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The agricultural sector is known for its effect on water quality and quantity. The main goal of this 

thesis is to determine the different components of water footprint (WF) that are associated with 

dairy farming systems in two regions with different weather conditions, and management 

practices; Kuwait and Ontario (ON)-Canada using farm specific data and simulation tools. 

Accordingly, the major studies and findings were: (i) The assessment of the blue and grey WFs of 

confined dairy farms in Kuwait which showed that the blue WF (L water kg-1 FPCM) was 54.5 ± 

4.0 L kg-1 in the summer and 19.2 ± 0.8 L kg-1 in the winter, while the average grey WF (L kg-1 

FPCM d-1) based on the phosphate (PO4) content of milk house wastewater was 23.0 ± 9.0 L kg-1 

d-1. (ii) The assessment of the blue WF of confined dairy farms in ON and the potential of water 

conservation using site specific data and AgriSuite software showed that the rate of water 

utilization (L cow-1 d-1) can be reduced from 323.3 ± 5.7 to 269.1 ± 6.0. (ii) The assessment of the 

green WF of livestock feed rations using CROPWAT model showed that the average animal 

specific green WF (m-3 cow-1 yr-1) of confined dairy farms in Kuwait, confined and rotational 

grazing systems in ON was 2371.9 compared to 2269.8 and 2424.7, respectively due to variations 
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in diet compositions. (iv) The assessment of the grey WF of livestock’s diets using DNDCv.CAN 

showed that NO3-N leaching (kg N ha-1) was the highest for corn grain in Argentina (44.7 ± 6.1) 

and ON-Canada (17.8 ± 2.8) and the lowest for alfalfa in Spain (15.7 ± 2.7) and pasture in ON (0.4 

± 0.0). 

For the total WF, the agricultural sector in Kuwait has the greatest water demand compared to ON-

Canada (72.6 L kg-1 vs. 14.5 L kg-1) which highlights the need to shift toward adopting water 

conservation strategies. This study is novel as it is the first study that provides a detailed 

information on the different components of WF that are associated with dairy farms in Kuwait and 

ON-Canada.  
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Chapter 1  

Introduction 

 Background 

Water is the most important natural resource for life and is crucial for the maintenance of animal 

performance and crop production. However, the use of water to support the sustainability of the 

agricultural sector is accompanied by many negative consequences on the environment (Yan et al., 

2010) mainly through the depletion of water resources and the deterioration of water quality 

(Davies-Colley et al., 2004) due to the use of chemicals in detergent products and the inefficient 

applications of fertilizers to enhance crop production (Alemayehu & Jemberie, 2018).  

In this study, the Water Footprint Network (WFN) method (Hoekstra et al., 2011) was used with 

site-specific data to explore the relation between long-term climatic variability, dairy farming 

systems, crop management practices and the animals’ feed components on the rate of water 

depletion and degradation.  

The water footprint (WF) is a comprehensive tool that reflects the total volume of freshwater used 

along with the polluted water generated in the areas of production (Hoekstra et al. 2011). The WF 

explicitly assesses the direct and the indirect amount of water utilized for the production of a final 

product (e.g. milk, crop) by differentiating between three types of waters that are classified as 

green WF (the minimum effective precipitation and evapotranspiration), blue WF (surface and 

ground water depletion), and grey WF (the water needed to dilute the polluted water).  

The main goal of this study is to assess the different components of WF (blue, green and grey) that 

are associated with milk and animals’ feed production in two regions with varied weather 

conditions (Kuwait and ON, Canada) by the use of site-specific data and process-based modelling 

tools to assess the impact of weather conditions and agricultural management strategies over time 

and space. The CROPWAT model is a tool developed by the Food and Agriculture Organization of 

the United Nations (FAO) and uses the FAO Penman Monteith (FAO56-PM) equation to estimate 

the crop water requirements (Surendran et al., 2017). The Canadian Denitrification Decomposition 

(DNDCv.CAN) model that used to identify the effects of different climatic conditions and 
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agricultural regimens on the volume and the nitrate (NO3-N) content of leachate water (Dutta et 

al., 2016a), which is the main contributor to the problem of water pollution (Zhao et al., 2014). 

Most studies that discuss the concept of WF of dairy farms have used historical averages and did 

not consider the importance of having farm specific data to reflect the budget of water required for 

milk production with respect to different stages of animals’ life. In addition, there is a shortage in 

the literature exploring the effects of climatic conditions, agricultural strategies and type of dairy 

farming systems on the interpretation of WF outcomes. Furthermore, there are limitations in the 

analyses that evaluate the impacts of agronomic and climatic conditions on crop water 

requirements (CWRs) and water quality.  

This study is conducted in Kuwait and ON-Canada as an original evaluation of all the components 

of WF used for the purpose of milk and crop production. In Kuwait, there is an urgent need by 

authorities for this assessment to determine the priorities of water use and to create new 

opportunities and solutions to save water based on local capabilities and weather conditions that 

govern crop and milk production. 

From a Canadian perspective, WF studies are still limited in number and do not reflect the 

correlation between the amount of water used on dairy farms and climatic conditions, type of dairy 

farming systems (confined and rotational grazing systems), strategies of crop production and the 

main components of animal feed rations. 

This study uses sophisticated data collection, analyses and modelling tools to produce robust and 

multilevel examinations of water used relevant to milk and crop production along with the water 

required to restore water quality in each milk and crop production system.  

The results of this study can be used to optimize the rate of water utilization in dairy farms and to 

provide an opportunity for stakeholders to prioritize areas of water usage and seek better ways to 

improve the production according to the unique conditions of each country to meet the local 

demand and achieve food security. 
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 Research Goal and Objectives 

The goal of this research is to determine the effect of different environmental conditions, dairy 

farming systems and crop production practices in Kuwait (and its feed exporting countries) and 

ON-Canada on the different components of WF by defining the amount of water utilized for milk 

production along with that used for crop production and pollutant assimilation.  

Based on the above-mentioned goal, the specific objectives of this research are to: 

1. Estimate the blue and grey WFs of a range of confined dairy farming systems in Kuwait. 

2. Estimate the blue WF of dairy farming systems in ON-Canada. 

3. Estimate the green WF of the main components of animal feed rations based on management 

practices in both Kuwaiti and Canadian dairy farms using CROPWAT model. 

4. Estimate the grey WF of the main components of animal feed rations in both Kuwait and 

ON-Canada using DNDCv.CAN model.  

 

 Novelty and Contribution of the Current Research  

In Kuwait, there is a need to determine the amount of water required to generate a similar amount 

of milk to assess the pressure of dairy farms on the limited local water resources. Likewise, in ON-

Canada, the continuous evaluation of water use on different dairy farming systems and the 

potential options for water conservation are required to face the future environmental challenges. 

This study seeks to explore the rate of water utilization on dairy farms by the assessment of the 

different components of WF. Also, it uses a long-term weather and field management data to 

provide a global assessment for CWRs and NO3-N content of leached water generated from 

different crop production regions. 

The outcomes of this study address the link between the different components of WF, the type of 

dairy farming systems, the components of feed rations, weather conditions and management 

strategies.  

This research is novel as it explores the spatial and temporal effect on the interpretation of WF 

results. The comparison between the different types of dairy farming systems in Kuwait and ON-
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Canada provides general recommendations that can be adopted by many countries based on their 

environmental conditions and resource availability in order to develop optimal water management 

and agricultural strategies that will have a positive impacts on the efficiency of water utilization. 

This study highlights the limitations and creates new opportunities to enhance the efficiency of 

water use for the development of sustainable dairy and milk production systems in both Kuwait 

and ON-Canada.  

 Contributions of the current Research 

The major contributions of the present research are summarized in Table 1.1. 

Table 1.1. Contributions of the present research 

Chapter Research gap Findings 

3 No previous studies on WFs for 
Kuwait dairy farms have been 
reported. 

Both the blue and grey WFs of multiple 
confined dairy farms in Kuwait were 
determined. 

4 Few studies have been conducted 
on the seasonal water utilization 
of Canadian dairy farms.  

The blue WF of dairy farms in ON-Canada was 
10.8 ± 0.2 L kg-1 that can be reduced to 8.5 ± 0.1 
L kg-1 by adopting water conservation strategies. 

5 
 

No studies have assessed the 
green WF of feedstocks in 
Kuwait and ON-Canada dairy 
production systems. 

The impact of crop production on freshwater 
resources and its eventual impact on dairy 
production was assessed. This highlighted the 
need to choose appropriate feed compositions 
toward more effective water savings. 

6 No studies have assessed NO3 loss 
and the grey WF relative to 
feedstocks in Kuwait and ON-
Canada. 

The main components of animal feed rations and 
their role in influencing the grey WF were 
measured for both Kuwait and ON-Canada. 

7 No studies on the total WF (blue, 
green and grey) of milk 
production in Kuwait and ON-
Canada dairy systems. 

The dairy sector in Kuwait has higher total WF 
compared to dairy farms in ON-Canada that was 
estimated to be 72.6 L kg-1 compared to 14.5 L 
kg-1. 
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  Structure of Thesis 

The outline of this thesis is as follows; 

• Chapter 1: Introduction, research objectives, novelty and contribution of the current 

research. 

• Chapter 2: Literature review that highlights all the topics related to WF concept and 

modelling assessment tools (CROPWAT, DNDCv.CAN) along with all other topics 

associated with dairy farming systems and crop production strategies and their impacts on 

water quantity and quality. 

• Chapter 3: Blue and grey water footprints of dairy farms in Kuwait 

• Chapter 4: Seasonal blue water footprints of dairy farming systems in Ontario-Canada and 

the potential of water conservation. 

• Chapter 5: Green water footprint of livestock feed rations in different dairy farming systems 

in Kuwait and Ontario-Canada. 

• Chapter 6: NO3-N leaching and the grey water footprint of the main components of 

livestock feed rations on different dairy farming systems in Kuwait and Ontario-Canada. 

• Chapter 7: Summary  

• Chapter 8: Recommendations for future studies. 
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Chapter 2.  

Literature Review 

2.1. Water Footprint 

The water footprint (WF) is a sustainability indicator for measuring the rate of water utilization 

(direct and indirect) along the production chain (Hoekstra, 2016). The WF concept was first 

theorized based on the idea of “virtual water” that was developed as a solution for the problem of 

water scarcity in the Middle East (Allan, 1997). It is defined as the total volume of water required 

to produce commodities, from the producer to the end-user (Hoekstra & Chapagain, 2008), and it 

is assessed using the method of the Water Footprint Network (WFN) (Hoekstra et al., 2011).  

The WF is characterized by its three components to assess the exact amount of water used 

(Lovarelli et al., 2016). The three components include the green WF (minimum effective 

precipitation and evapotranspiration), the blue WF (surface and groundwater), and the grey WF 

(water required to neutralize contaminated water) (Hoekstra et al., 2011). The contribution of each 

has a different role relative to the end product (Hoekstra, 2013). The total WF can therefore be 

expressed as:  

Total	WF = green	WF + blue	WF + grey	WF                         [Equation 1] 

This individual indicator is associated with various environmental impacts depending on the 

relative contribution of each component.  

The WF explains the alignment between supply and demand by connecting production practices 

and water consumption. In addition, the WF reflects the virtual water concept by means of water 

embedded in imported feed (Hoekstra & Chapagain, 2007) by clarifying the implications of water 

resources being traded between countries (Chapagain & Tickner, 2012).  

The first attempt to evaluate the WF of different countries was proposed by Hoekstra and Hung 

(2002) who added the virtual water contents of imported crops to the total amount of local blue 

water used by a country. Generally, the average crop’s virtual water content is lower than that of 

animal-based products (Gerbens-Leenes et al., 2013). The virtual WF of crops is the water utilized 

for crop production (m3 ha-1) per yield (ton ha-1) (Hoekstra et al., 2011), while the virtual WF of 
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animal products includes, in addition to the water used for crop production, the water consumed 

by the animals and that used in the processing of animal-based products (FAO/IAEA, 2013). 

Brown et al. (2009) assessed the virtual water used in Canada (specifically British Columbia), and 

reported that the dairy cows’ virtual water was 32,628 m3 cow-1 yr-1, of which 32,495 m3 was for 

feed, 2 m3 for services and 131 m3 for drinking.  

Virtual water forms a main part of the water budget in Kuwait due to the limitation of freshwater 

resources and the harsh environmental conditions. Kuwait depends mainly on the importation of 

virtual water in the form of food and animal feed products (Allan, 1997; Hakimian, 2003). Kuwait 

relies on a water trade strategy and imports almost 98% of its cereals and 90% of its milk and dairy 

products from other countries (Environment Public Authority [EPA], 2012). According to The 

Observation of Economic Complexity (OEC, 2017a, 2017b, 2017c, n.d.), Kuwait imports  all of 

its dairy feed products (i.e. corn, alfalfa, soybean, wheat and barley from Argentina, Spain, China, 

and Australia, respectively). The water trade strategy helps save Kuwait’s limited freshwater 

resources.  

Despite the effects of the spatial and temporal distribution of water resources on the type of water 

used, few studies have discussed the effect of this distribution on WF (Hoekstra & Chapagain, 

2008; Hoekstra, 2008). Therefore, it is important to better understand the different aspects of water 

utilization relative to dairy farms and crop production to improve the efficiency of water use and 

reduce pressure on the environment. 

2.2. Water Footprint of Confined and Rotational Grazing Dairy Farming Systems 

 2.2.1. Water Kinetics of Cattle and the Quantification of Water Inputs 

Dairy cows are known for their high dependency on water to replace the water secreted in milk 

(87% water) (Beede, 2005), as well as that in urine, feces, sweat and through respiration (Beede, 

2012). The excretion of water by dairy cows accounts for 30% of the total internal water (Beede, 

2012). Dehydration and loss of ~20% of the body’s water is considered fatal to dairy cows (Beede, 

2006). Water is important for maintaining metabolism, digestion, pregnancy, and milk secretion 

(Osborne, 2006). A balance between water intake and water loss can be achieved by feed with 

adequate moisture content (10-20%) and free water intake (FWI) (80-90%) (Harner et al., 2013). 

Several studies have identified the effect of body weight (BWT), milk yield (MY), dry matter 
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intake (DMI), type of feed, diet’s mineral content, temperature (Temp) and relative humidity (RH) 

on the amount of consumed water by dairy cows. These factors have been used in many equations 

to estimate the water requirements of dairy cows, emphasizing that DMI and MY are the most 

significant factors in term of their effect on the amount of water consumed (Cardot et al., 2008). 

The water requirements of dairy cattle vary based on their BWT throughout their life cycle, and 

has been estimated to be 9 L d-1 for dairy calves (1-4 months), 25 L d-1 for dairy heifers (5-24 

months), 41 L d-1 for dry cows, and 115 L d-1  for milking cows (Ward & McKague, 2019). Dairy 

cow water intake also varies based on dry matter content (DMC) as well as the DMI, which has a 

significant effect on MY (Khelil-Arfa et al., 2012). Similarly, the fiber, ash, protein, and sodium 

(Na) contents of the feed ration affect the FWI (Holter & Urban, 1992; Murphy et al., 1983). 

Appuhamy et al. (2015) reported that the high crude protein content of Holstein cattle’s diet (18.5% 

vs. 15.2%) can lead to an increase in water consumption by 5.9 kg cow-1 d-1. Furthermore, Murphy 

et al. (1983) found that a high Na content increases the FWI by 50 ml for every 1 g of Na in the 

feed ration. In addition, a high atmospheric Temp adversely affects the FWI and MY (West, 2003). 

Murphy et al. (1983) concluded that for every 1°C increase, water intake will increase by 1.2 kg. 

Also, water Temp affects FWI and MY (Osborne, 2001), nevertheless this effect could be minor, 

as dairy cows still prefer to consume warm water as compared to chilled water (Wilks et al., 1990). 

From a grazing system perspective, the rate of water utilization is also affected by climatic 

conditions (Temp & RH). Castle and Watson (1973) found that FWI is negatively associated with 

rainfall events and positively with Temp and daylight hours. The accurate estimation of the precise 

amount of water consumed by dairy cows is critical to estimating the WF of milk production and 

the efficiency of on-farm water utilization, which are important indicators for evaluating the 

performance of milk production systems in various countries. 

