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Abstract 

Potatoes (Solanum tuberosum) were grown in a fine sandy loam soil in southern 

Manitoba in a three-year field study comparing four water management treatments: No 

Drainage with No Irrigation (NDNI), No Drainage with Overhead Irrigation (NDIR), 

Free Drainage with Overhead Irrigation (FDIR), and Controlled Drainage with 

Subirrigation (CDSI). The objectives of the study were (i) to evaluate the effect of the 

four treatments on yield and quality of potatoes, (ii) to evaluate the effect of water 

management on the environment, (iii) to estimate the shallow groundwater contribution 

to potato water requirement, and (iv) to simulate the shallow groundwater hydrology 

using the DRAINMOD and HYDRUS 1-D model. Subsurface drains were installed at 

0.9 m depth and at spacings of 15 m (FDIR) and 8 m (CDSI). Subirrigation was done by 

pumping water back into the tiles through the drainage control structures.  Overhead 

irrigation was carried out using a travelling gun. Water table depth, soil water content, 

drainage outflow, nutrient concentration in drainage water, irrigation rate, weather 

variables, potato yield and quality parameters, and biomass were measured. Compared to 

the NDNI treatment, the potato yield increase in the other treatments ranged between 15-

32% in 2011 and 2-14% in 2012. In 2011, potato yield from FDIR was higher than CDSI 

(p = 0.011) and NDNI (p = 0.001), and yield from NDIR was higher than NDNI (p = 

0.034). In 2012, potato yield was higher in FDIR in comparison to NDNI (p = 0.021). In 

2012, the NDIR gave higher dark ends (p = 0.008) compared to other treatments. Under 

dry conditions, up to 92% of the potato crop water demand could be met by shallow 

groundwater contribution. Compared to free drainage, controlled drainage was able to 

lower the nitrate export by 98% (p = 0.033) in 2010 and by 67% (p = 0.076) in 2011, and 
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the phosphate export decreased by 94% (p = 0.0117) in 2010. A major part of the 

drainage flow and nutrient export took place between April and June in southern 

Manitoba. DRAINMOD was able to accurately predict the shallow groundwater 

hydrology for this particular research site.  
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1. Introduction 

1.1 Overview 

The potato (Solanum tuberosum) is an important high-value crop in the Province of 

Manitoba. Manitoba is the second largest potato producer in Canada after Prince Edwards 

Island. Potato is a shallow rooted crop and highly sensitive to both excess water and 

drought stress. Both types of water stresses could lead to reduced potato yield and poor 

quality of the tubers.  Excess water stress can be corrected by drainage, which improves 

aeration and eventually increases productivity. In Manitoba, there is a need for drainage 

during the spring, and irrigation during summer. Surface drainage has been used in 

Manitoba since the early settlements to reclaim poorly drained lands for agriculture. 

Recently, there has been increasing interest shown by potato producers in improving land 

drainage through subsurface drainage. Even though drainage can improve the land 

productivity, it could cause negative environmental impacts downstream through the 

export of plant nutrients. There are increasing concerns among both the public and the 

government authorities that the nutrients carried by the drainage water are contributing to 

the eutrophication of Lake Winnipeg.  

It is possible to reduce the environmental impacts by implementing ‘controlled 

drainage’ as a best management practice. Controlled drainage is a practice where the 

drainage outflows from the field are regulated using a drainage control structure in which 

the water level can be adjusted using stoplogs. By implementing controlled drainage, part 

of the water, which would have otherwise drained by free drainage, is stored within the 

soil profile to be used later by the crop when needed. In addition to draining excess water 
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during the wet season, the same drainage network can also be used for adding water 

during dry periods thus serving a dual purpose of drainage and irrigation. This method of 

applying water under the soil surface is commonly known as ‘subirrigation’. However, 

the effects of free drainage, controlled drainage and subirrigation on potato agronomy 

and the environment have to be studied under Manitoba conditions. Also, the effect of 

subirrigation has to be compared against traditional irrigation methods. It is also 

necessary to know the contribution of the natural shallow groundwater table towards crop 

water demand, to design optimum irrigation systems. In addition to field experiments, 

computer models such as DRAINMOD can be used to predict the effect of drainage 

under wide-ranging conditions. 

1.2 Scope 

Controlled-drainage and subirrigation are new to Manitoba.  Therefore, no such 

studies using these systems have been conducted under a potato crop for conditions that 

prevail in Manitoba. Most of the studies on water table management were conducted in 

places having more humid and/or warmer climate compared to Manitoba. In previous 

studies conducted on water table management, comparisons were made between 

subirrigated and non-irrigated plots whereas in this experiment subirrigation was 

compared against a traditional irrigation method as well as non-irrigated plots. In addition 

to yield, water table management was also evaluated in terms of potato quality 

parameters, which has not been done in the past. Since a majority of the potatoes 

produced in Manitoba are used by the processing industry, the quality of the potato is 

equally important as yield.  
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This thesis is comprised of a collection of four manuscript-styled chapters 

(sandwiched thesis) and each of them contributes towards the main objectives. Chapters 

3, 4, 5 and 6 contain the individual manuscripts and were written in a format that is 

acceptable for submission to peer-reviewed journals. Each of those chapters is related to 

one of the specific objectives listed in the section below. In addition to those four 

chapters, a general introduction, literature review and overall conclusions are given in 

separate chapters. Chapter 3 consists of a journal article that has been already published 

(Satchithanantham, S., R. Sri Ranjan, and B. Shewfelt. 2012. Effect of Water Table 

Management and Irrigation on Potato Yield. Transactions of the ASABE 55 (6): 2175–

2184). Additional data related to the effect of water table management on potato quality 

has been added in this chapter. Manuscripts presented as chapter 5 and 6 are currently 

under review by journals for publication. 

1.3 Objectives 

The main objective of the study was to evaluate the effect of four different 

agricultural water management practices on potato yield and quality, and on the 

environment under conditions prevailing in Manitoba.  The four different agricultural 

water management practices are: (1) controlled drainage with subirrigation (CDSI), (2) 

free drainage with overhead irrigation (FDIR), (3) no drainage with overhead irrigation 

(NDIR), and (4) no drainage with no irrigation (NDNI). 

The specific objectives of the study were: 

 To assess the impact of different water management scenarios on the 

agronomic performance of potato by measuring the yield and tuber quality; 
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 To quantify the environmental impacts of subsurface drainage and to evaluate 

controlled drainage as a best management practice (BMP) under potato; 

 To estimate the shallow groundwater contribution to meet the crop water 

demand of potato and to simulate the soil water redistribution within the 

potato root zone after irrigation using HYDRUS-1D; and 

 To simulate the shallow groundwater hydrology under potato grown in 

Manitoba using the DRAINMOD model. 
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2. Literature Review 

2.1 Potato Cultivation in Manitoba 

Potato is the fourth most important food crop and is grown in about 160 countries 

with a global production of 314 million metric tons (MT) (Agriculture and Agri-Food 

Canada, 2007).  In 2006, Canada produced 5 million MT of potato and ranked 12
th

 

among the world potato producers. At that time, potato production in Canada was valued 

at C$ 911 million, which accounted for 35% of all vegetable farm cash receipts. The 

statistics related to potato production in Manitoba and Canada is compared in Table 2.1 

(Agriculture and Agri-Food Canada, 2007).  

Table 2.1 Basic statistics on potato production in Canada and Manitoba in 2006 

(Agriculture and Agri-Food Canada, 2007) 

 Manitoba Canada 

Number of farms 229 3,667 

Area planted (ha) 33,000 160,700 

Area harvested (ha) 32,600 156,700 

Average yield (MT/ha) 30.26 31.88 

Total Production (Thousands of MT) 986 4995 

Value (thousands of C$) 126,873 920,341 

Average price (C$/MT) 177.37 214.92 

Value of farm cash receipt (Million C$) 128.2 910.8 
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By the late 1980s, the North American Free Trade Agreement led to the expansion 

of potato production in Canada, especially in the Prairies (Agriculture and Agri-Food 

Canada, 2007). Availability of water, well-suited land for potato cultivation and 

additional land for crop rotation, availability of capital investments, and close proximity 

to the markets for the processed products were the factors that promoted the expansion. 

The Province of Manitoba is the second largest producer of potato within Canada next to 

Prince Edward Island.  In 2006, potato growers in Manitoba planted 33,000 ha and 

harvested 986,000 MT, which accounted for 20% of the total Canadian production 

(Agriculture and Agri-Food Canada, 2007). Direct and indirect contributions from the 

Canadian potato industry are valued at C$ 6.5 billion and provide jobs for 33,000 people.  

In Canada, 55% of the potatoes are destined to the processing industry while 37% used 

for direct consumption (Agriculture and Agri-Food Canada, 2007). 

2.1.1 Irrigated Potato Production 

The potato crop water requirement in the Canadian Prairies can vary from 400 to 

500 mm annually depending on the weather and the variety of potato grown (Western 

Potato Council, 2003). The water demand of a potato crop can be met by soil water stored 

in the soil profile from snowmelt infiltration, precipitation, and irrigation.  On a hot 

summer day, when the temperature is 32 
o
C, daily crop water demand can go up to 7.6 

mm once the canopy is fully formed (7-8 weeks after emergence).  In the Canadian 

prairies, irrigation is used as a supplement to precipitation to reduce the soil moisture 

deficit that exists during the growing season.  However, the seasonal irrigation 

requirement of potato varies from 410-430 mm in Alberta and 250 mm in Saskatchewan 

to 90 mm in Manitoba depending on the local climate (Western Potato Council, 2003).   
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Compared to cereals and forages, potato is considered to be sensitive to moisture 

stress, and adequate moisture availability in the root zone is a requirement for higher 

yields.  Though roots of potato can be found as deep as 0.9 m, the effective root zone is 

limited to the top 0.6 m (Western Potato Council, 2003). Crop water requirement varies 

with the stage of growth of potato.  The water demand increases after the emergence 

reaching a maximum during the tuber bulking stage and decreasing thereafter.  To 

achieve maximum yield and quality, it is recommended to maintain the root zone 

moisture content in the upper 65% of available moisture (AM) during all stages of growth 

(Western Potato Council, 2003).  

2.1.1.1 Irrigated Potato in Manitoba 

To improve the yield and quality of potatoes, the processing industry advised the 

potato growers in Manitoba to irrigate their crop. According to a Manitoba irrigation 

survey conducted in 2006, 65% of the potatoes grown in Manitoba were irrigated, which 

accounted for 75% of all irrigated land (Gaia Consulting Limited, 2007).  The area under 

irrigated potato has grown from 12,651 ha in 1994 to 22,298 ha in 2006 with an 

increasing trend, except in 2006 when there was a slight dip in acreage. However, it was 

predicted that there is a potential for 23% expansion in irrigated potato acreage in 5 years 

(between 2007 and 2012) based on grower interest (Gaia Consulting Limited, 2007).  In 

2006, on an average, potato growers applied 205 mm (8.1 in) of irrigation which ranged 

from 99 mm (3.9 in) in the Winkler-Carmen area to 264 mm (10.4 in) in the Carberry-

Brandon area (Gaia Consulting Limited, 2007). 

 



8 

 

2.1.1.2 Irrigation Systems used for growing potatoes in Manitoba 

In 2006, over 70 percent of irrigated agriculture in Manitoba used center pivot 

systems with another 22% using travelling guns (Gaia Consulting Limited, 2007).  Unlike 

the center pivot system, the travelling guns are portable making it ideal for use in fields 

experiencing smaller moisture deficits under sub-humid climatic conditions prevailing in 

Manitoba.   

Traveler systems or travelling guns consist of a relatively large sprinkler on a cart 

that can be moved with a hose reel to retract the sprinkler. Usually the cart is connected 

to the reel by the water supply hose, which retracts the cart by winding on the reel 

powered by water pressure (Martin et al., 1991).  As the cart is pulled through the field, 

the sprinkler travelling at a constant speed irrigates the field uniformly.  Since the larger 

sized sprinkler can throw water to a larger diameter, one single pull can irrigate up to 

100 m width of a field.  The travelling gun system is very useful in areas with semi-arid 

or semi-humid climate where frequent irrigation is not necessary (Martin et al., 1991).  

This system has several advantages, which include flexibility to be used in a rectangular 

field, to be moved from field to field within and between seasons, the ability to choose 

the irrigation rate, and ease of assembly.  Despite these advantages, travelling guns have 

several disadvantages such as higher operational cost due to its requirement for higher 

pressure, labor required to move and setup the equipment, poor uniformity of application 

and land area loss due to travelling lanes especially for use in taller crops (Martin et al., 

1991). 
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2.1.2 Effect of Moisture Stress on Potato Yield and Quality 

The yield and quality of potatoes are affected due to excess as well as insufficient 

soil moisture within the root zone. Tuber number per plant will decrease if the soil water 

content falls below 70% of the available moisture during tuber initiation and marketable 

yield could decrease if plants experience moisture stress during the tuber bulking stage 

(Western Potato Council, 2003). Tuber defects such as hollow hearts, knobbiness, and 

growth cracks can occur if soil water is insufficient or fluctuates too much outside the 

optimum range.  Though crop water demand declines during maturation, to maximize 

yield and specific gravity of the tubers, the soil should have adequate water.  However, 

excess water closer to the harvest date can affect trafficability and also cause rots in 

storage (Western Potato Council, 2003). 

2.1.3 Crop Losses Due to Excessive Moisture 

In Manitoba, a significant portion of precipitation falls as snow during the winter 

months and accumulates on the ground. During the springtime, snowmelt along with 

rainfall often creates waterlogged conditions. The flat topography leads to slow drainage 

and therefore natural drainage is seldom adequate, resulting in flooded conditions.  

Farmers in the Province of Manitoba frequently face the challenge of excess moisture in 

the soil profile during the springtime, which could lead to delays in planting and potential 

yield loss. The Excess Moisture Insurance Program (EMIP) covers all farmers in 

Manitoba with a crop insurance contract with Manitoba Agricultural Services 

Corporation (MASC).  Every year, the MASC pays out millions of dollars in claims 

under the EMIP, because of the inability of the producers to seed the land prior to June 

20
th

 due to excess soil moisture (Manitoba Agricultural Services Corporation, 2010). 
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Table 2.2 summarizes the losses caused by excess moisture in potatoes and all other 

crops in Manitoba and claims paid out by MASC as compensation during the period of 

2001-2012. Even though the excess moisture affects almost all crops, it can have a bigger 

impact on specialty high value crops like potato, which is very moisture sensitive. 

Table 2.2 Summary of loss caused by excessive moisture in Manitoba during the 

period of 2001-2012 under potatoes and all other crops (Manitoba Agricultural 

Services Corporation, 2013).  

 

Processing 

potatoes 

Table 

Potatoes 

All other 

crops 

Number of farms making claims 55 10 52,308 

Total area (ha) 6834 907 8,241,862 

Total claim amounts (C$) 3,942,873 588,210 1,218,153,481 

Average claim per ha (C$) 577 649 148 

 

2.2 Agricultural Drainage in Manitoba 

According to The Manitoba Water Commission, (1977) in the Province of 

Manitoba, over 4.4 million acres of farm land from 14 crop reporting districts have 

limitations in productivity due to excess water. Drainage was used as a means to reclaim 

poorly drained land areas for agriculture.  Therefore, land drainage has been an integral 

part of agricultural and economic development of Manitoba from the early days (The 

Manitoba Water Commission, 1977). The “The Land Drainage Act” of 1895 was passed 

to facilitate the reclamation of land by drainage. Under this act, 24 drainage districts were 
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formed and millions of hectares of land were reclaimed. Later, maintenance of those 

drains became a financial burden for municipalities. Early drainage works were carried-

out on a need basis, without giving consideration to downstream impacts. There were 

approximately 46,000 km of designated surface drains in Manitoba. There was lack of 

coordination between landowners, municipalities, and provincial government on the 

implementation and maintenance of an effective agricultural drainage system (The 

Manitoba Water Commission, 1977). Most of the drains are situated in highly productive 

clay soils and the estimated value of the drainage infrastructure was $500 million. A 

design standard for drainage systems was proposed based on the tolerance of the crops to 

excess moisture. The crops were categorized into the following groups in the order of 

increasing tolerance: special crops, cereal crops, forage crops and native prairie (Weber, 

1984).  The land can be drained using surface (open ditches) or subsurface (mainly by 

perforated plastic pipes) drainage systems. During the past century, a majority of the land 

drainage was done with surface ditches. In recent times, as the land value has risen, 

producers have shown more interest in subsurface drainage, because it decreases the area 

lost for surface drains and increases machinery efficiency. Also, frequent experiences of 

wet weather and flooded conditions during the spring have acted as a catalyst for the 

recent expansion of subsurface drainage in Manitoba. 

2.3 Subsurface Drainage in Agriculture 

Subsurface drainage is used in agriculture to remove excess soil water and keep the 

groundwater table below the root zone of the crop to avoid water logging. High 

precipitation, excess irrigation, canal seepage and artesian pressure are some of the 

sources for the excess soil water (Madramootoo, 1997). Buried laterals and collectors, 
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and outlets are the main components of a typical subsurface drainage system.  Corrugated 

plastic pipes with perforations are widely used for this purpose.  Soil water drains into the 

pipe through these perforations and flows downstream mainly by gravity.  The soil water 

removed by the laterals, drain into the collector drains which discharge to an outlet.  If 

the collector drain is lower than the outlet, it is discharged into a sump, from where it can 

be extracted into a waterway by low lift pumps (King and Willardson, 1991).  

Subsurface drainage can provide several direct and indirect advantages, such as 

removal of excess water, the possibility of early planting and extended growing season, 

reduced compaction and better trafficability, improved soil aeration, early seed 

germination due to warmer soil, better root growth and nutrient uptake, and reduced 

breeding areas for parasites (Skaggs and van Schilfgaarde, 1999).  Drainage can also be 

used for controlling salinity and reclaiming saline soils (Hoffman and Durnford, 1999). 

Other benefits of subsurface drainage include improved beneficial bacteria and soil tilth, 

reduced overland runoff and soil erosion, reduced soil structural damage, improved water 

and nutrient uptake, ability to grow high value crop and adapt new cropping systems, 

higher land productivity and value, and stable and higher farm income (Madramootoo, 

1997). 

2.3.1 Impact of poor drainage in agriculture 

 A typical sign of poor drainage is surface water ponding which leads to poor soil 

aeration and impaired biological activity.  However, whether a field has good drainage or 

not depends on several factors such as precipitation duration and intensity, soil and 

atmospheric temperature, crop grown and its growth stage.  Poor drainage can affect the 

gaseous exchange between soil and atmosphere, oxidation-reduction reactions in soil, 
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plant nutrient availability and uptake, and accumulation of toxic substances and 

byproducts of reduced condition.  Plant physiological processes could be affected directly 

or indirectly due to such conditions and lead to poor seed emergence, impaired root 

development, death of root cells, shoot wilting, uneven growth of stems, chlorosis, 

desiccation, abscission, decreased growth rate and plant death (Evans and Fausey, 1999). 

All these effects eventually lead to poor yield and if the waterlogging conditions last 

longer, plants could die as a result of poor aeration (Madramootoo, 1997). Reduced yield 

in corn was reported due to submerged conditions and the yield was negatively correlated 

with the duration of submergence (Chaudhary et al., 1975). 

2.3.2 Environmental Impacts of Agricultural Drainage 

Although drainage can result in agronomical benefits, there could be adverse 

impacts on environment, such as disappearance of wetlands and contamination of 

drainage discharge (Skaggs and van Schilfgaarde, 1999).  Improved agricultural drainage 

may lead to transport of plant nutrients such as nitrogen and phosphorus from the field 

(Gilliam et al., 1999). 

In the past, several studies were conducted to quantify the environmental impact 

caused by agricultural drainage in many parts of the world.  It was estimated that during a 

two-year period, under a tomato-corn rotation, approximately 60 kg ha
-1

 of NO3-N was 

lost through subsurface drainage (Tan et al., 1999).  Madramootoo et al. (1992) 

monitored two potato fields installed with subsurface tile drainage in Quebec, Canada, 

and found the seasonal total nitrogen (TN) export through the tiles to be between 

14-70 kg ha
-1 

and TN concentration as high as 40 mg L
-1

 in the drainage outflow.  In 

addition, the total phosphorus loss was found to be less than 0.02 kg ha
-1

 yr
-1

 and the 
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concentrations were between 0.0006-0.052 mg L
-1

.  In Sweden, nitrate loss from tile 

drainage under potato cultivation was reported as 37.7 kg ha
-1

. Ninety percent of the total 

nitrogen measured in drainage outflow was in the form of NO3-N while ammonium and 

organic nitrogen made up the rest (Wesström et al., 2001).  Even under arid conditions, 

where precipitation is limited, subsurface drainage has contributed to downstream 

pollution (Wahba et al., 2001). Under corn, nitrate losses ranged from 5 to 50 kg ha
-1

 yr
-1

 

and on an average 1.15 kg ha
-1

 nitrate was lost for each centimetre of drainage outflow 

(Randall and Vetsch, 2005). In a study carried out in Eastern Canada, subsurface drainage 

accounted for 98% of the drainage flow and 95% of the total phosphorus export 

(0.514 kg ha
-1

 yr
-1

) while the rest is lost through surface runoff (Goulet et al., 2006).  

Under a corn-soybean rotation, the nitrate losses through the drainage were found to be 

between 0-109 kg ha
-1

 where the variation in nitrate export was mainly attributed to the 

variation in the distribution of precipitation and fertilizer application rate (Lawlor et al., 

2008).  Elevated nitrate or total nitrogen concentrations in tile outflow, often exceeding 

the drinking water standard of 10 mg L
-1

, were reported by several authors (Lawlor et al., 

2008; Fausey, 2004; Randall and Vetsch, 2005; Cooke et al., 2002; Wesström et al., 

2001; Kladivko et al., 2004; Madramootoo et al., 1992). 

2.3.3 Need for Water Table Management 

Traditionally, subsurface drainage was used as a means to remove excess water and 

to improve trafficability, which did not address the problem of moisture stress arising 

from lack of soil water.  In many humid regions, though excess soil water is a problem 

during the early stages of growth, soil water deficit occurs during the latter part of the 

season. Traditional drainage solutions were tailored to alleviate the excess moisture by 
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draining with no consideration given to the export of nutrients with the drainage outflow.  

However, to address the water deficit during the latter part of the growing season as well 

as the export of nutrients, more consideration is being given to drainage water 

management through controlled drainage (Fouss et al., 1991). Water table management 

can be used for achieving both environmental as well as agronomic benefits (Cooke et al., 

2008). In North Carolina, controlled drainage was a recommended best management 

practice (BMP) and it was preferred by farmers because of its agronomic benefits (Evans 

et al., 1996).  There is a need for shift from free drainage to controlled-drainage to reduce 

the adverse environmental impacts caused by subsurface drainage.  

2.3.4 Seasonal variation in flow and nutrient export 

Drainage flow volume depends on several factors including antecedent moisture 

conditions, timing, amount and intensity of precipitation events, tillage and crop ET 

(Lawlor et al., 2008; Cooke et al., 2002). Places with cold climatic conditions, where 

snowmelt hydrology plays a major role in drainage, the flow occurs in the months of 

April, May and June. In an experiment conducted in Minnesota, USA it was observed 

that 71% of the drainage flow and 75% of the nitrate export took place during early 

spring (Randall and Vetsch, 2005). In Iowa, drainage volume during April and May 

accounted for 63% of the total yearly drainage outflow (Lawlor et al., 2008). However, in 

places where the ground does not remain frozen during the entire winter, drainage flow 

can take place during winter. The majority of the nitrate export (63%) and drainage flow 

(64%) took place during the months of November to March in southeastern Indiana 

(Kladivko et al., 2004). In Southwestern Ontario, even though a major part of the 

precipitation (66%) is received during the 7-month growing season (April-October), on 
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average 64% of subsurface drainage took place during the non-growing season (Tan et 

al., 2002). 

2.4 Water Table Management and Subirrigation 

Water table management is defined as “The operation of water conveyance 

facilities such that the water table is either adequately lowered below the root zone during 

wet periods (drainage), maintained (controlled drainage), or raised during dry periods 

(subirrigation) to maintain the water table between allowable or desired upper and lower 

bounds” (USDA-NRCS, 2001). Cooke et al. (2008) defined controlled drainage as “the 

practice in which the outlet from a conventional drainage system is intercepted by a water 

control structure that effectively functions as an in-line weir, allowing the drainage outlet 

elevation to be artificially set at levels ranging from the soil surface to the bottom of the 

drains.”  Fox et al. (1956) defined subirrigation as “a method of irrigation where the 

water supply for the crop comes from underneath the surface of the land.”  They listed 

several advantages of the subirrigation system, in comparison to surface irrigation.  The 

benefits include; (a) the ability to be used in soils having low water holding capacity 

which requires frequent irrigation; (b) low labor cost since there is no moving and setting 

up of irrigation systems; (c) decreased weed seed dissemination by irrigation water 

compared to surface irrigation; (d) no need for land preparation for irrigation such as in 

the case of furrow irrigation; (e) better water use efficiency due to less evaporative losses; 

and (f) potential for increased crop yield.  However there are a few disadvantages of 

subirrigation such as (a) the requirement for natural conditions as explained in section 

2.4.1.1; (b) limited choice of crops since not all crops benefit from subirrigation; (c) risk 

of salinity if not managed properly; (d) requires neighbors’ cooperation; and (e) requires 
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good quality water (Fox et al., 1956).  When the same system for drainage is used for 

subirrigation as well, it is called controlled-drainage with subirrigation (CDSI) and it can 

be used to manipulate the height of the water table to suit different conditions and 

weather patterns. However, the initial cost of a new water table management system can 

be high if there is no existing drainage system in the field.  As an alternative, an existing 

drainage system can be retrofitted into controlled drainage-subirrigation systems by 

adding a drainage control structure.  Some other limitations of controlled drainage 

subirrigation include poor trafficability during heavy or extended rainfall, and limited 

knowledge on crop management under water table management (Doty et al., 1975). 

According to Allred et al. (2003) consistently maintaining the water table in the 

field at the desired depth below soil surface is the primary objective of proper water table 

management.  This should be designed in a way that crops can easily get the water they 

need for their growth without any stress while maintaining root-zone aeration. A 

subsurface drainage networks will remove excess water during rainy periods while the 

same network could be used to put water back into the soil during the drier periods when 

plants experience moisture deficit (Allred et al., 2003).  The main objectives of water 

table management are improved trafficability for agricultural operations, removal of 

excess soil water, soil salinity control, reduced soil water deficit, minimized 

agrochemical losses from the field, and water conservation.  While the first three 

objectives are also addressed by the traditional drainage systems, controlled drainage 

and/or subirrigation should be combined to achieve the rest of the objectives.  Priority of 

these objectives may vary among different fields and between seasons depending on the 

soil, site, crop and climatological factors (Fouss et al., 1991). 
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2.4.1 Criteria for Water Table Management 

When planning a water table management system, there are a number of 

parameters that should be considered including, lateral hydraulic conductivity, depth to 

the impermeable layer, the presence of a shallow groundwater table, soil water retention 

characteristics, drainable porosity, infiltration, topography, drainage class of the soil, soil 

layering, reliable water supply, depth of drain outlet, and rooting depth of the crop.  Of all 

these factors, some have a stronger effect on system design, and some are harder to 

measure in the field, and may vary considerably (Fouss et al., 1991). 

2.4.1.1 Soil and Topography 

There are several soil and topographical requirements for effective subirrigation 

including (a) a deep and highly permeable surface layer with uniform texture, (b) an 

impermeable soil layer below root-zone or naturally high water table, (c) sufficient area 

of irrigation, (d) level or gently sloping topography, (e) adjacent fields having the same 

elevation, and (f) free of salts (Fox et al., 1956).  Soils that are classified as poorly 

drained could benefit from drainage and are best suited for water table management.  If 

soils are naturally well drained, they can only get benefits arising from the subirrigation 

component of water table management.  In areas with slopes greater than 2%, sustaining 

a uniform water table depth across the field becomes impossible due to lateral seepage 

especially if the conductivity of the soil is greater than 0.5 m/day.  Areas with land slopes 

greater than 1% might require more drainage control structures than flat lands and this 

will add extra cost to the installation.  Slope and hydraulic conductivity of soil affect 

mainly the economic viability of water table management rather than its design and 

implementation.  Water table management of soils having hydraulic conductivities 
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outside the optimum range can still be profitable depending on the cash value of the crop 

and yield potential (Evans and Skaggs, 1989). Allred et al. (2003) found it was difficult to 

maintain the targeted water table depth in soils having low permeability like clay with 

horizontal saturated hydraulic conductivity ranging from 7 x 10
-6

 to 2 x 10
-5

 cm/s. This is 

because during subirrigation water cannot move out evenly from the drain pipes to the 

soil. A subirrigated zone that is controlled by a single drainage control structure should 

not have an elevation difference more than 0.3 m and if it exceeds 0.3 m, additional 

drainage control structures should be used.  Otherwise low-lying areas within the field 

may become waterlogged and lead to poor crop growth (Allred et al., 2003). However, in 

terrains with high slope, this requirement would increase the cost for installing controlled 

drainage-subirrigation systems. 

