation, limited
variation in water table depth in the midway-between-tile
plots suggests a capillary barrier that restricted upward
water movement. Later in the season, rainfall-driven
recharge resulted in a shallower water table in both
treatments, followed by minimal changes as crop water
uptake declined near maturity.

In 2022, a wetter year, the shallower water table
observed in over-the-tile plots suggests that drainage,
combined with controlled water retention, maintained
moisture near the root zone, likely contributing to improved
crop performance. In contrast, the progressive increase in
water-table depth in no-tile plots indicates potential for
increased water stress during critical reproductive stages.
These results highlight the importance of maintaining an
optimal water balance, particularly in heavy clay soils under
variable weather conditions.
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Overall, midway-between-tile plots maintained
intermediate water-table conditions, indicating moderate
moisture retention relative to over-the-tile and no-tile
treatments. The observed differences in water table
behaviour during reproductive stages emphasize the
importance of drainage management in influencing yield
response. The presence of a lift pump controlled by a float
switch likely contributed to water retention within tiled
plots, functioning similarly to controlled drainage and
supporting improved crop performance under both excess
and deficit moisture conditions.

Crop response is strongly linked to water availability
during key growth stages. In soybean production, the
vegetative and reproductive stages, from flowering (R1-
R2) through seed filling (R5-R6), are particularly sensitive
to water stress. Adequate moisture during these stages is
critical for maximizing yield, whereas both excess moisture
during early vegetative growth and water deficits during
reproductive stages can negatively affect crop performance
(Manitoba Pulse and Soybean Growers 2015b; Mejia et al.
2000). These findings emphasize that the timing of water
availability is more critical than total seasonal rainfall in
determining final yield outcomes.

Although the experimental design included different tile
drain spacings over the study period (9 m in 2020, 4.5 m in
2021, and 13.7 m in 2022), interpreting spacing effects is
complicated by interannual weather variability. Each
spacing corresponds to a different hydrological year with
distinct precipitation patterns, making it difficult to isolate
the independent effect of tile spacing on water table
dynamics and soybean yield.

Nevertheless, some general observations can be made.
The narrower spacing (4.5 m) in 2021 was associated with
deeper water tables and lower yields under dry conditions,
suggesting that increased drainage intensity may have
removed more water than optimal, potentially exacerbating
moisture deficits. In contrast, the wider spacing (13.7 m) in
2022, a wetter year, was associated with shallower water
tables and significantly higher yields in the over-the-tile
treatment, indicating that moderate drainage combined with
water retention during critical stages can be beneficial under
excess- or deficit-moisture conditions. Similarly, the
intermediate spacing (9 m) in 2020 showed a tendency
toward higher yields than the no-tile treatment, although the
differences were not statistically significant.

These findings suggest that tile spacing plays an
important role in regulating the balance between drainage
and water retention; however, its effectiveness is strongly
dependent on prevailing weather conditions. Therefore,
while tile spacing is a key design parameter in subsurface
drainage systems, its independent effect could not be
conclusively determined in this study due to year-to-year
weather variability. Future studies evaluating multiple
spacing treatments within the same growing season are
needed to better isolate and quantify the effects of spacing.
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CONCLUSION

This study evaluated the influence of tile drainage on water-
table depth and soybean yield in heavy-clay soils in
Manitoba. Overall, soybean yields tended to be higher in
tile-drained plots compared to no-tile plots; however, these
differences were not statistically significant in most years.
Higher soybean yields were observed in tile-drained plots
compared to no-tile plots, with drain spacings of 9, 4.5, and
13.7 m used in 2020, 2021, and 2022, respectively.
Additionally, over-the-tile and midway-between-tiles
treatments showed yield increases of 4.9% and 8.4%,
respectively, during the 2020 growing season. In 2021,
soybean yield increased by 11.6% and 3.3% in over-the-tile
and midway-between-tiles plots, respectively, compared to
the no-tile treatment. In 2022, yield increases of 27% and
7% were observed in over-the-tile and midway-between-
tiles plots, respectively, compared with the no-tile
treatment. In the heavy clay soils of Arborg, MB, the 13.7
m (45 ft) tile spacing yielded midway-between-tiles water
table elevations that were very similar to those in the no-tile
plots. Closer tile spacing is advantageous for both the
efficient discharge of excess water and the redistribution of
soil water, particularly when control structures are utilized.
The timing of rainfall is more critical than total seasonal
rainfall, as adequate moisture during key growth stages such
as flowering and seed filling has a greater impact on final
crop yield. Additionally, water retention in the field
underscores the importance of controlled drainage for
enhancing yield.
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