 2.2.2. In-Barn Water Utilization and Blue WF 

The dairy farms are among the world’s main users of freshwater resources. Therefore, it is 

important to raise dairy farmers’ awareness about on-farm direct and indirect water use (Hoekstra 

& Chapagain, 2007). These different aspects of water utilization can be maintained and controlled 

throughout the production cycle (House et al., 2014). To determine WF for a dairy product (such 

as milk), it is important to consider the different components of WF used to support many aspects 
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of production, including the FWI, washing of milking parlour and equipment, dehumidification of 

the atmosphere, and the preservation of milk (Brugger, 2007). 

 2.2.3. Milking Center Wastewater and Grey WF 

The grey WF concept was developed, based on an earlier idea by Postel et al. (1996), to serve as 

an indicator of the amount of water needed to dilute the load of pollutants based on local water 

quality standards (Franke et al., 2013). The wastewater of dairy farms is rich in its nitrate (NO3) 

and phosphate (PO4) contents (Green et al., 2004).  

A large amount of wastewater is generated from the milk house on dairy farms due to the cleaning 

of milking parlour, milking pipelines, and bulk tanks. The volume of effluent from the milk house 

varies based on the type of milking system, number of dairy cows, milking events per day, and the 

opportunities for recycling on farm (Harner et al., 2013; House et al., 2014). This makes 

wastewater a source of contaminants that can adversely affect the environment if released without 

proper treatment (MacPhee et al., 2009). Accordingly, the annual effluent released by 11 dairy 

farms in the US ranged from 11 to 24.2 L cow-1 d-1 (Christopherson et al., 2003). On average, the 

amount of effluent released from the milk houses in Ontario (ON) dairy farming systems was 

estimated to be 14 L cow-1 d-1 for the tie-stall system and 17 L cow-1 d-1 for the parlour system 

(Hawkins & Barkes, 2014). Singh et al. (2007) reported that there is a negative relation between 

herd size and the amount of wash water per cow.  

One of the limiting nutrients in milk house wastewater is phosphate (PO4), which is present from 

the intense use of phosphoric acid and phosphate cleaning agents (Sérodes & Normand, 1999). 

Accordingly, the milk house wastewater is rich in disinfectant chemicals, residual milk products, 

and manure. This effluent should undergo an effective treatment method before being discharged 

into the environment. Wetlands are a wastewater treatment system applicable to agricultural 

purposes (Dunne et al., 2005; Tanner et al., 2005). The decontamination mechanisms within 

wetlands improve water quality through various physicochemical and biological interactions that 

reduce levels of nitrogen (N) and phosphorus (P) pollutants (Bhanuse & Bhosale, 2017). This 

method has been reported by many researchers in Canada (Wood et al., 2008; Smith et al., 2006) 

and proved to be an effective approach for reducing the external load of contaminants on the 

environment. 
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Wastewater from dairy farms can also be treated using septic tanks, as reported by Hawkins and 

Barkes (2014). Another recommended approach for the treatment of wastewater is the vegetated 

infiltration system, which approved to be an effective method in minimizing the negative effects 

of milk house wastewater on water quality in Nova Scotia (Jamieson et al., 2002). However, for 

Canadian dairy farms, the problem of contaminated effluent is managed properly by both the 

government and the farmers. This has been achieved based on the “Ontario General Nutrient 

Management Regulations” (O. Reg. 267/03: General, 2019), which necessitates the treatment of 

milking center effluents to avoid the degradation of surface and ground water quality (Hawkins & 

Barkes, 2014).  

Dairy farms in Kuwait are under considerable pressure to deal with the pollutants of milking 

centers. The wastewater in Kuwait is discharged in its original state, which results in many 

environmental and health consequences (Kolev Slavov, 2017). Recently, the Kuwait Environment 

Public Authority (KEPA, 2001) has ensured that farmers comply with regulations governing the 

discharge and recycling of effluent. Nevertheless, there are always hazardous contaminants in 

waste areas and watercourses. There is only one study on this matter that has been conducted in 

Kuwait. Al-Shammari et al. (2015) showed that the “submerged membrane microfiltration system” 

was effective in treating contaminated water generated by a local processing plant. However, this 

study did not discuss the concept of grey WF, milk house wastewater, or effluent treatment 

methods that could be suitable for the environmental conditions in Kuwait. Therefore, there is a 

need to evaluate the amount and content of wastewater due to the lack of previous studies that 

assess this problem and its environmental impacts. This will help in understanding the link between 

current practices on Kuwaiti dairy farms and the load of pollutants introduced to the environment.  

 2.2.4. Water Footprint of Milk Production 

Globally, there are deficiencies in comprehensive WF studies due to their dependency on historical 

data to evaluate water utilization trends (Palhares & Pezzopane, 2015). Though the high demand 

of dairy sector on water resources, there is a little documentation on this subject (Palhares & 

Pezzopane 2015). Sultana et al. (2015) used datasets for 49 countries from the International Farm 

Comparison Network (IFCN) to estimate the water used for the production of one kg of Energy 

Corrected Milk (ECM), which was found to range from 739 L (Danish dairy farms) to 5622 L 

(Ugandan farm) with an average value of 1833 L kg-1 ECM. In addition, Palhares and Pezzopane 
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(2015) estimated the WF of conventional and organic dairy farming systems to be 1422 m3 kg-1 

ECM milk and 1510 m3 kg-1 ECM milk, respectively. Furthermore, Owusu-sekyere et al. (2016) 

estimated that 1352 m3 of water was used to produce one ton of fat protein corrected milk (FPCM) 

in South Africa. Murphy et al. (2017) used data of 24 dairy farms in Ireland to estimate the WF of 

milk production, which ranged from 534 to 1107 L kg-1 FPCM. 

There are limited studies that distinguish between the different types of water used for milk 

production in different countries and various dairy farming systems (Sultana et al., 2014). Sultana 

et al. (2014) used the IFCN database to estimate the different components of water used to produce 

one kg of ECM, which was 1466 L green water, 121 L blue water, and 106 L grey water. Likewise, 

Zonderland-Thomassen and Ledgard (2012) used data from existing studies and found that the WF 

for two pasture dairy farming systems in different regions of New-Zealand was 945 L kg-1 FPCM 

(72% of which was green WF, 28% grey WF, and only 0.1% blue WF) and 1084 L kg-1 FPCM 

(46% was green WF, 23% blue WF and 31% grey WF). Another study was conducted by 

Alvarenga et al. (2014) based on secondary data to evaluate the blue and green WF of three dairy 

farming systems (confined, semi-confined, and pasture systems) in southern Brazil and found that 

the green WF of the above-mentioned farming systems was 1478, 2209, and 1584 L kg-1 ECM, 

respectively while the blue WF of these farming systems was 19, 11, and 7 L kg-1 ECM, 

respectively. Also, Mekonnen and Hoekstra (2010a) assessed the WF of dairy farms in North 

America and Western Asia, using global averages, and found that 1020 m3 of water is required for 

the production of one ton of milk. Likewise, Mekonnen and Hoekstra (2012) used data from 

FAOSTAT (FAO, 2009) and estimated that the WF for milk production in China, India, 

Netherlands, and USA ranged from 462 to 1273 L kg-1, 22 to 210 L kg-1, and 33 to145 L kg-1 for 

green, grey, and blue WF, respectively. 

Despite the high-water demand of the dairy production systems, limitations are reflected by the 

use of historical data (Mekonnen & Hoekstra, 2010b; Palhares & Pezzopane, 2015) or empirical 

equations. 

In addition, a large number of reports poorly reflect the amount of water used for crop production 

relevant to milking operations (Zonderland-Thomassen & Ledgard, 2012). Furthermore, most 

studies (Mekonnen & Hoekstra, 2012; Zonderland-Thomassen & Ledgard, 2012) ignored the 
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influence of feed composition on the amount of water utilized during the different stages of animal 

life (Bach et al., 2013). More realistic WF values can be obtained by identifying the portion of 

each type of WF using farm-specific data. 

 2.2.5. Water Footprint of Two Areas with Contrasting Weather Conditions 

A) Milk Production 

A1) Confined Dairy Farming Systems in Kuwait  

In water-scarce areas, the  high demand for freshwater is the first challenge for any dairy expansion 

plan (Sultana et al., 2014). Kuwait is a water-scarce country with an arid environmental condition 

and considered to be one of the poorest countries in term of renewable water resources (FAO, 

2003), with an estimated value of 10 m3 person-1 yr-1 (Lundqvist, 2009). Kuwait is characterized by 

long, hot summer and short winter, with average Temp of 43°C and 15°C, respectively. The annual 

rainfall varies between 50 and 250 mm. Kuwait’s annual evaporation rate was estimated to be 

4,000 mm, exceeding the annual PPT, with high humidity of 90% due to the country’s long 

coastline (Almedeij, 2012). Desalinated water covers almost 90% of local demand (Hamoda, 

2001), and 50% of treated wastewater used for irrigation (Efron et al., 2018). Agricultural activities 

in Kuwait depend mainly on brackish groundwater, desalinated seawater, and treated wastewater 

(Hamoda, 2001). Desalinated water increases the severity of desertification and reduces ground 

water quality (AlAli, 2008).  

Kuwait aims to achieve food security by facing the challenges created by the limited water 

resource. Therefore, Kuwait should evaluate the actual water demand of the agricultural sector to 

assess priorities, enhance water efficiency, and reduce dependency on external resources. 

For the dairy sector in Kuwait, the predominant cattle breed is “Holstein Friesian” imported from 

European countries. Local farmers depend mainly on importation to replace dairy herds due to the 

high rate of mortality (90%) and morbidity of calves (PAAFR, 1998). The total dairy cattle in 

Kuwait was 27,000 (Macmillan, 2016), which represents a combination of imported and locally-

born cows. In the free stall dairy farming system in Kuwait, cows are freely housed in shaded 

barns, protected from direct sun-rays, and have ad libitum access to feed and water (Razzaque et 

al., 2009b).  
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The average milk production of the adapted Holstein dairy cows in Kuwait was estimated to be 

16.86 L milk cow-1 day-1 (Razzaque et al., 2009a), which is lower than the average MY in the 

country of origin (Razzaque et al., 2009a). The reduction in MY is related to the hot and dry 

conditions, as heat stress is the main factor affecting the reproductive efficiency of dairy cows 

(Gwatibaya et al., 2007).  

Kuwait’s dairy farms have a low rate of milk production (Hemme & Otte, 2010) and facing a real 

challenge in meeting the domestic demand due to the high local per capita annual milk 

consumption (72.8 kg) (Merdji et al., 2015).  

The optimization of milk production requires an accurate estimation of the total WF of local dairy 

farms to determine the total amount of water used based on weather conditions and management 

practices. In addition, it is crucial to conduct a study to bridge the knowledge gap and to guide and 

enhance the local dairy sector through a well-managed plan. This can be achieved by exploring 

and understanding the latest state-of-the-art technologies of well-developed dairy sectors, such as 

the Canadian sector. Knowledge sharing and cooperation in this area will lead to the establishment 

of more efficient Kuwaiti dairy farms in the future. 

A2) Dairy Farming Systems in ON-Canada 

Canada is rich in renewable water resources and has access to about 20% and 7% of the world’s 

surface and renewable fresh water resources, respectively (Statistic Canada, 2018). In addition, the 

annual water availability in Canada is one of the highest in the world and is estimated to be 92,000 

m3 person-1 (Lundqvist, 2009). The climatic and environmental conditions in Canada vary by 

region, with Temp ranging from 26.8 °C in summer to -30.9 °C in winter, and an average PPT 

level of 890.6 mm yr-1 (Statistic Canada, 2007). In 2019, the total number of dairy cattle in Canada 

was~968,700 head (Canadian Dairy Information Centre (CDIC), 2020b). The common dairy breed 

in Canada is the Holstein, which makes up almost 93% of the Canadian dairy herd with an average 

milk production of 29.76 kg cow-1 d-1 (CDIC, 2020a). At a global level, the WF of Canadian milk 

is among the lowest and estimated to be 20 L of water kg-1 of milk (Lafontaine & Michel Couture, 

2012).  
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Despite the importance of accuracy in determining this sustainability indicator, there are limited 

comparative studies that investigate the WF of different Canadian dairy farming systems (James 

& Wescoat, 2014). Robinson et al. (2016) estimated the water utilized on 17 dairy farms with 

different milking systems in ON from May 2013 to Dec 2014. The results of this study showed 

that the total water used was 168.8 L cow-1 d-1, 134.6 L cow-1 d-1, and 101.3 L cow-1 day-1 for the 

free stall robotic system, parlour system, and the tie stall system, respectively. The study also 

confirmed that weather and the type of dairy farming systems are the main factors that affect the 

amount of water consumed by the lactating cows.  

Le Riche et al., (2017) conducted a study in Eastern ON to estimate the dairy farm water utilization 

over one-year period and found a positive correlation between water consumption and Temp. In 

addition, the study revealed that the total on-farm water utilization was 90,253 L d-1, 68% of which 

was for water intake, 14% for cleaning the milking parlour, 15% for cooling of milk, and 3% for 

cleaning the barns.  

VanderZaag et al. (2018) conducted a study to estimate the water budget of a dairy farm in ON 

(that housed cows in barns during the winter and released them to pastures during the warmer 

seasons of the year). The results of the study showed that the average on-farm water utilization 

was 5180 L d-1, of which 82% was allocated for drinking and 18% for cleaning.  

Life cycle assessment (LCA) study was conducted in Canada by Quantis et al. (2012) to estimate 

the water utilized for milk production from the farm to the processing plant, which was found to 

range from 11 to 336 L kg-1 with a weighted average of 20 L kg-1 of milk. 

Most of WF studies in Canada have concentrated on beef farms, and none of these studies 

evaluated the three components of WF. Therefore, more detailed and specific data of dairy farms 

are required to understand more about the WF and to increase the efficiency of milk production. 

This evaluation is important due to the fact that past water supply issues in Canada may become 

more serious in the future (Loë et al., 2001). Drought events were experienced in North America 

during 1998-1999 (Hanesiak et al., 2011), including many regions of Canada (Hanesiak et al., 

2011). Over the past 100 years, eastern Canada has been susceptible to drought events that have 

led to a decline in the water level of the Great Lakes (Klassen, 2002). Climate change is also 

expected to impact the future of water availability in Canada.  
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The Intergovernmental Panel on Climate Change (IPCC) projection for Canada includes severe 

weather events such as drought (Bush et al., 2014). Drought can result not only from the small 

amount of PPT (Evans et al., 2011) but also from heavy rain events that are unevenly distributed 

among different locations (Yusa et al., 2015). Accordingly, the Canadian prairies are susceptible 

to more drought events due to a higher variability in PPT over time (Bonsai & Wheaton, 2005). 

The recent droughts between 1999 and 2005 was one of the most extreme events compared to 

previous droughts (1890s, 1930s, and 1980s) in the same area (Szeto et al., 2011). Southern ON 

experienced heat waves between 2010 and 2012 that affected the livestock sector and were 

responsible for the death of a large number of dairy cows (Bishop-Williams et al., 2015).  

Consequently, changes in climate can increase the incidence of drought and heat stress, reduce 

forage and crop production, pasture availability, and milk productivity of dairy cows (Rojas-

Downing et al., 2017).  

Though the accurate evaluation of WF of dairy farms is important for addressing the future impacts 

of climate change, there are limited comparative studies discussing this critical issue in Canada 

(James & Wescoat, 2014). In addition, up-to-date site specific data is required, as most literature 

relies on governmental data without referring to the method of analysis (Piquette, 2015).  

No previous studies evaluated or compared the performance of Canadian confined and rotational 

grazing dairy systems from a water perspective. 

A 2.1) Rotational Grazing and Confined Dairy Farming Systems in ON-Canada  

Rotational grazing system is characterized by its high profit margin (Hanrahan et al., 2018). Great 

profitability has been demonstrated by using pasture and forage as a source of feed instead of the 

Total Mixed Ration (TMR) (Finneran et al., 2010; Patton et al., 2012). Despite the short grass 

season and the long winter, some Canadian farmers adopt a grazing system that account for more 

than 51% of Canadian farming systems, of which 22% are in ON (Rothwell, 2005). Rotational 

grazing is practiced in about 69% of the largest farms in Canada (Rothwell, 2005). In Canada, the 

grazing season lasts for almost 120 d or more (Guelph Food Innovation Center, 2017), and dairy 

cows are grazed for a maximum duration of 14 hr d-1 (Stricklin, 1976) before returning to the 

parlour and being fed mainly TMR (Hartwiger et al., 2018). The complete TMR consists of corn 
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and grass silage, and mixture of concentrates, as an energy source to increase milk production 

(Arsenault et al., 2009; Charlton et al., 2011).  