A seasonal high water table and an impermeable layer are other important factors 

to be considered in water table management.  Soils with a seasonal high water table are 

ideal for water table management as they can sustain a higher water table during 

subirrigation.  An impermeable layer, which usually lies between 2-10 m deep, can 

prevent excessive water loss due to vertical seepage during subirrigation (Evans and 

Skaggs, 1989).    A drainage outlet, which is at least 1.2 m lower than the average soil 

surface elevation, can drain the excess water by gravity into an existing stream or canal 

(Evans and Skaggs, 1989). 

2.4.1.2 Weather 

Some authors have reported that, under wet conditions, the performance of 

subirrigation was not significant or even led to a yield reduction (Madramootoo et al., 

2001; Allred et al., 2003).  During wet years, the water table rose above the target water 
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table depth and caused waterlogging and even surface ponding conditions (Madramootoo 

et al., 2001).  Mejia et al. (2000) speculated that yield response due to controlled 

drainage-subirrigation would be more pronounced during drier years than wetter years.  

They reported a trend, where a slight yield increase was observed only during dry years 

in controlled drainage plots compared to free drainage plots. However, during growing 

seasons with average precipitation, yield under controlled drainage was slightly reduced 

(Ramoska et al., 2011). Subirrigation resulted in reduced yield of corn and soybean when 

the weather was wetter than average (Allred et al., 2003). Tan et al. (2007) observed that 

the yield response of corn and soybean to CDSI treatment was weather dependent. In 

relatively dry years, the CDSI treatment improved the yield of corn (91%) and soybean 

(49%) above that of free drainage treatment.  However in years with higher rainfall, the 

CDSI only improved the yield by 7% for corn and 19-22% for soybean. 

2.4.1.3 Crop Water Demand 

 Crop water demand, based on ET, is likely to play an important role in 

determining the amount and rate of water to be supplied to the crop. A daily subirrigation 

water application rate of 2.3-2.9 mm day
-1

 was used for corn and peanut in a fine sandy 

loam soil. This application rate was used to meet the ET demand and seepage losses 

(Wright and Adamsen, 1993). Mejia et al. (2000) reported that water deficit was higher in 

free drainage plots with no irrigation than in water table management plots with 

subirrigation.  The application of subirrigation was supplemental to precipitation and an 

equivalent of 223-248 mm of water through subirrigation was applied throughout the 

growing season where the contribution from rainfall was 340-473 mm in eastern Ontario.  

Tan et al. (1999) applied 78.5-183.9 mm of subirrigation water per growing season in a 
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tomato-corn rotation. Drury et al. (2009) reported increased ET losses under CD/CDSI 

treatments compared to free drainage. This could be attributed to more water being held 

back within the soil profile for longer periods during the non-growing season. Similar 

patterns were observed where ET was significantly higher under corn grown in CDSI 

plots compared to free drainage plots (Tan et al., 2002). They also reported that, corn 

under controlled drainage-subirrigation used 87 mm more water than under free drainage 

during drier years. 

2.4.1.4 Water Supply and Source 

Subirrigation through water table management requires more water mainly due to 

three reasons.  First, the water table has to be brought up to the target depth for plant 

roots to be able to uptake the water.  If the water table is deeper, it might require 

substantial amounts of water just to bring it up to the desired level.  Secondly, losses due 

to lateral seepage into neighboring fields have to be accommodated.  Lastly, decreased 

availability of storage within the soil profile due to a higher water table causes ponding 

and runoff loss during storm events (Smith et al., 1985).  The water requirement for 

subirrigation depends on weather, crop grown and losses due to lateral and vertical 

seepage.  The water source for subirrigation should be able to deliver 50-70 L/min per ha 

(equivalent to 0.30 to 0.42 mm hr
-1

) depending on the losses during subirrigation.  

Seepage losses, which could be more than 25% of pumping capacity, should be 

considered in designing any water table management system (Evans and Skaggs, 1989).  

Groundwater with no detectable NO3-N was used as a water source for 

subirrigation purposes in Quebec (Madramootoo et al., 2001; Kaluli et al., 1999; Elmi et 

al., 2002). Municipal water from an irrigation pond with a low NO3-N concentration 
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(<0.1 mg L
-1

) was also used as a source for subirrigation (Drury et al., 2009).  In order to 

maintain a constant water table, Cooper et al. (1999) pumped well water for subirrigation 

at a rate to refill crop use, seepage and evaporation losses.  Mejia et al. (2000) used a 

subirrigation system with a peak delivery of 3.7 mm/day.  

2.4.2 Design and Operation of Water Table Management Systems 

A well-designed water table management system can improve yield by 

maintaining optimum soil water content within the root zone, while reducing the nutrient 

export through the drainage outflow. The type of crop and the degree of control required 

over the water table level and nutrient export should be considered in designing such 

systems.  A properly designed system should not only remove the excess water quickly, 

but also distribute the irrigation water evenly within the soil profile. Water table 

management could be operated in two different modes such as controlled drainage and 

subirrigation. Weather, crop growth stage and soil moisture level are the major factors 

determining the operational strategy of a water table management system (Fouss et al., 

1991).  

2.4.2.1 Drain Spacing for Subirrigation 

Drainage spacing usually depends on the hydraulic properties of the soil and how 

fast the field needs to be drained. On the other hand, when subirrigation is to be 

incorporated into the system, the spacing should be chosen to ensure uniform water table 

level throughout the field. The spacing for subirrigation could be reduced to one-half to a 

third of the recommended drain spacing that would be used for drainage only purposes 

(Cooke et al., 2008).  Skaggs et al. (1972) used three different drain spacings for 

subirrigation (7.5, 15 and 30 m) in a sandy loam soil under potatoes.  Their results 
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showed that 7.5 and 15 m spacing were adequate to fulfill the crop water use, while the 

30-m spacing was inadequate to maintain the targeted water table level.  Allred et al. 

(2003) used a drain spacing for subirrigated fields, which was 33-50% narrower than that 

generally used for conventional drains. This would help to remove excess water quickly, 

but more importantly, during the subirrigation mode, it could help to achieve more 

consistent water table depth across the field.  In a clayey soil, drains spaced at 2.4 m were 

better suited to keep the water table steadily at desired depth than drains spaced at 4.9 m.  

However it was suggested that yield increases caused by subirrigation may not be enough 

to cover the extra cost involved with narrower spacings (Allred et al., 2003). Wright and 

Adamsen (1993) speculated that a closer spacing than 34 m could have helped to achieve 

the target water table depth of 0.3 m in a fine sandy loam soil.  When 18 m and 36 m 

spacings were compared by Campbell et al. (1978) in a sandy soil under a potato crop, 

the 36 m spacing was unable to maintain the desired water table depth at the mid-spacing.  

While the potato yield increased with 18 m drain spacing, yields lower than conventional 

furrow irrigation systems was observed at 36 m spacing. 

Doty et al. (1986) presented design guidelines for controlled-drainage-

subirrigation (CDSI) systems in the form of a nomogram with drain spacing ratios 

(controlled drainage-subirrigation to conventional drainage) related to a wide range of 

soil hydraulic conductivity values.  The drain spacing ratios varied between 0.2-0.9 

depending on how fast a soil can drain, with slowly permeable soils having a smaller 

ratio (i.e., considerably narrower spacing for CDSI than for a conventional drain) and 

rapidly permeable soils with larger ratios. 
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Elmi et al. (2002) used 15 m spacing for free drainage as well as subirrigation 

treatment for corn. For controlled drainage-subirrigation purpose, a tile spacing of 32 m 

was found to be satisfactory in sandy loam soils and it was suggested that wider spacing 

could be used for highly permeable soils (Doty and Parsons, 1979).  Mejia et al. (2000) 

used 18.3-m spacing in a controlled drainage-subirrigation study for corn and soybean. 

2.4.2.2 Drainage control structure 

The drainage control structure (DCS) is used to convert the free drainage into 

controlled drainage with optional subirrigation components. The DCS acts as an inline 

weir and helps to maintain the water table depth anywhere between the soil surface and 

the tile depth.  The two common techniques used in drainage control structures are 

stoplogs and float mechanisms. A drainage control structure is required for each 

0.3-0.45 m change in elevation (Cooke et al., 2008). For manually operated systems, the 

drainage control structure (weir) could be used either at the drain outlets or in the drain 

pipes (mains, submains or laterals).  Depending on the size of the area controlled by a 

single drainage control structure, water table response to the amount of water removed 

(by drainage) or added (by subirrigation) may vary (Fouss et al., 1991). 

Madramootoo et al. (2001) used a float valve and riser pipe inside a tank to 

maintain the target water table depth. The float valve controlled the flow of subirrigation 

water and the riser pipe was used to set the target water table depth.  Pipes (50 mm 

diameter ABS) and pipe fittings along with a riser pipe were used as drainage control 

structures.  Once the primary outlets were plugged, outflow was restricted and the water 

table rose until it reached the desired level. Once the water level exceeded the target 

level, drainage was allowed through a secondary outlet (Mejia and Madramootoo, 1998).  
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Outlet risers are another way of controlling drainage outflow where outlets were elevated 

above the tile drain level.  Drury et al. (2009) found the outlet risers to be effective to 

raise the water table level by 0.3 m.  Doty and Parsons (1979) used a V-notch weir box to 

control water levels in a constant head tank and water was pumped into the tank for 

subirrigation purposes where the pump was regulated by a float switch.  Tan et al. (2007) 

used a riser pipe along with a float valve and overflow pipe as a means to do water table 

management. Kaluli et al. (1999) used an overflow pipe, tipping bucket, and a control 

chamber with float valve to provide water table control and flow measurements.  

Commercially available drainage control structures were also used in a few studies such 

as the drainage control structure marketed by Innotag Inc.  (Tan et al., 1999) or Agri 

Drain Corporation (Cooke and Verma, 2012).  

2.4.2.3 Water Table Management Methods and Operation 

Three different methods were used in the past for water table management 

including subsurface drainage systems (Stampfli and Madramootoo, 2004; Allred et al., 

2003; Smith et al., 1985; Wright and Adamsen, 1993; Madramootoo et al., 2001; Mejia et 

al., 2000; Ramoska at al., 2011; Tan et al., 1999; Drury et al., 2009; Fausey, 2004), 

surface drainage ditches (Pitts et al., 1993; Fox et al., 1956; Smajstrla et al., 2000) and 

subsurface drip irrigation systems (Stanley and Clark, 1995; Smajstrla et al., 2000).  The 

most commonly used method for water table management was combining subsurface 

drainage and subirrigation where a common drain tile network is used for both controlled 

drainage as well as subirrigation.  Stanley and Clark (1995) used a drip irrigation system 

with pressurized water to sustain different water table depths for tomato cultivation. 
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Some authors used large containers along with pumps to control the water table 

(Wright and Adamsen, 1993; Madramootoo et al., 2001; Doty and Parsons, 1979; 

Campbell et al., 1978).  Madramootoo et al. (2001) used a tank that was raised above the 

drain pipes and a float valve to carry out subirrigation.  The float valve would close off 

the water inflow once the desired water table depth was achieved inside the tank.  Stanley 

and Clark (1995) used an electronic float switch system with solenoid valves along with 

observation wells and water level loggers to regulate subirrigation based on water table 

depth.  Containers, sump pumps and water meters were used not only to control the water 

table elevation but also to measure the drainage outflow (Campbell et al., 1978). To raise 

the water table Skaggs et al. (1972) pumped water into a ditch that was blocked by 

closing the gate of a control structure. 

The desired water table depths could be maintained by using drainage control 

structures with a weir where the height of the weir inside the structure determines the 

height of the water table in the field.  The weir is typically made of several stoplogs or 

flashboards stacked one on top of the other starting from the bottom of the drainage 

control structure (Allred et al., 2003). Fouss et al. (1991) suggested that for large storm 

events, the weir level in the drainage control structure should be lowered to allow free 

drainage of the excess water quickly.  However, the weir level has to be raised at the 

appropriate time to avoid over draining of the soil profile as well as to minimize the 

potential of nutrient export. If the weir raising is delayed until the groundwater levels 

drop to the pre-storm levels, it might lead to over drainage, particularly in fine-textured 

soils.  Raised weirs can be used to control the drainage flow and to store the rainwater in 

the soil profile. When the system is operated as controlled drainage, excess water flows 
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over the weir allowing the field water table to be maintained at or below the weir level.  

Whenever necessary, the outlet weir can be raised and subirrigation water can be pumped 

into the drainage control structure.  If the system is manually operated, the operator 

should pay attention to system response, and the water table should be monitored closely 

during the growing season.  The operation of a water table management system could be 

fully automated by using rainfall data, drainage flow data and feedback from the field 

water table (Fouss et al., 1991). 

The weir in the drainage control structure should be set closer to the drain depth 

until after planting is completed to maintain proper trafficability.  During the growing 

season, the weir in the drainage control structure should be adjusted in a way that water 

table depth is within the preferred range for the crop such that the plant roots can uptake 

water that is supplied by a sustained steady upward flux from the shallow water table 

maintained closer to the root-zone.  Whenever the field needs to be drained quickly, the 

weir in the drainage control structure should be lowered to the drain depth to keep the 

maximum drainage flow rate. However, maintaining the system at maximum drainage 

flow could lead to increased levels of agrochemical exports. In order to improve 

trafficability during harvesting, the weir in the drainage control structure should be 

lowered at least one week prior to the harvesting date.  During the non-growing season, it 

is recommended to maintain the system in the controlled drainage mode to minimize any 

agrochemical export (Fouss et al., 1991).  However, Doty et al. (1986) recommended 

operating the system in free drainage mode during the non-growing season as it would 

aerate the soil and clean out the drain pipes. 
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To avoid excessive export of agrochemicals, aggressive drainage should not be 

used to manage small fluctuations in the water table caused by rainfall events.  A 

balanced approach should be used in the decision making to switch between controlled 

drainage and subirrigation modes (Fouss et al., 1991).  Doty et al. (1986) recommended 

that subirrigation should be managed continuously especially during dry periods and 

turned into free drainage during rainy periods to avoid any crop damage.  However, if the 

water table is allowed to fall below a threshold point, it is difficult to bring the water table 

back to the desired level. So switching between drainage and subirrigation modes has to 

be done properly so that the water table level is maintained at the desired depth while 

keeping the crop damage to a minimum.  Cooper et al. (1999) continuously pumped the 

subirrigation water to keep the water table level steady. 

In the daily operation of controlled drainage-subirrigation systems, the weather 

forecast plays a major role in the proper management and efficient utilization of water 

table management systems.  Sensible management of the water table would result in 

reduced incidence of excess and deficit soil water conditions, increased effectiveness of 

agrochemicals, and efficient use of rainwater thus minimizing the requirement for 

irrigation (Fouss et al., 1991).  During the harvest period, controlled drainage-

subirrigation systems were converted to free drainage mode to allow rapid drainage so 

that trafficability would improve, and damages to the tiles and other fittings due to 

freezing later during the winter could be minimized (Lalonde et al., 1996).  Mejia et al. 

(2000) carried out controlled drainage-subirrigation from the early vegetative stage until 

closer to senescence for corn and soybean.  Outlet risers were not used during planting 
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and harvesting of corn and soybean to avoid soil compaction by traffic in the presence of 

excess soil water (Drury et al., 2009). 

2.4.2.4 Monitoring wells 

The monitoring wells were an integral part of water table management studies 

conducted in the past.  Frequent checking of ground water is necessary and subirrigation 

should be carried out based on measured ground water levels in the field. Monitoring 

wells provided a means to measure the water table depth (Fox et al., 1956).  Monitoring 

wells made of small diameter perforated plastic pipes can be installed vertically midway 

between the drain tiles.  In some soils, geotextile filters and backfilling with sand might 

be required (Fouss et al., 1991).  It is recommended to have observation wells along 

drains, midpoint between drains, and in depression areas to monitor the changes in water 

table depths and to make decisions regarding the operation of CDSI systems (Allred et 

al., 2003).  Most of the field-scale water table management studies deployed observation 

wells to monitor the groundwater levels in the research plots (Wright and Adamsen, 

1993; Madramootoo et al., 2001; Cooper et al., 1991; Campbell et al., 1978).  Using 

geotextile sleeves to keep the soil particles away from the piezometers was a common 

practice in the past studies (Mejia et al., 2000; Madramootoo et al., 2001).  Cooper et al. 

(1991) used seven piezometers between two tiles to monitor the variation in water table 

depth in relation to the distance from the tile.  Monitoring wells were also used to 

monitor deep seepage losses and NO3 concentration below the drainage pipe in addition 

to measuring water table depth.  Polyethylene pipes (12 mm in diameter) with 

perforations covered with geotextile sleeves were used for that purpose (Kaluli et al., 

1999). 
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2.4.2.5 Target Water Table Depth 

The target water table depth can affect the height of the capillary fringe and how 

much water is available within the root zone for plant uptake.  It also can impact the 

amount of water required for subirrigation as shallower target water table depth requires 

more water.  According to Stanley and Clark (1995), the water requirement to maintain 

0.6 and 0.75 m target water table depth was only 45 and 30% that of the requirement for 

maintaining the water table at 0.45 m.  In a fine sandy soil, capillary rise was not enough 

to maintain the soil water content at optimum levels when the water table depth was 

below 0.6 m.  When three different target water table depths (0.45, 0.6, 0.75 m) on 

subirrigated tomatoes were compared, maximum yield was observed at 0.6 m target depth 

with no benefits accruing at water table depth less than 0.6 m (Stanley and Clark, 1995). 

Skaggs et al. (1972) used 0.6-0.9 m target water table depth for potato and observed a 

diurnal pattern in water table depth variation where water table dropped during the day 

and stayed comparatively flat during the night. During non-growing seasons, target water 

table depth could be set closer to the soil surface in order to temporarily recharge the 

ground water. This would also facilitate the containment and reduction of nitrate that 

would have been, otherwise exported off the field along with the drainage water (Cooke 

et al., 2008).  Lalonde et al. (1996) implemented controlled drainage with two different 

target water table depths (0.5 and 0.75 m) and found that at 0.5 m, the reduction in 

drainage flow volume and nitrate export were higher than that maintained at 0.75 m 

depth. 

 Maintaining a target water table depth poses several challenges.  Wright and 

Adamsen (1993) used a 1.8 m diameter steel tank as a water control structure to maintain 
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a constant target water table depth.  Even though the water level in the tank was steadily 

maintained, the water table level in the field was declining especially when the rainfall 

was below average.  Madramootoo et al. (2001) faced difficulties maintaining a target 

water table depth as the water table rose above the targeted level during the wetter season 

and fell below the targeted level during the drier season.  Deep percolation, lateral 

seepage, and ET losses made it difficult to maintain a steady water table depth and often 

resulted in water table elevations that were below the targeted level (Mejia et al., 2000).  

Elmi et al. (2002) also reported having difficulties in maintaining the water table at the 

targeted depth due to seepage losses.  When target water table depths were set at 0.5 and 

0.75 m, the actual mean seasonal water table depths were 0.7 and 0.8 m in a sandy loam 

soil due to lateral seepage and high ET losses (Kaluli et al., 1999).  In a controlled 

drainage experiment, it was not possible to maintain the target water table depth at 0.5 

and 0.75 m due to deep seepage and ET losses (Lalonde et al., 1996). 

There should be a head difference between water table depth and water level in 

the drainage control structure to maintain a shallower water table depth during 

subirrigation.  Doty and Parsons (1979) reported that a head difference of 0.65 to 1.3 m 

was necessary to maintain the desired water table level in sandy and sandy clay loam 

soils.  They also reported difficulties in maintaining the target water table depth which 

was attributed to flow restrictions.  A 0.3 m difference in head was necessary to maintain 

an average water table depth of 0.39 m in a silty loam soil (Cooper et al., 1991). 

 In water table management, the water table could be maintained either at a 

constant level or allowed to fluctuate for better efficiency.  Most subirrigation systems 

are designed to keep the water table at a constant depth. Doty et al. (1986) proposed three 
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different methods to manage the water table including constant level, raising and 

lowering (irrigation and drainage), and based on demand.  Smith et al. (1985) conducted 

an experiment to compare constant and fluctuating water table by subirrigation.  

Simulation results showed that irrigation requirements could be reduced by allowing the 

water table to fluctuate.  Under constant water table management, the higher water tables 

caused excess rainfall to drain out due to a decrease in soil storage capacity (Smith et al., 

1985).  Maintaining a constant water table depth can be challenging since many variables 

such as weather, capacity of the system, and response of the soil need to be considered.  

Wright and Adamsen (1993) set the water table depth as 0.3 m below the soil surface, but 

it varied widely throughout the field spatially and temporally.  Madramootoo et al. (2001) 

recommended that a subirrigation system should be based on soil water content rather 

than maintaining a steady level of subirrigation.  Stanley and Clark (1995) tried to 

maintain constant water table depth for subirrigated tomatoes and they noticed small 

diurnal variation in water table during mid to late season. Also rainfall events resulted in 

large fluctuations in the water table. 

2.4.3 Effect of Water Table Management on Water Quality 

Water table management using drainage control structures is recognized as a Best 

Management Practice (BMP) in North Carolina for reducing Non-Point Source (NPS) 

pollution caused by agricultural practices.  A cost share program was in place under 

which 3455 drainage control structures were installed to carry out water table 

management on 120,000 ha. Another 150,000 ha were brought under controlled drainage 

with private funds. It is estimated that through water table management, nitrogen export 

by drainage water was reduced by 1.7 million kg in North Carolina every year (Evans and 
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Skaggs, 2004).  Several studies proved that water table management can reduce the 

nutrient load off the field thus reducing the environmental impact caused by agricultural 

drainage. A summary of past studies on the water table management effects on water 

quality is given in Table 2.3 and Table 2.4. 

2.4.3.1 Effect on nutrient export 

Many field-scale studies found that nutrient export from drained plots could be 

decreased by implementing water table management (Madramootoo et al., 2001; 

Ramoska et al., 2011; Mejia and Madramootoo, 1998).  The reduction of NO3-N was 

often attributed to different factors by various authors including enhanced denitrification 

due to wet soil conditions under water table management (Madramootoo et al., 2001; 

Drury et al., 2009; Mejia and Madramootoo, 1998), dilution effect (Drury et al., 2009; 

Mejia and Madramootoo, 1998) reduced concentration (Tan et al., 1999), increased crop 

uptake due to higher yield caused by water table management (Tan et al., 1999; Drury et 

al., 2009; Tan et al., 2007) and decreased volume of drainage outflow (Tan et al., 2007; 

Kaluli et al., 1999; Mejia and Madramootoo, 1998).  Reduced concentration of nutrients 

under controlled drainage and/or subirrigation treatments was often reported in the past 

studies (Fausey, 2004; Elmi et al., 2002). 

In a review of water quality effects of controlled drainage by Evans et al. (1995), 

a nutrient export reduction of between 30-50 % at the edge of the field was found to be 

mainly due to a drainage volume reduction of 30%.  Nitrate concentrations were also 

lowered by 10-20% in controlled drainage and was attributed to denitrification induced 

by higher water table levels (Evans et al., 1995).   Under water table management, even 

without any change in concentration, reduction in drainage volume alone could decrease 
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the nitrate export from the field (Cooke et al., 2008).  Despite a higher volume of 

drainage outflow, a lower concentration led to decreased NO3-N loading from water table 

management plots compared to free drainage plots (Mejia and Madramootoo, 1998).  

Reduced NO3-N concentrations (38 %) and total load (37 %) were observed under 

controlled drainage-subirrigation treatment by Tan et al. (1999). The reduction in NO3-N 

was attributed to decreased concentration and increased crop uptake. Madramootoo et al. 

(2001) found that NO3-N concentration in drainage outflow and export losses due to 

drainage were lower under subirrigation plots.  When compared to free drainage, it was 

found that CD and CDSI treatments were effective in reducing both NO3-N concentration 

and export losses in the drainage outflow compared to free drainage.  This was attributed 

to the lower concentrations and lower drainage outflow volume (Drury et al., 2009).  In a 

study comparing free drainage, controlled drainage and subirrigation, reduced NO3-N 

concentration was observed in subirrigation compared to controlled drainage or free 

drainage treatments.  However, controlled drainage performed better than other 

treatments in reducing overall NO3-N losses due to decreased drainage volume under 

controlled drainage (Fausey, 2004).  Tan et al. (2007) reported that nitrate and total 

dissolved phosphorus exports were reduced by 41% and 36%, respectively, under 

controlled drainage-subirrigation treatment compared to free drainage. This reduction in 

nutrient export was attributed to drainage flow reduction (43 %) and increased yields.  

Subirrigation resulted in lowered NO3-N export and three times higher denitrification 

rates than free drainage plots (Kaluli et al., 1999).  Nitrate export was 62.4 to 95.7 % 

lower in controlled drainage plots compared to free drainage plots. The nitrate export 

reduction was higher at shallower (0.5 m) target water table than at deeper (0.75 m) depth  
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(Lalonde et al., 1996).  Under potato cultivation, nitrate and phosphate losses were lower 

from controlled drainage-subirrigation plots compared to furrow irrigated plots 

(Campbell et al., 1985).  Grigg et al. (2003) reported that, during the growing season, 

nitrate loss through tile drainage was not significantly different from that of controlled 

drainage and controlled drainage-subirrigation.  However, total NO3-N exports through 

the tile-drained plots were approximately 40% higher than plots with surface drainage 

only. They attributed one-third of the total nitrate export took place during the growing 

season. Under arid climate conditions, on average, nitrate concentrations, nitrate export 

and orthophosphate export from controlled drainage were reduced by 13-17%, 32-73 % 

and 30-77 %, respectively, compared to free drainage (Wahba et al., 2001).  Wesström et 

al. (2001) found that controlled drainage reduced NO3-N loss through tile drainage by 

78-94% and phosphorus losses by 57-85% compared to free drainage.  Denitrification 

caused lower NO3-N concentration in controlled drainage plots during part of the 

growing season. Elmi et al. (2002) observed decreased nitrate concentration (up to 45%) 

and increased denitrification under subirrigation. 

 The export of different forms of phosphorus such as dissolved inorganic 

phosphorus (18%), dissolved organic phosphorus (47%) and total dissolved phosphorus 

(36%), were lower under controlled drainage-subirrigation compared to free drainage 

(Tan et al., 2007).  However, higher P concentration and loading was found in controlled 

drainage-subirrigation plots than in conventional drainage (Stampfli and Madramootoo, 

2004).  This was attributed to the limited capacity of controlled drainage-subirrigation 

plots to store any precipitation.  
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Tile spacing and depth were found to be two important design characteristics of 

drainage systems that affect the export of nutrients from agricultural fields.  Cooke et al. 

(2002) reported that nitrate export decreased with reduced depth to the tile drains.  

Kladivko et al. (2004) studied the effect of drain spacing on nitrate export and drainage 

flow under a corn-soybean rotation using three different drain spacings. Both drainage 

volume and nitrate load were increased with narrower drain spacing, however nitrate 

concentration did not vary. 

2.4.3.2 Effect on Drainage Outflow 

Many authors reported reduced drainage outflow from the water table 

management treatments compared to free drainage (Drury et al., 2009; Tan et al., 2002; 

Tan et al., 2007; Lalonde et al., 1996). Lower drainage outflow volumes were observed 

under controlled drainage and controlled drainage-subirrigation compared to free 

drainage plots, which was attributed to the shallow ‘effective’ drainage depth (0.3 vs 

0.6 m) of those treatments. Since the water level has to reach the shallower depth before 

drainage can occur, this provided additional storage space in the soil profile to store rain 

water (Drury et al., 2009). Tan et al. (2007) also reported 43% lower outflow under 

controlled drainage-subirrigation than free drainage. The percent reduction in drainage 

outflow volume was higher with shallower (0.5 m) target water table depth (65.3-95%) 

compared to deeper (0.75 m) target water table depth (40.9-58.7%) (Lalonde et al., 1996).  