Comparison between the confined and rotational grazing systems showed that dairy cows in “zero 

grazing” system have higher DMI, MY, and body conditioning score (Arnott et al., 2018).  

DeVries and Von Keyserlingk (2010) have reported that confined system is characterized by the 

synchronized movement of dairy herds to be milked, along with the daily distribution of seven or 

more feed portions (Stricklin, 1976). While, in the grazing system, dairy cows are returned to barns 

twice per day to be milked (Dairy Farms of Ontario [DFO], 2013) and fresh pasture is given after 

each milking event (White et al., 2002). The main disadvantage of the pasture system is the low 

MY (29.6 kg d-1) as compared to the intensive dairy system (44.1 kg d-1) (Kolver & Muller, 1998).  

The confined system is predominant in Canada, as well as in parts of Europe and United States 

(Van Arendonk & Liinamo, 2003; Barberg et al., 2007). In Canada, this system represents almost 

80% of the dairy farms (Canwest DHI, 2018). However, there is a need to evaluate other systems, 

such as the grass-based dairy farming systems, in terms of water use efficiency, as this system has 

become very popular due to animal welfare and health reasons. As the milk produced from 

pastured cows is an excellent source of unsaturated fatty acid (UFA) and conjugated linoleic acid 

(CLA) (Arnott et al., 2018; Kelly et al., 1998), which improve human health by enhancing 

immunity and reducing the risk of heart disease, hypertension, diabetes, and obesity (Belury, 2002; 

Benbrook et al., 2018; Butler et al., 2011). Despite the positive impact of the grazing system on 

human health and the environment (Benbrook et al., 2018), limited Canadian studies have 

discussed the WF of this system. Arsenault et al. (2009) conducted LCA study depending on 

secondary data to estimate the WF of dairy farms in Nova-Scotia and found that the water utilized 

in confined and pasture systems was 8.7 and 8.5 L kg-1 milk, respectively.  

Almost none of the previous studies discussed the WF of rotational grazing system using farm 

specific data and/or simulation programs. In addition, there is a lack of data that explain the 

different components of WF and their relationship with the different production aspects in dairy 

farms including the main user of water which is the crop production. 
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2.3. Water Footprint of Crop Production 

Agriculture is responsible for about 70% of the world’s fresh water withdrawal (Calzadilla et al., 

2010; Gordon et al., 2010; Johnson et al., 2001; Scanlon et al., 2007). This demand for freshwater 

is expected to increase with increased prosperity, social development, and population growth 

worldwide (Boretti & Rosa, 2019). Freshwater is essential to support crop production compared 

to other natural resources (Zhang et al., 2013) and it is influenced by different climatic, crop, soil, 

and management factors. 

 2.3.1. Effect of Climate on Crop Water Requirement 

Agriculture is affected by the climatic conditions through their impact on the persistence of water 

resources and the rate of water loss (Chowdhury et al., 2016). Evapotranspiration (ET) marks the 

beginning of water loss and is a term used to denote both transpiration and evaporation. 

Transpiration concerns the total amount of water vapor that is lost from plant’s leaves, while 

evaporation is the loss of water from wetlands and open water sources. Weather factors are the 

driving force of ET, including sun thermal energy, Temp, RH, and wind speed (Allen et al., 1998). 

The ET is affected by the vapor pressure deficit (VPD) which is an indicator of the drying 

(desiccation) power of the atmosphere (Ficklin & Novick, 2017). Stomatal pores in plant leaves 

are the main route for water loss and gas exchange (Aliniaeifard & Van Meeteren, 2014). 

Accordingly, stomata expand when atmospheric VPD is low and reduce the size of their openings 

as VPD increases (McDowell & Allen, 2015). Transpiration uses the same pathway that plants use 

to exchange CO2, through the stomates. Stomatal apertures mainly take in CO2 for photosynthesis 

and regulate transpiration (water loss) under various weather conditions (Aliniaeifard et al., 2014) 

to maintain the production efficiency of the plants (Eamus et al., 2013). This is clearly 

demonstrated by the association of plant growth with the high transpiration rates. Stomates are 

active under optimal water availability conditions that coincide with the maximum transpiration 

rate and photosynthesis (Schwalbe, 2017). 

 2.3.2. Effect of Crop Characteristics on Crop Water Requirement 

The optimal growth of plants depends mainly on the availability of water during their growing 

period. Crops usually meet their water needs using various sources, such as PPT, irrigation, and 

capillary rise (Hoekstra, 2019). The amount of water needed for crop development is equal to that 
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lost by ET, which is mainly affected by climatic conditions, crop type, and the stage of crop 

development (Brouwer & Heibloem, 1986). Corn is characterized by a high proportion of ET due 

to its large leaf size as compared to soybean, which is smaller in size (Allen et al., 1998). 

Estimating the rate of ET or the amount of water utilized by plants is critical given their direct 

effect on crop productivity (Hanson et al., 2007). Crop production is affected by ET in two 

different ways: potential evapotranspiration (ETo) and reference crop evapotranspiration (ETc). 

The ETo reflects the condition of a reference crop (grass or alfalfa) that is well-watered with a 

minimum height of 8 to 15 cm (Doorenbos & Pruitt, 1977). Maximum soil evaporation occurs 

during the initial phase of crop development; however, as the crop canopy covers the ground, 

transpiration increases (Allen et al., 1998). The effects of both transpiration and evaporation are 

incorporated into the “crop coefficient” (Kc) (Wang et al, 2018a) that proposed by Jensen (1968) 

and has been applied and developed by many scientists (Allen et al., 1998; Howell et al., 2015; 

Kamasani et al., 2015). The Kc is the ratio between ETc and ETo, and it varies during the crop 

growing period, from the lowest value at the implanting stage to the highest value near the time of 

full plant growth and propagation (Hong et al., 2017). The Kc is used to calculate ETc, and it 

distinguishes crops from the reference grass by combining the effects of crop height with 

aerodynamic resistance and vapour flow to the atmosphere, albedo, leaf area, stomatal distribution 

and number, leaf condition, and evaporation from the soil surface (Allen et al., 1998).  

 2.3.3. Effect of Soil Characteristics on Crop Water Requirement 

Water availability in the soil is influenced by soil texture, structure, organic matter content, and 

the presence of a layer that resists root progression and water movement (Brown et al., 2017). The 

main limiting factor for plant growth and development is the deficit in soil water content (Chaves 

et al., 2011). The CWRs are met using the water in the soil, which is affected by soil properties, 

meteorological conditions (the relation between PPT and ET) and management practices (Pereira 

et al., 2006).  

 2.3.4. Effect of Management Practices on Crop Water Requirement 

Soil moisture is affected by tillage method, which influences the soil’s physical properties and the 

rate of water infiltration (Lipiec et al., 2006). Conventional tillage removes residues on the soil 

surface, increasing the ET rate and the potential for leaching due to soil deterioration (Osman, 



19 

2013). Conversely, no-till practices lead to the accumulation of residues that reduce the rate of ET 

and prevent soil erosion that lowers the leaching capability of the soil (Lal, 2013). However, the 

conservation tillage method (which lies between the two practices mentioned above) maintains 

some residues to provide about 30% coverage, which improves the retention rate of the soil 

(Huggins & Reganold, 2008). 

2.4. Measurement of Crop Water Requirement 

Several studies had discussed the need for a standardized and an accurate method for estimating 

ETo (Allen 1996; Chiew et al. 1995). The ETo can be determined by the use of a lysimeter, a sap-

flow sensor (Vellidis et al., 2008), or a water balance method (Zhao et al., 2013). The water balance 

method is used to estimate the ET of the basin (wide) area over a long period, while the lysimeter 

and sap-flow sensor are used in small-scale areas (Zhao et al., 2013). These methods are time-

consuming and require a substantial budget and effort (Jones, 2004). In addition, the installation 

of a lysimeter device requires special preparations and trained labour. Hence, the ETo is best 

estimated using a meteorological method such as the Penman-Monteith equation (FAO56-PM). 

This method is recommended by FAO experts (Allen et al., 1998) and has been adopted by many 

researchers due to its durability and dependency on climatic parameters (Beyazgül et al., 2000; 

Jain et al., 2008; Mladen, 1999; Tyagi et al., 2003; Ventura et al., 1999). Furthermore, the 

American Society of Civil Engineers (ASCE) evaluated and recommended the FAO56-PM 

equation as the most accurate method for estimating ET with reference to values measured using 

a lysimetric method (Walter et al., 2001). 

Despite the availability of many equations for ETo determination (Alexandris et al., 2006), the 

FAO56-PM equation (Allen et al., 1998) is the most accurate to estimate ET when compared with 

lysimetric observations (López-Urrea et al., 2006). Trajkovid (2005) reported that the FAO56-PM 

method gave the most reliable results at numerous locations in southeast Europe, and it was proven 

to be adjustable with regards to local environmental conditions. Also, Silva Junior et al. (2017) 

found that the FAO56-PM equation provides the best estimate of ETo in the Eastern Amazonia. In 

addition, various studies have proven the accuracy of the FAO56-PM equation (Djaman et al., 

2015; Ghamarnia et al., 2014; Jabloun & Sahli, 2008; Jain et al., 2008; López-Urrea et al., 2006; 

Odhiambo et al., 2005; Pereira & Alves, 2005; Tabari et al., 2013; Xu & Chen, 2005). 
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The ETc represents the water evaporated by crops, while CWR is the amount of water required by 

plants (Oshunsanya & Aliku, 2016). The CWR can be met using irrigated water; therefore, the 

evaluation of blue WF (e.g. water that is incorporated into the crop, evaporated, and returned to 

different catchment areas) is an important part of the assessment process. The estimation of the 

blue WF is directly related to the CWR, and it can be defined as the difference between the rate of 

ET and the amount of effective rainfall (PPTeff). Accordingly, if the ET is higher than the PPTeff, 

the blue ET of irrigated water (mm/period) is equal to the difference between PPTeff and ET; 

otherwise, the value of blue ET is zero (Hoekstra et al., 2011). Similarly, the green ET of rain 

water (mm/period) is equal to ET only if ET is less than PPTeff; otherwise, the green ET is equal 

to PPTeff value (Gheewala et al., 2014; Smith, 1992), as shown in equations 2 and 3 (Hoekstra et 

al., 2011): 

3456778 = min	(34<, >>47??)                              [Equation 2] 

34@AB7 = max	(0, 34< −	>>47??)                       [Equation 3] 

The blue and green WF of crop production (m3 ton-1) are calculated over the growing period 

by dividing the CWR that is met by irrigation or effective rainfall by the crop yield (ton ha-1) 

(Mekonnen & Hoekstra, 2014), as shown in equations 4 and 5 (Hoekstra et al., 2011): 

FG56778(HIJKLMN) = P6QR	STU76	VW7XYZZ[	(\]^T_`)
ab7Ac	(UQ8	^T_`)

                      [Equation 4] 

FG@AB7(HIJKLMN) = P6QR	STU76	VW7defZ	(\]^T_`)
ab7Ac	(UQ8	^T_`)

                         [Equation 5] 

 2.4.1. Crop Water Requirement in Kuwait and ON-Canada   

Chapagain and Hoekstra (2004) estimated that 6390 Gm3 yr-1 of water (PPTeff and irrigation) was 

used globally for crop production, based on available data from 1997 to 2001. In addition, 

Mekonnen and Hoekstra (2011) estimated the WF of certain crops and their derived products for 

1996-2005, and reported that 1644 m3 ton-1 is the average WF for grains. They also specified that 

the largest WF was for wheat (1827 m3 ton-1) and the lowest for maize (1222 m3 ton-1). The 

accumulated ET of corn was estimated to range from 368 mm in Nebraska to 900 mm in humid 

climates in Nebraska (Djaman & Irmak, 2013; Rees & Irmak, 2012; Suyker & Verma, 2009); 
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soybeans ET rate ranged from 355 mm in Nebraska to 700 mm in humid climates (Osman, 2013; 

Rees & Irmak, 2012); alfalfa’s ET ranged from 828 mm in Kansas to 1600 mm as a global average 

(Benli et al., 2006; Brouwer & Heibloem, 1986; Currie & Holman, 2013); while wheat seasonal 

ET was estimated to be 336 mm in India (Tyagi et al., 2000). However, most of the studies did not 

account for the fact that ETc rate and the different components of WF are varied greatly according 

to weather conditions, soil types, and management practices (Allen et al., 1998). Accordingly, 

differences in the values of the three components of WF based on the area of production have not 

been evaluated by most of the recent studies (Mekonnen & Hoekstra, 2014).  

For Kuwait, the high agricultural demand for water is a major challenge for crop production in 

water-scarce regions includes all of the Gulf Cooperation Council (GCC) countries (Hameed et 

al., 2019). Kuwait, as one of the GCC countries, relies mainly on imported animal feed, and there 

is hardly any crop production with only 1% or less of land in Kuwait is arable, and only part of 

this land is cultivated due to the scarcity of water resources and poor soil condition (Environment 

Public Authority [EPA], 2012). Kuwait imports major animal feed ingredients, such as corn, 

alfalfa, soybean, wheat and barley from Argentina, Spain, China, and Australia, respectively (The 

Observation of Economic Complexity [OEC] 2017a, 2017b, 2017c, n.d.). The main crop 

production areas in these exporting countries rely on PPT as a water source for crop production 

(Iizumi & Ramankutty, 2015). 

In contrast, Canada is characterized by its large stock of water resources, nevertheless, there are 

expectations that southern Canada will experience greater degrees of drought in the future, 

especially during the growing season (Maloney et al., 2014). According to Tan et al. (2007), PPT 

in southwestern ON was varied over the last eight decades, and decreased dramatically from 1978 

to 1998, followed by a slight increase between 1999 and 2013 (Ministry of the Environment 

Conservation and Parks, 2014). The changes in the frequency and distribution of water availability 

are known to have a direct negative impact on agriculture (Wittrock et al., 2011) as PPT is the 

main factor that affects the production efficiency of crops (Zhao et al., 2019). 

There are few studies that evaluated the WF of crop production in ON. Masud et al. (2018) 

estimated the WF of barley using the SWAT model, and in Saskatchewan Ding et al. (2018) 

estimated the WF of cereals, oil-seeds, and pulse. In addition, another study was conducted by 
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Legesse et al. (2018) who examined the intensity of water used by the Canadian beef industry 

during the period from 1981 to 2011; and concluded that about 99% of the water utilized was 

associated with crop production for feedstock. 

In Canada, ON is considered to be among the most important agricultural lands that qualified as 

‘category 1’ , and > 50% of the land in ON is characterized as ‘prime agricultural land’ (Hoffman 

& Noble, 1975). ON is the location of about 25.3% of Canadian farms, and it represents almost 

61.7% and 62.3% of the national areas devoted for corn and soybean production, respectively 

(Statistics Canada, 2016). The most important crops grown in ON, in descending order, are 

soybeans, corn grain, hay, winter wheat, corn silage, dry beans, spring wheat, barley, mixed grains, 

and oats (Mailvaganam, 2016). These crops are essential for feeding the dairy cows and 

maximizing the productivity of about 312,000 head of cattle in ON (Mailvaganam, 2016). 

Therefore, using special tool such as CROPWAT to estimate the actual ETo, ETc and CWR based 

on the relation between plants, soil, and atmospheric conditions (Patel et al., 2017) is essential for 

evaluating the pressure of crop production on water resources.  

2.5. CROPWAT  

CROPWAT is a decision support system developed by FAO to evaluate the degree to which CWRs 

are fulfilled either by rain or irrigation during the growing season (Bhat et al., 2017). CROPWAT 

uses weather parameters to estimate the most reliable values for ETc and CWR, and to schedule an 

appropriate irrigation program for single and multi-crop fields (Dechmi et al., 2003; Feng et al., 

2007; George et al., 2000; Karuku et al., 2014; Kuo et al., 2006; Manjunatha et al., 2013; Martyniak 

et al., 2007). 

CROPWAT 8.0 (the latest version) estimates the reduction in crop yield due to water stress using 

water balance method (Allen et al., 1998; Doorenbos & Pruitt, 1977; Doorenbos et al., 1980). 