Wesström et al. (2001) reported that drainage volume decreased by 79-94% under 

controlled drainage in comparison to free drainage.  

There were studies that reported higher flow in water table management plots 

compared to free drainage plots.  One reason that was frequently mentioned was lack of 
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soil storage due to higher water table and subirrigation (Mejia and Madramootoo, 1998; 

Tan et al., 1999; Stampfli and Madramootoo, 2004).  In such instances, due to drier 

conditions, plots with free drainage treatment were able to store larger amounts of 

precipitation than plots with controlled drainage.  Stampfli and Madramootoo (2004) 

reported that drainage outflow was higher in controlled drainage-subirrigation plots than 

free drainage plots.  In free drainage plots, water table depth fell below tile depth during 

drier months leading to lower drainage outflow.  During a few months, the drainage 

outflow from the subirrigation treatment was higher than from free drainage which was 

attributed to the ‘holdover’ effect due to subirrigation which reduced the soil storage 

available for incoming precipitation (Madramootoo et al., 2001).  Mejia and 

Madramootoo (1998) reported higher volumes of drain outflow from water table 

management plots than free drainage plots.  The amount of drainage outflow from CDSI 

plots mainly depended on water table level, rainfall and management intensity.  Tan et al. 

(1999) also observed 19% higher flow volume under controlled drainage-subirrigation 

than free drainage during the cropping season.  However during the off-season, drain 

outflow was 9% lower under controlled drainage-subirrigation than free drainage.  In a 

study by Fausey (2004), compared to free drainage, drainage volume under subirrigation 

was 15% higher, however, under controlled drainage it was 40% lower.  Not only in 

humid conditions but also under arid conditions, controlled drainage was found to 

decrease the drainage volume.  For instance, in Egypt, controlled drainage reduced the 

drainage volume by 28 to 68 % (Wahba et al., 2001). 
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2.4.4 Effect of Water Table Management on Crops 

 Yield increases for different crops were reported by many authors (Stampfli and 

Madramootoo, 2004; Cooper et al., 1991).  However, some instances of yield reduction 

under controlled drainage and/or subirrigation treatments have also been observed 

(Madramootoo et al., 2001; Poole et al., 2009; Elmi et al., 2002; Allred et al., 2003). 

Compared to the non-irrigated treatment, soybean yield increased up to 58% under 

controlled drainage-subirrigation treatment in a silty loam soil (Cooper et al., 1991).  In a 

sandy loam soil, controlled drainage-subirrigation increased potato yield (9.6-39%) and 

quality in comparison to a conventional furrow irrigation system (Campbell et al., 1978).  

Tan et al. (2007) reported higher yields of soybean (19-49%) and corn (7-91%) under 

controlled drainage-subirrigation than free drainage. 

Yield increases in wheat, corn and soybean ranging from 1.9 to 21.1 % were 

observed by Poole et al. (2009) in a controlled drainage study conducted in North 

Carolina.  However, for wheat, two out of five rotations resulted in reduced yield under 

controlled drainage compared to free drainage.  Higher yield of corn (7-45%) and 

soybean (36-107%) were observed under controlled drainage-subirrigation compared to 

free drainage in Ohio. Higher yield was attributed to reduced soil water stress and 

increased nitrogen uptake under CDSI plots (Fisher et al., 1999).  Yield of silage corn 

was increased under controlled drainage compared to non-drained field and there was a 

relationship between water table level and yield (Doty et al., 1975).  Corn and soybean 

yields were improved under controlled drainage-subirrigation in comparison to free 

drainage condition in eastern Ontario (Mejia et al., 2000). 
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Kalita and Kanwar (1993) conducted a field-scale and lysimeter-scale study and 

observed improved corn yield under water table management.  Stampfli and 

Madramootoo (2004) reported 35% higher yield for corn under controlled drainage-

subirrigation than in free drainage.  However, Grigg et al. (2003) did not observe a 

significant difference in corn yield under surface drainage, controlled drainage and 

controlled drainage-subirrigation. A summary of past studies on the water table 

management effects on crop yield is given in Table 2.3. 

2.4.4.1 Effect of Weather on Yield Response under Subirrigation 

One of the common reasons cited for yield loss under subirrigation was wet 

growing conditions with heavy rainfall events (Elmi et al., 2002).  Allred et al. (2003) 

conducted a subirrigation study in three different counties in Ohio, USA, and reported 

corn and soybean yield increases with a reduction at least in one site during wet years. 

Madramootoo et al. (2001) reported a yield decrease of 25% under subirrigation 

treatment for corn in a wet year.  However, even in a relatively dry year, yield from 

subirrigation plots was only marginally better than yield from free drainage. 

In Quebec, subirrigation resulted in a slight corn yield increase in two out of three 

years compared to free drainage.  The yield decrease of 25% in one year was attributed to 

the heavier rains which overwhelmed the drainage system and resulted in ponded 

conditions in subirrigated plots (Elmi et al., 2002).  Marketable tomato yield increased by 

11% and corn yield by 64% under CDSI treatment (Tan et al., 1999).  During dry years, 

corn yield response to subirrigation was significantly higher and water table management 

was recommended for stabilizing long-term yield (Cooper et al., 1999).  Drury et al. 

(2009) reported a similar trend, though with mixed results, where corn and soybean yield 
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increases were observed in two out of four years when precipitation was a limiting factor.  

However, reduced yields up to 17.4% were also observed in the other two years under 

controlled drainage and controlled drainage-subirrigation compared to free drainage.  The 

discrepancy in corn yields between two different years under subirrigation was attributed 

to differences in rainfall patterns where higher rainfall and a shallow water table affected 

the corn growth and reduced yield (Doty and Parsons, 1979). A summary of past studies 

on subirrigation effects on crop yield is given in Table 2.5. 

2.4.4.2 Relationship between Water Table Height and crop yield 

Wright and Adamsen (1993) observed a slight decrease in the yield of corn and 

peanut with increased in water table depth.  However, the increase in yield was not 

correlated with differences in water table depth caused by controlled drainage treatment 

(Poole et al., 2009). Pitts et al. (1993) obtained a relatively higher sugarcane yield when 

the water table depth was shallower (0.45 m) compared to being deeper (0.75 m). Doty et 

al., (1975) reported that number of days with water table was shallower than 1.07 m 

(42 in.) had a relationship with silage corn yield. The yield increased with increasing 

number of days when the water table stayed within 1.07 m from the soil surface. Highest 

corn yields were obtained with an optimum water table depth (0.6 to 0.9 m), however 

shallower (0.2 to 0.3 m) or deeper (1.1 m) water table depth resulted in decreased yield 

(Kalita and Kanwar, 1993). 

2.4.5 Recycling of Drainage Water 

 Some studies investigated the possibility of recycling or re-using nutrient 

contaminated water for subirrigation (Patel et al., 2001; Allred et al., 2003; Tan et al., 

2007).  Treatment wetlands could be part of a drainage water recycling system where 
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natural processes that occur in the wetlands could remove plant nutrients from the 

drainage outflow and runoff from agricultural fields. The treated water could then be 

stored in a reservoir and used later for subirrigation. By operating the wetland, reservoir 

and the subirrigation system in a closed loop, (i.e. not letting the water out of the system) 

it is possible to reduce the off-site impacts of agricultural drainage (Allred et al., 2003).  

Tan et al. (2007) used a wetland reservoir to store surface runoff and subsurface drainage 

outflow and reused it for irrigation. The wetland reservoir was designed for the purpose 

of water and nutrient recycling. They also noticed that the concentrations of nitrate and 

phosphorus were lower in the wetland and attributed this to nutrient uptake by plants in 

the wetland.
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Table 2.3 Summary of past work on water table management and its effect on water quality and crop yield 

Author and 

Year 

Place Size, number of plots 

and design factors 

Crop 

(soil) 

Major Objective 

(WTM related) 

Main Outcomes Related to 

WTM 

Remarks 

Allred et al. 

(2003) 

1996-2001 

Ohio, USA 

(3 sites) 

1.4-8.1 ha, d
*
=0.76-

0.91 m, L
†
=2.4-13.7 

m, TWTD
‡
=0.25 m,  

Corn, 

soybean 

(C and L) 

Effect of SI on crop 

yield 

Overall increase of 19.6% and 

17.4% in corn and soybean 

yields 

 

Campbell et al. 

(1978) 

1974-1976 

Hastings, 

FL, USA 

d=0.6 m, L=18 and 36 

m 

TWTD=0.12-0.25 m 

Potato 

(SL) 

To improve water 

management 

system for potato 

cultivation. 

Improved potato yield (9.6% to 

39%) and quality (11 %). 

 

Cooke et al. 

(2002)  

2000-2001 

Douglas 

County, IL, 

USA 

16.2 ha 

d=0.61,0.91 &1.22 m 

L=15.24 and 30.48 m 

Corn, 

soybean 

(SiCL) 

Effect of drain 

depth on nitrate 

export 

Increased flow volume and 

nitrate export with increase in 

depth. 

 

Cooper et al. 

(1991) 

1985-1987 

Wooster, 

OH, USA 

3 m*6 m, 

d=1.0 m, L=6 m, 

TWTD=0.25 m 

Soybean 

(SiL) 

Effect of CDSI on 

soybean yield. 

Increased yield under CDSI up 

to 58%. 

 

Cooper et al. 

(1999) 

1990-1994 

Wooster, 

OH, USA 

 

Hoytville, 

OH, USA 

24 m*90 m, L=6 m, 

d=0.9 m, TWTD= 

0.25 m 

33 m*33 m (6), d=0.8 

m, L=6 m, TWTD= 

0.25 and 0.5 m 

Corn 

(SiL) 

 

Corn 

(SiCL) 

Effect of CDSI on 

corn yield. 

Corn yield showed a better 

yield response to subirrigation 

especially during dry years. 

Two sites 

Drury et al. 

(2009) 

1995-1999 

Woodslee, 

ON, Canada 

15 m*67 m (15), 

d=0.6 m, L=7.5 m, 

TWTD=0.3 m 

Soybean, 

Corn 

(CL) 

Compare FD, CD, 

and CDSI with two 

N-fertilizer 

application rate. 

Mixed results for yield. 

Reduced NO3-N export and 

concentration under CD and 

CDSI outflow.  

 

 

 

 

 

 

                                                 
*
 Depth to the drains (d) 

†
 Spacing between drains (L) 

‡
 Target Water Table Depth (TWTD) 
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Author and 

Year 

Place Size, number of plots 

and design factors 

Crop 

(soil) 

Major Objective 

(WTM related) 

Main Outcomes Related to 

WTM 

Remarks 

Elmi et al. 

(2002) 

1996-1998 

Côteau-du-

Lac, QC, 

Canada 

75 m*15 m (24), L= 

15 m, d=1.0 m, 

TWTD=0.6 m 

Corn 

(FSL) 

Effect of FD and 

CDSI, and two N 

fertilizer 

application rates on 

yield. 

Yield difference between -25 to 

7%, reduced nitrate 

concentration and higher rates 

of denitrification under SI. 

 

Fausey (2004) 

1999-2003 

Wood 

County, 

OH, USA 

30 m*27.5 m (12), 

d=0.8 m, L=6 m, 

TWTD=0.3 m 

Soybean, 

Corn 

(SiC) 

Compare FD, CD 

and SI. 

Reduced drainage volume and 

NO3-N export in CD than in 

FD and SI. 

 

Fisher et al. 

(1999) 

1995-1997 

Piketon, 

OH, USA 

15 m*30 m (12), 

d=0.75m, L=5m,  

TWTD=0.4 m 

Corn and 

soybean 

(SiL) 

Compare CDSI and 

FD for yield, soil N 

dynamics and plant 

N uptake. 

Increased yield by 7%-107 % 

and crop uptake, and reduced 

soil nitrate concentration under 

CDSI plots. 

 

Grigg et al. 

(2003) 

1995-1996 

Baton 

Rouge, LA, 

USA 

61 m*35 m (16) 

d=1.25 m, L = 15 m 

TWTD=1.1 (CD) 0.8 

m (SI) 

Corn 

(SiL) 

Effect of CD and 

CDSI on yield, 

nitrate loss and 

surface runoff. 

No significant difference in 

yield or nitrate loss. 

 

Kalita and 

Kanwar (1993) 

1989-1991 

Ankeny, IA, 

USA 

0.85 ha (1) 

d=1.2 m 

TWTD=varies 

Corn 

(SiL) 

Effect of CDSI on 

water quality and 

yield 

Lower NO3 concentration in 

shallow WTD. Higher yields 

for WTD between 0.6-0.9 m. 

Different 

depth for 

SI 

Kaluli et al. 

(1999)  

1993-1994 

Soulanges 

County, QC, 

Canada 

75 m*15 m (24) 

L=15 m, TWTD= 0.5 

and 0.75 m 

Corn 

(SL) 

Effect of CDSI on 

water quality 

Reduced tile flow and NO3
-
N 

loss and increased 

denitrification under SI 

 

Kladivko et al. 

(2004)  

1985-1999 

IN, USA d=0.75 m 

L=5, 10, and 20 m 

 

Corn, 

Soybean 

(SiL) 

Effect of drain 

spacing on nitrate 

export and drainage 

flow 

Increased drainage volume and 

nitrate loads with closer drain 

spacing. 

 

Lalonde et al. 

(1996) 

1992-1993 

Bainesville, 

ON, Canada 

115 m*18.3 m (9), 

d=1.0 m, L=18.3 m 

TWTD=0.5 & 0.75 m 

Corn and 

soybean 

(SiL) 

Effect of CD on 

NO3 concentration 

and export 

Reduced NO3 concentration 

and export, and drainage 

outflow under CD than FD. 
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Author and 

Year 

Place Size, number of plots 

and design factors 

Crop 

(soil) 

Major Objective 

(WTM related) 

Main Outcomes Related to 

WTM 

Remarks 

Madramootoo 

et al. (1993) 

1990-1991 

St. Anne de 

Bellevue, 

QC, Canada 

Lysimeter (80), 

Ø
§
=0.4 m, d=1.0 m 

TWTD= 0.4, 0.6, & 

0.8 m 

Soybean 

(SL) 

Effect of different 

TWTD on yield and 

soil nitrate and 

ammonia. 

Improved yield and reduced 

soil nitrate levels with 

shallower TWTD. 

 

Madramootoo 

et al. (2001)  

1998-1999 

Côteau-du-

Lac, QC, 

Canada 

15 m*75 m (24) 

TWTD=0.6 m 

L=15 m, d=1 m 

Corn 

(SL) 

Comparing FD and 

SI for NO3-N 

export. 

Reduced drainage flow, NO3-N 

concentration, and export 

losses from SI. 

Yield 

reduced 

in SI 

Mejia and 

Madramootoo  

(1998)  

1995-1996 

Bainsville, 

ON, Canada 

18.3 m*115 m (9) 

L=18.3 m d=1 m 

TWTD=0.5 & 0.75 m 

Corn, 

soybean 

(SiL) 

Effect of CDSI on 

water quality (NO3-

N). 

Reduced NO3-N loading from 

CDSI than FD in 1996, no 

difference in 1995. Reduced 

concentration on both years. 

 

Mejia et al. 

(2000)  

1995-1996 

Bainsville, 

ON, Canada 

18.3 m*115 m (9) 

L=18.3 m d=1m 

TWTD=0.5 & 0.75 m 

Corn, 

soybean 

(SiL) 

Effect of CDSI on 

yield. 

Yield in plots with CDSI was 

higher than FD by 2.8%-37.3%. 

 

Noory and 

Liaghat (2009) 

2005-2006 

Karaj, Iran Lysimeter (12), Ø=0.7 

m, TWTD=0.3, 0.5, & 

0.7 m, d=1.2 m 

Alfalfa 

(CL) 

Effect of WTM on 

water quality of 

subsurface drainage 

Reduced drainage volume, 

NO3-N concentration, and 

increased crop yield 

 

Patel et al. 

(2001) 

1995 

St. Anne de 

Bellevue, 

QC, Canada 

Lysimeter (9) 

Ø=0.45 m, d= 1 m, 

TWTD=0.45 m 

Potato 

(S) 

Use of N-enriched 

water for SI 

Upward movement of NO3 and 

increased tuber yield was 

observed 

 

Pitts et al. 

(1993) 

1988-1990 

Immokalee, 

FL, USA 

234 m
2
 (12), d=1 m, 

TWTD=0.45-0.75 m 

Sugar 

cane (S) 

Effect of WTD on 

sugarcane yield 

using open ditch SI 

Yield in plots with shallow 

WTD was relatively high. 

Open 

ditch with 

no 

drainage 

Poole et al. 

(2009) 

1990-2008 

Plymouth, 

NC, USA. 

68 m*253 m (4), L=23 

m, d=1.2 m 

Corn, 

soybean, 

wheat 

(SL) 

Compare FD and 

CD 

Increased yield between 1.9-

21.1 % under CD, but reduced 

during two wheat rotation. No 

effect by difference in WTD. 

 

 

 

 

 

                                                 
§
 Diameter of the lysimeter (Ø) 
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Author and 

Year 

Place Size, number of plots 

and design factors 

Crop 

(soil) 

Major Objective 

(WTM related) 

Main Outcomes Related to 

WTM 

Remarks 

Ramoska et al. 

(2011) 

2000-2007 

Lithuania 

(middle 

lowland) 

4.9-5.4 ha (2), L= 20-

24 m d=0.9-1.1 m, 

TWTD = (d-0.68m) 

Wheat, 

barley, 

rape (SL) 

 

 

Effect of CD on 

hydrology and 

environment. 

Reduced NO3-N leaching from 

CD. Slight yield increase 

during dry years. 

 

Smajstrla et al. 

(2000) 

1995-1997 

Hasting, FL, 

USA. 

18 m*183 m (6), L=18 

m 

d=0.5-0.58 m 

Potato 

(S) 

Compare drip 

irrigation with 

seepage irrigation 

With drip irrigation 36% less 

water was used though there 

was no difference in yield. 

 

Smith et al. 

(1985)  

1982 

NC, USA 1.5 ha, L=15 m 

TWTD=0.5 m 

d=1 m 

Corn 

(SL) 

To compare 3 

methods of 

controlling water 

table by 

subirrigation. 

By allowing the water table to 

fluctuate, irrigation 

requirements could be reduced. 

 

Stampfli and 

Madramootoo 

(2004) 

2001-2002 

Coteau-du-

Lac, QC, 

Canada 

15 m*75 m 

TWTD=0.6 m 

L=15 m, d=1m 

Corn 

(SL) 

Effect of CDSI on 

P loss in 

comparison to 

conventional 

drainage 

Higher P concentration and 

load, drainage outflow, and 

yield were observed in CDSI 

than free drainage. 

 

Stanley and 

Clark (1995) 

1992-1994 

Bradenton, 

FL, USA 

12 m*91 m, d=0.4 m, 

L=0.6 m, 

TWTD=0.45, 0.6, 0.75 

m 

Tomato 

(FS) 

Compare different 

TWTD and 

fertilizer 

application rates on 

yield 

Increased yield for TWTD at 

0.6 m than at 0.75 m. No 

benefits for maintaining TWTD 

above 0.6 m. 

WTM by 

drip 

system 

Tan et al. 

(1999) 

1995-1997 

Harrow, 

ON, Canada 

67 m*284 m (2), 

d=0.6 m, L=6 m, 

TWTD=0.4 m 

Tomato, 

corn 

(SL) 

Effect of CDSI on 

crop yield and 

nitrate export 

Reduced NO3 concentration 

and export, and increased yield 

under CDSI. 

Higher 

flow in 

CD 

Tan et al. 

(2002) 

1992-1994 

Essex 

County, 

ON, Canada 

15 m*67 m (16), 

d=0.6 m,  

TWTD=0.3 m 

Corn 

(CL) 

Compare CDSI and 

FD, and different 

tillage methods 

Increased ET, reduced tile 

outflow and reduced soil water 

deficit under CDSI than FD. 
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Author and 

Year 

Place Size, number of plots 

and design factors 

Crop 

(soil) 

Major Objective 

(WTM related) 

Main Outcomes Related to 

WTM 

Remarks 

Tan et al. 

(2007) 

2000-2004 

Holiday 

Beach, ON, 

Canada 

25 m*131 (2), 

d=0.6 m, L=4.6 m, 

TWTD=0.4 m 

 

Corn, 

soybean 

Effect of CDSI and 

wetland reservoir 

system on yield and 

water quality 

Increased yields of corn (7-91 

%) and soybean (19-49 %) and 

reduced N and P losses under 

CDSI. 

 

Thomas et al. 

(1991) 

1986-1989 

Pierce 

County, 

GA, USA 

40 ha 

d=1 m, L=15.3 m 

Blueberr

y, corn, 

soybean 

(S) 

 

Effect of CDSI on 

water quality 

Relatively low nutrient 

concentration in CDSI outflow 

than in growundwater.  

 

Wahba et al. 

(2001)  

1999-2000 

Egypt 1.26 ha (2) 

d=1.2 m, L= 32 m 

TWTD=0.6 m 

Maize, 

Wheat 

(SSiL-

CL) 

Effect of FD and 

CD on water 

quality 

Reduced drainage volume, N 

and P losses. 

Surface 

irrigation 

Wesström et al. 

(2001) 1996-

1998 

Månstorp, 

Sweden. 

50 m*40 m (3) 

d=1.0 m, L=10 m, 

TWTD=0.6-0.7 m 

(1996) & 0.3-0.4 m 

(1997) 

Potato, 

spring 

barley 

(L) 

Effects of FD and 

CD on hydrology 

and environment 

Reduced drainage volume, N 

and P losses. 

 

Wright and 

Adamsen  

(1993) 

1984-1987 

Isle of 

Wight 

County, 

VA, USA 

2 ha,  L=34 m 

TWTD=0.3 m 

d=0.8-1.3 m 

Corn, 

peanut 

(SL) 

Effect of WTM on 

yield of corn and 

peanut. 

Yield of both crops decreased 

with increasing WTD.  
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Table 2.4 Summary of past work on subsurface drainage and water table management and their effect on water quality 

Author (Year) Treatments NO3-N 

concentratio

n (mg L
-1

) 

Total NO3-N loss Drainage 

outflow 

PO4 

concentration 

(mg L
-1

) 

Total PO4 Loss 

(kg ha
-1

) 

Tan et al. (1999) FD 

CDSI 

17.5 

10.9 

59.6 kg ha
-1

 (2 yr)  

37.5 kgN ha
-1

(2yr) 

3403 m
3 

ha
-1 

3421 m
3 

ha
-1

 

  

Drury et al. 

(2009) 

FD 

CD 

CDSI 

4.83-9.30 

3.37-9.66
 

2.28-5.93 

7.60-32.5 kg ha
-1

yr
-1 

3.76-24.7 kg ha
-1

yr
-1

  

2.32-11.7 kg ha
-1

yr
-1

 

113-403 mm 

90-256 mm 

70-199 mm 

  

Fausey (2004) FD 

CD 

SI 

15.9-16.4 

14.4-15.5 

9.5-10.9 

24.0-26.4 kg ha
-1

yr
-1

 

13.3-14.1 kg ha
-1

yr
-1

 

17.6-18.1 kg ha
-1

yr
-1

 

146-166 mm 

91-92 mm 

162-191 mm 

  

Tan et al. (2007) FD 

CDSI 

8.6 

8.7  

93.8 kg ha
-1

 (4.5 yr) 

66.5 kg ha
-1

 (4.5 yr) 

10919 m
3 

ha
-1

 

7637 m
3 

ha
-1

 

TDP
**

-0.09
 

TDP-0.08 

TDP-0.994 (4.5 yr) 

TDP-0.640 (4.5 yr) 

Madramootoo et 

al. (1992) 

FD 1.7-40.02  

(Total N) 

14-70 kg ha
-1 

(Total N) 87-466 mm TP
††

-0.0006-

0.052 

<0.02 (0.0041-

0.0138) 

Stampfli and 

Madramootoo 

(2004) 

FD 

CDSI 

  95-204 mm 

224-296 mm 

TDP-0.01-0.01 

TDP-0.01-0.04 

TDP 0.00-0.05
 

TDP 0.05-0.08 

Wesström et al. 

(2001) 

FD 

CD 

11.2-25.0 
 

0.07-26.2 

30.8-37.65 kg ha
-1

 

1.18-8.97 kg ha
-1

 

174.2-239.5 mm 

9.9-43.2 mm 

 TP 0.0254-0.0281
 

TP 0.0025-0.0128 

Wahba et al. 

(2001) 

FD 

CD 

0.54-2.50 

0.61-1.94 

1.57-3.84 kgha
-1

 

0.43-2.63 kgha
-1

 

144-340 mm 

46-244 mm 

OP
‡‡

-0.02-0.14 

OP-0.02-0.10 

0.09-0.22 

0.02-0.15 

 

  

                                                 
**

 Total dissolved phosphate 
††

 Total phosphorus 
‡‡

 Orthophosphate 
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Table 2.5 Summary of past work on Subirrigation 

Author 

(Year) 

Location Crops Soil Type & 

TWTD 

Year SI 

(mm) 

PPT 

(mm) 

ET 

(mm) 

Yield difference 

Drury et al. 

(2009) 

Woodslee, 

ON, Canada 

Corn, 

soybean 

Clay loam 

0.3 m 

1995 

1996 

1997 

1998 

109 

102 

50.2 

78.3 

373 

461 

448 

320 

 -16.5 to 13.2 % (soybean) 

-17.4 to 8.7 % (corn) 

Tan et al. 

(2002) 

Essex 

County, 

ON, Canada 

Corn Clay Loam 

0.3 m 

1992 

1993 

1994 

5.7 

126 

115 

550 

394 

367 

  

Tan et al. 

(1999) 

Harrow, 

ON, Canada 

Tomato, 

Corn 

 

Sandy Loam 

 

1995 

1996 

78.5 

183.9 

282.2 

203.4 

 11% (Tomato) 

64% (Corn) 

Tan et al. 

(2007) 

Holiday 

Beach, ON, 

Canada 

Corn 

Corn 

Soybean 

Corn 

Soybean 

0.4 m 2000 

2001 

2002 

2003 

2004 

0 

287 

203 

153 

0 

511.8 

405.8 

292.7 

581.2 

558.6 

 7 % 

91 % 

49 % 

22 % 

19 % 

Mejia et al. 

(2000) 

Bainsville, 

ON, Canada 

Corn 

Soybean 

SiL 

0.5 & 0.75m 

1996 

1998 

223 

248 

339.9 

473.2 

771.8 

693.9 

2.8%-13.8% (corn) 

8.5%-37.3% (soybean) 
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3. Effect of water table management and irrigation on 

potato yield and quality 

ABSTRACT: In Canada, the Province of Manitoba is the second largest potato producer 

after Prince Edward Island. Potato is a moisture-sensitive crop, and excess or inadequate 

soil water content can adversely affect the yield and quality. Potato in Manitoba 

experiences periods of excess as well as insufficient water content within the soil profile 

during the growing season. The objective of this study was to compare the effect of four 

different water management treatments on potato yield in a fine sandy loam soil in 

southern Manitoba: controlled drainage with subirrigation (CDSI), free drainage with 

overhead irrigation (FDIR), no drainage with overhead irrigation (NDIR), and no 

drainage with no irrigation (NDNI). In November 2009, tile drains were installed at a 

depth of 0.9 m. CDSI was done through drainage control structures with a target water 

table depth of 0.6 m. Overhead irrigation was done using a traveling gun. Groundwater 

level, drainage discharge, and potato yield and quality data were collected during the 

2010, 2011 and 2012 growing seasons. In 2010, potato yield was not found to be 

significantly different between the treatments due to the large variability between the 

replicates. However, in 2011, potato yield from the FDIR treatment was significantly 

higher compared to NDNI (p = 0.001) and CDSI (p = 0.011). The NDNI treatment yield 

was significantly lower (p < 0.05) than two other treatments (FDIR and NDIR). In 2012 

FDIR was significantly higher (p = 0.021) than NDNI treatment. When compared with 

NDNI, the other treatments showed a yield increase of 15 to 32% in 2011 and 2 to 14% 

in 2012. Generally there was no significant difference in percent dark ends and dark tips, 
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except in 2012 where NDIR showed significantly higher (p = 0.008) dark ends. 

Maintaining adequate soil moisture by overhead irrigation was most effective for 

increasing potato yield when rainfall is inadequate. 

3.1 Introduction 

In Canada, the Province of Manitoba is the second largest potato producer after 

Prince Edward Island. In 2006, Manitoba potato producers planted 33,000 ha and 

harvested 0.986 million MT of potatoes, which accounted for 20% of the total Canadian 

production (Agriculture and Agri-Food Canada, 2007). Every year, millions of dollars are 

paid out as crop insurance payments to potato producers in Manitoba due to their inability 

to seed their land on time because of excess soil moisture (Manitoba Agricultural 

Services Corporation, 2010). Soil water deficits can cause yield reduction and tuber 

defects, including hollow hearts, knobbiness, and growth cracks (Western Potato Council, 

2003). Excess water during the later stages of growth can make harvesting difficult and 

causes storage rot. Potato, as a moisture-sensitive crop, receives an average of 90 mm as 

supplemental irrigation in Manitoba (Western Potato Council, 2003). The primary 

objective of water table management (WTM) is to maintain the water table at the desired 

depth below the soil surface and to ensure adequate root zone aeration. A subsurface 

drainage network can remove excess water during rainy periods and also serve as a 

means to supply water directly to the plant roots during periods of water deficit (Allred et 

al., 2003). 

In a subirrigation study conducted in three different counties in Ohio, corn and 

soybean yields increased by 19.6 and 17.4%, respectively, except at one site (Allred et 
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al., 2003). Stampfli and Madramootoo (2004) reported 35% higher corn yield under 

water table management compared to free drainage. Corn and soybean yields were better 

under controlled drainage with subirrigation (CDSI) conditions than under free drainage 

conditions in eastern Ontario (Mejia et al., 2000). Marketable tomato yield increased by 

11% and corn yield increased by 64% under CDSI treatment compared to free drainage 

(Tan et al., 1999). Drury et al. (2009) found that corn and soybean yields increased when 

precipitation was a limiting factor. Under CDSI treatment, corn and soybean yields were 

greater than under conventional subsurface drainage (Fisher et al., 1999). On the other 

hand, some studies reported mixed results, with instances of yield reduction in different 

crops under water table management (Allred et al., 2003; Drury et al., 2009; Elmi et al., 

2002; Madramootoo et al., 2001; Poole et al., 2009). Surface water ponding and saturated 

soil conditions under subirrigation led to a yield decrease in Quebec where the water 

table rose to the surface occasionally. Corn yield was reduced by approximately 25% 

under subirrigation treatment during a wet year. However, in a relatively dry year, yields 

from subirrigation and free drainage plots were similar, with free drainage yield being 

slightly better (Madramootoo et al., 2001). Drury et al. (2009) got mixed results when 

corn and soybean yields increased in two out of four years when precipitation was 

limiting. However, during the other two years, up to 17.4% yield reduction was observed 

under CDSI compared to free drainage. Elmi et al. (2002) reported increased corn yield in 

subirrigated plots, except in one year when yield was reduced by 25% due to ponding. In 

North Carolina, while corn and soybean yields with controlled drainage were higher than 

with conventional drainage, wheat yield was lower in two out of five years with 

controlled drainage (Poole et al., 2009). 
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Closer drain spacing is recommended for subirrigation in order to achieve 

consistent water table depth throughout the entire area (Allred et al., 2003). Doty et al. 

(1986) presented design guidelines for CDSI systems in the form of a nomogram with 

drain spacing ratios (ratio of controlled drainage and subirrigation spacing to 

conventional drainage spacing) related to a wide range of soil hydraulic conductivity 

values. The drain spacing ratios varied between 0.2 and 0.9 depending on how fast a soil 

can drain, with low permeability soils having a smaller ratio (i.e., considerably narrower 

spacing than conventional drains) and high permeability soils having a larger ratio (Doty 

et al., 1986). 

The objective of this study was to investigate the effects of four different water 

management scenarios: (1) controlled drainage with subirrigation (CDSI), (2) free 

drainage with overhead irrigation (FDIR), (3) no drainage with overhead irrigation 

(NDIR), and (4) no drainage with no irrigation (NDNI) on potato yield in Manitoba. 

Overhead irrigation using center pivots and traveling guns is the most common 

supplemental irrigation method for potato crops in Manitoba. Since excess moisture is a 

periodic problem in Manitoba, two treatments (FDIR and NDIR) were designed to study 

the effect of free drainage on overhead irrigated potatoes. CDSI was added to the study to 

evaluate the potential of subirrigation for potato. The NDNI treatment mimics another 

potato production system in Manitoba known as dryland cultivation; in this study, it was 

considered a control to compare the other treatment effects. During the growing season, 

Manitoba has a higher risk of excess moisture than other potato-growing regions 

(Western Potato Council, 2003). During the start of the season, growers face difficulties 

with planting on time due to excessive moisture resulting from snowmelt. Despite wet 
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soil during planting, water deficit is experienced during midseason. Therefore, a 

combination of controlled drainage and subirrigation would alleviate the risk arising from 

either excess moisture or lack of moisture at a lower cost than operating separate systems 

for irrigation and drainage. 

3.2 Materials and method 

3.2.1 Study site 

The research plots were located at Hespler Farms in Schanzenfeld, south of 

Winkler, in the rural municipality of Stanley, Manitoba (SE-17-02-04-W1). The area has 

a humid continental climate with cool summers and no dry season (Natural Resources 

Canada, 1957). According to the Thornthwaite classification, the study area is classified 

as dry sub-humid (C1) with a moisture index ranging from -33.3 to 0 (Natural Resources 

Canada, 1990). The climate in the Morden-Winkler area is well suited for a wide range of 

agricultural crops. During the growing season (May to September), May is the coldest 

month with a daily average temperature of 12.9°C, while July, being the warmest month, 

has a daily average temperature of 20.1°C. Annual average precipitation is 533 mm, of 

which the growing season receives 342 mm (Environment Canada, 2013). The soils in 

the Morden-Winkler area are a few of the most fertile soils in Manitoba. The major soil 

type in the study area is Reinland, which is classified as having moderate moisture 

limitation for dryland agriculture and is well suited for irrigation. It is a sandy loam soil 

with an average field capacity, permanent wilting point, and available water of 28, 11.6, 

and 16.4%, respectively, on a volumetric basis (Whetter and Saurette, 2008). The 

drainage class of the soil in the experimental area is characterized as “imperfectly 
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drained” (Smith et al., 1973), which is equivalent to “somewhat poorly drained” as 

defined in the USDA-NRCS nomenclature. Additional details about the site are given in 

section 4.2.1 and 5.2. 

3.2.2 Experimental design 

In this study, two different irrigation methods (overhead irrigation and 

subirrigation) and two different water table management strategies for tile drains 

(controlled drainage and free drainage) were compared with a no-drainage and no-

irrigation control. Thus, by design, the water management methods, irrigation methods, 

and the control created four treatment combinations (Figure 3.1), i.e., CDSI, FDIR, 

NDIR, and NDNI, as previously defined. For free drainage, a wider spacing (15 m) was 

used for the parallel drains, and for controlled drainage a closer spacing (8 m) was used. 

The effects of the different drainage spacings were accounted for by detailed 

instrumentation to measure the water table elevations at different distances from the 

drains, as described later. The spacing between lateral drains for subirrigation purposes is 

closer than that of free drainage in order to provide a uniform distribution of soil water 

during subirrigation (Allred et al., 2003). Plots closer to the alleyway (FDIR and NDIR; 

Figure 3.1) were irrigated using an overhead irrigation method (traveling gun). The four 

treatments were grouped into one block, which formed one replicate. Thus, twelve potato 

plots were arranged into three blocks. 

The total area used for this study was approximately 5.16 ha (12.75 ac), with 

dimensions of 300 m  172 m, which was divided into two halves by a 4 m wide 

alleyway running in the north-south direction in the middle of the field. Each half of the 
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field (with the dimensions of 300 m  84 m) consisted of 12 plots, and was mirrored 

along the alleyway by the other half, i.e., the east and west sides of the alleyway (Figure 

3.2). In 2010, potato was grown on the western half of the field and corn on the eastern 

half. The two sides were switched during subsequent seasons to allow for crop rotation. 

The field used in this study was fairly uniform in topography except in one corner of the 

field where patches of low-lying areas were present. The lower-elevation areas were in 

the northwest (2010) and southeast (2011) corners. The plots that were closer to the 

alleyway were 44 m  50 m in size, with an area of 0.23 ha (0.57 ac), and six of them (in 

alternating order) were installed with drains at 15 m spacing (FDIR). The other six plots 

had no functional drains (NDIR) because the installed drains were capped to prevent free 

drainage. The plots that were farther away from the alleyway were 40 m  50 m in size, 

with an area of 0.2 ha (0.49 ac), and six of them (in alternating order) were laid with a 

drainage system having 8 m spacing between drains (CDSI). Interceptor drains were 

installed on three sides of the CDSI plots to prevent lateral flow to other plots during 

subirrigation. Corrugated plastic pipes with a diameter of 0.1 m covered with geotextile 

material were used for the lateral and interceptor drains. The lateral drains were designed 

to have a grade of 0.05% and a design depth of 0.9 m to drain pipe invert. Installation of 

the drainage systems and drainage control structures took place in the fall of 2009, and 

subirrigation components (sand filters, pipelines, pressure regulators, flow meters, and 

valves) were added during June 2010 before subirrigation started. In the 2011 and 2012 

growing seasons, berms were formed at the edges of the field plots to reduce overland 

runoff between the plots based on observations from 2010. 
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Figure 3.1 Arrangement of four different treatments of a single replicate with 

locations of piezometers, soil moisture probes, and the strip where potatoes were 

harvested. Drainage flow direction is indicated by arrows.
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Figure 3.2 Diagram showing arrangement of four different treatments of three 

replicates on each side of the alleyway with locations of piezometers and strips of 

potato that were harvested. The crop was alternated on each side of the alleyway for 

rotation.
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Figure 3.3 Illustration of water table management modes used during the study: (a) 

free drainage, (b) control drainage (c) Subirrigation.
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Water table management (WTM) was carried out in the CDSI plots using 

drainage control structures (DCS) (Agridrain Corp., Adair, Iowa). The DCS are 

rectangular elongated boxes, made of PVC, with stop logs that can be adjusted in 

combination to achieve the desired water table height within the CDSI plots (Figure 3.3). 

Each submain from a particular CDSI plot was connected to a DCS, and the water table 

inside that plot was managed with the stop logs inside the corresponding DCS. 

Subirrigation was carried out by pumping water back into the network of subsurface 

drains in the CDSI plots through the DCS. The source of subirrigation water was the 

same as overhead irrigation. The subirrigation water was filtered through sand filters to 

remove particulates so that clogging of the geotextile material around the tile drains could 

be minimized. Subirrigation to each CDSI plot was carried out separately through 

individual pipes so that flow to each CDSI plot could be measured. 

3.2.3 Instrumentation and data collection 

Groundwater levels were monitored with water level sensors (WLS) (Solinst 

Levelogger Junior 3001, Solinst Canada, Ltd., Georgetown, Ontario, Canada) hung inside 

piezometers in each plot. These sensors have a calibrated range of 0 to 5 m with an 

accuracy of 0.1% full scale or 0.6 cm (Solinst Canada Ltd., 2011). The WLS were 

programmed to take readings at 3 h intervals. In plots with drains, three piezometers were 

installed at different distances from the drain; in plots with no drains, only one 

piezometer was installed. The three piezometers in the drained plots were installed beside 

the drain, mid-way between two drains, and midway between the other two piezometers 

(Figure 3.4). Piezometers were located at two-row spacing in CDSI plots and at four-row 

spacing in FDIR plots to get an indication of the water table elevation at different 
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distances from the tiles. The difference in piezometer spacing was a consequence of the 

difference in tile drain spacing in the CDSI and FDIR plots. A total of 24 piezometers 

were installed in the potato plots. All the piezometers were installed on top of ridges, as 

shown in Figure 3.4, to avoid any hindrance to farming operations, such as hilling and 

spraying. Therefore, the piezometer spacing was constrained by multiples of the row 

spacing (0.9 m). Piezometers were installed at 1.8 m spacing in CDSI plots and at 3.6 m 

in FDIR plots since the spacings of the lateral drains were different. 

 

Figure 3.4 Arrangement of three piezometers along with location of drain in a field 

plot.

Since groundwater levels were measured at the locations of the three piezometers, 

potatoes were also harvested along the same rows. The piezometer data at different 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Half spacing between drains 

Depth of drain 

Groundwater table 

Ground surface showing 

furrows and hills 



61 

 

distances from the drains represent different effective depths of drainage. It can be 

assumed that the effective depth of drainage at the midpoint between subsurface drains 

was shallower than at the drain itself, which in turn could influence potato yield. 

Therefore, each row was considered a separate treatment effect, with each piezometer and 

associated parameter labeled separately in CDSI plots (C1SI, C2SI, and C3SI) and FDIR 

plots (F1IR, F2IR and F3IR), as shown in Figure 3.4. 

The piezometers (schedule 40 steel pipe, 41.3 mm i.d., 2.51 m length) were 

slotted at 0.22 m spacings along the pipe length at three equally spaced locations around 

the circumference of the pipe. The individual slots were 114 mm  1.6 mm, and only the 

bottom 1.6 m of the pipe was slotted to permit water flow from within the soil profile 

while preventing intake of surface runoff. Before installation, the slotted portion of the 

piezometers was wrapped with filter cloth to minimize any silt from entering the 

piezometer and fouling the level sensors. A cap on the top end provided easy access to 

the WLS and prevented debris and rain from entering the piezometer. The geographical 

coordinates for the piezometer locations were calculated using the as-constructed 

drawings of the drainage layout. They were marked in the field using a global positioning 

system, and a metal rod was used to determine the exact location of the drains (in plots 

with drains). Pilot holes were manually augered using 50 mm (2 in.) diameter augers, and 

the piezometers were inserted into these holes leaving only 0.2 to 0.3 m of the piezometer 

above the ground surface. Sand was used as backfilling material to fill the gap between 

the auger hole and the piezometer. 

A hole was drilled across the piezometer 38 mm below the top edge through 

which a bolt was fastened. A 38 mm (1.5 in.) ring was hung on the bolt, and Kevlar rope 
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was used to suspend a WLS from the ring. The piezometers were first installed in the 

ground before suspending the WLS inside them. It is important to know the exact 

location of the level sensor from the top edge of the piezometer to enable proper 

georeferencing of the water level. 

Drainage outflows from FDIR plots and interceptor drains from CDSI plots were 

individually measured in manholes using separate drain outlets, each with a 90° V-notch 

weir and stilling well assembly. Interceptor drains were added in order to capture lateral 

seepage during subirrigation. Flow from CDSI plots was measured inside the drainage 

control structures using a 30° V-notch weir and a water level sensor located in a stilling 

well. These manholes and drainage control structures were located at the east edge of the 

field. The WLS (Solinst Levelogger Gold 3001) was suspended inside the stilling well to 

ensure complete submergence of the sensor. It was set to measure and log the water level 

inside the stilling well at 5 min intervals. One of the stilling wells also housed a 

barometric pressure sensor (Solinst Barologger Gold). Atmospheric pressure 

compensation for WLS data for drainage outflow and groundwater level was carried out 

using Solinst Levelogger Software whenever the data were periodically downloaded. 

Soil moisture was monitored using TDR probes in 2010 and 2011 on a weekly 

basis at five different depths (0.2, 0.4, 0.6, 0.8, and 1 m). In 2011, in addition to TDR 

probes, capacitance/frequency domain probes (model EC-5, Decagon De-vices, Inc., 

Pullman, Wash.) were used at the same depths for continuous monitoring. Daily weather 

data were collected using an onsite weather station that was located just outside the 

northern edge of the field and recorded precipitation, temperature, wind speed, relative 

humidity, and solar radiation. Water applied to individual CDSI plots was measured 
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using flow meters attached to the subirrigation pipelines. Subirrigation was operated 

when all of the following three conditions were met: soil moisture content dropped below 

the target (35% of available water depletion from field capacity), the water table dropped 

below the target depth, and no precipitation was forecasted for the subsequent few days. 

When one of these conditions was not met (water table above target, soil moisture at field 

capacity, or forecasted rainfall), the subirrigation rate was reduced or completely shut 

down. Total subirrigation water applied (in mm) was calculated by dividing the total 

volume of irrigation water by the area of the CDSI plot. The subirrigation rate was 

adjusted to replenish the daily ET demand of the potato crop. If necessary, during the 

start of the subirrigation, subirrigation was applied at a higher rate than ET to raise the 

water table quickly toward the target water table depth. 

Normal agronomic practices were carried out by the farmer in accordance with 

commercial potato production. Russet Burbank potatoes were planted at 0.9 m spacing on 

a hill and furrow configuration parallel to the drain tiles. Overhead irrigation was carried 

out using a traveling gun irrigation system whenever the volumetric water content of the 

soil fell below the target. The target was chosen as soil moisture content at 35% depletion 

of the available moisture, and the goal was to replenish the soil moisture up to field 

capacity.  

3.2.4 Yield and quality of potato 

Potatoes were harvested on a 20 m strip along the rows where piezometers were 

installed (three rows in plots with drains, and a single row in plots with no drain). 

Potatoes were harvested using a single-row potato digger and collected in burlap bags, 

separated by treatment, and weighed in the field. Tuber quality was assessed by frying 
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strips of potato at 190.6 C (375 
o
F) for 2.5 minutes and analyzing for sugar ends. The 

sugar ends are characterized by dark discoloration of potato fry ends. Fries would be 

scored as having sugar end if they are No. 3 color or darker based on the USDA Munsell 

French fry color chart. Fries scored No. 0 to No.2 are considered as having good quality. 

Based on their size, sugar ends were categorized as either dark ends (minimum 6.3 mm or 

¼ in. in length) or dark tips (smaller than 6.3 mm or ¼ in.). Specific gravity of the tubers 

was calculated by weighing the tubers in the air and in the water. Plant development 

throughout the season was measured by destructive sampling of two randomly selected 

plants per plot at biweekly intervals. The aboveground portion was separately weighed. 

For the belowground portion, only the tubers were hand-picked from the sampled plants. 

These plant canopy and tuber samples were used to determine plant biomass by oven 

drying at 65°C. Statistical analysis was done using JMP software (Version 8, SAS 

Institute, Inc., Cary, N.C.). Yield and quality data were analyzed using ANOVA, and 

means were compared using Student’s t-test at a 0.05 significance level. 

3.3 Results and discussion 

3.3.1 Weather conditions at the site 

Southern Manitoba experienced a wetter growing season in 2010 with a greater 

amount of precipitation (533 mm) than the 30-year (1970-2000) average (342 mm) for 

the growing season (May to September). However, 2011 had about normal precipitation 

(334 mm) and 2012 was drier than normal (229 mm) during the growing season 

(Environment Canada, 2013). In 2010, except for the month of June, monthly 

precipitation was between 133 and 250% of the 30-year average (Figure 3.5). During 
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May 2010, precipitation was 250% of the historical average, which affected the 

emergence and early growth of the potato plants, especially in the surface depression 

areas of the field. Only one replicate of the CDSI treatment in the northwest corner of the 

field was affected by the surface detention in 2010. In 2010, some of the harvested rows 

were within the affected area, especially for the particular CDSI plot. Since 2011 was a 

comparatively drier year, the problem of surface ponding was minimal. Typically, the 

potato crop in Manitoba needs 90 mm of supplemental irrigation (Western Potato 

Council, 2003). In the wetter 2010 season, only 25 mm of irrigation was applied using the 

traveling gun. In 2011, overhead irrigation was carried out five times, with a total 

application of 55 mm. In 2012, total overhead irrigation was 61 mm over four 

applications. 

 

Figure 3.5 Comparison of 2010, 2011 and 2012 growing season monthly rainfall to 

30-year monthly average (1970-2000).
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In 2010, continuous subirrigation was not required during a major part of the 

growing season due to the higher-than-normal precipitation received at the site. However, 

a brief dry period from 31 July to 29 August 2010 (94 to 123 days after planting) with 

only 35 mm rainfall resulted in the need for subirrigation. During this period, 

subirrigation was carried out for approximately three weeks; however, it did not need to 

be maintained due to a large rainfall event at the end of August 2010. In 2010 on average, 

a total of 163 mm per plot was applied as subirrigation over 22 days, resulting in an 

average rate of 7.4 mm d
-1

. The higher rate than the rest of the season was used to raise 

the water table quickly within a shorter period. In 2011, subirrigation was carried out for 

58 days, for a total of 290 mm applied at an average rate of 5 mm d
-1

. Total subirrigation 

of 261 mm was applied in 2012 over a period of 72 days at an average rate of 3.6 mm d
-1

.  

In all years, the amount of water applied through subirrigation was more than four 

times (6.5 times in 2010, 5.3 times in 2011 and 4.3 times in 2012) that of the overhead 

irrigation. In 2010, the target water table depth could not be attained through 

subirrigation because subirrigation was not required due to rainfall events. Subirrigation 

for longer periods was necessary during the relatively drier 2011 and 2012 growing 

seasons. However, it was not possible to raise the water table close to the target level with 

the amount of subirrigation applied in both years. The amount of subirrigation was 

considerably higher than the average annual moisture deficit of 90 mm in both years. 

Smith et al. (1985) identified three reasons for the higher water requirement for 

subirrigation: first, the water table has to be brought to the desired height for SI purposes; 

second, losses due to lateral seepage into neighboring fields have to be accommodated; 
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and third, the reduced availability of air-filled pores within the soil profile due to the 

higher water table causes runoff during storm events. 

3.3.2 Potato yield 

In 2010, average potato yields from the NDNI, NDIR, FDIR, and CDSI 

treatments were not significantly different due to the wide variability (Table 3.1). Due to 

higher-than-normal average precipitation during the 2010 growing season, the effects of 

water table management were not evident. There were other factors that influenced the 

performance of plants from different treatments, such as crop health, surface water 

accumulation, and soil compaction. In 2011, efforts were made to minimize soil 

compaction and other undesirable effects of vehicular traffic by using aerial spraying 

whenever possible. 

Table 3.1 Potato yields for different treatments.  

Treatment 

2010 Yield 2011 Yield 2012 Yield 
+
MT ha

-1
 SE 

+
MT ha

-1
 SE 

+
MT ha

-1
 SE 

No drainage with no 

irrigation (NDNI) 
68.23 a 1.93 40.44 c 2.73 41.20 b 2.29 

No drainage with overhead 

irrigation (NDIR) 
64.29 a 2.36 50.01 ab 3.90 42.15 ab 1.13 

Free drainage with overhead 

irrigation (FDIR) 
65.90 a 3.44 53.58 a 1.80 46.78 a 1.88 

Controlled drainage with 

subirrigation (CDSI) 
62.92 a 4.15 46.78 bc 1.50 43.18 ab 0.95 

+
Means in the same column followed by different letters are significantly different based 

on Student’s t-test at 0.05 significance level (SE = standard error). 

In 2010, the potato yields in subirrigated plots were lower compared to the other 

treatments, although the differences were not significant. Most previous studies reported 

higher yields in CDSI treatments, but a few studies reported mixed results, with a 

common reason for the lower yield being a wetter-than-average growing season (Allred 
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et al., 2003; Drury et al., 2009; Elmi et al., 2002; Madramootoo et al., 2001). The 

unusually wet 2010 season can explain the poor response from the CDSI treatment in this 

study. 

In 2011, potato yields from some of the treatments showed significant differences. 

The highest yield was obtained with FDIR and was significantly different from NDNI (p 

= 0.001) and CDSI (p = 0.011). The CDSI treatment performed better than NDNI; 

however, the difference was not statistically significant. Yield from NDIR was 

significantly higher than NDNI (p = 0.034) but not different from CDSI or FDIR. The 

2011 yield data showed that subirrigation for potato can be beneficial in comparison to 

the NDNI (dryland) treatment. However, the amount of water applied as subirrigation 

was 5.3 times higher than the overhead irrigation. At the same time, significant yield 

increases were observed with the FDIR and NDIR treatments, which indicate that 

overhead irrigation was more beneficial than subirrigation for potato crop. A reason for 

the higher yield with overhead irrigation could be better availability of water within the 

active root zone. Since potato is a shallow-rooted crop, subirrigated water might not have 

been fully available to the crop, as the water table stayed at least 0.5 m below the targeted 

depth. However, when compared to NDNI, subirrigation increased the yield by 15.7%. In 

2012, only the yield from FDIR plots was significantly higher than NDNI (p = 0.021) 

plot by 14%. 

In 2010, yields were generally higher than in 2011 across all treatments. The 

difference in the length of the growing season caused by weather conditions could be the 

reason for this increase. The growing season was 20 days longer in 2010 (153 days) than 

in 2011 (133 days). Frost damage at the end of the 2011 growing season further reduced 
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the yield potential of the potato crop. Table 3.2 summarizes the potato fry quality 

parameters such as dark ends and dark tips. The percent dark ends between treatments 

were not significantly different except in 2012 when NDIR had a significantly higher 

percent of dark ends compared to other treatments. The percent dark tips did not vary 

significantly among the treatments in all three growing seasons. Average size and 

specific gravity of the tubers are given in Table 3.3.  

Table 3.2 Potato fry quality parameters for different treatments.  

Treatment 

+
Dark Ends (%) 

+
Dark Tips (%) 

2010 2011 2012 2010 2011 2012 

No drainage with no irrigation (NDNI) 8.33 a 0.56 a 2.76 b  2.08 a 0.00 a 2.63 a 

No drainage with overhead irrigation 

(NDIR) 
7.50 a 0.00 a 5.00 a 2.50 a 0.00 a 2.44 a 

Free drainage with overhead irrigation 

(FDIR) 
8.06 a 0.74 a 2.33 b 4.31 a 0.74 a 2.00 a 

Controlled drainage with subirrigation 

(CDSI) 
9.86 a 1.48 a 3.45 ab 2.92 a 0.19 a 2.41 a 

+
Means in the same column followed by different letters are significantly different based 

on Student’s t-test at 0.05 significance level. 

The average tuber size was significantly higher in NDIR plot in 2010 compared to 

CDSI plots while in 2012 FDIR was higher than NDNI. In 2010, the specific gravity was 

significantly high in NDIR compared to NDNI and CDSI while the FDIR was 

significantly higher than CDSI. In 2011, only NDIR was significantly higher than all 

other treatments. Overall the NDIR treatment showed a higher specific gravity than CDSI 

and NDNI treatments. 
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Table 3.3 Average size (g) and specific gravity of potato tubers from different 

treatments.  

Treatment 

+
Average Tuber Size (g) 

+
Specific Gravity 

2010 2011 2012 2010 2011 2012 

No drainage with no irrigation 

(NDNI) 
180.4 ab 159.4 a 147.2 b 1.079 bc 1.077 b 1.083  a 

No drainage with overhead 

irrigation (NDIR) 
225.9 a 157.6 a 155.9 ab  1.087 a 1.091 a 1.082 a 

Free drainage with overhead 

irrigation (FDIR) 
198.2 ab 163.6 a 162.4 a 1.084 ab 1.082 b 1.080 a 

Controlled drainage with 

subirrigation (CDSI) 
181.2 b 154.9 a 151.1 ab 1.078 c 1.081 b 1.082 a 

+
Means in the same column followed by different letters are significantly different based 

on Student’s t-test at the 0.05 significance level. 

3.3.3 Potato yield and depth to the water table 

In 2010, the potato yield had a significant positive correlation with seasonal 

average depth to the water table (R
2
 = 0.46, p = 0.0003; Figure 3.6). Since the 2010 

growing season was wetter than average, plots with deeper depth to the water table 

performed better. When the water table is deep, the vadose zone remains aerated and 

creates conditions conducive for plant growth. The low yield from a few CDSI plots was 

the result of shallow average water table depth, which was partly due to surface ponding 

arising from depressions. In the drier 2011 and 2012 growing seasons, the yield vs. water 

table depth relationship disappeared, and the trend became almost flat, i.e., no change in 

yield with increasing water table depth. The trend in 2011 was slightly different from 

what Wright and Adamsen (1993) observed. They reported that relative yields of corn 

and peanut were slightly decreased with increasing water table depth; during their study 

period, growing season precipitation was below normal in three out of a total of four 



71 

 

years. Since peanuts and potatoes have shallow root systems, the results of both studies 

could be compared. The difference between the 2010 and 2011 and 2012 trends is mainly 

due to the difference in the weather patterns.  The contribution from upward flux from the 

shallow water table is discussed in section 5.3.3. 