CROPWAT algorithms for estimating ET and irrigation needs used the FAO56-PM equation 

(Allen et al., 1998) along with climate, soil, and crop characteristics, as shown in Fig. 2.1.  
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Figure 2.1. CROPWAT flowchart (Adopted from Doria, 2011) 

The FAO56-PM equation is a standardized method used by FAO (Allen et al., 1998) to compute 

ETc based on ETo and Kc (Doorenbos & Pruitt, 1977). CROPWAT is recommended by FAO to 

improve the estimation of CWR under different climatic conditions (FAO, 2019).  

Globally, CROPWAT has been used in various regions, including Greece (Anadranistakis et al., 

2000), Romania (Stancalie et al., 2010), Texas (USA) (Kang et al., 2009), Taiwan (Kuo et al., 

2006), and Pakistan (Nazeer, 2009). Anadranistakis et al. (2000) used CROPWAT to estimate the 
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CWRs of cotton, wheat, and maize in Greece. Kuo et al. (2006) used CROPWAT to predict CWR 

in Taiwan and found that the results of the model were reliable and matched the actual water needs 

of various crop types. Consequently, several studies (Vozhehova et al., 2018; Manjunatha et al., 

2013; Surendran et al., 2015) have proven the efficiency of CROPWAT for the management and 

assessment of water requirements. 

In the context of Kuwait, Abdul Salam and Al Mazrooei (2007) used CROPWAT to determine the 

CWR and irrigation requirement (IR) of date palm trees. Results showed that the annual ETc and 

IR were 2685 mm and 2553 mm, respectively. Bhat et al. (2012) used CROPWAT to estimate the 

CWR for three varieties of one-year-old palm trees. Furthermore, Abdul-Salam and Al-Mazrooei 

(2006) determined the CWR of maize during the period from the end of Oct to mid-Dec using the 

CROPWAT model and found that the ETc of sweet corn ranged from 125 mm to 182 mm, while 

the ETc of grain maize ranged from 210 to 273 mm. Salam and Mazrooei (2006) conducted a study 

to evaluate the CWR of cucumber in Kuwait, and found that ETc varied based on the planting date, 

from 537 mm to 948 mm. 

From a Canadian perspective, Doria et al. (2006) used CROPWAT to analyze the impact of climate 

change on the CWR of peaches in southern ON. Also, Zhao et al. (2019) estimated the WF of 

spring wheat and barley in Saskatchewan based on their grain yield and protein content. Ding et 

al. (2018) used CROPWAT to estimate the total WF of cereals, oilseeds, and pulse crops based on 

the yield and protein content. The yield-dependent WF was found to range from 1.08 to 4.28 m3 

kg-1; while the protein-dependent WF ranged from 4.86 to 16.47 m3 kg-1. Also, it was concluded 

that the PPT and the level of technology and development were the main factors that affect the WF 

of the crops.  

Few studies have shown the water requirements for crop production in Canada, and none of these 

investigations have addressed animals’ feed production in ON over a long period (i.e. decades) 

using CROPWAT. None of the previous studies were conducted to evaluate the CWR and WF of 

crop production in feed exporting countries to Kuwait. Understanding the impact of different 

weather conditions on CWR and WF is essential to optimize the efficiency of water use.  

The importance of CROPWAT model is shown by providing an accurate estimation of CWR based 

on existing environmental conditions, with the purpose of optimizing crop productivity (Tan & 
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Reynolds, 2003). In addition, CROPWAT interacts with many spatial and temporal factors, 

signifying their effects on CWR, which enhances the assessment of WF in agricultural areas.  

Effective agricultural practices depend not only on identifying the amount of CWR, but also on 

determining the required amounts of nutrients and fertilizers for optimal production.  

Fertilizers are important for the development of crops, but they are accompanied by detrimental 

effects on the environment if exceeded the recommended level.  

Therefore, it is necessary to assess the current practices in various regions of the world and their 

impacts on water quality. This can be achieved using the biogeochemical Denitrification 

Decomposition (DNDC) model (Li et al., 1994).  

2.6. The Denitrification Decomposition (DNDC) Model and Nitrate Leaching from 

Agricultural Production Areas  

The DNDC model is increasingly used to assess the potential impacts of agricultural practices on 

the environment. The first version of DNDC was used to simulate denitrification and carbon 

sequestration (reservation) (Li et al., 1992a, 1992b; Li et al., 1994). In the original version, the 

calculation of soil moisture was based on water flow in one dimension (Li et al., 2006). However, 

once soil moisture exceeded the field capacity, the movement of water between layers is driven by 

gravitational force (Van Bavel et al., 1978). Based on Gilhespy et al. (2014), different versions of 

DNDC have been developed since 1992 for various regions, ecosystems, and crop types (e.g. UK-

DNDC, NZ-DNDC, Forest DNDC-TROPICA, DNDC-RICE, Manure DNDC, etc). DNDC 

depends primarily on the links between different sub-models, including ecological, soil 

environmental drivers and the latter’s relation with soil biogeochemical reactions (Li et al., 2006). 

Ecological drivers of DNDC simulate the soil moisture, Temp, and pH, while the environmental 

drivers consist of fermentation, nitrification, and denitrification components, which predict 

bacterial activities and track gas emissions from the soil (Li et al., 2006). The ecological and soil 

environmental components of DNDC are shown in Fig. 2.2.  
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Figure 2.2. The ecological and soil environmental components of DNDC with the sub-
models represented by soil, climate, plant growth, decomposition, denitrification, 
nitrification, and fermentation (Adopted from Li (2000) with some modifications).  
 

To operate DNDC, some input parameters are required for the location, climate, soil, management 

practices, crop, fertilizer, manure, tillage, grazing, and irrigation (Gilhespy et al., 2014). The output 

parameters of DNDC include climate/weather, crops, farming management practices, livestock, 

soil climate, soil C, soil N, soil P, and soil water. These outputs are either included in a daily or 

multi-year simulation report. DNDC validation is crucial to ensure the accuracy of its outputs; 

validation is achieved by comparing model outputs with measured data. Common types of 

measured data used for DNDC validation are soil Temp, moisture, organic C, crop productivity, 

and agricultural soil system gases flow (CO2, N2O, NH3, and CH4) (Giltrap et al., 2010). 

a) N-Fertilizers and Nitrate (NO3) Leaching from Agricultural Areas  

In-organic fertilizers are mainly used to promote the growth of plants. Nitrogen (N) fertilizer is the 

most commonly used nutrient (Qiu et al., 2011) to enhance the efficiency of crop production, 

especially for ‘non-legume crops’. Nitrogen is an essential nutrient for the plant and forming about 

2 to 4% of the plant’s dry matter contents, and it is fixed either as nitrate (NO3-N) or ammonium 

(NH+
4) in legume crops. Nitrogen deficiency in plants leads to stunted growth and yellowish of the 

DNDC model 
drivers 

DNDC Sub-
models 

DNDC model 
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plant’s leaves. While a high concentration of N cause N-toxicity, which appears as a prolonged 

vegetative period accompanied by a delay in the maturity of crops (Pan et al., 2016). 

In 2018, the global demand for N fertilizers was estimated to be 119,418 thousand tones (kt) 

compared to PO4 fertilizers (46,648 kt) and potash (K) fertilizers (34,458 kt) (FAO, 2015). 

Consequently, levels of N in the surface and groundwater of agricultural lands have increased by 

50% over the past two decades (Guo et al., 2012; Stopes et al., 2002). 

The application of N fertilizer coincides with many detrimental effects on the environment and 

plant conditions (Chandini et al., 2019) and it is considered to be one of the main sources of water 

pollution (Carpenter et al., 1998; Karlen et al., 1998; Qiu et al., 2011; Rockström et al., 2009; 

Tilman et al., 2001). There are many factors that influence the percolation of N, and the 

management of these factors is critical for an efficient crop production. The transfer of N from soil 

to water bodies is influenced by PPT, soil texture, hydrological pathways, N inputs, crop type, 

rotation, tillage, and land drainage (Rasouli et al., 2014). Based on excess PPT/thaw events, N will 

be lost to the environment through leaching, denitrification, or in the form of N2 or N2O gases 

(Tonitto et al., 2007a). Nitrous Oxide (N2O) is released after the application of N fertilizers on the 

ground (Smeets et al., 2009) and is influenced by the management practices (type of tillage method, 

source, amount and time of fertilizers application) (Smeets et al., 2009; Venterea et al., 2005). A 

high concentration of N in the leachate is generated by the imbalance between the amount of N 

fertilizer applied and that utilized by the plants. Nitrogen (N) is known to have many potential 

pathways to the environment, with only 45 to 59% of the applied N being recovered in crop 

biomass (Galloway, 2000; Galloway & Cowling, 2002; Liu et al., 2010; Smith et al., 1999; Tilman, 

1999). While, the remaining N persists in the soil as residual soil nitrogen (RSN) (Drury et al., 

2007) that utilized by microbes or lost through leaching or volatilization (Haroon et al., 2019).  

Many studies have shown the effect of the high rate of N fertilizer on the environment. Li et al. 

(2006) found that the quality of surface and groundwater in the US was affected negatively by the 

extensive use of N-fertilizers with respect to the crop requirement. The same consequences have 

been reported in Argentina (Aparicio et al., 2008; Rimski Korsakov et al., 2004), Australia 

(Thorburn et al., 2017) and China (Wang et al., 2018b; Xu et al., 2013). Accordingly NO3 leaching 
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from agricultural soil is a global issue, especially in Asia, Europe, North and South America 

(Padilla et al., 2018).  

The problem of N loss in leachate is crucial for the Canadian agricultural sector as well. The high 

concentration of N in water is directly related to the use of fertilizers in agricultural and livestock 

operation facilities. Accordingly, the contribution of agriculture to the total N load in Canada is 

estimated to range from 27% to 80% (Chambers et al., 2001).  

Various studies (Bergström & Johansson, 1991; Kuo & Jellum, 2000) had discussed the relation 

between environmental factors and N in leachate. Mitsch et al. (2001) concluded that the loss of 

N from cropping system can be reduced by the application of the proper amount of N-fertilizer. 

However, Vinten et al. (1994) found a weak correlation between NO3  in leachate and the amount 

of fertilizer applied, if the N demand of the crops was high. Smith et al. (2019a) found that climatic 

conditions have a greater impact than fertilizer management practices on the amount of N lost. 

Generally, the accumulation of excessive N in soils contributes to the pollution of surface and 

groundwater bodies (Gao et al., 2010). Many agricultural soils in ON have high RSN (De Jong et 

al., 2009). This is attributed to the complex interactions between climate, soil type, topography, 

hydrology, and crop systems, all of which affect the RSN pool and the N losses of agricultural 

land (Luce et al., 2011). In southwestern ON, NO3-N leached from fields under conventional tillage 

used for corn-grain-forage production was 16.2 mg L-1 (Tan et al., 2002a).  

Generally, the effect of high N concentration on the environment can be demonstrated on a local 

scale, by the percolation and runoff of NO3 into surface and ground water and the impairment of 

water quality in ON streams (Chambers et al., 2012) or on a larger scale by the incidence of 

hypoxia pollution in the Gulf of Mexico (Turner et al., 2008). This detrimental effect of NO3 on 

human and environmental health can be minimized by managing the nutrient load in an efficient 

way (Holly et al., 2018). The management of nutrient load can be achieved by adopting the best 

management practices (BMPs) that aim to enhance the efficiency of N use by crops (Luce et al., 

2011). These practices require an understanding of environmental conditions and agricultural 

strategies, taking into account the period of crop cultivation and the rate of N fertilizer (Smith et 

al., 2019a). 
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Several methods have been used to evaluate the nutrient load into the environment, such as the 

automatic monitoring system (Tan et al., 2002b), water balance equation (Vázquez et al., 2005), 

and direct lysimetric method, hydraulic water gradient, and conductivity (Ramos & Kuecke, 2001). 

However, these methods are time and budget consuming, and require intensive field 

measurements. This can be overcome by using simulation model such as DNDC (Li et al., 1992a, 

1992b). 

b) Denitrification Decomposition Model Application(s) 

The DNDC model is commonly used to provide a comprehensive assessment of water, nutrient 

recycling, and crop biomass production (Li et al., 2015). Given the importance of linking 

agricultural practices to local conditions (Liu et al., 2006), DNDC was independently tested 

worldwide by many researchers (Brown et al., 2002; Cai et al., 2003; Grant et al., 2004; Kiese et 

al., 2005; Saggar et al., 2004; Smith et al., 2002, 2004; Xu-Ri et al., 2003). In particular, the DNDC 

was widely used to simulate greenhouse gas (GHG) emissions (Babu et al., 2006; Beheydt et al., 

2007; Grant et al., 2004; Li et al., 1996; Li, 2000), soil carbon (Wang et al., 2008), soil moisture 

(Kröbel et al., 2011), soil N (Li et al., 1994), and NO3 leaching (Deng et al., 2016; Ludwig et al., 

2011). The DNDC model describes the conversion of N in soil based on decomposition, urea 

hydrolysis, ammonia volatilization, as well as nitrification and denitrification reactions, which are 

the main sources of N2O emissions (Gilhespy et al., 2014). Abalos et al. (2016) used DNDC to 

assess the effect of fertilizer on minimizing the N2O emitted from the corn fields. Congreves et al. 

(2016b) evaluated N loss based on climate variability in eastern ON. In addition, due to its 

precision in simulating N dynamics, DNDC has been used to predict NO3 leaching in agricultural 

lands around the world (Brown et al., 2002; Hu et al., 2010; Li et al., 2006; Pathak et al., 2006; 

Stopes et al., 2002). 

Several studies have used DNDC to simulate N leaching under various tillage practices. Li et al. 

(2006) used field data from 9 different drainage tiles in Iowa from 1996 to 1999 and concluded 

that with limited modifications the DNDC model can be used successfully to predict NO3 leaching 

in agricultural areas. In addition, Farahbakhshazad et al. (2008) used DNDC to perform sensitivity 

analysis and to quantify the effect of different management regimens on NO3 loss, and found a 

reduction in NO3 leaching under no-till practices for corn and soybean production in Iowa. Li et 
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al. (2014) calibrated and validated DNDC to simulate N leaching and soil water contents in 

northern China. Huang et al. (2015) found that DNDC provides a reliable description of NO3 

leaching in China. Kwack and Kobayashi (2011) reported that DNDC can be used to assess NO3 

leaching in Japan. Tonitto et al. (2007b) found that DNDC provides an accurate estimation of NO3 

leaching from corn and soybean fields in Illinois.  

DNDC was validated for several crops to estimate their biomass production at different sites, such 

as the field of corn-soybean in Iowa (Farahbakhshazad et al., 2002). Also, DNDC was validated 

using experimental data to test the model’s ability to simulate N biogeochemical interactions in 

agricultural regions around the globe (Li et al., 1992a; Li, 2000). Furthermore, DNDC was tested 

against field data for NO3-N leaching in Illinois and was able to predict NO3-N concentrations 

(Tonitto et al., 2007b). Consequently, it is crucial to obtain site-specific data to calibrate the model 

due to differences in management practices, soil types, and weather conditions (Ludwig et al., 

2011). Thus, DNDC has the potential to estimate N transformation under different soil, climatic 

and management conditions (Li et al., 2006).  

c) The Canadian Version of Denitrification Decomposition Model 

The Canadian version of DNDC model (DNDCv.CAN) was developed in 2011 and was approved 

for use in any region of the world with temperate weather conditions (Smith et al., 2013a). 

DNDCv.CAN was developed by Kröbel et al. (2011) who evaluated the new Canadian spring 

wheat sub-model of DNDC (DNDC-CSW). Another improvement was made by Congreves et al. 

(2016b) in March 2016. At this stage, a new sub-model was incorporated into the DNDCv.CAN, 

which made it capable of predicting NH3 volatilization; this improvement enhanced the model 

ability to accurately evaluate N cycling and predict the overall N loss of agro-ecosystems. 

Dutta et al. (2016a) tested and revealed the ability of DNDC to estimate ET using the FAO56-PM 

equation for corn and spring wheat in eastern Canada. In addition, DNDCv.CAN was validated to 

predict NH3 volatilization and N2O emissions (Abalos et al., 2016; Congreves et al., 2016a; 

Congreves et al., 2016b; Uzoma et al., 2015). Consequently, DNDCv.CAN simulates trace gas 

emissions and the cycling of C and N in agricultural ecosystems (Li et al., 2012), along with crop 

expansion and volatilization of NH3 in cold and temperate environmental conditions (Smith et al., 

2013b). 
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Compared to other models, DNDC proved its reliability in simulating NO3-N leaching based on 

comprehensive and integrated details of N transformation, including soil microbe activities that 

driven the reactions of denitrification (Li et al., 2006). However, limited studies have investigated 

the effects of management practices and climatic conditions in different geographical areas on 

actual N loss from crop-lands relevant to dairy farming systems and still the capabilities of the 

DNDC model are not well documented (Gilhespy et al., 2014).  