 

Figure 3.6 Relationship between average water table depth and potato yield in 2010, 

2011 and 2012. 

3.3.4 Potato tuber development 

Figure 3.7 shows the change in weight of tubers over the 2010 growing season 

under different treatments. The tuber yield increased 75 days after planting and 

continuously increased until harvest. The average tuber-bulking rate during that time was 

0.8 MT ha
-1

 d
-1

 (2010) and 0.78 MT ha
-1

 d
-1

 (2011). However, there was no significant 

difference in tuber biomass among the treatments in both years, despite the significant 
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difference in yield in 2011. This may have been mainly due to the small sample size and 

the variability among the individual samples. 

 

Figure 3.7 Change in average potato yield with time for different treatments in 

2010. 

3.3.5 Drainage outflow, water table elevation, and soil moisture 

Figure 3.8 shows the pattern of average drainage outflow in FDIR plots in relation 

to recharge events (precipitation and overhead irrigation). Drainage outflow was 

considerably lower during midseason compared to the beginning and end of the growing 

season due to high crop water intake. Drainage outflow was quite responsive during the 

start and end periods of the growing season, where even small rainfall events resulted in 

discharge. During the midseason, even comparatively large amounts of precipitation did 

not result in any discharge because of the increased soil storage capacity as well as higher 

consumptive use by the plants.  
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Figure 3.8 Average drainage outflow from three FDIR plots and amount of recharge (precipitation and overhead irrigation) in 

2010.  
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Response of the water table to recharge was similar to that of drainage outflow, 

i.e., drainage outflow was high when groundwater table was high, and vice versa. Figure 

3.9 and Figure 3.10 show the change in groundwater elevation (above mean sea level) in 

response to recharge events (precipitation plus irrigation or subirrigation) in 2010 and 

2011, respectively. Change in groundwater elevation due to recharge was comparatively 

high at the beginning and end of the growing season compared to the midseason. Despite 

large rainfall events, the water table remained below the depth of the tile for most of the 

midseason mainly due to high plant water uptake.  Seepage was negligible due to the 

presence of a clay layer at 6 m below the ground surface.  In CDSI plots, the water table 

started to rise during subirrigation periods, while it continued to fall in NDNI plots. The 

depth to the water table was not very different among the three different distances from 

the tile. When the plots were subirrigated continuously from 110 to 124 days after 

planting (16 to 30 August 2010), on average, 130 mm of subirrigation application 

resulted in 300 to 400 mm of effective water table rise in CDSI plots. In 2011, 

subirrigation was carried out for 58 days from 46 to 110 days after planting (4 July to 

6 September) with an average amount of 290 mm. Drainage outflow and groundwater 

dynamics were similar during both years. The water table trend in NDIR and FDIR 

(Figure 3.10) was similar to that of NDNI, with just slight differences in water table 

depth. Change in daily average volumetric soil moisture due to recharge (irrigation and 

precipitation) is shown in Figure 3.11. Soil moisture increased sharply during two major 

storm events. All treatments showed similar soil water content. 
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Figure 3.9 Comparison of change in groundwater elevation (AMSL = above mean sea level) in relation to recharge in all plots 

in 2010 (B1 denotes that the treatments belonged to block 1). Subirrigation was only applied to CDSI, and irrigation was 

applied to NDIR and FDIR (average ground surface elevation was approximately 282.0 m).
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Figure 3.10 Comparison of change in groundwater elevation (AMSL = above mean sea level) in relation to recharge in all plots 

in block 1 in 2011 (B1 denotes that the treatments belonged to block 1). Subirrigation was only applied to CDSI, and irrigation 

was applied to NDIR and FDIR (average ground surface elevation was approximately 282.0 m).  
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Figure 3.11 Comparison of change in volumetric soil moisture in relation to recharge in all plots in block 2 in 2011 (B2 denotes 

that the treatments belonged to block 2). Subirrigation was only applied to CDSI, and irrigation was applied to NDIR and 

FDIR.  
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3.4 Conclusions 

This study compared the effects of four different water management treatments on 

potato yield under Manitoba conditions during the 2010, 2011 and 2012 growing seasons. 

Results from the 2010 growing season showed no significant difference in yield among 

the treatments, which was attributed to the higher-than-average precipitation during the 

2010 growing season. However, significantly higher yields were observed in 2011 with 

overhead irrigated treatments (FDIR and NDIR) compared to the control (NDNI). 

Although the yield from CDSI was 15.7% higher than that of the control (NDNI), the 

difference was not statistically significant. The increase in yield (7.1%) caused by 

drainage alone, i.e., comparing FDIR and NDIR, was not statistically significant. In 2012, 

the yield increase in FDIR (13.6%) was significantly higher than NDNI (p = 0.021). 

Therefore, during a dry season, how water is supplied to the root zone is more critical 

than drainage in a similar soil for this shallow-rooted crop. However, in a wet year, the 

benefits of irrigation were not obvious, as all the treatments received enough water from 

precipitation rain for plant growth. 

Even though a seasonal high water table was observed during the snowmelt period, 

it was not possible to bring the water table within the targeted depth with CDSI. The 

results showed that the potato crop, with an active root zone located within 0.2 to 0.4 m 

depth, received more benefit from overhead irrigation than subirrigation, where water 

was supplied at 0.9 m depth. The greatest challenge was to maintain the hydraulic 

connection between the water supplied through subirrigation and the active root zone of 

the potato crop. The high evapotranspiration experienced during the relatively drier 
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months of July and August may have contributed to a dry soil layer beneath the active 

root zone, which may have created a capillary barrier. This could affect the upward 

transport of water from the subirrigation lines. Although overhead irrigation applied only 

one-fifth the amount of water supplied through subirrigation, it produced higher yields. 

Therefore, overhead irrigation was more efficient than subirrigation for potato crop. 

However subirrigation may be better suited for different soil types. Also different crops 

may show different response to that of potato. 

One way to improve the efficiency of subirrigation systems is to reduce the depth 

of the drain tiles so that plants have better access to the water supplied through the tiles. 

This might also reduce the subirrigation water requirement, as the targeted water table 

depth will become closer to the roots, provided that there is an impervious layer below 

the drains. Careful and precise water table management is necessary during wet years to 

avoid any negative impact caused by a high water table. Further studies could be carried 

out by combining overhead irrigation with control drainage for potato to maximize the 

agronomic and environmental benefits. This can be done by implementing controlled 

drainage in FDIR plots during the growing season and comparing it to other treatments. 

To improve the performance of CDSI, the drainage design parameters, such as depth and 

spacing, could be changed so that the water table is more responsive to the plant water 

needs. 
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4. Protecting water quality using controlled drainage as 

an agricultural BMP for potato production 

ABSTRACT: Subsurface drainage is used for removing excess water from agricultural 

lands to improve productivity although it can cause water quality problems downstream. 

Agricultural drainage is identified as one of the contributing factors to the Lake 

Winnipeg’s nutrient enrichment and subsequent water quality impairment. It has been 

suggested that controlled drainage in the Lake Winnipeg watershed could be a best 

management practice (BMP). The objective of the study was to evaluate the 

environmental impacts of subsurface drainage by comparing free drainage with overhead 

irrigation (FDIR) and controlled drainage with subirrigation (CDSI) under a potato crop. 

The experiment was carried out in Southern Manitoba on a potato field with sandy loam 

soil. Subsurface drainage was installed in 2009 at an average depth of 0.9 m. Controlled 

drainage was accomplished by using drainage control structures at drainage outlets. 

Subirrigation was carried out by pumping water back through the subsurface drainage 

network. Drainage flow, nutrient export and weather parameters were monitored during 

the growing seasons of 2010 and 2011. On average, controlled drainage reduced flow 

volume by 91 % in 2010 and 54 % in 2011 compared to free drainage. The drainage 

volume from FDIR plots ranged from 13 to 53 % of the rainfall received, while for CDSI 

plots it varied from 0 to 8 %. In both years, average nitrate concentrations were lower in 

CDSI compared to FDIR plots. However average phosphate concentrations were lower in 

2010 and higher in 2011 under CDSI compared to FDIR. Compared to FDIR plots, 

average nitrate nitrogen export from CDSI plots were reduced by 98 % in 2010 and 67 % 
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in 2011 and average phosphate export was reduced by 94% in 2010. However in 2011, it 

was 15% higher than FDIR.  The nutrient export reduction by CDSI is attributed mainly 

to the drainage volume reduction by controlled drainage. 

4.1 Introduction 

On agricultural lands, improved productivity is achieved through the removal of 

excess water using subsurface drainage. Subsurface drainage provides several benefits 

such as better soil aeration, improved trafficability, early warming of soil, enabling early 

planting, and reduced soil salinity and waterlogging. However, the drainage water can 

carry nutrients such as nitrogen and phosphorus from the farmlands that eventually reach 

downstream water bodies and cause nutrient enrichment. Such nutrient enrichment can 

cause water quality issues and examples of such issues include hypoxia in the Gulf of 

Mexico and eutrophication of Lake Winnipeg and Lake Erie (Environment Canada and 

Manitoba Water Stewardship, 2007). Lake Winnipeg, the 10
th

 largest freshwater body in 

the world, serves several purposes including commercial fishing, tourism, recreation, 

drinking water supply, hydropower generation, and provides a livelihood for many 

families and communities. Nutrient enrichment of Lake Winnipeg by nitrogen and 

phosphorus has contributed to water quality issues such as algal blooms and oxygen 

depletion. This leads to decreased aesthetics, unusable water for drinking and recreation, 

disruption of aquatic habitats, decreased biodiversity, and threatened long-term 

sustainability of the Lake.  

 Use of tile drainage as a means to increase the productivity of imperfectly or poorly 

drained lands is becoming popular in Manitoba especially in the potato growing regions 

of the Province. Water drained using conventional tile drainage carries nutrients from 



82 

 

agricultural fields into the surface water network and is considered as one of the causes 

for Lake Winnipeg’s deteriorating water quality (Lake Winnipeg Stewardship Board, 

2006). Although most of the Lake Winnipeg watershed is internally drained (Richardson 

et al., 1994), a significant area in the Canadian Prairies is drained by the Saskatchewan 

River system and Red River system into Lake Winnipeg. Thus the expansion of 

agricultural tile drainage has created concerns among the public and the authorities in 

regards to surface water quality. Water table management by controlled drainage can be 

used as an agricultural BMP to reduce the negative impacts of artificial drainage on the 

environment and it has been successfully used in North Carolina (Evans and Skaggs, 

2004). Controlled drainage is achieved by raising the outlet water level where only part 

of the excess water is allowed to drain. One of the recommendations was to promote the 

conversion of free drainage into controlled drainage among producers in order to reduce 

the export of nutrients that lead to poor water quality issues faced by Lake Winnipeg 

(Lake Winnipeg Stewardship Board, 2006). There is a need to re-evaluate the drainage 

systems not only for improved agricultural productivity, but also for negative 

environmental impacts under different soil, climatic and crop conditions. 

Controlled drainage can be combined with subirrigation (SI) to create a controlled-

drainage-subirrigation (CDSI) system to maximize crop yield potential. Many authors 

reported reduced drainage outflow from water table management treatments (CD/CDSI) 

compared to free drainage (Drury et al., 2009; Lalonde et al., 1996; Tan et al., 2007; Tan 

et al., 2002).  Tan et al. (2007) reported a 43% reduction in outflow in CDSI compared to 

free drainage treatments. Compared to free drainage, flow volume was reduced by 

approximately 30% when controlled drainage was implemented year-round. However, 
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reduction in flow could vary with soil, precipitation, management intensity and type of 

drainage system (Evans et al., 1995). Lalonde et al. (1996) reported that the reduction in 

drainage volume was higher (65-95%) with shallower target water table depth than with 

deeper ones (41-59%). Wesström et al. (2001) reported a 79-94% drainage volume 

reduction under controlled drainage in comparison to free drainage.  Many studies found 

that nutrient losses were decreased under water table management (CD/CDSI) compared 

to free drainage (Madramootoo et al., 2001; Mejia and Madramootoo, 1998; Ramoska et 

al., 2011; Kaluli et al., 1999; Tan et al.,1999; Drury et al., 2009; Tan et al.,2007). The 

reduction of NO3-N concentration and export under controlled drainage was attributed to 

enhanced denitrification (Drury et al., 2009; Madramootoo et al., 2001; Mejia and 

Madramootoo, 1998), a dilution effect by subirrigation water (Drury et al., 2009; Mejia 

and Madramootoo, 1998), reduced concentration (Tan et al.,1999), higher crop uptake 

due to increased yield (Drury et al., 2009; Tan et al., 2007, Tan et al.,1999) and reduced 

volume of drainage out flow (Kaluli et al., 1999; Mejia and Madramootoo, 1998; Tan et 

al., 2007; Drury et al., 2009). 

In a review of the effect of controlled drainage on water quality, it was reported that 

the nutrient load reduction (30-50 %) was mainly due to decreased drainage flow volume 

(Evans et al., 1995). Even without any changes in concentration, the reduction in 

drainage volume alone has the potential to decrease the nitrate load under controlled 

drainage (Cooke et al., 2008). However Tan et al. (1999) reported that when the drainage 

volume was almost equal, decreased NO3-N concentrations under the CDSI treatment 

contributed to the reduction in NO3-N load compared to free drainage. Drury et al. (2009) 

attributed both lower concentrations and reduced flow volumes to decreased NO3-N 
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losses under controlled drainage and CDSI. Mejia and Madramootoo (1998) attributed 

the decreased NO3-N loading from CDSI plots mainly to the lower flow volume and 

higher denitrification under CDSI. Compared to free drainage, decreased NO3-N leaching 

and increased denitrification were observed  under CDSI treatments (Kaluli et al., 1999). 

 Compared to the free drainage treatment, lower phosphorus loss in CDSI was 

reported by Tan et al. (2007).  In contrast, higher P concentration and loading was found 

in CDSI plots compared to free drainage by Stampfli and Madramootoo (2004). The tile 

spacing and depth are two important design parameters of drainage systems that affect the 

drainage outflow volume and subsequently export of nutrients from the agricultural 

fields. Decreased tile depth was found to lower drainage flow volume and nutrient export 

(Cook et al., 2002). Kladivko et al. (2004) reported higher N losses with closer drain 

spacing even though NO3-N concentration did not vary. 

The objectives of this study were to compare the environmental impacts of free 

drainage with overhead irrigation (FDIR) and controlled drainage with subirrigation 

(CDSI) at field-scale and to evaluate the effectiveness of controlled drainage as a best 

management practice (BMP) for potato cultivation in southern Manitoba. Although 

several similar studies were conducted in the past under different crops mainly under 

warmer climatic conditions, only a few studies have been done on controlled drainage 

and subirrigation under potato crop under cold climate conditions. 

4.2 Materials and Method 

4.2.1 Study Site 

This experiment was conducted on a commercial farm south of Winkler in 
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Manitoba, Canada. Annual average precipitation of the location is 533 mm out of which 

416 mm falls as rainfall. The majority of rainfall, 342 mm, occurs during the growing 

season between May to September (Environment Canada, 2013). During the growing 

season, precipitation is seldom sufficient to meet the crop water demand and the moisture 

deficit is high during the months of July and August. One of the management problems 

for this area is providing sufficient surface drainage. A seasonally high groundwater table 

is also prevalent in this area during the spring as snowmelt and rainfall make the 

groundwater rise closer to the soil surface. The water table level reaches its maximum 

during early June and recedes at a faster (9 mm/day) rate for up to 8 weeks and thereafter 

at a slower rate (3 mm/day) until it eventually reaches an almost static level of 3 to 3.6 m 

below the ground surface (Smith et al., 1973). The main soil type in this field is Reinland 

series which is classified as Gleyed Rego Black soil and it is imperfectly drained 

(MAFRI, 2010). It is a fine sandy loam soil with average sand, silt and clay content of 

67.7, 20.8, and 11.5 %, respectively. Seasonally high water table and relatively dry 

periods in mid-summer make this location suitable for controlled drainage and 

subirrigation. 

4.2.2 Experimental Design 

In this study, two treatments with subsurface drainage (FDIR and CDSI) were 

compared for their environmental impacts. There were two other treatments within the 

same project which did not have drains installed and not used for this study. Each 

treatment had three replicates (total of six plots) and planted with potato (Solanum 

tuberosum). Both treatment plots were installed with subsurface drainage during the fall 

of 2009 and subirrigation components were added in summer 2010. The average design 
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depth to drain invert was 0.9 m and drain spacing for FDIR was 15 m and CDSI was 8 m. 

Each of the FDIR plots drained through a sub-main line into manholes and the CDSI 

plots drained through a sub-main line into drainage control structures (DCS) (Agridrain 

Corp., Adair, IA, USA). The manholes, DCS, sand filters and controls for subirrigation 

were located at the eastern edge of the field. The FDIR plots were 50 m x 44 m in size 

and the CDSI plots were 50 m x 40 m in size. Overhead irrigation was carried out using a 

travelling gun in the middle of the field along an alleyway. Subirrigation was done by 

pumping water back through the DCS into the subsurface drainage network. Water table 

management for the CDSI plots was carried out by the DCS using a set of adjustable 

stop-logs inside the DCS. These stop-logs were either 0.178 or 0.127 m (5 in. or 7 in.) in 

height and by adding or removing them inside the DCS, the desired height for the water 

table was maintained. During the growing season, the CDSI plots were operated under 

three different modes including free drainage, controlled drainage and subirrigation. In 

each year until June 1, the CDSI plots were mostly maintained under free drainage mode 

and thereafter changed to controlled drainage mode depending on the field moisture 

condition. In July, subirrigation was initiated based on soil moisture status and the 

weather forecast. Subirrigation was gradually ceased by the end of August. At the end of 

the growing season, the CDSI plots were restored to free drainage mode to facilitate 

harvesting. The targeted water table depth was 0.6 m during controlled drainage and 

subirrigation modes. The source for both the overhead and subirrigation water was from a 

reservoir located 3 km west of the research site. The reservoir was filled by capturing and 

pumping snowmelt runoff during the spring and maintained by a group of local farmers. 

More details about the experimental design are given in section 3.2. 
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4.2.3 Data Collection 

Weather data were collected using a Watchdog Weather Station (WatchDog 2900ET, 

Spectrum Technologies, Inc., Plainfield, IL, USA) located onsite. It was supplemented by 

the weather data obtained from a weather station located approximately 2 km east at the 

Canada-Manitoba Crop Diversification Centre, Winkler. Weather parameters measured 

include rainfall, temperature, relative humidity, solar radiation and wind velocity. 

Overhead irrigation amounts were measured using Irrigages (K-State Mobile Irrigation 

Lab, Manhattan, KS, USA). The flow rate for subirrigation was measured using flow 

meters (MJR-100-1G, Seametrics, Inc., Kent, WA, USA) and logged at 15-minute 

intervals and subirrigation flow volume was later converted into depth of subirrigation by 

dividing the volume by the area of the CDSI plots. 

Drainage outflow from the FDIR plots was measured separately in the manhole at 

each drain outlet using a 90
o
 V-notch weir, water level sensor (WLS) and stilling-well 

assembly (Figure 4.1). The drainage flows from the FDIR plots were routed through a 90
o
 

V-notch weir (Thel-Mar Volumetric Weir, Tel-Mar LLC, Brevard, NC, USA) attached at 

the end of the drainage outlet. A 12.7 mm (½ in) diameter clear plastic tube was used to 

connect the bottom of the drain outlet to the bottom of a stilling well so that water level in 

the drain outlet and stilling well were the same. Drainage flow measurements for each 

CDSI plot were done using a 30
o
 V-notch weir, a WLS and a stilling well assembly 

within the DCS (Figure 4.2). The V-notch was cut on an acrylic sheet and fastened to a 

rectangular stoplog so that the position of the weir could be changed easily. 
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Figure 4.1 V-notch weir and stilling well assembly inside the manhole for measuring 

drainage flow from free drainage with overhead irrigated (FDIR) plots. 

In both flow measurements (FDIR and CDSI), a WLS (Solinst Levelogger Gold, 

Solinst Canada, Ltd., Georgetown, Ontario, Canada) was suspended inside the stilling 

well in such a way that it was completely submerged below the water level. It was set to 

measure and log water level inside the stilling well at five minute intervals. The stilling 

wells were used to suspend the WLS as well as to dampen the turbulence and wave action 

caused by flowing water at the point of measurement. 
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Figure 4.2 Stoplogs, V-notch weir and stilling well assembly in drainage control 

structure for measuring drainage flow from controlled drainage with subirrigation 

(CDSI) plots as well as for monitoring and controlling water table height. 

Stilling wells were made of 40 mm diameter ABS plastic and mounted on to the 

wall of the manhole (FDIR) or the DCS (CDSI) using brackets. The stilling wells in DCS 

were covered with geotextile to prevent fouling of WLS by any impurities. One of the 

stilling wells also housed a barometric pressure sensor (Solinst Barologger Gold, Solinst 

Canada, Ltd., Georgetown, Ontario, Canada) to correct for variations in the atmospheric 

pressure. Atmospheric pressure compensation was carried out using the Solinst 

Levelogger software once the data were downloaded. During the period of ground freeze, 

drainage flow monitoring was stopped to avoid any damage to the instruments. 
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4.2.4 Drainage flow calculation 

The WLS measured only the water level inside the weir and it had to be 

transformed in terms of flow. Drainage outflow from the tiles and DCS were calculated 

using the following weir equation for sharp crested V-notch weirs (Chin, 1999). 

  
 

  
  √     (

 

 
) 

 

     Equation 4.1 

where, Q is flow rate over the weir (m
3
/day), Cd is the discharge coefficient, g is the 

gravitational acceleration (m/s
2
), θ is the angle of v-notch (90

o
 for tile outlet and 30

o
 for 

DCS) and H is the height of the flow (m) above the V-notch which was measured by the 

WLS. Values for Cd were chosen as 0.7 for FDIR by curve fitting using the data provided 

by the weir manufacturers and 0.8 for CDSI based on laboratory calibrations. Daily 

average flow volumes were converted to depth of drainage by dividing the volume by the 

corresponding area of the plots. 

Flow measurements were also taken manually in the field as a check for the WLS 

derived flow data against actual flow in the field. Plastic containers of known volume 

were used and average time required to fill the containers was recorded. The time at 

which each measurement was taken was also recorded to validate against the WLS 

derived flow data. 

4.2.5 Drainage Outflow Quality 

Drainage outflow was individually sampled from each drain outlet and the DCS 

whenever significant flow occurred typically after rainstorms. During flow events 

sampling was carried out once a day. Samples were kept at approximately 4
o
C while 

being transported and stored in the lab at 4
o
C in a refrigerator till they were sent for 
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analysis. Water samples were analyzed for nitrate nitrogen and orthophosphate. Total 

dissolved phosphate (TDP) was determined using colorimetry in 2010 and ICP 

(inductively coupled plasma) method in 2011, both without digestion of the organic 

fraction. Even though the phosphate measured by these methods may differ slightly, it is 

reported as TDP in both years. Also comparison of nutrient export was made only within 

the same year between treatments.  Daily nutrient export (in kg/ha) was calculated by 

using nutrient concentration of each nutrient and daily flow rates from the respective 

treatments. Flow weighted mean concentrations (FWMC) of nutrients were calculated by 

dividing the total nutrient loss by the total drainage volume from the individual plots 

during the corresponding period. 

4.2.6 Agronomic practices 

 Potato (variety Russet Burbank) was planted on a hill furrow configuration at 0.9 m 

spacing. Approximately 4 weeks after emergence, reservoir tillage was done along with a 

hilling operation. During reservoir tillage operations, small depressions were created in 

furrows in order to reduce overland runoff. In 2010 the fertilizer application rate was 

163 kg/ha for N and 61 kg/ha for P. In 2011, N and P fertilizers were applied at a rate of 

79 and 67 kg/ha, respectively. 

4.2.7 Statistical analysis 

The JMP software (ver. 10, SAS Institute, Inc., Cary, N.C.) was used for statistical 

analysis (ANOVA). The Students’ t-test was used for comparing treatment means at 

α=0.05 significance level. 
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4.3 Results and Discussion 

Figure 4.3 shows monthly precipitation during the growing seasons of 2010 and 

2011 along with the 30-year historical average. The growing season of 2010 received 

533 mm and was comparatively wetter than the historical average (342 mm). Except for 

the month of June, all other monthly precipitation amounts in 2010 were higher than the 

historical average. In 2011, the growing season total precipitation was about the same 

amount as the 30-year average. However the months of July and August were very dry 

and September was much wetter. The drainage outflows from the growing seasons of 

2010 and 2011 are shown in Figure 4.5 (2010) and Figure 4.5 (2011) for both treatments. 

 

 Figure 4.3 Monthly precipitation during 2010 and 2011 growing seasons and 30-

year historical averages. 
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Figure 4.4 Average drainage outflow from FDIR and CDSI plots in 2010 under potato along with recharge (precipitation + 

irrigation in FDIR or subirrigation in CDSI).
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Figure 4.5 Average drainage outflow from FDIR and CDSI plots in 2011 under potato along with recharge (precipitation + 

irrigation in FDIR or subirrigation in CDSI).
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In 2010, due to delays in the installation of the loggers, the monitoring of the 

CDSI plots began only on May 31 resulting in no outflow data prior to that date. The 

cumulative drainage volumes from FDIR plots were much higher during 2010 than in 

2011, due to higher than normal precipitation in 2010. In this region, snowfall 

accumulates on the ground until March and snowmelt happens typically during the month 

of April. During the snowmelt period, the soil became saturated and when combined with 

spring precipitation they contributed to major drainage events in both years.  In 2011, the 

drainage outflow occurred only until the first week of July and no flow occurred 

thereafter due to the relatively drier growing season. In both years, the drainage outflow 

was high during late spring and early growing season (April, May and June) with very 

little flow to no flow conditions during the months of July and August. During the 

springtime, snowmelt contributed to saturated soil conditions with the result that even 

small spring precipitation events triggered drainage outflow. The water table was shallow 

throughout this period and at times reached within 0.6 m of the ground surface. During 

the hot summer months, the crop ET demand usually exceeded the precipitation, resulting 

in no excess water to drain and the groundwater table moving below the depth of the tile 

(Section 3.3.5). Therefore, even much larger precipitation events were not able to create 

any drainage outflow as the soil had enough water storage capacity for the water that was 

infiltrating. A majority of drainage outflow took place during the drainage-dominated part 

of the season that spanned between the months of April and June.  No flow was observed 

once the ground was frozen during the winter months (December to March). Jin and 

Sands (2003) made similar observations in Minnesota where cold weather conditions 

exist. However, this pattern of seasonal variation in drainage outflow was found to be 
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different from what was observed in comparatively warmer locations like Indiana 

(Kladivko et al., 2004) where drainage outflow occurred throughout the winter months. 

Figure 4.6 shows the average depth of drainage flow from each treatment during 

two periods in both growing seasons. In both years, the CDSI plots were allowed to 

freely drain prior to the month of June, mainly operating as free drainage to create 

suitable conditions for farming operations. Depending on the planting date and field 

moisture conditions, controlled drainage was implemented beginning in June. For the 

purpose of comparing the effects of controlled drainage, the growing season was divided 

into two periods:  i) a freely draining period till the end of May and ii) a controlled 

drainage period from June onwards.  

 

Figure 4.6 Drainage flow during 2010 and 2011 growing seasons and the percentage 

of rainfall drained though the tile drainage.
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On average, FDIR plots drained 156 mm compared to only 7 mm from CDSI plots 

in 2010 (beginning in June) which is equivalent to a 91 % decrease in drainage volume 

during the latter part of the growing season. In 2011, average total flow from FDIR and 

CDSI plots for the entire year was 105 and 93 mm, respectively, which represents an 11% 

reduction of flow volume in CDSI plots. However, during the springtime, when both 

plots were operated in the free drainage mode, the average flow from FDIR and CDSI 

plots were 59 and 72 mm, respectively. The higher amount of flow from the CDSI plots 

during the spring could be attributed to the differences in drain spacing (Kladivko et al., 

2004). When operated as free drainage, the CDSI plots would generate more drainage 

than FDIR plots since CDSI plots have narrowly spaced drains (8 m) compared to the 

FDIR plots (15 m).  Beginning in June 2011, the average drainage flow from the FDIR 

was 46 mm compared to 21 mm in the CDSI plots. During this period, the use of 

controlled drainage resulted in an average reduction of 54% in flow volume compared to 

free drainage. Soil water conserved by practicing controlled drainage, especially during 

the early part of the growing season, would be useful in meeting the crop water demand 

during the latter part. This would also help reduce the amount of nutrients exported from 

the plots.  