Therefore, using a biogeochemical DNDC model is required to predict N leaching based on 

temporal and spatial characteristics of the plant and atmospheric ecosystems. Also, DNDC can be 

used to estimate the grey WF during propagation period in different agricultural areas. The 

outcome of this robust model provides a unique opportunity for the initiation of site-specific 

strategies to improve the efficiency of N use and to reduce the detrimental effects of N on water 

quality and environmental health.  

2.7. The Gap and Significance of the Study 

The assessment of WF for milk production is important to better understand the pressure of the 

agricultural sector on water resources and to optimize water utilization, with emphasis on the fact 

that crop and milk productions are highly associated with the problem of water scarceness (Ridoutt 

& Pfister, 2010a) and pollution (Ledgard et al., 2009). This is due to their high water demand to 

support the animals and the agricultural lands that are utilized for animals’ feed production (Neal 

et al., 2011).  

Limited studies have documented the water use of dairy farms at national level (Drastig et al., 

2010; Kampman, 2007; Zeitoun et al., 2010), despite the importance of this evaluation to address 

a large gap in existing knowledge (Chapagain & Tickner, 2012). A large number of studies have 

also failed to differentiate between the three components of WF and did not consider the grey WF, 

due to the limited capability to assess contaminant load in the true volume of water (Bocchiola et 

al., 2013; Jefferies et al., 2012; Vanham, 2015) which underestimate the problem. Consequently, 

the aggregated way in presenting the WF limits its usefulness as a criterion for different aspects of 

water utilization on dairy farming systems. Determining the level of pollutants is essential to 

enhance ecological sustainability and public health, also it reduces water scarcity as less water is 

required to restore its quality (Hoekstra et al., 2011). Evaluating the different components of water 
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utilized on different dairy farms, including those utilized for services and crop production, and the 

amount of discharged water and its nutrient contents, will enhance knowledge in this field 

especially for Kuwait as a country with limited water resources. The importance of this study 

extends to Canada as a water abundant country that needs to reserve water to face any future 

changes in weather conditions. Consequently, the assessment of WF is important for the 

development of strategic plans and  to set priorities based on environmental conditions for greater 

socioeconomic benefits (Schreier & Wood, 2013).  

This study is the first that evaluates the WF of milk and crop production for the Kuwaiti and 

Canadian dairy farming systems. Also, it is the only study that uses both site-specific and 

modelling tools (CROPWAT and DNDCv.CAN) to assess the total amount of water utilized for 

milk production in the two countries with contrasting weather conditions.  
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Chapter 3 

Blue and Grey Water Footprints of Dairy Farms in Kuwait a 
a This paper has been published: Al-Bahouh et al., Blue and Grey Water footprints of Dairy 
Farms in Kuwait. 2020, 12, 618-635. Journal of Water Resource and Protection. 

 

ABSTRACT 

In Kuwait, dairy farming faces challenges due to its significant water demand. The current 

study assessed seasonal water use to estimate the blue water footprint (WF) and grey WF per 

kg of fat protein corrected milk (FPCM) for confined dairy farming systems in Kuwait. Blue 

and grey WFs were evaluated using data from three operational farms. The average blue WF 

(L kg−1 FPCM) was estimated to be 54.5 ± 4.0 L kg-1 in summer and 19.2 ± 0.8 L kg-1 in winter. 

The average grey WF (generated from milk house wastewater) was assessed on bimonthly basis 

and determined based on its phosphate (PO4) concentration (82.2 ± 14.3 mg L−1) which is the 

most limiting factor to be 23.0 ± 9.0 L kg−1 FPCM d−1. The outcomes indicate that enhancing 

the performance of dairy cows and adopting alternative water management strategies can play 

a role in minimizing the impacts of confined dairy farming systems in Kuwait on water quality 

and quantity. 

Keywords: Kuwait; Blue water footprint; Grey water footprint; Fat protein corrected milk; Dairy 
farming system 
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Introduction 

Globally, there is an expansion in the dairy industry due to population growth and consumer 

preference toward high protein diets (Thornton, 2010), which has created pressure on freshwater 

resources (Viala, 2008). The dairy sector has a high water demand (Mekonnen & Hoekstra, 2012) 

and uses water directly for drinking and cleaning, and indirectly for animal feed production and 

pollutant assimilation (Huang et al., 2014).  

One of the greatest challenges accompanied with milk production is the limited awareness about 

the management of freshwater resources (Palhares & Pezzopane, 2015) and the unsustainable 

considerations in a water scarce country such as Kuwait.  

One of the tools that is used to explore the total amount of utilized water along the milk production 

cycle is the water footprint (WF). The WF is a multi-dimensional indicator that clarifies the time 

and location of water use and quantifies the amount of water required to assimilate chemicals in 

water bodies (Hoekstra et al., 2011). The WF can help reverse the trend in water depletion, as it 

provides information about the association between the effect of production on water quantity and 

quality (Hoekstra & Chapagain, 2008). The WF reflects the total water use by its components, 

which include the blue WF (surface and ground water depletion), and the grey WF (the water 

needed to dilute polluted water).  

On dairy farms, water is mainly used for drinking to maintain the productivity, cooling 

(thermoregulation), and cleaning of barns and milking centers. Even though the cleaning of 

milking equipment is critical to produce high-quality milk, it generates effluent water that has a 

negative impact on the environment due to the use of detergents that are high in their nitrate (NO3-

N), and phosphate (PO4) contents.  

In this context, evaluating the regional status by collecting farm-specific data on the amount of 

consumed and polluted water will help to improve the efficiency of water use per unit of milk 

production based on local resource availability and weather conditions as most of the studies that 

discussed the concept of WF did not consider the importance of exploring the different components 

of WF by using on-farm specific data that can vary based on environmental conditions and 

management practices. 
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In Kuwait there have been no previous studies that have evaluated the amount of water utilized on 

dairy farms. This data provides an opportunity to assess water use and seek sustainable production 

strategies based on local conditions (Witmer & Cleij, 2012). Accordingly, the objectives of this 

study were to estimate the blue WF, assess the seasonal patterns of water-use, determine the 

volume and composition of milk house wastewater, and estimate the grey WF of confined dairy 

production systems in Kuwait. 

2. Material and Methods  

2.1. Dairy Farm Management and Data Description  

The study was performed over two-years from Jan 2018 through Dec 2019. Data collection 

represent the direct water utilized on three confined dairy farms in the Sulaibiya area 

(29°28'56.0"N, 47°81'80.0"E) of Kuwait. The coordinates and management description of each 

farm are shown in Table 3.1. 

Table 3.1. The coordinates and detailed operational information for the three dairy farms in 
Kuwait. 
Farm Farm (A)              Farm (B)  Farm (C) 

Lat./Long. 29°15'41.5"N                  29°16'15.5"N                29°16'17.0"N 

47°47'45.6"E                   47°48'04.0"E                47°48'40.0"E 

Housing system Confined (zero grazing system)/Sand bedding 
Cooling system  Fans, cooling pads, and water spray 

No. of barns  4 8 2 

Barn size 15 m x 60 m 10.7 m x 107 m 49 m x 20 m 

Life span of lactating 
cows 

Lactating cows raised until 5 years (depending on the health 
condition). Lactating cows sold if the milk yield is 10 L or less & if the 

cow is not pregnant. 
Herd size Lactating cows: 83.0 

Non-lactating cows: 
59.0 

Lactating cows: 477.0 
Non-lactating cows: 

118.0 

Lactating cows: 123.0 
Non-lactating cows: 

92.0 
Milking frequency per 
day  

2 3 2 

Milking parlour 12 (rows) X 2 (lines) 

Water nozzle Used Not used 
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Type of animal housing systems, feed ration composition, water source and environmental 

conditions were almost identical among all three farms. In general, the differences between the 

farms were mainly represented by the source of imported animals (Holland or Germany), stock 

replacement intervals, the frequency of introducing local born calves to the milking herd and the 

sale of the male animals.  

Lactating Holstein cows were housed in traditional free-stall barns that are equipped with fans and 

water misters on the roof along with evaporative cooling pads on both ends of each barn to create 

a thermal comfort zone especially during the summer from May to Nov (average ambient 

Temperature (Temp) is 31.8oC).  

Desalinated potable water from a municipal source was the main water supply to all barns. Water 

flow meters (Ningbo Water Meter (NWM)) were fixed in different locations on each farm to 

measure the amount of water intake (WI) by lactating cows, spray water for cooling, and the 

amount of wash water generated. The water meters were calibrated based on VanderZaag et al. 

(2018) which was repeated every six months until the end of the study period (these validating 

data were excluded from the actual data set). The occasional loss of data occurred due to water 

meter failure or modifications in the farm(s). Data were imputed by linear regression, which aimed 

to preserve the relation between the missing data and the existing data under the same class (Zhang, 

2016). In addition, outlier values were removed if they exceeded 1.5 of the interquartile range 

(IQR). The water meter data were used to calculate the amount of water consumed per cow per 

day.  

The blue WF reflects the amount of water used for washing, cooling or as potable water relative 

to milk production, while the grey WF reflects the amount of polluted water especially that 

generated from the cleaning process of the milk house after each milking event. Potable WI by the 

lactating cows was measured on a biweekly basis by the water meters that were installed adjacent 

to the troughs. The amount of water delivered to the troughs was limited to their capacity which 

was controlled by a float valve. During the data recording period, the replacement of the lactating 

herds was monitored to calculate the consumption per cow per day. 

 



37 

For the entire monitoring period, the average WI for other animal categories including dry cows, 

heifers and calves was predicted from the average amount of drinking water in temperate 

conditions such as Ontario (ON)-Canada. This was achieved by referring to the fact that in arid 

environment the WI is two to four times that being consumed in moderate environment with Temp 

between 2-10oC (Holmes et al., 2013; Mcdowell & Weldy, 1967). 

In confined dairy farming systems in ON, the average WI of calves, heifers and dry cows was 12.0, 

22.0, and 35.0 L cow-1 d-1, respectively (Le Riche et al., 2017). Ward and McKague (2019) found 

that the average water consumption of calves, heifers and dry cows in ON was 9.1, 25.4 and 41.5 

L cow-1 d-1, respectively. 

The predicted WI for calves, heifers and dry cows in the summer under heat stress was calculated 

using the average of the following two equations:  

Fĝ 7TU	WU67WW = h	 ∗ Fgj																																											[Equation	1]	 

where, WIheat stress = Water intake in summer under heat stress ; K= Multiplicative constant 

(González Pereyra et al. (2010) reported that heat stress (THI 74.91-83.95) increases drinking 

water of Holstein dairy cows by 53.2%, thus K=1.532); WIw=Water intake in winter.  

FgW = h	 ∗ Fgj																																																					[Equation	2] 

where, WIs= Water intake in summer ; K= Multiplicative constant (Arias & Mader (2011) stated 

that beef cattle drink 87.3% more water in summer (P £ 0.01) compared to winter, thus K= 1.873). 

In the calculation of the amount of water consumed, it is important to include the dietary water 

(water present in the feed consumed). Dietary water is the difference between the “as-fed” and dry 

matter intake (DMI). However, metabolic water (water produced through oxidation of ingested 

food (Frank, 1988)) will be ignored as it represents a negligible amount compared to dietary water 

and WI (Beede, 2005; Harner et al., 2013). Moisture content of the feeds, along with the DMI and 

dry matter content (DMC) of the feed ration for lactating, dry cows, heifers and calves in Kuwait’s 

dairy farms are shown in Table 3.2. 
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Table 3.2. Indicative calculations of seasonal dietary water (DW, kg) of feed rations for 
different animal categories in Kuwait’s confined dairy farming systems. 

Ingredient Season As Fed (kg) DMI (kg)c DMC%d DW (kg) 

Lactating 
Cows 

Winter a 29.0 21.0 72.4 8.0 

Summer b 27.0 19.0 70.4 8.0 

Dry Cows Winter 25.0 16.5 66.0 8.5 

Summer 23.0 16.0 69.6 7.0 

Heifers 

(3-24 mo) 

Winter 14.5 11.3 77.9 3.2 

Summer 14.0 10.3 73.6 3.7 

Calves  Winter 3.7 3.3 89.2 0.4 

(1-3 mo) Summer 3.7 3.3 89.2 0.4 
a December to April. 
b May to November. 
c Dry matter intake. 
d Dry matter content. 

 

The average daily milk yield (MY) and the milking herd size during the study period were provided 

by the farmers. The concentrations of fat and protein in milk samples were obtained on a monthly 

basis after being analyzed by the milk analyzer (Lactoscan) via cooperation with a local lab in 

Kuwait. The average monthly MY (L cow-1 d-1), fat and protein contents (%) of milk samples for 

the two-year period are shown in Table 3.3. 
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Table 3.3. The average monthly milk yield (MY, L cow-1 d-1), fat (%) and protein (%) 
contents of milk samples*. 

 Farm (A) Farm (B) Farm (C) 

Month MY Fat Protein MY Fat Protein MY Fat Protein 

January 19.6 3.2 4.3 22.1 2.2 4.3 19.7 2.2 4.1 

February 21.0 3.1 4.1 21.6 3.4 4.1 19.4 2.2 4.1 

March 20.6 3.1 3.9 21.5 3.4 4.1 17.9 2.0 4.1 

April 17.6 2.9 3.9 19.9 2.9 4.0 17.1 1.5 3.3 

May 17.6 2.9 3.9 19.7 3.0 4.0 16.1 1.6 3.8 

June 17.6 2.9 3.9 18.8 2.8 4.0 11.7 1.8 3.5 

July 17.4 3.0 3.9 18.6 3.4 4.1 10.6 2.4 3.5 

August 17.1 3.0 3.9 17.9 2.8 4.0 9.1 2.4 3.7 

September 15.7 3.0 4.0 18.2 2.9 4.0 7.1 2.6 3.8 

October 15.5 2.9 4.0 18.0 2.8 4.0 9.5 2.5 3.7 

November 16.6 2.8 4.0 20.7 3.1 4.0 11.1 2.5 3.8 

December 17.0 3.0 3.9 20.8 2.9 4.0 13.4 2.4 4.1 
*Average of two-year period (2018-2019). 

Data of the wash water used for the cleaning of parlour/tank and holding area in addition to the 

data of spray water that operated only during the summer months (May to Nov) were recorded by 

water meters along the duration of the study. 

Weather data for the study period including the average Temp (oC), relative humidity (RH) and 

precipitation (PPT, mm) were obtained from the Kuwait International Airport Station (KIAS) 

which is 20 km away from the locations of the dairy farms. Temperature (oC) and RH (%) were 

used to calculate the Temperature Humidity Index (THI) according to the equation of Lefcourt and 

Schmidtmann (1989): 
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4qg = 0.80	t	4uHv + wq	t	(4uHv − 14.30) + 46.30															[Equation	3] 

where, Temp: Dry Bulb Temperature (oC); RH: Relative Humidity in decimal form. 

The reduction in THI due to the use of cooling systems (e.g. fans and sprinklers) during the summer 

season in the confined dairy farming system in Kuwait was estimated by the use of St-Pierre et al. 

(2003) equation as follows: 

	4qgTc{ = −17.6 − (0.36 ∗ 4uHv) + (0.04 ∗ wq)																[Equation	4] 

where, THIadj: Adjusted Temperature Humidity Index. 

2.2. Blue WF Calculation  

The blue WF was calculated per unit of one kg of FPCM (Palhares et al., 2020; Palhares & 

Pezzopane, 2015) by dividing the total on farm water utilization (wash water, spray water for 

cooling and drinking water) in addition to the water content of milk by the FPCM (Le Riche et al., 

2017; Mekonnen & Hoekstra, 2010a). 

The blue WF (L kg-1 FPCM) is expressed as: 

}~�u	FG =
Fc6b8Äb85 +FjTW^b85 +FWR6TÅ +FR6Qc

G>ÇÉ 														[Equation	5] 

where, Blue WF = blue water footprint (L kg-1); Wdrinking= total water intake (L cow-1 d-1); Wwashing= 

milking parlour wash water (L cow-1 d-1); Wspray= cooling water (L cow-1 d-1); Wprod= water in milk 

that estimated to be 87% per kg of milk based on Ward and McKague (2019); FPCM= fat protein 

corrected milk (kg cow-1 d-1) that expressed by IDF (2015) to adjust the fat and protein contents of 

milk to 4.0% and 3.3%, respectively. 

G>ÇÉ = ÉÅb7Ac	t	Ö0.1226	t	ÜÉ?TU%à + 0.0776	t	ÜÉR6QU7b8%à + 0.2534â							[Equation	6] 

where, Myield: Milk yield (kg d-1); Mfat%: Fat content of milk (%); Mprotein%: Protein content of 

milk (%). 
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2.3. Grey WF Calculation 

Grey WF is a quantification of water volume required to restore water quality. Typical milk house 

effluent water consists of surplus milk, water, detergent, acid and manure generated from the 

washing after each milking event to clean and disinfect the floor, cows and equipment accessories.  

Samples of the milk house effluent water were collected to quantify the nutrient content of the 

grey water. The pollutants considered are the nitrate (NO3-N) and the total phosphate (PO4) due to 

the use of cleaning agents that are rich in their phosphate content (Singh et al., 2007) along with 

milk residue. The presence of milk in effluent water, at a 1% concentration, increases the PO4 by 

12 mg L-1 and N by 55 mg L-1 (Richmond, 1997). Likewise, the NO3-N in effluent water could be 

detected due to the manure loss (Harter et al., 2002; Sahoo et al., 2016). 

From each dairy farm, three samples were collected from the drain of the milk house at the end of 

milking and washing event and another three samples from the inlet (clean water) on bi-monthly 

basis between Jan to the end of Nov 2019 with a total of 108 samples for each farm. These samples 

were analyzed in triplicate for their NO3-N and the PO4 contents to ensure the precision of 

measurements. The analyses were done by a certified lab, using the ISO 7890-1-1986, and EPA 

365.2+3 (EPA, 2017; ISO, 1986) standard methods for the analysis of NO3-N and PO4, 

respectively. The grey WF was calculated using the concentration of each nutrient in the effluent 

water if it exceeds the maximum acceptable level of 10 mg L-1 for NO3-N based on Ontario 

drinking water quality standards (2002) and Jordanian standard (Al-Hamaiedeh & Bino, 2010); 

and 30 mg L-1 for total PO4 based on Kuwait Environmental Protection Agency (KEPA) (Abusam 

& Shahalam, 2013; Al-Shammari et al., 2013), otherwise the grey WF value is assumed to be zero 

(Vergé et al., 2017). 

The grey WF (L d-1) is expressed by Franke et al. (2013) as: 

Grey	WF =
Ç7??AB − ÇjTU76
Ç\Tã − Ç8TU

å	37??AB																															[Equation	7] 

where, Eefflu: Effluent volume (L d-1); Cefflu: Concentration of pollutants (NO3-N or PO4) in effluent 

water (mg L-1); Cwater: Concentration of inlet (clean) water (mg L-1) that was assumed to be zero; 
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Cmax: Maximum acceptable concentration (mg L-1); Cnat: Inlet water concentration (mg L-1) that was 

assumed to be zero. 

2.4. Statistical Analysis 

The statistical analysis was conducted using R statistical software 3.4 for Windows (R 

Development Core Team, 2013) to show the overall effect of farm, season and THIadj as 

independent variables on the average WI, MY, wash water, FPCM, total water and the blue WF 

as dependent variable(s). The linear regression model is: 

ç = }Q	 +	}N	tN	 +	}é	té	 + }I	tI	 + 	u																											[Equation	8]	 

where, Y (dependent variable): the average WI, MY, wash water, total water use, FPCM, and blue 

WF, Bo: coefficient of constant term (intercept), Bn: slope of regression line, Xn: independent 

variable value, and e: error term. A p-value of £ 0.05 was considered significant. 

For the grey WF, linear regression analysis was conducted to show the effect of farm and sample 

collection period (month) as independent variables on the amount of effluent water, nutrient 

content (PO4 or NO3) and grey WF as dependent variable(s). 

The linear regression model is: 

ç = }Q	 +	}N	tN	 +	}é	té	 + 	u																[Equation	9]	 

where, Y (dependent variable): effluent water, nutrient content (PO4 or NO3) and grey WF, Bn: 

slope of regression line, Xn: independent variable value, and e: error term. A p-value of £ 0.05 was 

considered significant. 
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2.5. Results and Discussion 

 

2.5.1. Weather Conditions 

During the study (Jan 2018 through Dec 2019), the average Temp and RH of the Sulaibiya area 

was 27.6 ± 2.8˚C and 38.1 ± 5.1%, respectively. The average THI was 72.1 ± 2.7 and the average 

THIadj during the summer season was 44.5 ± 1.7. The average monthly Temp (˚C), RH (%), PPT 

(mm), THI and THIadj are shown in Figure 1. During the month of July in summer season, the 

maximum Temp was 40.1˚C, THI 82.1 and THIadj 50.3, while in the short winter season (Dec to 

April) Temp reach 14.5˚C and THI 58.0. The average monthly PPT in Kuwait varied from 0.0 to 

133.7 mm.  

 

 

 

0.0

20.0

40.0

60.0

80.0

100.0

120.0

140.0

160.0

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec

Te
m

pe
ra

tu
re

 (o C
), 

PP
T 

(m
m

)

TH
I (

un
itl

es
s)

 
RH

%

ppt RH THI THI adj Temp
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Kuwait (2018-2019) 
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2.5.2. Water Intake of Different Animal Categories 

The average daily WI per animal category was measured for lactating cows and estimated for all 

other categories. The average WI including dietary water was 100.6 ± 1.8 L d-1 for lactating cows, 

66.1 ± 0.5 L d-1 for dry cow, 40.3 ± 0.3 L d-1 for heifers (1 year), and 17.9 ± 0.1 L d-1 for calves 

(Table 3.4). The WI for lactating cows is comparable with Shapasand et al. (2010) who estimated 

the WI under average THI of 82.0 to be 118.2 L d-1 and Solomon et al. (1995) who found that WI 

in a region with an average Temp of 37.5oC to be 128.0 L cow-1 d-1. In addition, the WI values for 

other animal categories agree with the estimated values as shown in Table (3.4). The high rate of 

water consumption is critical for the dairy cows to cope with the heat stress in Kuwait. In summer, 

the average Temp and THI in Kuwait were 34.00 ± 0.70oC, and 78.4 ± 0.6, respectively which are 

beyond the thermal comfort zone of dairy cows (26oC) (Solomon et al., 1995). Under this high 

heat stress cows consume more water to compensate for high dehydration rates (Maltz et al., 1984). 

Dairy cattle to acclimatize with Temp of 32oC compared with 2 -10oC  need to drink two to four 

times more water (Mcdowell & Weldy, 1967). Studies have shown that WI is positively correlated 

with Temp (National Research Council [NRC], 1989), given the preference of cows for warmer 

water (Anderson, 1985; Lanham et al., 1986). 

Table 3.4. Estimated and measured water intake (WI, L cow-1 d-1) of different animal 
categories on confined dairy farming systems. 

 

 

Measured Estimated 

 WI a WI b WI c WI d DW e Overall f 

Dairy cows  100.6 ± 1.8 - - - 8.0 - 

Dry cows  - 66.1 ± 0.5 59.4 72.6 7.6 67.1- 80.3 

Heifers  

(1 year)   

- 40.3 ± 0.3 36.3 44.3 3.5 39.7- 47.8 

Calves  - 17.9 ± 0.1 16.1 19.7 0.4 16.5 – 20.1 
a Measured WI of Holstein dairy cows (n=689) in Kuwaiti dairy farms during the period of 24 month (mean ± SE). 
b Computed by the use multiplicative factor to the average WI values of Le Riche et al. (2017) and Ward and McKague (2019) which are 10.5, 
23.7 and 38.8 L cow-1 d-1 for calves, heifers and dry cows, respectively. 
c WI is estimated by increasing the average WI values of Le Riche et al., (2017) and Ward and McKague (2019) by 53.2% based on equation (1). 
d WI is estimated by increasing the average WI values of Le Riche et al., (2017) and Ward and McKague (2019) by 87.3% based on equation (2). 
e Dietary Water based on the feed rations of dairy farms in Kuwait. f Estimated WI values and DW. 
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2.5.3. Seasonal Effect on Milk Production, Total Farm Water Utilization and Blue WF  

a- Milk Production 

During the study, the average number of lactating cows was 83.0 ± 2.0, 477.0 ± 0.4 and 123.0 ± 

1.5 for farms A, B and C farms, respectively. The average number of non-lactating animals (calves, 

heifers and dry cows) was 59, 118 and 92 for farms A, B and C, respectively as shown in Table 

3.1. Throughout the study, the average milk production was 17.0 ± 0.4 L cow-1 d-1 (Table 3.5) and 

ranged from 15.5 ± 0.6 L cow-1 d-1 in the summer to 19.3 ± 0.4 L cow-1 d-1 in the winter. The effects 

of farm (P £ 0.0001) and season (P £ 0.001) were significant. These results agree with Razzaque 

et al. (2009a) who studied the MY of 25 locally born and adapted Holstein lactating cows and 

found that it was 16.9 L cow-1 d-1. Milk production of imported pregnant Holstein heifers in Kuwait 

ranged from 8.2 to 14.8 L cow-1 d-1 (Razzaque et al., 2001; Worker et al., 1995). Another 

investigation evaluated the performance of dairy heifers in Kuwait over 8-yrs and found that the 

average MY of lactating cows was 10.7 L cow-1 d-1 (Razzaque et al., 2009c), which revealed an 

adaptation problem to Kuwait’s climate when compared with the performance of these cows in 

their country of origin (Armstrong, 1994). 

The low rate of MY in summer compared to winter is consistent with the recognized seasonal 

pattern of MY (Salfer et al., 2019). Geers et al. (2014) reported that milk production decreased 

when Temp was > 16oC. In the current study, the average fat and protein contents of milk produced 

in Kuwait was 2.7 ± 0.0% and 3.9 ± 0.0%, respectively with similar values between seasons. 

However, our milk fat content was lower than that reported by Razzaque et al. (2009a) which was 

3.1%, while the milk protein content was higher compared with 3.1% reported by the same study. 

The low-fat content could be due to milk fat depression resulting from an interaction between 

microbial activities and metabolism. This may have resulted in inhibition of milk fat synthesis by 

mammary glands (Bauman & Griinari, 2003). In addition, these differences in fat and protein 

contents could be due to genetic factors, farm management practices along with other reasons 

related to the components of feed rations or water quality and its availability to the herd. The 

overall average FPCM was calculated to be 15.3 ± 0.4 kg cow-1 d-1 over the 24-month period (Table 

3.5).  
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b- Total Farm Water Utilization 

The overall average water utilized on the confined dairy farms was 505.2 ± 22.6 L cow-1 d-1 of 

which 218.9 ± 2.5 L cow-1 d-1 (43.3%) was for drinking, 194.7 ± 22.9 L cow-1 d-1 (38.5%) was for 

spray and 58.9 L cow-1 d-1 (11.7%) was for cleaning of milk house (Table 3.5). The farm 

management (P £ 0.001), season and THIadj (P £ 0.0001) had a significant effect on the total amount 

of water used on the farm which was higher in summer (636.8 ± 31.1 L cow-1 d-1) compared to the 

winter (314.3 ± 4.4 L cow-1 d-1).  

In winter, the main components of water use were associated with WI (69.5%) followed by 

washing of milking parlour (19.4%), dietary and milk water (11.8%). However, during the 

summer, most of the water used on the farm was associated with the cooling system (either in the 

barns or milking parlour). In the summer, the cooling (spray) water accounted for about 51.7% of 

the daily water use, followed by WI (34.4%) and wash water (9.0%). The volume of the wash 

water was varied based on the farm (P £ 0.0001) and THIadj (P £ 0.001), which is consistent with 

the conclusion of Harner et al. (2013) and Janni et al. (2009) who reported that water used on 14 

dairy farms in Minnesota was between 8.6 to 35.3 L cow-1 d-1 and was varied from 140 to 400% 

due to several reasons including animal performance and weather conditions.  

Average WI of dairy livestock ranged from 218.4 ± 2.6 L cow-1 d-1  in winter to 219.2 ± 3.8 L cow-

1 d-1 in summer which is consistent with the results of the NRC (2001) and with the findings of 

Murphy et al. (1983) and West (2003). Additionally, Gorniak et al. (2014) found that as THI 

increased over 30, the WI by lactating cows increased. The high WI of cows in Kuwait is likely 

due to the high Temp combined with the THI value (78.4 ± 0.6), which was adjusted to 48.5 ± 0.3 

based on the use of cooling pads and spray water systems to reduce the effect of heat stress on the 

cows. Similarly VanderZaag et al. (2018) reported a high rate of WI by lactating cows in summer 

compared to winter. However, in the current study, the water used in washing the milking parlour 

was 58.9 ± 2.3 L cow-1 d-1 (ranged from 57.5 ± 3.0 in summer to 60.9 ± 3.4 in winter), which is 

higher than the average value in temperate conditions. Robinson et al. (2016) reported that the 

average wash water for tie stall barns in ON was 30.2 L cow-1 d-1. VanderZaag et al. (2018) reported 

an average value of 28.1 L cow-1 d-1 for washing the milking system. The high rate of water utilized 

for washing in Kuwait could be due to the use of the high volume hoses (without a trigger valve) 
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to clean the milking parlour, equipment and milk tank throughout the milking event, coupled with 

the harsh weather conditions and the design of the housing system that governs the cleaning 

process.  

c- Blue WF 

The average whole farm blue WF (L kg-1 FPCM) was estimated to be 40.1 ± 2.8 L kg-1. On a 

seasonal basis, the blue WF (L kg-1) was 19.2 ± 0.8 in the winter and 54.5 ± 4.0 in the summer. 

The effect of farm, season and THIadj (P £ 0.0001) was significant. The blue WF was affected by 

the changes in water utilization and milk production. The blue WF was negatively correlated with 

milk production (r= -0.73) and positively associated with the total farm water utilization (r= + 

0.74).  

Our findings showed that the whole farm water utilization was higher in summer as water spray 

and WI increased. Armstrong (1994) and Fuquay (1981) concluded that hot weather conditions 

especially during summer depressed the performance and milk production of lactating cows. 

However, to reduce the effect of heat stress a protocol of cooling by ventilation, shade, spray and 

fans were implemented on dairy farms in Kuwait. This cooling program aims to reduce the effects 

of heat stress that were conveyed in the value of THIadj, which proved to be successful in alleviating 

the effect of high ambient THI.  

The increase in WI during the summer was not accompanied with an increase in milk production.  

Murphy et al. (1983), found a positive correlation between milk production, WI and the minimum 

Temp. Likewise, the same relationship was found by Cardot et al. (2008). However, for Kuwait’s 

dairy farms, the quality of water and the level of total dissolved solid (TDS) could negatively affect 

the rate of milk production and the effectiveness of WI under heat stress condition as identified by 

Shapasand et al. (2010) and Challis et al. (1987). Additionally, other factors such as airflow, solar 

radiation, high RH%, animal stress and health state may contribute to the differences in the rate of 

milk production by lactating cows. 
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Table 3.5. Milk production, weather conditions, seasonal water utilization and the blue WF 
of confined dairy farming systems in Kuwait. 