When free drainage was changed to the controlled drainage mode, adding extra stop 

logs raised the height of the outlet. Once the outlet was raised, drains can only remove 

excess water above the level of the outlet retaining more water within the plots. This 

would reduce the ‘effective’ drainage base depth. The reduction in tile drainage flow 

volumes observed under controlled drainage and CDSI plots, compared to freely-drained 

plots has been attributed to the shallow ‘effective’ drainage base depth (Drury et al., 
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2009). The flow reduction in CD/CDSI treatments reported by other authors ranges from 

41 to 95 % (Lalonde et al., 1996; Tan et al., 2007; Wesström et al., 2001). In the present 

study, once controlled drainage was implemented, a volume reduction of 54-91% was 

observed. However, when the entire growing season of 2011 is considered, the percentage 

reduction of drainage volume (11%) was comparatively lower than the values reported in 

some of the other studies.  In 2011, the period of intense drainage coincided with field 

operations early in the season resulting in the controlled drainage being operated in the 

free drainage mode.  During the latter half of the 2011 season there was not enough 

precipitation to account for significant drainage outflow.  Therefore, the difference in 

drainage outflow was small between the two treatments.  

When comparing both years, more water drained from CDSI plots in 2011 during 

the same time span. In 2011, due to a wet spring, planting was delayed and consequently 

the timing for implementing controlled drainage was also delayed.  The amount of 

drainage under CDSI is dependent on the timing of implementation of the controlled 

drainage and the height of the stop log. The timing of controlled drainage depended 

mainly on the soil water status of the field and date of planting. If controlled drainage 

were to be initiated after a major part of the drainage season has already passed, the 

effectiveness of CDSI to decrease the outflow volume would be limited. Implementing 

the controlled drainage early would lead to increased water retention within the CDSI 

plot at the expense of improved trafficability and soil aeration. The height of the outlet is 

usually adjusted based on the farming operation, plant growth stage, soil moisture status 

and weather forecast. A more intense management approach (shallow target water table 

depth) towards controlled drainage could conserve more water but may compromise 
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farming operations and plant growth. So the timing of transition between free- to 

controlled-drainage and the height of the outlet would be significant factors deciding how 

much water is conserved in the field. These two operational factors would eventually 

determine the effectiveness of controlled drainage as a best management practice (BMP). 

The accumulation of snow on the ground during the winter and snowmelt runoff in 

the spring plays a major role in the drainage hydrology. Both snowmelt and spring 

precipitation contribute to higher drainage during the months of April to June. Under cold 

climate conditions, with a much shorter growing season, the time of planting is crucial to 

get a good crop. During planting, the land has to be sufficiently drained to get ideal soil 

moisture conditions conducive for suitable trafficability for farm operations and 

improved aeration for crop emergence. Therefore, during planting, the drains have to be 

operated in the free-drainage mode which limits the controlled drainage mode to the latter 

part of the season. Evans et al. (1995) reported that much of the outflow reduction by 

controlled drainage takes place during winter and spring, and the flow reduction during 

the growing season is only about 15%. If flow were to occur in winter months such as it 

does in warmer climate regions (Kladivko et al., 2004),  controlled drainage could be 

implemented in the winter months and the effectiveness of controlled drainage on flow 

reduction would be much better.  When snow begins to melt, the earlier the water is 

removed the faster the soil will warm up leading to a longer growing season. In spring, 

when most of the drainage occurs, it would be tempting to operate in the free drainage 

mode and let the excess water drain. Since most of the drainage occurs during the early 

part of the season, holding-back water by controlled drainage may not be desirable when 

weighed against the need for early field operations and planting.  Therefore, when 
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designing controlled drainage as a BMP in cold climates these competing needs should be 

taken into account. One way to overcome this dilemma is to store the drainage outflow 

during spring off the field and recycle it during the summer months through irrigation. 

4.3.1 Nitrate Export 

Figure 4.7 shows the comparison of total (A) export and (B) concentration of 

NO3-N in FDIR and CDSI in the 2010 and 2011 growing seasons.  The concentration 

reported here is the flow-weighted-mean concentration. In 2010, between June and 

October, the average NO3-N exported from FDIR and CDSI plots were significantly 

different (p = 0.03) with 105 and 1.7 kg/ha, respectively. The average concentration of 

NO3-N was slightly lower in CDSI, but not significantly different (64 vs. 61 mg/L). On 

average the CDSI plots decreased the NO3-N export by 98 % and this was mainly due to 

the reduction in flow volume from the CDSI plots. In 2011, the average concentration for 

NO3-N prior to June was 67 (FDIR) and 42 mg/L (CDSI) and beginning in June they 

were 73 (FDIR) and 54 mg/L (CDSI). Even though the average concentration of NO3-N 

was comparatively low in CDSI compared to FDIR, the differences were statistically not 

significant. The nitrate-N export during the spring of 2011 was 38 and 31 kg/ha and 

beginning in June, it was 34 kg/ha and 11 kg/ha, for FDIR and CDSI plots, respectively. 

The total NO3-N reduction by controlled drainage beginning in June was 67 but prior to 

June it was only 20 %. It should be noted that despite higher flows under CDSI prior to 

June, the nitrate export was still low due to the lower concentration. However during both 

periods, before and after June 2011, there was no statistically significant difference 

between NO3-N exports from both treatments. 
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Figure 4.7 Comparisons of FDIR and CDSI plots for (A) nitrate nitrogen and (B) 

flow weighted mean concentration of NO3-N. 

The decreased effectiveness of CDSI during the spring can be attributed to the 

higher flow volume observed in CDSI plots during the spring. When NO3-N exports from 

both periods in 2011 are combined, the reduction in export was 42 % (73 vs. 42 kg/ha).  

However this difference was not statistically significant (p=0.16). In 2010 large drainage 

volumes due to the higher than normal precipitation combined with higher concentrations 

of NO3-N in drainage water lead to a large amount of NO3-N export.  
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The nitrate export in 2010 was found to be more than what is usually reported in the 

literature. However, the nitrate export amounts in 2011 were relatively lower than they 

were in 2010 and comparable to values reported by others. In an experiment in eastern 

Canada, nitrate nitrogen leaching up to 70 kg/ha was observed under potato 

(Madramootoo et al., 1992). Randall and Iragavarapu (1995) reported up to 139 kg/ha of 

NO3-N loss through tile drainage under corn. The nitrate reduction (67 - 98%) in the 

present study is comparable to other studies reported in the literature. Madramootoo et al. 

(2001) reported a 58 - 80 % reduction in NO3-N leaching losses under CDSI compared to 

free drainage. The controlled drainage and CDSI decreased the NO3-N losses by 31-44% 

and 66 - 68% respectively, in comparison to free drainage (Drury et al., 2009). Tan et al. 

(1999) found that the CDSI treatment decreased the NO3-N concentration by 38 % and 

total NO3-N export by 37 % compared to free drainage. Decreased nitrate concentrations 

under CDSI plots could be attributed to a dilution effect caused by subirrigation with 

lower nitrate concentrations (Drury et al., 2009). Tan et al. (2007) attributed the decrease 

in nitrate loss (41%) under CDSI treatment to drainage flow reduction and increased 

yield. Nitrate export reduction varied between 62 and 96% in controlled drainage plots 

compared to free drainage under corn and soybean (Lalonde et al., 1996). Wesström et al. 

(2001) reported that controlled drainage decreased NO3-N loss by 78 - 94% compared to 

free drainage under potato and barley, respectively. In the current study, the decrease in 

nitrate export is attributed mainly to the decrease in drainage outflow volume under 

CDSI. In addition, the lower NO3-N concentrations in CDSI also contributed to the 

decrease in nitrate export. 
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4.3.2 Phosphate export 

Figure 4.8 shows the comparison of (A) export and (B) concentration of ortho-

phosphate in FDIR and CDSI treatments during 2010 and 2011. The concentration 

reported here is the flow-weighted-mean concentration. During 2010, the phosphate 

export from CDSI of 0.05 kg/ha was significantly lower (p = 0.01) compared to the 

export from FDIR of 0.88 kg/ha, translating to a reduction of 94%. Phosphate 

concentrations for FDIR and CDSI plots were 0.6 and 0.8 mg/L, respectively. In 2011, 

after June, FDIR exported an average of 0.05 kg/ha of phosphate compared to 0.06 kg/ha, 

which equates to 15% more export by CDSI. Average phosphate concentration during 

this period was 0.11 mg/L for FDIR and 0.31 mg/L for CDSI. Despite lower flow volume 

under CDSI plots, phosphate export was higher mainly due to the higher concentrations. 

However concentration (p=0.20) and export (p = 0.64) were not significantly different. In 

the spring of 2011, phosphate export was higher in CDSI plots (0.10 kg/ha) compared to 

FDIR plots (0.17 kg/ha) resulting in 70% more phosphate export from CDSI plots. Two 

main reasons contributing to this difference are a slightly higher concentration of 

phosphate in CDSI (0.26 mg/L) compared to FDIR (0.17 mg/L) as well as higher flow 

volumes in CDSI plots during the springtime. Both concentration (p=0.32) and export 

(p=0.12) of phosphates were statistically not significant during the spring of 2011.  
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Figure 4.8 Comparisons of FDIR and CDSI plots for (A) phosphate export and (B) 

flow weighted mean concentration of phosphate. 

A reduction of 58 - 85% in phosphorus losses in controlled drainage was reported 

by Wesström et al. (2001). Tan et al. (2007) reported a 36% reduction in the loss of total 
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dissolved phosphorus under CDSI. However increased P load and concentration under 

CDSI was observed by Stampfli and Madramootoo (2004). This was attributed to the 

limited capacity of CDSI plots to accommodate infiltration from any precipitation 

compared to free drainage plots that have empty pores to easily store the infiltration. 

Evans et al. (1995) reported phosphate concentrations could be higher under controlled 

drainage when the drainage system is mainly subsurface. In the present study, the higher 

export of phosphate under CDSI, in 2011, is attributed to higher concentration of 

phosphate. The increased concentration of the phosphate under CDSI could be due to the 

reduced soil condition in CDSI plots resulting in greater solubility of phosphates (Vadas 

and Sims 1998).  

4.4 Conclusion 

The export of nitrate was lower in controlled drainage compared to free drainage in 

both years. Compared to free drainage, the phosphate export under controlled drainage 

was lower in 2010 and higher in 2011. The quantity of nutrient export was different 

between years depending on the rainfall amount, distribution and resulting drainage flow 

patterns. The main mechanism attributed for the decrease in nutrient export (except for 

phosphate export in 2011) was decreased drainage outflow volume under controlled 

drainage. The volume reduction in CDSI plots was achieved by increasing the height of 

the outlet in the control structures. When the outlet was raised the “effective base depth” 

of the drain became shallow. During the spring, however, when both treatments were 

operated in the free drainage mode, flow was higher in CDSI due to the closer spacing of 

drains. The use of narrower spacing to facilitate subirrigation could potentially decrease 

the effectiveness of controlled drainage in the early part of the growing season as an 
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agricultural BMP in the Canadian Prairies. Maximum potato yields were obtained under 

overhead irrigation at the same location (section 3.3.2). Therefore, the use of overhead 

irrigation will eliminate the need for closely-spaced drains required for subirrigation. To 

maximize the agronomic benefits and environmental benefits, producers could use 

controlled drainage (with normally spaced drains) along with overhead irrigation. 

In 2011, the effectiveness of controlled drainage in decreasing nitrate export was 

comparatively low during the spring time when both treatments were operated in the free 

drainage mode. Even though the flow volumes from CDSI plots in spring 2011 were 

higher than FDIR plots, lower NO3-N concentrations resulted in decreased NO3-N export. 

However, during the same period, phosphate export was 70% higher in the CDSI plots 

due to both drainage volume and concentration of phosphate being higher in the CDSI 

plots. Higher concentration of phosphate is attributed to the higher phosphate export 

under CDSI in 2011. In 2010, the export of nitrate (p = 0.03) and phosphate (p = 0.01) 

were statistically significantly lower in CDSI plots compared to the FDIR plots. These 

results demonstrate the potential of controlled drainage as an agricultural BMP to 

decrease the nutrient export under potato production. Combining controlled drainage with 

overhead irrigation would further increase its efficiency as a BMP while maximizing the 

potato yield. 

A balanced approach between conserving and draining of excess moisture is 

necessary to maximize the benefits of controlled drainage. Transition from free drainage 

to controlled drainage in each growing season should be timed in a way so that controlled 

drainage can conserve soil moisture without causing any adverse effects. Design and 

operational parameters such as timing and depth of controlled drainage implementation 
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should be adjusted based on climate, crop and soil type in order to increase the 

effectiveness of controlled drainage as an agricultural BMP. In addition to controlled 

drainage, storing the drainage outflow during the spring and recycling it during the 

summer through irrigation can further minimize the negative environmental impacts of 

agricultural drainage (Allred et al., 2003; Tan et al., 2007) . 
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5. Shallow groundwater uptake and irrigation water 

redistribution within the potato root zone 

ABSTRACT: Knowing the crop water uptake pattern and soil water movement within the 

root zone is important for the optimum design of irrigation and drainage systems.  The 

objective of this study was to monitor the soil water redistribution within the potato root 

zone after irrigation and to quantify shallow groundwater contribution to water use by 

potatoes.  The water uptake pattern in a vertical plane was monitored by TDR miniprobes 

installed at five different depths and at three different radial distances from the base of 

the potato plants.  Three such planes of TDR miniprobes were used as replicates.  The 

soil within the root zone was brought to field capacity by surface application of water.  

The water content measurements were carried out prior to this irrigation event and at 

periodic intervals thereafter over a four-day period, three times/day. The shallow water 

table level was measured at three hour intervals. Soil core samples were taken at each 

TDR probe location to determine the root density. The soil water content and upward flux 

from the groundwater was simulated using the HYDRUS-1D model and the results were 

compared with the upward flux estimated from the change in groundwater levels.  The 

maximum root density was found to be 14.5 and 252 g m
-3

 at two and three months after 

planting. Soil layers at shallower depths showed signs of drying while the deeper layers 

remained wet. Model simulations closely matched the measured soil water contents and 

upward flux. In a fine sandy loam, up to 92% of the crop water demand was met by 

capillary rise from the shallow groundwater table. Knowing the shallow water table 
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contribution can decrease the net depth of irrigation water applied and save water and 

energy needed for pumping.  

5.1 Introduction 

 Potato is a shallow rooted and moisture sensitive crop and moisture stress can 

cause negative impacts on yield and quality of potato. The pattern of redistribution of 

irrigation water within the root zone is important for designing irrigation systems.  

Measuring both the water redistribution pattern within the potato root zone as well as the 

root distribution will help determine the water uptake pattern during the growing season. 

A better understanding of soil moisture movement and crop water uptake is crucial for 

developing effective irrigation and drainage systems. However, continually monitoring 

the soil water content at discrete locations while the crops are growing is a challenging 

task because it precludes the use of destructive methods for soil moisture measurement. 

Time Domain Reflectometry (TDR) is a widely used non-destructive technique to 

measure soil water content and has been used in the past to make repetitive measurement 

(Dalton and vanGenuchten, 1986; Ranjan and Domytrak, 1997; Topp et al., 1980; Topp 

et al., 1996; Topp and Reynolds, 1998).  

 Several studies in the past have demonstrated that TDR technology can be used to 

analyze temporal and spatial variability of water content at fine scale resolution (Evett et 

al., 1993; Green et al., 1997; Li et al., 2002; Polak and Wallach, 2001; Topp et al., 1996; 

Van Wesenbeeck and Kachanoski, 1988). Water and nutrient redistribution within the 

root zone of agricultural crops is greatly affected by plant water uptake. Therefore, 

knowing the root distribution is crucial for understanding the water uptake pattern.  The 
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type of measurement of root distribution, either weight-based or root length-based, is 

largely determined by the purpose for which the information is collected (Smit et al., 

2000).  In this study, the root mass distribution was used as a measure of the ability of the 

root zone to uptake water from a particular location. 

 Stalham and Allen (2004) conducted an experiment to explore the effect of 

different irrigation regimes on potato rooting and water uptake patterns. Potato crops with 

no irrigation extracted water further away from the rooting front while potato plants with 

irrigation extracted water from soil layers shallower than the rooting depth. It was found 

that regardless of water status of the surface layers of soil, roots from deeper layers 

contributed significantly to water uptake in potato plants. Cooley and Lowery (2007) 

monitored soil water content dynamics under potato hills using an array of 8 TDR probes 

to compare drip and sprinkler irrigation. 

 Wang et al. (2006) examined the effects of different irrigation treatments on the 

root development of potato crops in Northern China by measuring both the root-length 

density and root dry weight density. Although root-length density is most commonly used 

to describe the extent of the root systems of agricultural crops, the root weight density 

provided a more accurate description of the root system of potatoes due to the thinness of 

the roots (Wang et al., 2006).  Although potato roots were found at depths up to 140 cm, 

a majority of them were distributed with in the top 30 cm (Stalham and Allen, 2001).   A 

study by Lesczynski and Tanner (1976) on field grown Russet Burbank potato revealed 

that root density generally varied from 2 to 6 cm of roots per cm
3
 of soil.  Iwama (1988) 

reported variation in root dry weight between different years and within cropping 
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seasons. Tanner et al. (1982) studied the effect of hardpan on Russet Burbank rooting and 

found that root growth below the hardpan was restricted. 

 Use of shallow groundwater would help to reduce the volume of water required 

for irrigation and the amount of water disposed through drainage. White (1932) was one 

of the first few authors to investigate the groundwater contribution towards crop water 

requirement. Grismer and Gates (1988) presented groundwater contribution in the form 

of a nomograph which shows the contribution to ET of cotton from the groundwater table 

as a function of depth to groundwater for different textural classes. In a review 

summarized by Ayars et al. (1999) the saline groundwater was found to supply up to 45% 

of the water requirement of cotton.  Crop salt tolerance, groundwater quality, rooting 

depth, depth to groundwater, soil type, and presence of a compact layer were the main 

factors that could affect the beneficial use of shallow groundwater. Groundwater use 

potential increases as the root depth and the density increases (Ayars et al., 2006; Ayars 

et al., 1999). Babajimopoulos et al. (2007) reported up to 18% of groundwater 

contribution under maize. 

 The main objectives of this research were (i) to non-destructively monitor the soil 

water content redistribution pattern within the root zone after irrigation, and (ii) to model 

the shallow groundwater contribution to water uptake by potatoes grown in a fine sandy 

loam soil in Southern Manitoba.  

5.2 Materials and methods 

 This study was conducted in a potato field, which is commercially operated by 

Hespler Farms, south of Winkler, Manitoba during the growing seasons of 2009 and 
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2010. The dominant soil type in this field is Reinland (Gleyed Rego Black soil)and its 

surface texture is classified as fine sandy loam (Smith et al., 1973). Average bulk density, 

field capacity, porosity, sand, silt and clay fractions were 1450 kg m
-3

, 31.2%, 45.3%, 

67.7%, 20.8% and 11.5%, respectively. A 5m x 5m plot consisting of potato plants within 

a potato field was selected for this study. Potatoes (Russet Burbank) were planted on 

ridges spaced 0.9 m apart. Within the row, seed potatoes were planted at approximately a 

0.35 m spacing and approximately at 5-10 cm depth.  The vertical profiles of the ridges 

were determined and the ridges reached an average of 0.125 m above the furrow bottom, 

which was used as the datum for the depth measurements.  A detailed description of the 

TDR probe locations in relation to the potato plant is given in Figure 5.1. 

 

Figure 5.1 Location of the TDR probes in relation to potato plant and hill and 

furrow. a) cross section view b) plan view
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 The TDR mini-probes were installed at five different depths (0.1, 0.2, 0.4, 0.6 and 

0.8 m) and at three different distances from the base of the plant (0.15, 0.30 and 0.45 m in 

2009).  These horizontal distances from the base of the plants are based on the crop 

spacing as well as mapping the root water uptake close to the roots of the crop.  The TDR 

probes located at radial distances of 0.15 and 0.45 m represent ridge and furrow 

positions.  The probes installed at 0.15 m distance were located deeper to match the 

elevation of the outer TDR probes.  The 15 TDR miniprobes formed an array of probes in 

the vertical plane and three such arrays were used as replicates for a total of 45 mini-

probes. In the 2010 growing season, the spacing of the TDR mini-probes was at 0.07, 

0.22, and 0.37 m radial distances from the base of the plant.  The distance was closer than 

that used in 2009 in order to place the TDR mini-probes closer to the denser area of root 

development.  However, the depths of installation of the probes were similar to 2009. 

5.2.1 TDR Miniprobes 

 The TDR mini-probes used for this project were three pronged, 50 mm long 

probes with the distance between the two outer wave-guides being 10 mm.  The TDR 

miniprobes were fabricated in the lab using RG-58 50 Ω coaxial cable (3 m long) and 

1.6 mm (1/16
th

 in.) diameter stainless steel welding rods. The TDR probes had three 

equally spaced steel rods connected to a coaxial cable. The outer two guides were made 

by bending a 0.16 m long rod into a U-shape. The coaxial cable stripped at one end and 

the shielding wire was soldered onto the curved part of the U-shaped rod. Another 0.08 m 

rod was soldered to the centre wire of the coaxial cable. Rods were placed in an 

aluminum mould and the soldered part of the probe was encased in epoxy resin. The resin 

was allowed to cure overnight after which the probe was removed from the mould. All 
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the TDR probes were trimmed to a length of 50 mm and calibrated using de-ionised 

water at a known temperature. The WinTDR uses the 3
rd

 order polynomial equation 

provided by Topp et al., (1980) to calculate soil moisture. The equation was obtained by 

calibrating TDR in soils with different textures (Topp et al., 1980). Soil samples from the 

study site were also collected, gravimetric water content was determined and compared 

with TDR readings. The WinTDR software (Department of Plants, Soils and 

Biometeorology, Utah State University, Logan, UT, USA) was used to calibrate the TDR 

miniprobes and the calibration constants were saved as probe constants within the 

software. 

5.2.2 Installation of TDR miniprobes 

 Installation of the probes in the field required the use of a 60 metal triangular 

frame as a guide that was kept in place while a metal rod, the same diameter as the TDR 

probe, was hammered into the ground to create the access hole to the desired depth.  The 

metal rod was pulled out of the soil carefully.   Using the metal stand as a guide, another 

guide rod with a c-shaped end was used to hold the TDR mini-probe which was inserted 

through the access hole to the desired depth.  The guide rod was then pulled out of the 

ground, leaving the TDR mini-probe embedded at the desired depth below the ground 

surface.  To seal the access hole, the annular space between the coaxial cable within the 

hole was back-filled with crushed bentonite pellets as described by Kahimba and Sri 

Ranjan (2007). 
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5.2.3 Irrigation 

 In 2009, a 50 mm depth of water was applied onto an approximately 25 m
2 

(5 m 

by 5 m) plot to saturate the soil within this area to bring it to field capacity. In 2010, the 

irrigation requirement to bring the soil to field capacity was calculated based on the 

lowest TDR reading obtained prior to irrigation. Irrigation amounts applied on 28
th

 June, 

26
th

 July and 16
th

 August of 2010 were 24, 51 and 62 mm, respectively. Any rainfall 

received during the period of the experiment also contributed towards the experiment. 

Rainfall and irrigation amounts are given in Table 5.1. 

5.2.4 TDR data collection 

 The volumetric water content was measured both before irrigation and at three 

different times within the day during the subsequent four days. In 2009, moisture 

redistribution within the root zone was monitored over a period of four days from August 

31 to September 4. In 2010, a similar experiment was carried out three times during the 

periods of June 28-July 1, July 26-30, and August 16-20.Three sets of readings were 

taken in a day at fixed time windows designated as morning (9:00-10:00 am), afternoon 

(1:00-2:00 pm) and evening (4:00-5:00 pm). Each of the three replicates of 15 mini-

probes was connected to a 16-channel Vazec multiplexer (Vadose Zone Equipment 

Company, Amarillo TX USA) and TDR readings were taken by a TDR Cable Tester 

1502B (Tektronix, Inc. Beaverton, OR, USA). The WinTDR 6.1 software was used to 

collect data with a laptop computer to control the measurement sequence and to save the 

waveforms.  The multiplexer and cable tester were connected using a 17 m long RG-58 

coaxial cable. The data measurements and the wavelength graphs were acquired and 

saved for future analysis.  The TDR data were temperature corrected as suggested by 
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Kahimba and Sri Ranjan (2007).  The data from the three replicates were averaged and 

the average volumetric water contents at each location and time were graphed.  This 

allowed a visual representation of the spatial distribution of volumetric water content as a 

snap-shot in time at three time instances each day over the next 4 to 5 day period. The 

JMP software (Version 10, SAS Institute, Inc., Cary, N.C.) was used for statistical 

analysis where mean values were compared using student’s t-test at a significance level 

of 0.05. 

5.2.5 Water Table Level Monitoring 

 In this field, a shallow water table (<3 m) exists during most of the growing 

season. It is mainly recharged by snowmelt and spring rainfall and the water table 

typically reaches very close (within 0.6 m) to the soil surface. During the growing season 

it starts to decline and reaches 1.5 to 2.0 m below the ground surface. In 2010, the depth 

to the water table was measured in order to gain a perspective on the contribution of 

groundwater flux towards the crop water demand under rainfed potato cultivation. The 

groundwater table (GWT) depth was monitored at 3 hour intervals using water level 

sensors (Solinst Levelogger Junior 3001, Solinst Canada, Ltd., Georgetown, Ontario, 

Canada) suspended inside piezometers. The equivalent depth of water released due to the 

change in GWT elevation was calculated by multiplying the drop in GWT by the specific 

yield (14.1 %).  The specific yield is defined as “the volume of water that an unconfined 

aquifer releases from storage per unit surface area of aquifer per unit decline in the water 

table” (Freeze and Cherry, 1979). Evapotranspiration (ETcrop) was calculated with 

weather data from a nearby weather station using the ET crop calculator (Allen, 2000). 

The crop coefficients for potato during different growth stages were calculated based on 
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growing degree days using a method proposed by Ojeda-Bustamante et al. (2004).  The 

GWT contribution was calculated as a percent of ETcrop
 
based on the equivalent depth of 

water released by the GWT drop for two rain-free periods in 2010. 

5.2.6 Simulation of soil water content and groundwater flux 

 The soil water content redistribution and upward flux from the shallow 

groundwater table were simulated using a one dimensional, variably saturated model 

HYDRUS-1D, version 4.16. The main process in the model numerically solves the 

Richards equation in a homogenous isotropic soil (Simunek et al., 2013).  The HYDRUS-

1D model is widely used for water, heat and solute transport in soil. Shouse et al. (2011) 

showed that HYDRUS-1D can be used for predicting shallow groundwater uptake by 

plants. Leaf area index, potential evapotranspiration (ET), rainfall, rooting depth, and soil 

hydraulic properties were the input data required for the simulation. Leaf area index was 

estimated based on crop growth stage (King and Stark, 1997). Hourly rainfall and other 

weather data required for ET estimation were obtained from a weather station located 

2 km from the study site. The required hydraulic properties of the soil include residual 

(θr) and saturated (θs) water content, a factor related to inverse of air entry suction (α), 

pore size distribution parameter (n), saturated hydraulic conductivity (Ks), and an 

empirical tortuosity parameter (L). The parameters were estimated by Rosetta the model 

using sand, silt and clay percentage and bulk density for two soil layers (0-40 cm and 

40-250 cm). The values for θr, and θs were further modified to match the class average 

values, 0.039 and 0.39 respectively, for sandy loam soil (Schaap, 1999). The α, n and Ks 

were further adjusted by using them as calibration factors in modeling excise of 

subsurface drainage using DRAINMOD (Section 6.2.3). Final values used in the 
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HYDRUS 1D were 0.014 and 0.012 for α and 62.5 and 25 mm/hr for Ks and 1.75 for n 

for the two soil layers. The data used in the HYDRUS-1D modeling including leaf area 

index (LAI), initial ground water level, irrigation and rainfall are given in Table 5.1. 

Table 5.1 Data used in the HYDRUS-1D modeling: leaf area index (LAI), initial 

ground water level, irrigation and rainfall.  