Season a Winter Summer Overall Average SE 

Milk Production & Weather Conditions  

Milk production  

(L cow-1 d-1) 

19.3 ± 0.4b 15.5 ± 0.5 17.0 0.4 

Fat (%) 2.7 ± 0.1 2.7 ± 0.1 2.7 0.0 

Protein (%) 4.0 ± 0.0 3.9 ± 0.0 3.9 0.0 

FPCM c 17.3 ± 0.4 13.9 ± 0.5 15.3 0.4 

Temp (oC) 18.9 ± 0.5 34.1 ± 0.7 27.9 0.8 

RH (%) 49.2 ± 1.5 29.8 ± 1.9 37.7 1.5 

THI 63.5 ± 0.7 [78.4 ± 0.6] 63.5 0.7 

THIadj 
d - 48.5 ± 0.3 48.5 0.3 

Farm Water Utilization & the Blue WF  

Average WI e 218.4 ± 2.6 219.2 ± 3.8 218.9 2.5 

Total Spray water f* n/a 329.0 ± 31.5 194.7 22.9 

Wash water f** 60.9 ± 3.4 57.5 ± 3.0 58.9 2.3 

Dietary water f 22.0 ± 0.0 19.0 ± 0.0 19.4 0.0 

Water from milk f 15.0 ± 0.4 12.1 ± 0.4 13.3 0.3 

Total f 314.3 ± 4.4 636.8 ± 31.1 505.2 22.6 

Blue WF g 19.2 ± 0.8 54.5 ± 4.0 40.1 2.8 
a Winter from December to April (151 day), Summer from May to November (214 day). 
b means ± SE (n= 49 observation for each farm, 689 total number of cows). Note: Total or average value could differ due to rounding. 
c Calculated based on IDF (2015). 
d THIadj for summer season only. 
e Measured WI values (L cow-1 day-1) of lactating cows along with extrapolated values for the dry cows, heifers and calves. 
f Unit: L cow-1 day-1 
g L water kg-1 FPCM; L of water = kg of water 
* Total spray includes the water used to spray the cows in barns and milking parlour to reduce heat stress during the summer season only. 
** Wash water includes water used for washing of cows, milking parlour, and equipment in milk house. 
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2.5.4. Milk House Wastewater and the Grey WF  

Effluent water on dairy farms consists mainly of rinse water from the milking parlour, spillage of 

milk residue, urine and manure runoff (Cannon et al., 2000; Moir et al., 2005). The operations in 

the milking house require systematic cleaning of the dairy cows, floor area and equipment, which 

generates wastewater. The calculation of grey WF for dairy farms is based on the assumption that 

if the actual nutrient concentration is £ the maximum acceptable concentration (MAC) discharge 

level, then no further dilution or treatment for the effluent water is required, and grey WF is zero. 

- NO3-N and PO4 Concentrations of Milk House Wastewater 

The concentration of NO3-N in effluent water ranged from 4.2 ± 0.7 mg L-1 to 12.3 ± 1.8 mg L-1 

with an overall average of 8.8 ± 1.2 mg L-1. However, it is not a serious problem as its concentration 

was < 10 mg L-1 (Ontario Reg 169/03, 2020). Mantovi et al. (2003) and Morin et al. (2008) similarly 

reported that the wash water generated from the milk house was characterized to have 0.3 to 6.5 

mg L-1 NO3-N, respectively. However, the concentration of PO4 was found to be a problem in 

Kuwait’s dairy farms. Based on the KEPA guidelines, the maximum acceptable level of PO4 in 

effluent water is 30 mg L-1.  

The analysis of milk house wastewater showed that the PO4 concentration was 75.2 ± 25.6 mg L-1 

for farm (C), 66.2 ± 17.3 mg L-1 for farm (B) and 105.2 ± 31.5 mg L-1 for farm (A) with an overall 

average of 82.2 ± 14.3 mg L-1. The PO4 content was affected significantly by farm (P£ 0.05) and 

the month of sample collection (P£ 0.0001). 

The high concentration of PO4 is due to the use of different detergents as well as the presence of 

cow urine, manure and milk in the wash water (Kroiss et al., 2011; White & Burken, 1999). 

Mantovi et al. (2003) and Morin et al. (2008) stated that the wash water generated from the milk 

house has a PO4 content of 61.3 to 306.5 mg L-1. In addition, Singh et al. (2007) found a different 

concentration of PO4 based on farm size which was 413.3 mg L-1, 341.1 mg L-1 and 192.9 mg L-1 

for large, medium and small farms, respectively. The PO4 content in milk house wash water in 

Kuwait was higher than Janni et al. (2009) for 14 dairy farms, which was 56 mg L-1 due to different 

weather conditions and management practices.  
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To estimate the grey WF, the PO4 concentration in the effluent water must be diluted within the 

MAC. The daily effluent water for farms (C), (B) and (A) was 24,501.9 ± 9,503.3 L d-1, 14,217.3 

± 1,692.6 L d-1, and 5,648.8 ± 404.8 L d-1, respectively. Accordingly, the grey WF was 50,774.7 ± 

20,066.0 L d-1 for farm (C), 34,054.9 ± 11,340.1 L d-1 for farm (B) and 21,126.7 ± 6,820.1 L d-1 for 

farm (A). Effluent water and grey WF per day were affected significantly by farm (effluent water 

(P £ 0.0001); grey WF (P£ 0.01)) and the period of sample collection (P £ 0.01). 

The effluent water per lactating cow was 208.9 ± 81.4 L cow-1 d-1, 29.7 ± 3.5 L cow-1 d-1 and 55.5 

± 5.8 L cow-1 d-1 for farm (C), farm (B) and farm (A), respectively. Consequently, the grey WF 

was calculated to be 432.4 ± 172.0 L cow-1 d-1 for farm (C), 71.2 ± 23.7 L cow-1 d-1 for  farm (B), 

and 215.2 ± 76.8 L cow-1 d-1 for farm (A). Grey WF per animal basis was affected significantly by 

farm (P £ 0.0001) and month of water sample collection (P £ 0.1).  

The grey WF per FPCM (L kg-1 FPCM d-1) was estimated to be 52.1 ± 22.4 for farm (C), 3.4 ± 1.3 

for farm (B) and 13.6 ± 5.1 for farm (A) with an overall average of 23.0 ± 9.0. The grey WF per 

FPCM was affected significantly by farm (P £ 0.0001) and the period of sample collection (P £ 

0.01). 

In Kuwait, the variation in the average level of PO4 in effluent water (PO4 concentration was 75.2 

± 25.6 mg L-1, 66.2 ± 17.3 mg L-1 and 105.2 ± 31.5 mg L-1 for farm (C), farm (B) and farm (A), 

respectively) could be due to the variation in the effluent volume and nutrient status between farms 

along with the type and amount of pipeline chemicals used, washing duration and frequency 

(Cumby et al., 1999) that influenced by the amount of animal excretions (urine/feces), PPT level 

and the balance between pipeline wash water and manure runoff. Commonly, as the herd size 

increases, the volume of effluent water per animal decreases (Martínez-Suller et al., 2010). 

Nevertheless, sometimes there is no correlation between herd size and the volume of washing 

water, suggesting that the capacity of milking parlour and PPT level can have a major effect 

(Brewer et al., 1999).  

In general, the grey WF of dairy farms in Kuwait contributes to water depletion and deterioration. 

The dilution of water to reach the acceptable level is a burden that should be considered by finding 

alternative solutions to manage water. This can be achieved using various treatment methods 
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including constructed wetlands that are considered to be an effective in allowing for water re-use 

and treatment as they remove > 95% of pollutants (Tousignant et al., 1999).  

The determination of the compositions of effluent water for dairy farms is critical as there are no 

previous assessments in Kuwait for the volume and nutrient contents of milk house effluent water. 

This will enable farmers to plan for strategies to manage wastewater on their farms to reduce the 

cost and increase the efficiency of water utilization.  

Conclusion 

The determination of the blue and grey WFs for dairy farms in Kuwait reflects the high 

pressure on water resources and provides an opportunity for farmers to shift towards improving 

water use efficiency. 

Adopting the WF concept as a sustainability indicator along with best management practices to 

enhance the livestock performance and the efficiency of water use will reflect positively on the 

dairy sector. This is critical to ensure the continuous availability of the limited water resources 

to serve the domestic dairy sector in order to cover the local demand for dairy products. 
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Chapter 4 

Seasonal Blue Water Footprint of Dairy Farming Systems in Ontario-Canada and the 
Potential of Water Conservation 

 

ABSTRACT 

Determining the blue water footprint (WF) of confined dairy farming systems in Ontario (ON)- 

Canada and evaluating the seasonal pattern of water use along with the efficiency of water 

conservation strategies are important due to limited data that described the actual rate of water use 

per liter of milk production. A water footprint network (WFN) method and the “Ontario’s 

agricultural planning tools suite” (AgriSuite) were used to assess farm water utilization, blue WF 

and the benefits of adopting water conservation protocols.  

Results showed that the total water utilized (L cow-1 d-1) and the average blue WF (L H2O kg-1 

FPCM) using site-specific data was 323.3 ± 5.7 L cow-1 d-1 and 10.8 ± 0.2 L kg-1, respectively. The 

AgriSuite outputs showed that the total water use and the blue WF was 269.1 ± 6.0 L cow-1 d-1 and 

8.5 ± 0.1 L kg-1, respectively.  

However, using AgriSuite software to assess the effect of reusing plate cooler water and using 

wash water to clean the barn areas showed that these practices can reduce the average milk house 

wash water to 17.3 ± 0.1 L cow-1 d-1 compared to 62.0 ± 5.2 L cow-1 d-1. 

This study clarifies the benefits of farm-specific data along with modelling tools to assess the 

actual rate of water use, and the potential effect of water conservation. Also, the results highlight 

that adopting water saving measures can reduce pressure on local water resources.  

 

Keywords: Dairy farming system; Blue water footprint; Ontario (Canada); Fat protein corrected 
milk (FPCM); AgriSuite software; Water conservation.  
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Introduction 

Globally, the dairy farms are considered to be a water intensive systems due to their significant 

contribution to fresh water depletion (Owusu-sekyere et al., 2016). Mekonnen and Hoekstra 

(2010a) estimated that the annual water required for global animal production was 2422 Gm3 given 

that 19% of this water was used for dairy production. The expansion of dairy sector to cover the 

increasing demand for milk all over the world creates pressure on fresh water resources (Molden, 

2007) and competition between water and food supply sectors (Strzepek& Boehlert, 2010). 

Therefore, it is important to estimate the rate of water utilization and the WF of dairy farms for the 

sustainability of milk production systems (Palhares & Pezzopane, 2015). 

The WF is the total volume of water required for the production of final products (Hoekstra and 

Chapagain, 2008), and it reflects the direct water used for drinking and cleaning of dairy livestock 

and the indirect water embedded in animals’ feed. In the current study the focus is on the blue WF 

that support the direct on farm water requirements. 

The assessment of WF can be achieved using site specific data or modelling tools to evaluate the 

different water conservation strategies and to increase the efficiency of water use. One of these 

modelling tools is the “Ontario’s agricultural planning tools suite” (AgriSuite) developed by the 

Ministry of Agriculture, Food and Rural Affairs (OMAFRA) as part of “nutrient management 

planning software” (NMAN). AgriSuite is a tool for best management practices to determine the 

ideal method to manage and decrease the amount of wastewater in order to limit their impacts on 

the environment (OMAFRA, 2020c) depending on descriptive information for the farming 

systems.  

Water conservation and the management of plate cooler water is important to maintain the 

environmental sustainability by reducing the pressure of expanded dairy farm facilities. Reducing 

the rate of water utilization and the amount of water in manure tank is vital to minimize its 

detrimental effects on water quality due to its high organic matter, pathogen and nutrient contents 

along with its association with methane emission that contributes to the problem of global warming 

(Alaswad et al., 2016). 
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Despite the high demand of dairy production systems on water resources and their effects on the 

environment, limited studies discussed that association. In addition, a shortcoming of the reviewed 

studies reflected by the use of historical statistics (Mekonnen & Hoekstra, 2010; Palhares & 

Pezzopane, 2015) and governmental data with no indication of the method of calculation (Piquette, 

2015) which affect the accuracy of the assessment.  

The assessment of the rate of water utilization is important for the dairy sector even in water rich 

countries such as Canada (Statistic Canada, 2018) that has one of the lowest WF value of 20 L of 

H2O kg-1 milk (Lafontaine & Michel Couture, 2012). This is due to the need for an updated and 

actual WF value that can reveal any unsustainable practices in the dairy sectors in order to increase 

the efficiency and productivity of water use. Indeed, the water associated with various milking and 

environmental conditions was poorly reflected (Zonderland-Thomassen & Ledgard, 2012) and 

there are limited studies that investigate the WF of dairy farms in Canada (James & Wescoat, 

2014). In addition, WF assessment is crucial to addressing the impact of any future changes in 

weather conditions in Canada, such as the increase incidence of droughts and heat stress that 

reduces the forage and crop production, on the rate of milk production (Rojas-Downing et al., 

2017).  

Improving our understanding of water use on dairy farms in Ontario (ON)-Canada is crucial to 

develop strategies that support the sustainability of dairy farms.  

Accordingly, the objectives of the current study are to: 

• Assess the seasonal pattern of water use on confined dairy farming systems in ON-Canada. 

• Estimate the blue WF of confined dairy farming systems in ON-Canada.  

• Compare the water use on confined dairy farming systems in ON-Canada with the simulated 

data by AgriSuite software and to determine the effect of water conservation strategies. 
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2. Material and Methods 

2.1. Farm specific data for blue WF calculation 

The blue WF of confined dairy farms in ON during different seasons of the year was estimated 

using the Water Footprint Network (WFN) method of Hoekstra et al., (2011). The blue WF of milk 

production was calculated per unit kg of FPCM (Palhares et al., 2020; Palhares & Pezzopane, 

2015) by dividing the total amount of water utilized on the farm (washing, cooling and drinking 

water) along with the water content of the milk by the FPCM (Mekonnen & Hoekstra, 2010a). 

The blue WF (L H2O kg-1 FPCM) is expressed as:  

}~�u	FG =
F(c6b8Äb85) +F(jTW^b85) +F(WR6TÅ) +F(R6Qc)

G>ÇÉ 																																						[Equation	1] 

where, W(drinking) = Total water intake (L cow-1 d-1); W(washing) = milking parlour washing 

water (L cow-1 d-1); W(spray)= spray water for cooling (L cow-1 d-1); W(prod)= water in milk (87% 

H2O kg-1 milk based on Ward and McKague (2019)); FPCM= fat protein corrected milk (kg cow-

1 d-1) based on IDF (2015) which estimated as:  

G>ÇÉ = Éê~ëÅb7Ac	t	Ö0.1226	t	ÜÉê~ë?TU%à + 0.0776	t	ÜÉê~ëR6QU7b8%à + 0.2534â			[Equation	2] 

Data of nine confined dairy farms in ON were used (Robinson et al., 2016). The study was 

conducted over a 20-month period from May 2013 to Dec 2014. Total-in-barn water utilization 

including water intake (WI) of dairy cows and water used for washing in the milk house was 

recorded on a monthly basis.  

The annual milk yield (MY), protein (%) and fat (%) obtained from Robinson et al. (2016) were 

rescaled to monthly data by multiplying each farm data (x) by a constant or correction factor (k) 

to transform (x) to f(x) where both (k) and (x) are measured (real) data (Aziz et al., 1989; Yapi-

Gnaoré et al., 1997).  The rhythms of monthly MY, protein and fat of Holstein dairy cows over 12 

month period under North America weather conditions were adopted from Salfer et al. (2019). 

This data was extracted using the “web plot digitizer” software. The data of MY, fat and protein 

that was extracted from Salfer et al. (2019) and used to calculate the monthly MY, fat and protein 

contents for each farm in Robinson et al. (2016) study shown in Appendix I.  
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Weather data, milk yield and its fat and protein contents were used to calculate the WI and spray 

water based on equations 3, 4 and 6.  

The WI per dairy cow was calculated using the average of two WI equations; Osborne (2006) 

which was proposed based on the ratio of water to milk from 14 published studies and stated as: 

Fg = G>ÇÉ	t	2.60																																																								[Equation	3] 

and the equation of Murphy et al. (1983) that expressed as: 

Fg = 23.00 + 2.38	t	íÉg + 0.64	t	G>ÇÉ										[	Equation	4]	 

where; WI: water intake (L), DMI: dry matter intake (kg), FPCM: fat protein corrected milk (kg 

cow-1 d-1). The DMI was calculated based on Chase and Sniffen (1985) equation, which expressed 

as: íÉg = 0.0185	}F4 + 0.305	G>ÇÉ	[Equation	5],	assuming that body weight (BWT) of 

Holstein dairy cows in Canada is 680 kg with reference to Holstein Canada (2015).  

The water consumed by other animal categories (calves, heifers, dry cows) was sourced from Ward 

and McKague (2019) and Le Riche et al. (2017) as shown in Table 4.1. The average of these values 

was extended to compute the monthly WI of dry cows, heifers and calves along different season 

of the year using multiplicative factor of dairy cows’ WI taking into account the seasonal effect 

assuming that all animal categories were exposed to the same weather conditions (Djemali et al., 

1994; Kurowska & Danell, 1992).  