Period LAI Initial GWT (mm) Irrigation (mm) Rainfall (mm) 

2009-Aug-31 to 2009-Sep-01 2 -1830 50.0 0 

2010-Jun-28 to 2010-Jul-01 1 -1330 24.0 0 

2010-Jul-26 to 2010-Jul-30 3.7 -1445 51.0 15.2 

2010-Aug-16 to 2010-Aug- 20 2 -1660 61.9 0 

 

 Two separate simulations were carried out: one for simulating the soil water 

content redistribution with irrigation and the other for simulating the upward flux under 

no irrigation. In both cases, the upper boundary condition was set as atmospheric 

boundary condition with surface layer (this boundary condition allows a surface water 

layer which can increase due to precipitation and or decrease due to evapotranspiration). 

To simulate soil water content redistribution with irrigation, a constant pressure head 

lower boundary condition was used and irrigation amounts were simulated as rainfall. 

Depth of the profile was set as 2.5 m and simulations were performed for five observation 

nodes at depths similar to TDR locations for similar periods. In order to quantify the 

upward flux, a separate simulation was done with the measured groundwater table data as 

the variable pressure head for the lower boundary condition. In both simulations, initial 

soil water content was defined in terms of pressure head based on the groundwater depth 
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before the start of the experiment. The water table depth reading that was obtained from 

the monitoring wells at the beginning of simulation was used to estimate the initial soil 

water content. Calculated upward flux was compared to the simulated flux by HYDRUS-

1D. Simulated results were compared with measured soil water content (average of three 

locations). Since HYDRUS-1D is a one dimensional model, it is not simulating the 

dynamics of the soil water content at different distances away from the plant.  The root 

mean square error (RMSE) and coefficient of determination (R
2
) was used as a 

quantitative measure of the goodness of fit. 

     √
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    Equation 5.2 

where n is the total number of observations, Oi and Pi are the i
th

 values of the observed 

and the predicted dataset respectively and  ̅ is the average of the observed values. 

5.2.7 Root Excavation and Separation 

 In 2010, soil core samples were taken at different depths and distances 

corresponding to the location of the TDR miniprobes to determine the root distribution 

and the below ground biomass for the three replicates. To excavate the root samples, 

0.10 m long PVC pipes with an internal diameter of 0.102 m were used to collect a 

817 mL volume of soil at each location.  Separate samples were taken at an incremental 

depth of 0.10 m and at 0.125 m lateral spacing for each depth similar to the TDR probes. 

Fifteen root samples were taken for each replicate with a total volume of 12.26 L. The 

PVC soil core sampler with a bevelled edge was hammered into the soil root zone using a 
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guide pole that fit on top of the PVC pipe. The PVC pipes that were hammered into the 

soil were spaced so that the centre of the PVC pipe was in line with the spatial location of 

the TDR miniprobes.  Once the three lateral PVC pipes were in place at the desired depth, 

a trench was cut to allow a metal plate to be inserted horizontally under the bevelled edge 

of the PVC pipes, which allowed the soil samples to be removed without any soil loss.  

This procedure was repeated for all of the five depths as well as for the three complete 

replicates.   

 Soil cores containing the roots were placed in a bucket of water and gently 

agitated to break down larger soil particles. This mixture was then poured through a 

two-millimetre sieve that was placed in a shallow tub of water. This was done to wash 

away fine soil particles that were attached to the roots until the roots appeared free of soil 

particles. The roots with any debris were then dried and the roots were separated from the 

debris manually.  The separated roots were dried at 60C until constant mass was 

achieved. The ash free organic matter was determined according to Smit et al. (2000). 

5.3 Results  

5.3.1  Soil Water Content Redistribution 

 The use of 50-mm long TDR miniprobes enabled the monitoring the soil water 

content within a small volume of soil. Sri Ranjan and Domytrak (1997) reported that 

TDR miniprobes have smaller effective volume compared to the commercial TDR probes 

that are much larger in size and thus averaging the soil water content over a larger soil 

volume. The miniprobes are also more accurate for point measurements of soil moisture 

on depth intervals of 0.10 m or less. When a TDR miniprobe is used, the zone of 
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influence also becomes smaller, thus making the miniprobes ideal for detailed study of 

root zone soil water content redistribution. 

 The soil water content redistribution within the root zone of potato over a 5-day 

period of the experiment in 2009 and 2010 are shown in Figure 5.2 and Figure 5.3. Each 

graph in Figure 5.2 and Figure 5.3 shows the spatial and temporal distribution of the soil 

water content within the root zone profile as a snapshot of the time periods corresponding 

to morning (9:00-10:00 am), afternoon (1:00-2:00 pm) and evening (4:00-5:00 pm).  

Irrigation was done soon after the data for graph (a) was obtained to bring the soil to field 

capacity. When comparing graphs (a) and (b) it is obvious that soon after the irrigation 

event, the soil water content increased as a result of the water application.  In 2009, the 

average soil water content (cm
3
 cm

-1
) in the top 0.2 m soil layer was 0.21 before 

irrigation and increased to 0.24 soon after the irrigation and to 0.30 on the following day. 

The increase in water content was more profound at the deeper layers. Even though the 

soil was surface irrigated, the irrigation water infiltrated into the deeper layers of the soil 

leading to higher hydraulic conductivity of these layers permitting upward flux, from the 

water table, making them wetter than the surface layers.  When comparing graphs (c), (d), 

and (e) across the second day, the soil water content is depleted by the evening making 

the soil drier as the day progressed.  

In 2009, when soil water contents were compared temporally within the same 

location, generally they showed differences between the morning and evening. However, 

this difference was not noticeable in the deeper layers. This could be attributed to the 

effective root zone being in the top layers which caused these layers to dry out during the 

mid-day due to crop ET.  Near the soil surface, there was considerable difference in soil 
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moisture with the radial distance from the plant, but this difference decreased with depth. 

These differences in soil moisture were not noticeable during 2010. In general, the 

surface layers showed variation in drying pattern while the soil water content at deeper 

layers showed little change. In 2010, TDR readings were not able to detect the effect of 

irrigation due to the long time lapse between the readings before and after irrigation. 

Results of the mean comparison for different depths, times, and locations using Student’s 

t-test are shown in Table 5.2.  
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Figure 5.2 Soil water content distributions in the root-zone of the potato plants in 

2009 are shown as contours. Graph (a) shows the soil water content before irrigation 

and graphs from (b) show water content redistribution after irrigation in 

chronological order.
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Figure 5.3 Soil water content distributions in the root-zone of the potato plants in 

2010 are shown as contours. Graph (a) shows the soil water content before irrigation 

and graphs from (b) show water content redistribution after irrigation in 

chronological order.
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Table 5.2 Comparison of the mean soil water content at different depths, periods 

and locations. Values that have different letters are significantly different (p < 0.05). 

 Soil Water Content (cm
3
 cm

-3
) 

 

Aug 31-Sep 4, 

2009 

Jun 28-Jul 01, 

2010 

Jul 16-Jul 20, 

2010 

Aug 16- Aug 

20, 2010 

Depth (m)     

0.1 0.255
c
 0.242

d
 0.255

e
 0.218

d
 

0.2 0.239
d
 0.245

d
 0.264

d
 0.223

d
 

0.4 0.265
c
 0.262

c
 0.277

c
 0.254

c
 

0.6 0.295
b
 0.278

b
 0.293

b
 0.273

b
 

0.8 0.335
a
 0.294

a
 0.312

a
 0.306

a
 

Time     

Morning 0.301
a 

0.267
a 

0.277
a 

0.256
a 

Afternoon 0.268
b 

0.263
a 

0.281
a 

0.254
a 

Evening 0.259
b 

0.263
a 

0.284
a 

0.254
a 

Location     

Hill 0.289
a 

0.260
b 

0.279
ab 

0.254
a 

Shoulder 0.278
ab 

0.261
b 

0.274
b 

0.252
a 

Furrow 0.266
b 

0.272
a 

0.288
a 

0.259
a 

  

 The soil water content was found to increase with increasing depth except for the 

0.2 m layer in 2009. Most of the time, each layer was statistically significantly different 

from the other layers, exceptions being the 0.1 and 0.2 m layers in 2010 and the 0.1 and 

0.4 m layers in 2009. In 2009, the soil water content values from the morning period were 



126 

 

significantly higher than afternoon and evening.  However, in 2010 the soil water content 

did not vary significantly between different times of the day. In 2009, the TDR probes 

under the hill location showed significantly higher soil water content than the ones under 

the furrow location. However, in 2010 this trend was generally reversed, i.e. furrow 

location showing the highest soil water content. Under sprinkler irrigation, Cooley and 

Lowery (2007) reported lower soil water content in the center of the hill compared to the 

bottom of the furrow. The difference was most likely caused by the hill and furrow 

configuration and the leaves deflecting the water towards the furrow bottom. 

5.3.2 Soil water content simulation 

 Simulation results of soil water contents along with measured average soil water 

content are presented in Figure 5.4. In general there is good agreement between simulated 

and measured soil water contents except in 2009. During 2009, measured soil water 

content showed larger variation than simulated water content, where the model output did 

not show much of a variation. Figure 5.5 shows a scatter plot of the data distribution with 

a 1:1 line. The R
2
 values were 0.32 in 2009 and ranged between 0.85-0.95 in 2010. The 

RMSE values ranged between 0.014 and 0.042 cm
3
 cm

-3
. Based on the low RMSE values 

it can be inferred that the HYDRUS-1D reasonably predicted the soil water content. 

However, the model prediction in 2009 is not good as it is in 2010.
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Figure 5.4 Comparisons of simulated and measured average soil water contents at different depths and different time periods.
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Figure 5.5 Correlation between measured and simulated soil water content (all 

depths combined). 

 In 2009, the soil water content showed diurnal variation where soil water content 

during the morning periods was higher than the previous evening. The increase in soil 

moisture during the morning period is attributed to the water table contribution. This 

variation in the soil water content in 2009 was not accurately predicted by the model and 

was absent in 2010. Even though the experiment was carried out in the same field, they 

were done at separate locations. So it is possible that the soils at the two locations may 

have slightly different properties.  Presence of any soil layer with lower unsaturated 
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hydraulic conductivity could have reduced the upward flux in 2010 compared to 2009. In 

2010, the effect of irrigation on soil moisture was less obvious from the TDR data, as the 

infiltrating water passed through the soil profile quickly within the 24-hour time window. 

When the first reading after the irrigation was taken on the following day 18 hours had 

elapsed since the irrigation was done. Figure 5.6 shows the change in soil water content 

due to irrigation as simulated by Hydrus-1D during August 16-20, 2010, and the 

irrigation that was applied on the first day of the experiment. 

 

Figure 5.6 Simulated soil water content using HYDRUS-1D during 16-20 August, 

2010 at five different depths and irrigation water application.

Immediately after the irrigation, the soil water content quickly increased and then 

gradually decreased as infiltration proceeded. In situations like these, simulation models 

are useful to study the soil water redistribution at times that are difficult to measure as 
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during the night. Once calibrated, the simulation models could be useful in predicting soil 

water redistribution for long periods and in different soils. 

5.3.3 Upward flux from the water table 

 In 2010, during the high crop water demand period (July and August), 

groundwater levels showed a diurnal pattern of fluctuation as a result of soil water 

depletion during the day. Figure 5.7 shows the changes in groundwater level during the 

rain-free period of August 16-20 along with daily ET.  

 

Figure 5.7 Change in groundwater level along with ET during 16
th

 of August to 20
th

 

of August-2010 (No precipitation during this period).

 Within a given 24-hour period, the highest water table level was observed around 

9:00 am and the lowest level was recorded around 6:00 pm. Although the water table 

partially replenished during the previous night, the water level was lower compared to the 

previous morning. The decrease could be attributed to the consumptive use of shallow 
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groundwater by plants especially when there is no drainage taking place. This pattern of 

diurnal variation matches the daily variation in crop water use, i.e. higher demand during 

the daytime due to ET and no demand in the night time due to the absence of ET. The 

groundwater level kept falling on a daily basis because there was no recharge to replenish 

it through irrigation/precipitation. Figure 5.8 shows the simulated soil water flux 

observed at different depths. 

 

Figure 5.8 Predicted soil water flux (mm/hr) at different depths during 16-20 

August, 2010. 

 The simulated soil water flux showed diurnal variation similar to the variation in 

groundwater depth. The magnitude of the variation was higher at shallower depths 

compared to the ones observed at deeper depths where the variation was subdued. The 
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simulated value of soil water flux at 0.8 m was used as the predicted flux value that is 

contributing towards crop water demand. Existence of a shallow water table (<3 m) in 

this area is sustained by the recharge that occurs during the snowmelt period. 

Table 5.3 shows the daily estimated potential and actual evapotranspiration rates and 

predicted upward flux under the potato crop. Table 5.4 shows the decline in groundwater 

level, calculated and simulated groundwater flux, precipitation, ET and potential 

groundwater contribution towards water use by potato plants during specific time 

windows in 2010. Actual ET was higher than potential ET due to the multiplier (crop 

coefficient) being more than one during this stage of the growth. 

Table 5.3 Daily estimated potential and actual evapotranspiration rates and 

predicted upward flux under potato crop. 

 

PET 

(mm/day) 

Crop ET 

(mm/day) 

Predicted Upward 

Flux (mm/day) 

2010-Jun-28 4.96 5.28 1.79 

2010-Jun-29 4.16 4.46 3.57 

2010-Jun-30 4.05 4.38 3.02 

2010-Jul-01 5.32 5.83 3.64 

2010-Aug-16 4.26 2.48 0.62 

2010-Aug-17 2.21 1.26 2.21 

2010-Aug-18 3.38 1.87 2.15 

2010-Aug-19 3.78 2.02 2.81 

2010-Aug-20 4.16 2.10 1.84 
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Table 5.4 Comparison of drop in GWT, upward flux (calculated and simulated), 

precipitation, ET and groundwater contribution towards crop water demand for 

potato during different time intervals in 2010. 

Time Period 

Drop in 

GW Level 

(mm) 

Total 

Upward Flux (mm) 

Total 

Precipitation 

(mm) 

Total 

ET 

(mm) 

Potential 

Groundwater 

contribution 

  Calculated Simulated   % mm/day 

2010 Jun 28 – Jul 01 92.6 13.1 9.31 0.2 19.9 65.5 3.27 

2010 Aug 16 – Aug 20 63.5 9.0 9.6 0 9.7 92.1 1.79 

 

Groundwater contribution to crop water use varied depending on the time interval 

considered. The 2010 growing season was much wetter than an average growing season 

receiving more than average precipitation interspersed with periods of dry spells during 

the months of July and August.  During these short dry periods up to 92% of crop water 

use was found to be from groundwater contribution. Similar results were reported by 

Logsdon et al. (2009) where the groundwater contribution was between 70-80% 

(2.6-3.1 mm/day) during dry days with positive net upward flux. Ayars et al. (2009) 

observed that almost 100% of consumptive use by alfalfa was met by contribution from 

shallow groundwater in some treatments. It should be noted that the calculations shown 

in the present study are based on the assumption that the groundwater contribution 

toward ET corresponds to the drop in groundwater table.  However, there are other ways 

by which groundwater levels could decline such as natural drainage especially after a 
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heavy rainfall event and base flow contribution. Losses due to seepage were assumed to 

be negligible due to the presence of an impermeable layer of clay. When the weather was 

comparatively dry, calculated values were close to simulated values. The calculation 

method used here works very well during the dry spells isolated from considerable 

precipitation, however it is not suitable for periods overlapping with significant rainfall 

events. The simulation results from this study could be extrapolated to different soils and 

crops where shallow groundwater is present. The phenomenon is somewhat similar to 

subirrigation where water is applied below the root zone and it moves upwards due to 

capillary action. Maintaining a high water table by means of controlled drainage would 

increase this natural subirrigation in artificially drained agricultural lands. When 

designing and managing controlled drainage/subirrigation systems, the contribution from 

this natural subirrigation should be taken into consideration. 

 Groundwater consumption increases towards the end of an irrigation cycle and 

one way to increase shallow groundwater use by the irrigated crop is to increase the 

irrigation interval and to reduce the amount of irrigation (Ayars et al., 1999). However, 

this has to be carefully done especially with a moisture sensitive crop like potato. 

 The root density distribution was determined for the weeks of June 28 – July 1, 

2010 as well as July 26 – July 30, 2010.  The graphical representation of the root density 

distributions for these two weeks can be seen in Figure 5.9 (a) and (b). The root 

distribution reaches a maximum dry-weight basis density of 14.5 g/m
3 

at a depth of 

0.10 m and a horizontal distance of 0.07 m from the base of the plant during the week 

June 28-July 1. 
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Figure 5.9 (a) Root distribution for root-density distribution on (a) June 24, 2010 and (b) on July 22, 2010. 
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During the week of July 26-30, 2010, the roots of the potato plants reached a depth of 

0.40 m.  The largest dry-weight basis density of 252 g/m
3 

of the roots occurred at a depth 

of 0.20 m and at 0.07 m radial distance from the base of the plant.  The higher root-

density distribution in the upper layers of the soil profile corresponds to the greatest 

variation in water content within the top 0.40 m of the soil profile. Also in 2010 moisture 

content was lower under hill (compared to furrow) where root density was higher. 

5.4 Conclusion 

 Groundwater level and soil moisture redistribution after irrigation were monitored 

in a fine sandy loam soil under a potato crop in southern Manitoba. Advances in the TDR 

miniprobe technology along with data logging and multiplexing made it possible for 

point-measurements of soil water content on multiple spatial and temporal dimensions at 

a finer resolution.  When model simulations were carried out using HYDRUS-1D the 

simulated soil water content values were found to closely match the measured values 

except in 2009. Results from the groundwater level measurements and model simulations 

show that there was an upward movement of soil moisture with a diurnal pattern of 

moisture migration. Higher root density is where most of the water uptake is expected to 

take place. Therefore, the root density distribution closely resembled the water uptake 

pattern as seen in the water content measurements. 

 Results showed the potential of shallow groundwater as an additional water 

source in meeting crop water demand of potatoes.  During the dry mid-season, when the 

ET was at its peak, up to 92% contribution from the ground water towards consumptive 

use was observed. This was based on the assumptions that other losses including seepage 



137 

 

are negligible. Proper irrigation scheduling that takes into account the contribution from 

shallow groundwater table can save water and energy for pumping. Irrigation scheduling 

could be adjusted by taking this groundwater contribution into account either by reducing 

the depth of irrigation or by increasing the irrigation interval. However, precautions 

should be taken if the groundwater is saline as it could lead to long term salinity issues 

within the root zone. 

 Simulations of a similar nature could be done in different soils and crops in order 

to use the shallow groundwater effectively and to reduce the supplemental irrigation and 

drainage outflow volume. The study provided insights into soil water redistribution after 

irrigation and shallow groundwater contribution towards crop water use under potatoes. 

The results will help design and manage irrigation and drainage systems efficiently in 

areas with shallow groundwater.
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6. DRAINMOD simulation of subsurface drainage 

under potatoes grown in the Canadian Prairies 

ABSTRACT. Subsurface drainage is used for removing excess water in poorly drained 

agricultural lands. The performance of subsurface drainage systems varies depending on 

the soil, crop, and climatic factors. Field evaluation of drainage systems under different 

field conditions can be costly and time-consuming necessitating the use of computer 

models for their design and long-term performance evaluation.  DRAINMOD is a widely 

used model for simulating shallow groundwater hydrology in poorly or artificially 

drained soils. Data were obtained from a field study that was conducted during 2010 to 

2012 in Southern Manitoba on a fine sandy loam soil. The objective of this study was to 

evaluate DRAINMOD for a potato crop (Solanum tuberosum) under cold climatic 

conditions. DRAINMOD calibration and validation were done using data from plots 

installed with subsurface drainage at 15 m spacing and at 0.9 m design depth. Daily 

subsurface drainage flow, weather parameters, irrigation rate, and water table depth were 

measured onsite. Subsurface drainage and water table depth were the main parameters 

that were evaluated with DRAINMOD simulations. In general, DRAINDMOD predicted 

values of subsurface drainage flow and water table depth that were in good agreement 

with observed values on a daily basis. Statistical parameters showed that the 

DRAINMOD predictions for water table depth were better than that for drainage flows. 

The Nash-Sutcliffe modeling efficiency for drainage flows and water table depth ranged 

between 0.69-0.81 and 0.40-0.94, respectively. The mean absolute error for water table 

depth was between 33-161 mm and for drainage flow was 0.37-0.39 mm. The root mean 
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square error was 0.7-1.1 mm for drainage flow and 42-175 mm for water table depth. 

Based on the results, it is concluded that the DRAINMOD predictions of the shallow 

groundwater hydrology under cold climate were satisfactory. 

6.1 Introduction 

Artificial drainage is used in agriculture to remove excess water from soil and 

improve trafficability and soil aeration. Subsurface drainage systems can significantly 

alter the hydrology of poorly drained soils. The agricultural land area under tile drainage 

has been rapidly expanding in Manitoba in recent years. Effectiveness of drainage for 

removing excess soil water depends on several factors including soil, climate, and 

agronomy. However, drainage systems have been installed in Manitoba without giving 

due consideration to such factors.  Wide variations in soil, crop and climatic factors make 

the design and evaluation of subsurface drainage systems more complex. It is too costly 

and time consuming to conduct field experiments to evaluate the long-term performance 

of drainage systems for different combinations of factors.  Therefore, as an alternative, 

computer models can be used to simulate the hydrology of drainage systems under 

widely varying conditions. Once a model is calibrated and validated, it can be used as a 

good tool for designing and managing agricultural drainage systems.  There are several 

models being used with different levels of complexity for simulating tile drainage in 

agricultural lands. CREAMS, DRAINMOD, ADAPT, SWACROP, RZWQM and SWAT 

are some of the models that were used by other authors in the past to simulate the 

hydrology of subsurface drainage (Gollamudi et al., 2007; Madramootoo et al., 1995; 

Prasher et al., 1996; Sands et al., 2003; Thorp et al., 2009). 
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DRAINMOD is one of the models that is widely used for simulating shallow 

groundwater hydrology in poorly or artificially drained agricultural lands. It was 

developed in the 1970’s at the North Carolina State University, USA (Skaggs, 1978) and 

used in several countries as a design and management tool for agricultural drainage 

systems. The model has undergone several revisions from its inception and it has been 

tested under different agronomic, soil and climatic conditions. 

DRAINMOD model has been used not only to predict hydrology, but modified 

versions have also been used to simulate salt and nitrogen transport. DRAINMOD-N and 

DRAINMOD-N II were developed by Brevé et al. (1997) and Youssef et al. (2005), 

respectively, to predict nitrogen losses through drainage. Another modified version, 

DRAINMOD-S, was created for simulating the fate of salt in irrigated agriculture (Kandil 

et al., 1995). Luo et al. (2000) modified DRAINMOD for cold climatic conditions where 

snow accumulation, snowmelt, soil freeze and thaw have significant impacts on the 

hydrologic cycle. In the modified version, daily average temperature and snow depth are 

calculated, and hydraulic conductivity and infiltration are adjusted based on soil ice 

content. The newer version of DRAINMOD (ver. 6.1) includes the DRAINMOD-N and 

DRAINMOD-S, as sub models and incorporates the routines for simulating freezing and 

thawing of soil and snowmelt (Skaggs et al., 2012a). 

Sands et al. (2003) compared the performance of the DRAINMOD and ADAPT 

models under cold climatic conditions and the overall performance was satisfactory for 

both models. Madramootoo et al. (1995) used the CREAMS model to simulate tile 

drainage and nitrate leaching under potato in Eastern Canada and reported that the model 

under predicted drainage flow. DRAINMOD-N II predictions of nitrate losses through 
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subsurface drainage were comparable to that of RZWQM-DSSAT (Thorp et al., 2009). 

DRAINMOD has been used as a tool to evaluate different drainage designs and 

management options using long term weather data (Luo et al., 2010; Singh et al., 2006). 

DRAINMOD model was used in a few studies carried out in Eastern Canada in the 

Provinces of Quebec, Nova Scotia and Ontario (Dayyani et al., 2009; Madramootoo et 

al., 1999; Prasher et al., 1996; Shukla et al.,  1994; Yang et al., 2007). When 

DRAINMOD was evaluated in Quebec under a cold climate, model efficiency (EF) 

values ranged between 0.31-0.77 for water table depth (WTD) and 0.48-0.72 for daily 

flow rates (Dayyani et al., 2009). When simulated without any calibrations, DRAINMOD 

predictions were reported to be slightly better than SWACROP predictions (Prasher et al., 

1996). Shukla et al. (1994) used DRAINMOD in Nova Scotia and recommended its use 

for design and evaluation of drainage systems in Atlantic Canada. DRAINMOD-N 

predictions of hydrology and nitrogen balance were reported as satisfactory under 

southern Ontario conditions (Yang et al., 2007). Madramootoo et al. (1999) reported 

differences of ±160 to ±200 mm in water table depth and ±2 mm in flow between 

observed and DRAINMOD simulated values.  

Most of the studies that evaluated DRAINMOD were conducted in places with 

warmer weather conditions where drainage flow occurs throughout the year or limited 

simulations to periods when the soil was not frozen. Zhao et al. (2000) limited their 

DRAINMOD simulations to a shorter period between April and August in a study carried 

out in Minnesota. There were a few studies carried out after DRAINMOD was modified 

to include the snowmelt hydrology, to evaluate DRAINMOD under cold climate 

conditions with different crops (Dayyani et al., 2009; Jin and Sands, 2003; Luo et al., 
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2001; Sands et al., 2003; Wang et al., 2006b). There were no previous studies done to 

evaluate DRAINMOD under Manitoba climatic conditions which experiences subzero 

soil temperatures lasting several months.  Additionally, there were no DRAINMOD 

simulations with potato as a crop reported in the literature.  The main objective of this 

study was to evaluate the performance of DRAINMOD under Manitoba conditions using 

potato as a crop. 

6.2 Methodology 

A three year (2010-2012) field research study was conducted in southern Manitoba 

and the main objective of the project was to assess the yield potential of potato under 

different water management scenarios.  Data collected from three replicates of one 

treatment, which had drains installed and managed in conventional way (uncontrolled), 

was used for modeling purposes. The site was located in a commercially operated farm 

south of Winkler, Manitoba, with flat topography. Tile drainage at 15 m spacing and at 

0.9 m of design depth was installed during the fall 2009. Size of the plots was 44 m x 

50 m and each of them was installed with three lateral drains made of perforated and 

corrugated plastic pipes with 0.1 m internal diameter. Outer drains hydraulically 

separated the center drain from the influence of adjacent experimental plots. Onsite 

measurements included subsurface drainage flow, weather parameters, irrigation rate, and 

water table depth. Weather data were obtained from a nearby weather station located at 

the Canada-Manitoba Crop Diversification Centre, Winkler, MB. Water level sensors 

measured the water table depth at three-hour intervals in piezometers installed midway 

between two lateral drains. Drainage flow was measured in a manhole using a water level 

sensor and a 90-degree v-notch weir at the drain outlet of each replicate. Height of flow 
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was recorded at 5-minute intervals by the level sensors and later converted into daily flow 

volume using a weir equation. Volume of flow was converted to depth of flow by 

dividing the flow volume by the area of the plot. There is usually no drainage during the 

winter as the ground is frozen, and the flow monitoring equipment was removed from the 

field to avoid any damage by freezing water. However, the outlets were periodically 

checked for any drainage flow to make sure that no drainage flow passed unaccounted. 

Supplemental irrigation was carried out using a travelling gun. Reservoir tillage was done 

along with a hilling operation approximately 30 days after planting. The reservoir tillage 

is a tillage operation where small depressions are created along the bottom of the furrow 

to minimize runoff.  The plots were planted with potato (Solanum tuberosum, Russet 

Burbank variety) and managed using commercial farming operations done by the farmer. 

Further details on design, instrumentation and data collection could be found in Sections 

3.2 and 4.2. 

6.2.1 Site description 

The average annual precipitation is 533 mm and approximately 22% (120 mm) of 

precipitation falls as snow mainly between November and April in Winkler, MB 

(Environment Canada, 2013). During the growing season between May to September, the 

average precipitation is 342 mm. Summer rainstorms are usually high intensity, short 

duration thunderstorms. Average annual temperature is 3.8 
o
C and January is the coldest 

month with an average temperature of -15.6 
o
C.

 
The ground is frozen during the winter 

time between the months of November and May and frost penetration in Manitoba can 

reach beyond 2 m (Selezneva et al., 2008). Snow accumulates on the ground until it melts 

during April and May depending on the weather. Snowmelt along with spring rainfall 
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contributes the major portion of drainage flow.  The major soil type is Reinland at this 

site with fine sandy loam texture and classified as imperfectly drained (Smith et al., 1973) 

which is equivalent to “somewhat poorly drained” in the USDA-NRCS nomenclature. 

Generally, the potential evapotranspiration (PET) is higher than the precipitation during 

the growing season. The water table rises closer to the surface during the spring and 

drops during the summer months when the root zone is depleted of available moisture 

due to crop ET. Presence of impermeable clay layer minimizes the seepage losses. 

6.2.2 Model description 

DRAINMOD (version 6.1), a field-scale model, was used in this study to simulate 

shallow groundwater hydrology. It has three sub-models, the first one is designed to 

simulate the hydrology of poorly or artificially drained agricultural lands and the second 

one for modeling salt movement in soil and the third one for modeling the fate of 

nitrogen. The hydrological section of the model performs a water balance on a vertical 

soil column with unit surface area at midway between two lateral drains down to the 

impermeable layer. It is possible to carryout long term simulations with DRAINMOD 

with hourly and daily water balance basis providing outputs daily, monthly and yearly.  

Water flow into drains is calculated using the Hooghoudt equation or the Kirkham 

equation if ponding occurs, and the Green-Ampt equation is used for calculating 

infiltration. If precipitation exceeds the infiltration rate, it is assumed to be stored within 

the surface depressions. Surface runoff is generated if the excess rainfall depth is more 

than that of surface storage. Soil properties, weather data, crop parameters, drainage 

design, trafficability parameters and site information are the required input data for the 

model and the outputs of the model include equivalent rainfall, infiltration, drainage, 
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water table level, ET, stress day index, and yield response (Skaggs et al., 2012b). 

Potential ET can be either calculated by DRAINMOD using the Thornthwaite method, or 

calculated independent of the model then used as a model input. Stress day index 

calculations account for the stresses arising from delay in planting due to poor 

trafficability, excess and lack of soil water. Yield response to combined stress factors is 

calculated as relative yield which is percent of potential yield for a particular location. 

In the original DRAINMOD model the snowfall was considered as rainfall and it 

led to prediction errors as DRAINMOD did not have the ability to simulate soil freeze 

and thaw or snowmelt processes.  Luo et al. (2000) later modified DRAINMOD to 

include soil freeze and thaw processes. Under cold climatic conditions, the modified 

DRAINMOD was found to perform better than the original version (Luo et al., 2001).  

The modified version of DRAINMOD for simulating redistribution of snow water and 

soil temperature requires, more data related to thermal properties of soil and snow (Luo et 

al., 2001). When the temperature falls below the freezing point, ice content in the soil 

profile is calculated and consequently hydraulic conductivity and infiltration rates are 

adjusted to mimic the changes in hydraulically active pore space. The precipitation is 

separated into snow and rain depending on a user defined base temperature and the snow 

depth is updated accordingly. When the air temperature falls below the base temperature, 

the precipitation is considered as snow and the accumulated snow is assumed to be 

melting when the average air temperature rises above the base snowmelt temperature. 

The snowmelt water is added to the daily rainfall, which can either infiltrate into the soil 

or become surface runoff. When the ice content in the soil becomes higher than a critical 

ice content limit, infiltration stops and any snowmelt becomes surface runoff  (Luo et al., 
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2000). A snowmelt degree day coefficient defines how much snow melt per day for each 

o
C rise above the base snowmelt temperature (Luo et al., 2001). 

6.2.3 Model Inputs 

DRAINMOD model requires input information related to weather, crop, drainage 

system design and soil physical properties. Weather data required for DRAINMOD 

include hourly rainfall, daily maximum and minimum temperatures, solar radiation 

calculated using the latitude of the location to estimate the potential evapotranspiration 

(PET). The model allows the soil to be divided into five layers and lateral saturated 

hydraulic conductivity can be assigned to each of the layers. Soil water characteristic 

data, drainage volume as a function of water table depth and upward flux as a function of 

water table depth, and Green-Ampt infiltration parameters are some of the soil related 

input data required.  DRAINMOD calculates the above parameters based on the 

following soil inputs: residual (θr) and saturated (θs) water content, a factor related to 

inverse of air entry suction (α), pore size distribution parameter (n), saturated hydraulic 

conductivity (Ks), matching point at saturation (Ko) and empirical tortuosity parameter 

(L). The Rosetta model (Schaap, 1999) was used for estimating van Genuchten (1980) 

water retention and unsaturated hydraulic conductivity parameters, and for predicting 

saturated hydraulic conductivity (Ks). These parameters were obtained using sand, silt 

and clay percentages and bulk density and the output values from Rosetta were used as 

initial values for DRAINMOD utility to create the soil file. The required drainage design 

parameters are drainage depth, spacing, effective radius of drain tile, depth to 

impermeable layer, drainage coefficient and initial water table depth. The actual radius of 

the drain tile was 50 mm and the effective radius was 5.1 mm for a 100 mm  corrugated 
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pipe as described by Skaggs (1980). The model internally calculates the equivalent depth 

(from the drainage base depth to the impermeable layer) and Kirkham’s coefficient. Crop 

related parameters include rooting depths, length of growing season, desired planting date 

and stress parameters related to planting delay and soil water stresses. 

Hourly precipitation was used and the depth of irrigation was treated as 

precipitation. The PET was calculated by DRAINMOD based on the Thornthwaite 

method using geographic location (latitude 49
o
 12’), daily maximum and minimum 

temperatures with monthly correction factors. The surface storage was set at 15 mm to 

account for the additional surface storage provided by the reservoir tillage done 

specifically for the potato crop. When reservoir tillage was carried out, small depressions 

are made to store precipitation, to increase infiltration and to reduce runoff. For 

simulating snow accumulation and snowmelt redistribution, the required parameters 

include base temperature for rain-snow separation, threshold temperature for snowmelt, 

degree day coefficient for snow melt, critical ice content for infiltration, freezing 

characteristics of the surface layer, temperature at the bottom of the layer, phase lag for 

daily air temperature sine wave, initial snow depth and snow density.  The average 

temperature for snow-rain separation was considered as 0 
o
C (Luo et al., 2001).  Table 

6.1 summarizes the soil and drainage related parameters that were used in DRAINMOD.  
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Table 6.1  Soil and drainage parameters used in DRAINMOD 

Parameter Value 

Soil Parameters  

     Sand (%) 67.7 

     Silt (%) 20.8 

     Clay (%) 11.5 

     Bulk density (g cm
-3

) 1.38 

     Lateral hydraulic conductivity (cm hr
-1

) 5.0 

Drainage Parameters  

    Drainage Spacing (m) 15.0 

    Drainage depth (m) 0.96 

    Effective radius (mm) 5.1 

    Depth to impermeable layer (m) 6 

    Drainage coefficient (mm day
-1

) 17 

    Maximum surface storage (mm) 15 

Soil Temperature  

    Average air temperature below which precipitation is snow (
o
C) 0 

    Average air temperature above which snow starts to melt (
o
C) 2 

    Snowmelt degree day coefficient (mm/day 
o
C) 5 

    Critical ice content above which infiltration stops (cm
3
 cm

-3
) 0.25 
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6.2.4 Model calibration and validation 

During the calibration process, a single calibration parameter was changed at a 

time and predicted values were visually and statistically compared to observed values. 

Data from 2010 were used for model calibration and data from 2011 and 2012 were used 

for model validation. These periods include enough variation in weather conditions 

including extreme wet and dry periods to provide a rigorous test to DRAINMOD’s 

capabilities. Some of the previous studies were limited to drainage flow data only for 

calibration and validation of the hydrological processes in DRAINMOD (Jin and Sands, 

2003; Luo et al., 2010; Singh et al., 2006; Wang et al., 2006a; Zhao et al., 2000). This 

study used WTD in addition to flow data to improve the reliability of the calibration and 

validation processes. The calibration method used here was based on the approach 

reported by Singh et al. (2006) who used α, Ks and lateral Ks as the calibration 

parameters.  However, the main calibration parameters in the present study were α, Ks, 

and n. During the DRAINMOD calibration process, initial values for α, Ks, and n were 

estimated using Rosetta (Schaap, 1999) based on sand, silt and clay percentage, soil bulk 

density and soil water content at 33 kPa. The saturated (θs), and residual (θr ) water 

content and tortuosity were adjusted to match with the class average values for sandy 

loam soils (Schaap, 1999). The final values for those parameters used in DRAINMOD 

for the two soil layers are given in Table 6.2. The two soil layers with comparatively 

higher Ks value and a deeper layer with lower Ks value were used in DRAINMOD 

simulation. Correction factors for PET in the DRAINMOD were chosen as 1.3, 1.3, 0.6, 

0.6, 0.6, 0.9, 1.0, 1.0, 1.3, 1.3, 1.3, and 1.3 for months of January to December 
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respectively which were very similar to the ones used in Minnesota by Sands et al. 

(2003). 

Table 6.2 Values used for the soil properties where θr and θs are residual and 

saturated water content, α is a parameter related to inverse of air entry suction, n is 

related to distribution of pore size, Ks is saturated hydraulic conductivity, Ko is 

matching point at saturation and L is tortuosity. 

Depth 

(cm) (θr) 

θs
 

(cm
3
cm

-3
) α (cm

-1
) n 

Ks 

(cm day
-1

) 

Ko 

(cm day
-1

) L 

40 0.039 0.39 0.014 1.75 150 2.92778 -0.83187 

250 0.039 0.39 0.012 1.75 60 2.92778 -0.83187 

6.3 Performance evaluation of the model 

Drainage flow and water table depth were the two main parameters that were 

considered for performance evaluation by graphical and statistical methods. For graphical 

assessments, predicted and observed values were plotted together and their trends were 

visually compared for any notable discrepancy. Once both the graphs were reasonably 

matching in proximity and trends, results were further analyzed with statistical 

parameters. The statistical analysis for agreement between daily observed and 

DRAINMOD predicted values were done by calculating the following parameters: root 

mean square error (RMSE), mean absolute error (MAE), Nash-Sutcliffe modeling 

efficiency (EF), Index of agreement (IOA), and correlation coefficient (R
2
) (Janssen and 

Heuberger, 1995; Singh et al., 2006; Youssef et al., 2006). 
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where Oi and Pi are i
th

 value of the observed and predicted values of a parameter dataset, 

respectively, and  ̅ is the average of observed values, and n is the number of values in the 

dataset.  Skaggs et al. (2012b) provided recommendations for the criteria to evaluate the 

statistical parameters for WTD and flow. In general, best fit between observed and 

predicted values would have EF, R
2
, and IOA equal to 1 and smaller values mean inferior 

fit. For RMSE and MAE, smaller values, closer to zero, correspond to a better fit. 

6.4 Results and Discussion 

Table 6.3 shows the 30-year (1970-2000) monthly average for precipitation, 

maximum, minimum and average temperatures and monthly precipitation during 2010-

2012 (Environment Canada, 2013) During the three growing seasons (May to September) 

between 2010 and 2012, three different rainfall distributions (wet, average and dry) 

provided a rigorous test for the hydrological modeling capabilities of DRAINMOD. The 

precipitation received during the first growing season in 2010 (580 mm) was 70% higher 

than average, in 2011 it was about the average and during the third growing season in 

2012 it was 33% below average. 
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Table 6.3 Monthly long term averages of precipitation, maximum, minimum and 

average temperatures and monthly precipitation during 2010-2012. 

 30 year average  

 Precipitation (mm) Temperature (
o
C) Precipitation (mm) 

Month Rain Snow Total Maximum Minimum Average 2010 2011 2012 

January 0.4 19.5 19.2 -11 -20.1 -15.6 13.7 5.2 3.8 

February 1.6 17.6 19.2 -7.2 -16.2 -11.7 14.3 0.6 4.6 

March 6.4 20 25 -0.6 -9.2 -4.9 6.5 6.7 30.3 

April 24.5 11.1 35.5 10.4 -1 4.7 58.6 36.4 29.0 

May 61.6 1.7 63.3 19.4 6.2 12.9 192.8 86.4 51.9 

June 84.4 0 84.4 23.6 11.8 17.7 76.4 99.8 75.8 

July 71.2 0 71.2 25.9 14.2 20.1 100.6 35.2 72.8 

August 69.9 0 69.9 25.3 12.9 19.1 92.4 20.0 24.6 

September 52.5 0.3 52.7 19.1 7.6 13.3 117.6 92.4 3.5 

October 37.8 7 44.8 11.2 1.3 6.2 77.6 20.2 83.3 

November 3.7 24 27.4 -0.5 -8 -4.3 15.0 8.3 18.4 

December 2.3 18.5 20.8 -8.3 -16.6 -12.5 9.2 4.6 7.2 

Year
+
 416.3 119.7 533.3 8.9 -1.4 3.8 774.7 415.7 405.2 

Growing 

season
+
 339.6 2.0 341.5 22.7 10.5 16.6 579.8 333.8 228.6 

+Totals (precipitation) and Averages (temperature) 

6.4.1 Drainage flow 

Figure 6.1 shows the observed and predicted drainage flow rates in response to 

recharge (precipitation and irrigation). Although simulations were carried out for flow in 
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2012, the predicted flow rate was zero mirroring the observed no flow condition. In 2010 

and 2011, higher flows were observed during the spring, when the soil was saturated and 

the water table was high due to snowmelt infiltration. During the summer months, flow 

did not occur, as the soil was dry due to evapotranspiration. Also, there was no flow 

during the winter months as the ground was frozen preventing infiltration.   

Even though, on average only 22% of precipitation falls as snow, its accumulation 

on the ground could lead to a significant amount of drainage flow during spring time. The 

timing of the snowmelt depends mainly on the temperature fluctuations during the spring 

but usually happens in April. The percent of snowmelt water induced drainage depends 

mainly on the antecedent moisture condition prior to freezing during the fall, water table 

level and how fast the temperature rises. For example, lower soil moisture conditions 

coupled with deeper water tables in the Fall of 2011, led to no flow during the snowmelt 

period in 2012. Rainfall events during the springtime would have a higher chance to 

trigger drainage flow on soils that are already saturated by snowmelt. On the other hand, 

most of the rainfall events in the summer months did not create any considerable amount 

of drainage as the soil was dry and the water table depth was usually below the drains.  
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Figure 6.1 A graphical comparison between observed and predicted drainage flow 

along with precipitation during a) 2010 and b) 2011. 

Results of statistical analysis for daily flow prediction by DRAINMOD are given 

in Table 6.4. Letters next to values indicate whether the agreement is excellent (E), good 

(G), or acceptable (A) based on the criteria outlined by Skaggs et al. (2012b). Generally, 

there was a good agreement between the flow values observed with that predicted by 

DRAINMOD. The EF (0.81) for 2010 was categorized as excellent and MAE was 0.37. 

When total drainage volume was compared, DRAINMOD slightly under-predicted the 
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drainage flow. During the calibration period in 2010, the total observed drainage (95 mm) 

compared to the simulated drainage (70 mm) was under-predicted by 26% and in 2011, 

under-predicted by 3% (105 vs. 102 mm). There was no flow in 2012, and it was 

correctly predicted by the DRAINMOD. 

Table 6.4 Summary of the statistical analysis for daily drainage flow prediction by 

DRAINMOD. Letter next to the values indicates excellent (E), good (G) and 

acceptable (A).  

 RMSE IOA MAE EF 

2010 0.68 0.96 0.37 0.81 E 

2011
 

1.13 0.88 0.39 0.69 G 

Overall 0.95 0.92 0.38 0.73 G 

 

When validation was done using data from 2011, during larger rainfall events (21
st
 

May and 22
nd

 June) observed peak flow was higher than the values predicted by 

DRAINDMOD. Except during those larger rainfall events, DRAINMOD predictions 

closely matched the observed values in 2011. The timing of the predicted flow events in 

response to rainfall perfectly matched the timing of the observed flow, i.e. when observed 

flow peaked, predicted flow also peaked. DRAINMOD model also accurately predicted 

the drainage flow caused by snowmelt in April 2011 except at the start where flow 

predicted by DRAINMOD was slightly higher than observed flow. Luo et al. (2001) 

suggested that this could be due to DRAINMOD not accounting for losses in snow such 

as snowdrift and sublimation. Drainage flow did not take place during the winter months 

(December to March) and generally DRAINMOD correctly predicted this trend with no 
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flow during this period. The only exception was February 2011 when there was no flow 

observed and DRAINMOD predicted 3 mm of drainage, which is a very small amount, 

compared to the other months with significant drainage flows. In 2011, the EF (0.69) was 

classified as good according to Skaggs et al. (2012b) and MAE was 0.39. The RMSE 

values ranged between 0.7-1.1 mm with an overall value of 0.95 mm and IOA varied 

between 0.88-0.96 with an overall value of 0.92. In 2011, peak drainage flows were 

under-predicted by DRAINMOD and other authors reported similar under-predictions 

during peak flow events in the past (Luo et al., 2010; Youssef et al., 2006; Zhao et al., 

2000). Luo et al. (2001) attributed higher observed flow during large rainfall events to 

direct preferential flow of water from the surface to the drains through cracks. 

6.4.2 Water table depth 

Figure 6.2 shows the observed and predicted water table depth midway between 

two drains during a) 2010, b) 2011 and c) 2012. Data from 2010 was used for calibration 

of DRAINMOD and 2011 and 2012 data were used for model validation. During all three 

years, the DRAINMOD prediction of WTD very closely matched the observed values. 

Most of the time, DRAINMOD slightly over-predicted the WTD. However, during large 

rainfall events in 2011 peaks were slightly under-predicted. Trends in WTD such as 

upward and downward movements, due to precipitation and crop water use were 

correctly represented by the DRAINMOD predictions. 
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Figure 6.2 Water table depth, observed vs. predicted, in response to recharge at 

midway between two lateral drains during a) 2010, b) 2011 and c) 2012 growing 

seasons.
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A summary of statistical analysis for daily WTD prediction by DRAINMOD is 

given in Table 6.5. During calibration, MAE (161 mm) and EF (0.4) were acceptable. In 

2011 and 2012, during validation, both MAE and EF were found to be either in the 

excellent or good range indicating that DRAINMOD was able to predict WTD with 

better accuracy than outflow predictions. The RMSE and IOA values ranged between 

42-117 mm and 0.87-1.0 respectively, during 2011 and 2012. DRAINMOD predictions 

for WTD were better in accuracy, than for the flow, as WTD showed better visual match 

and superior statistical correlation over flow data with excellent overall values for EF 

(0.85) and MAE (91 mm). 

Table 6.5 Summary of the statistical analysis for daily water table depth prediction 

by DRAINMOD. Letter next to the values indicates excellent (E), good (G) and 

acceptable (A). 

 RMSE IOA MAE EF 

2010 174.5 0.87 160.8 A 0.40 A 

2011
 

116.8 0.97 101.4  G 0.88 E 

2012 42.4 1.00 33.0   E 0.94 E 

Overall 117.5 0.97 90.9   E 0.85 E 

 

The correlations between observed and predicted values are shown in Figure 6.3 

for a) daily water table depth and b) daily drainage flow data. The WTD data have a 

higher R
2
 (0.95) value following the 1:1 line closely. Flow data showed a slightly lower 

R
2
 (0.74) value probably influenced by two large rainfall events that were under-

predicted by DRAINMOD. 
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Figure 6.3 Graphs showing the correlation between daily observed and predicted 

values for a) water table depth and b) drainage flow data. 

6.4.3 Water balance: 

In addition to the precipitation and temperature distributions, major factors that 

influence the hydrology of artificially drained lands are drainage flow, ET and surface 

runoff. Figure 6.4 shows the monthly distribution of ET, and drainage runoff as predicted 

by DRAINMOD during a) 2010, b) 2011 and c) 2012. During the early spring season in 

2010 and 2011, the main component of the water balance was drainage flow. Out of the 

total predicted yearly drainage, 70 and 100% drained between April and June in 2010 and 

2011, respectively. Singh et al. (2007) reported that on average, 74% of yearly drainage 

flow occurred during springtime. Surface runoff amounting to 12.4 mm was predicted 

only in May 2010. During the summer months, ET was dominating the water balance as 

little drainage occurred during those months. The predicted ET between June and 

September varied between 74-83% of annual predicted ET and Singh et al. (2007) 

reported it as 83% when June to October was considered.  
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Figure 6.4 Graphs showing the monthly distribution of DRAINMOD predicted ET, 

drainage and runoff in a) 2010, b) 2011 and c) 2012.
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These trends in drainage create two separate periods depending on which 

component dominates the water balance as noted by Jin and Sands (2003), i.e. drainage 

dominated period between April-June and ET dominated period between June-

September. Winter months were hydrologically inactive as the ET, runoff and drainage 

were either absent or the amounts were very small. DRAINMOD predictions of annual 

drainage varied between 0-25% of total annual precipitation. This percentage varies 

between different locations depending on weather and soil conditions. Luo et al. (2010) 

reported that observed drainage flow was 6-38% of annual precipitation. 

6.5 Summary and Conclusion 

Use of subsurface drainage on agricultural lands is recently expanding in Manitoba, 

which necessitates the need for the evaluation of drainage systems under local conditions. 

Instead of costly and prolonged field experiments, properly calibrated computer models 

can be used to simulate the effects of various field conditions on the hydrology. 

DRAINMOD model is a widely used field-scale water balance model capable of 

simulating snowmelt hydrology which influences drainage under cold climatic conditions 

where the ground freezes and snow accumulates over the winter months. DRAINMOD 

was evaluated for predicting drainage flow and WTD under cold climatic conditions that 

exist in Manitoba. Data were collected during three growing seasons between 2010 and 

2012 in a potato field in Southern Manitoba. Observed and predicted values were visually 

compared and statistical analysis was carried out for goodness of fit. Statistical analysis 

of model performance was carried out by using mean absolute error, root mean square 

error, index of agreement, and Nash-Sutcliffe modeling efficiency. In general, based on 

the statistical results and visual comparisons, DRAINMOD model was able to predict 
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both daily WTD and flow rate with reasonable accuracy. Based on the statistical 

parameters, when compared to measured values, predicted WTD showed better accuracy 

than predicted drainage flow.  Drainage hydrograph shapes were predicted well by 

DRAINMOD, however, it under-predicted peak drainage flow during large storm events 

in 2011 and slightly over-predicted the WTD during most of the study period. The EF 

and MAE for drainage flow varied between 0.69-0.81 and 0.37-0.39, respectively. For 

water table depth, the EF was 0.4-0.94 and MAE was 33-161 mm. The IOA for flow was 

0.88-0.96 and for WTD 0.87-1.00. A majority of the drainage flow (70-100%) happened 

during the spring and ET dominated summer months. However, during the winter there 

was not much flow and hardly any ET.  DRAINMOD model was able to accurately 

simulate the shallow water table influenced by a wide range of precipitation received 

during the study period. Results also indicated that the snowmelt and soil freeze and thaw 

process were satisfactorily predicted by DRAINMOD as the predicted values during the 

snowmelt period closely matched the observed values. The results of this study could be 

extended to different soil conditions and drainage design parameters to optimize the 

agricultural drainage systems in Manitoba. 
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7. Conclusions 

Four different water management treatments were investigated under a potato crop in 

southern Manitoba during three growing seasons in 2010, 2011, and 2012. The four 

treatments were: No Drainage with No Irrigation (NDNI), No Drainage with Overhead 

Irrigation (NDIR), Free Drainage with Overhead Irrigation (FDIR), and Controlled 

Drainage with Subirrigation (CDSI). The main objectives of the study were to evaluate 

different water management practices on potato yield, quality and the environment. 

Major conclusions are given below: 

1. When compared with the NDNI plots, increased potato yields were observed in 

FDIR and NDIR treatments indicating the importance of overhead irrigation 

during drier summers. The potato yields were significantly higher in the FDIR 

treatment when compared with CDSI (p = 0.011) and NDNI (P = 0.001) in 2011, 

and NDNI (p = 0.021) in 2012. The potato yield from NDIR was significantly 

higher (p = 0.034) than NDNI in 2011. Even though there was yield improvement 

due to subirrigation and drainage, overhead irrigation was found to be an 

important factor leading to higher yields. For the shallow rooted potato crop, these 

results show the advantage of overhead irrigation over subirrigation that generally 

had the water table well below the root zone.  

2. The CDSI treatment was found to be effective in decreasing the drainage outflow 

and consequently the nutrient export. Nitrate-nitrogen export reduction of 98% (p 

= 0.033) in 2010 and 67% (p = 0.076) in 2011 were observed in controlled 

drainage when compared to free drainage. Total dissolved phosphate export was 
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reduced in 2010 by 94% (p = 0.0117) but not in 2011 mainly due to higher 

concentrations under CDSI. Reduction in nutrient export under CDSI is mainly 

attributed to the reduction in flow volume due to controlled drainage. 

3. A major part of the nutrient export took place during the April-June period, which 

coincided with the increased drainage outflow as a result of snowmelt infiltration 

and spring precipitation. In 2011, with a wet spring followed by a drier summer, 

the entire drainage flow and nutrient export happened during this three-month 

window. Since the growing season is short, there is a need for planting as early as 

possible.  This need for early drainage to facilitate planting goes against the need 

to implement controlled drainage as a best management practice for holding back 

the nutrients. One solution to address this problem is to store the drainage water in 

a retention pond and reuse later in the season for irrigation.  In 2011, the volume 

of water removed by the drainage system was found to be more than adequate to 

meet the irrigation demand during the latter part of the season. 

4. During the drier part of the season, up to 92% of the potato crop water 

requirement was met by upward flux from the shallow groundwater table. 

Therefore, the shallow ground water as a source should be considered in 

optimizing the design of irrigation systems. 

5. The DRAINMOD model was able to accurately predict the drainage flow and 

water table depth under the cold climatic conditions prevailing in southern 

Manitoba. Modeling efficiency varied between 0.69-0.81 for water table depth 

and 0.40-0.94 for drainage flow. The model could be a used as a tool for 

designing new drainage systems. 
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The findings of this study have great potential for wider applications especially in 

Manitoba. However soil, climatic and crop factors has to be taken into consideration 

when interpreting the results. Even though performance of the subirrigation was lower 

than the overhead irrigation, subirrigation may perform better if conditions are ideal. A 

shallower impermeable layer within 2 m from the ground surface would have helped to 

bring the water table much closer to the root-zone. Also, crops other than potato may get 

more benefits from subirrigation if they are deep rooted compared to potato. Nutrient 

reduction by controlled drainage in 2010 was much higher than values reported in the 

past and may be difficult to achieve in large scale farming operations. Performances of 

different treatments in terms of yield and nutrient reduction were weather dependent. For 

an example, during a wetter year, irrigation did not make any difference in yield and 

during a dry year, controlled drainage was not useful as a BMP. Upward flux contribution 

from shallow water table was calculated assuming lateral seepage losses are negligible. In 

places where seepage losses are substantial, upward flux calculations should take seepage 

into account.  

 The following is a summary of contributions to knowledge arising from this 

thesis. 

In the past, water table management was tested mostly on crops other than potato 

and literature on yield response of potato to controlled drainage-subirrigation is very 

limited. There is no previous research comparing overhead irrigation to subirrigation in 

potato production and this study found the overhead irrigation to be more efficient.  The 

impact of water management on the quality aspects of potato tubers was also studied in 

addition to potato yield. The advantage of controlled drainage in potato production as a 

best management practice for reducing nutrient export under Manitoba conditions was 
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demonstrated by this research. Quantifying shallow groundwater contribution to meet the 

potato water requirement under Manitoba conditions is another valuable outcome of this 

research. 
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8. Recommendations for Future Research 

 

1. Since the overhead irrigation resulted in increased yield and controlled drainage 

decreased nutrient export, combining both of them would maximize agronomic 

and environmental benefits.  

2. It is challenging to use controlled drainage as a BMP in places like Manitoba 

where the intense drainage season coincides with planting. Incorporating a 

retention pond or a wetland to store the drainage water in the spring and recycle it 

for irrigation during the latter part of the season might overcome this dilemma. 

This will further reduce the environmental impacts caused by subsurface drainage 

as the drainage outflow from the field is retained nearby.  

3. Another strategy to improve the efficiency and beneficial use of the subirrigation 

water would be to install the tiles at a shallower depth. Different design 

parameters for subirrigation system (shallower and closely spaced) might help to 

raise the water table closer to the root zone.  
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