Table 4.1. Published water intake per animal category (L cow-1 d-1) on 
confined dairy farming systems in ON-Canada. 

 
Calves Heifers Dry Cows 

Le Riche et al. (2017) a 12.0 22.0 36.0 

Ward & McKague (2019) b 9.1 25.4 41.5 

Average 10.5 23.7 38.8 

SE 1.5 1.7 2.8 
a Average amount of water consumption over 1-year period in confined dairy farming system in Eastern ON; 
number of calves (200), dry cows (54), and heifers (240). 
b Average amount of water consumption on a daily basis over a year in ON (numbers of different animal 
categories were not mentioned). 
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Water from feed based on the main components of livestock diets in ON was sourced from the 

Elora Dairy research station (Table 4.2). 

Table 4.2. Feed intake (kg), dry matter intake (DMI, kg), dry matter content 
(DMC, %) and dietary water (DW, kg) of different livestock diets on confined 
dairy farms in ON-Canada. 

Ingredient As Fed (kg) DMI (kg) DMC% DW (kg) 

Lactating Cow  52.5 25.3 48.1 27.2 

Dry Cow  27.4 15.6 57.0 11.8 

Heifers (2-24 mo) 28.1 11.8 42.0 16.3 

Calves (birth-2 mo) 1.1 1.0 87.8  0.1 

Le Riche et al. (2017) equation: FìJuî	ïvîìñ = 658.79 ∗ 4uHv − 11250								[Equation	6], 
was used to estimate the amount of daily water used for cooling purposes on each dairy farm 

relative to weather data. The amount of spray water was assumed to be zero unless the Temperature 

(Temp) reached or exceeded 21oC. The amount of sprayed water was divided by the number of 

milking herd to estimate the value for each cow. 

The weather parameters including the daily Temp (oC) and relative humidity (RH, %) were 

extracted from NASA (2019) based on coordinates of the nearest weather station (Robinson et al, 

2016) for each farm in ON (Appendix II). The weather data were used to calculate the Temperature 

Humidity Index (THI) for the confined dairy farms by the use of the Lefcourt and Schmidtmann 

(1989) equation,  

4qg = 0.8	t	4uHv + wq	t	(4uHv − 14.30) + 46.30														[Equation	7]	 

Also, the weather data was used to calculate the adjusted THI (THIadj), based on the use of 

evaporative cooling, only during the summer season using St-Pierre et al (2003) equation,  

4qgTc{ = −11.7 − (0.16 ∗ 4uHv) + (0.18 ∗ wq)																						[Equation	8] 

where, Temp: Dry Bulb Temperature (oC); RH: Relative Humidity in Decimal Form. 
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2.2. Ontario agricultural planning tools suite (AgriSuite) software for simulating milk house 

wastewater data and the potential of water conservation 

AgriSuite software used to determine the average annual volume of wash water for milking 

centers, the potential of water conservation and the net saving of dairy farms. 

The calculation of farm water utilization using AgriSuite software relied mainly on descriptive 

information and empirical data for the type of milking system, the number of milking herd, and 

the use of plate cooler along with other management strategies for different farming systems 

(OMAFRA, 2020c). These characteristics were varied among the nine farms of Robinson et al. 

(2016), and the average value was reported to reflect the output of AgriSuite compared to actual 

data. The first simulated scenario for the farm water use was based on the assumption that plate 

cooler water was directed toward the manure storage. While the second scenario involves reusing 

the water of plate cooler and using the wash water for the cleaning of the holding areas. 

2.3. Statistical analysis 

Statistical analysis was done to evaluate the seasonal and farm management effects on the blue 

WF using linear regression analysis by R statistical software 3.4 for Windows (R Development 

Core Team, 2013). The statistical analysis for the confined dairy farms in ON showed the effect 

of season, THIadj and farm as independent variable(s) on the average WI, MY, milk house wash 

water, total farm water utilization, FPCM and blue WF as dependent variable(s). Linear regression 

model expressed as:  

ç = }ó +	}NtN +	}été + }ItI + 	u								[Equation	9]	 

where, Y (dependent variable): the average WI, MY, milk house wash water, total farm water 

utilization, FPCM, and blue WF, Bo: coefficient of constant (intercept), Bn: slope; Xn: value of 

independent variable(s), and e: error. Significant is considered when p-value is £ 0.05. 
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2.4. Results and Discussion 

a)  Weather conditions in ON 

The average values of Temp, RH, THI and THIadj for the confined dairy farming systems during 

the study period are shown in Appendix III. These parameters were determined for different 

regions in ON where the farms are located as shown in Table (4.3).  

Table 4.3. Weather conditions of different regions in ON-Canada. 

                  Region 
Parameter 

Napanee New Liskeard Embro Ottawa 

Average Temp (oC) 9.7 ± 2.1 4.4 ± 2.8 8.9 ± 2.4 7.7 ± 2.6 

Average RH (%) 77.9 ± 0.8 80.0 ± 1.4 77.1 ± 1.2 79.5 ± 0.9 

THI 50.1 ± 3.4 41.3 ± 4.7 48.8 ± 3.8 46.8 ± 4.2 

THIadj (summer only) 45.7 ± 2.6 36.9 ± 3.8 44.3 ± 13.5 42.4 ± 3.3 
 

b) Water intake of different animal categories on confined dairy farming system in ON- 
Canada 

The average daily WI of different animal categories on confined dairy farming systems in ON is 

provided in Table 4.4. Water intake (L cow-1 d-1) of lactating cows, dry cows, heifers and calves 

including dietary water was 115.7 ± 1.1, 50.9 ± 0.2, 40.8 ± 1.4, and 10.5 ± 0.1 respectively.  

The provision of sufficient water is important to get optimal production (Kume et al., 2010). The 

estimated values of WI by the lactating and non-lactating cows in the current study were affected 

by several factors including DMI, MY, and weather conditions which agree with Cardot et al. 

(2008). The average WI of lactating cows was affected significantly (P<0.001) by the season, and 

farm and was consistent with the published data as shown in Table 4.5. 
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Table 4.4. Water intake (WI, L cow-1 d-1) and dietary water (DW, L cow-1 
d-1) of different animal categories on confined dairy farming systems in 
ON-Canada. 

 WI DW Total e 

Lactating cows (L cow-1 d-1) 88.2 ± 1.1a* 27.5 b  115.7 ± 1.1 

Dry cows (L cow-1 d-1) 39.1 ± 0.2c 11.8 d 50.9 ± 0.2 

Heifers (L cow-1 d-1) 

(2-24 month) 

24.5 ± 1.4c 16.3 d 40.8 ± 1.4 

Calves (L cow-1 d-1) 

(< 2 month) 

10.4 ± 0.1c 0.1 d 10.5 ± 0.1 
* Means ± SE (No. of lactating cows in 9 farms A= 126; D=65; E= 36; G=155; H= 98; K= 43; M=118; P= 104; 
Q= 187; n= average number of cows 104). 
a Estimated values based on WI equations of Murphy et al. (1983) and Osborne (2006).  
b Dietary water content of lactating cows’ diet was adopted from “Efficient Dairy Genome Project” (n=20 feed 
sample; May 2017-March 2019).  
c  Computed using multiplicative factor with reference average WI values of Le Riche et al. (2017) and Ward and 
McKague (2019). 
d Elora Station Diet as an example of diet in ON (Dietary water in the animal feed was estimated based on the 
DMI cow-1 day-1). 
e L cow-1 d-1 
 
 

Table 4.5. Published water intake (WI, L cow-1 d-1) of different animal categories on 
confined dairy farming systems in ON-Canada. 

 Le Riche et al. 
(2017)a 

Ward & McKague 
(2019)b 

Beaulieu et al. 
(2001)c 

Lactating cows  

(L cow-1 d-1) 
114.0 87.0-102.0d 

114.0-136.0e 
90.0 

Dry cows (L cow-1 d-1) 36.0 34.0-49.0 - 

Heifers (L cow-1 d-1) 22.0 14.4-36.3 25.0 

Calves (L cow-1 d-1) 12.0 4.9-13.2 15.0 
a Number of lactating cows (419), dry cows (54), heifers (240) and calves (200). 
b, c Numbers of different animal categories were not mentioned but the values estimated per animal.  
d WI based on MY= 22.70 L cow-1 d-1, e WI based on MY= 36.30 L cow-1 d-1. 
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c)  Seasonal effect on total farm water utilization and blue WF  
 

1. Herd size and milk production 

During the period of Robinson et al. (2016) study, the milk herd size ranged from 36 in farm “E” 

to 187 in farm “Q”, milking systems were rotary, robot, parallel, tie and swing-over and housing 

styles were free and tie. The average MY was 31.3 ± 0.6 L cow-1 d-1 and ranged from 29.3 ± 1.1 L 

cow-1 d-1 in winter to 33.9 ± 1.5 L cow-1 d-1 in summer. The average fat content of milk was 4.1 ± 

0.03% and ranged from 3.9 ± 0.1% in fall to 4.3 ± 0.1 % in spring. The average protein content of 

milk was 3.2 ± 0.02% and ranged from 3.1 in both fall (± 0.03%) and summer (± 0.05%) to 3.3 ± 

0.05 in winter. The variations in MY, fat and protein contents are related to the significant effect 

(P<0.001) of seasons and THI along with the effect of different management practices. 

VanderZaag et al. (2018) found that the average MY of dairy cows in eastern ON was 29.0 kg 

cow-1 d-1, and it was varied from 28.0 kg cow-1 d-1 in summer to 29.5 kg cow-1 d-1 in winter which 

is in agreement with the results of the present study. In addition, our findings are comparable with 

Le Riche et al. (2017), who found that the average milk production on a free stall farming system 

was 34.8 ± 0.8 kg cow-1 d-1 with protein and fat contents of 3.2% and 3.8%, respectively. The 

FPCM was calculated by Le Riche et al. (2017) to be 33.6 kg cow-1 d-1 which is consistent with 

our calculation of FPCM (31.1 ± 0.6 L cow-1 d-1). In addition, the results of the current study agreed 

with others (Cardot et al., 2008; Murphy et al., 1983) and reflects the positive correlation between 

MY and the whole farm water utilization (including WI) that aim to cover livestock requirements 

for optimum performance. 

2. Total farm water utilization  

The main components of on farm water utilization during the period of the study throughout 

different seasons of the year are shown in Table 4.6. The total water utilized on the confined dairy 

farming systems in ON was affected significantly (P<0.00) by the season, farm management 

practices and THIadj (P<0.05) and was estimated to be 323.3 ± 5.7 L cow-1 d-1 of which 162.2 ± 1.9 

L cow-1 d-1 (~ 50.2%) for WI, 62.0 ± 5.2 L cow-1 d-1 (~19.2%) for washing of milking parlour, 

26.4% for dietary and milk water, while 0.48% for spray water.  
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The maximum amount of farm water was used in summer (349.0 ± 13.2 L cow-1 d-1) followed by 

fall (324.4 ± 9.8 L cow-1 d-1), spring (314.2 ± 10.7 L cow-1 d-1) and winter season (309.1 ± 11.4 L 

cow-1 d-1). In summer season, water utilization was governed by WI (48.7%) followed by wash 

water (23.2%) and finally spray water (2.4%).  

The average amount of WI was affected significantly (P<0.000) by the season and farm practices 

and was higher in summer compared to other seasons, which agree with the findings of Brugger 

and Dorsey (2008). The main contributor to the total amount of utilized water was the WI due to 

its importance in maintaining the performance and health of dairy herd (NRC, 2001). 

The second main contributor to the total on farm water utilization was the milk house wash water, 

which was estimated to be 62.0 ± 5.2 L cow-1 d-1 and found to be comparable with that estimated 

by Higham et al (2017) of 58.0 L cow-1 d-1. 

3. Blue WF 

The blue WF of nine dairy farms in ON was calculated based on the use of WI data of different 

animal categories along with spray data, milk water and feed moisture content.  

The average blue WF (L H2O kg-1 FPCM) was calculated to be 10.8 ± 0.2 L H2O kg-1 FPCM. Both 

season and farm management strategies affected the blue WF significantly (P<0.00). Accordingly, 

on a seasonal basis, the blue WF was the highest during the fall (11.4 ± 0.4 L kg-1) due to lower 

MY followed by summer (10.9 ± 0.6 L kg-1), winter (10.8 ± 0.5 L kg-1), and spring season (9.7 ± 

0.5 L kg-1).  

Blue WF was positively correlated with the total amount of utilized water (r= +0.39) and 

negatively associated with the milk production (r= -0.65). Our results agreed with that reported by 

Huang et al. (2014) who found that the average blue WF of milk production was 11.0 L H2O kg-1 

FPCM. Ridoutt et al. (2010b) reported that 14.4 L H2O kg-1 milk is the amount of water utilized 

for milk production in Australia.  

However, the average blue WF in the current study is higher than Le Riche et al. (2017) and 

VanderZaag et al. (2018). Le Riche et al. (2017) found that the blue WF of milk production was 

5.54 to 6.19 L kg-1 FPCM, while VanderZaag et al. (2018) reported 5.35 L kg-1 FPCM. The blue 
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WF values reported by Le Riche et al. (2017) and VanderZaag et al. (2018) reflected the condition 

of one farm with a mix of pasture and indoor housing system. Accordingly, these studies may have 

underestimated the blue WF of the whole farm as they are not considering the amount of WI at 

different stages of dairy cattle life, the seasonal changes in MY along with dietary moisture, and 

milk water content.  

Our result suggested that the blue WF value varies with respect to the farm types (confined, mix) 

with a higher amount of confined systems compared with mixed systems (Mekonnen & Hoekstra, 

2012), milking parlour type (robotic, tie, free), herd size, DMC of feed rations along with weather 

conditions and other management strategies such as the use of spray water in summer season.  

4. AgriSuite software and the potential of water conservation strategies 

AgriSuite software developed by OMAFRA and simulate the amount of water generated from 

milk house operations based on the use of herd size and type of milking system data. The use of 

AgriSuite simulation program results in milk house wastewater, as per current practices, of 64.1 ± 

0.2 L cow-1 d-1 compared to 62.0 ± 5.2 L cow-1 d-1. Hence, the simulated amount of milk house 

wastewater by AgriSuite was comparable with that of the present study which depend on actual 

data from Robinson et al. (2016).  

AgriSuite can help farmers conserve water by looking at the effect of reusing the plate cooler water 

and recycling milk house wastewater to clean the holding floor area instead of directing it to the 

manure storage. Based on these strategies, the total on farm water utilization was decreased to 

269.1 ± 6.0 L cow-1 d-1 given that the average wash water for the milk house was 17.3 ± 0.1 L cow-

1 d-1 (-73.1%). Accordingly, the blue WF was calculated to be 8.5 ± 0.1 L kg-1 FPCM (-21.3%).  

Farmers are willing to implement strategies that conserve water (Robinson et al., 2016) as the 

expenses associated with selecting the proper type of water recycling system includes that for 

expanding the capacity of reservoirs to retain the water of plate cooler is un-repeatable and serve 

to optimize the efficiency of water use. However, it is critical to identify the best strategy that 

meets cost and benefit purposes through the implementation of government water conservation 

assessment programs.  
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Table 4.6. Weather conditions, milk production, farm water utilization and the blue WF of 
confined dairy farming systems in ON-Canada throughout different seasons of the year. 

Season a Spring Summer Fall Winter Average SE 

Milk Production & Weather Conditions  

Temp (oC) 2.9 ± 1.7 b 18.4 ± 0.2 8.2 ± 0.9 -9.3 ± 0.7 4.7 0.9 

RH (%) 80.0 ± 0.8 76.6 ± 0.5 78.7 ± 0.4 85.4 ± 0.3 80.2 0.4 

THI 39.3 ± 2.8 64.3 ± 0.4 48.0 ± 1.4 19.0 ± 1.2 42.2 1.5 

THIadj - 49.5 ± 0.3 - - 49.5 0.3 

Milk production c 32.6 ± 1.4 33.9 ± 1.5 30.5 ± 0.9 29.3 ± 1.1 31.3 0.6 

Fat %c 4.3 ± 0.1 4.06 ± 0.07 3.9 ± 0.1 4.2 ± 0.1 4.1 0.0 

Protein% c 3.3 ± 0.0 3.1 ± 0.1 3.1 ± 0.0 3.3 ± 0.1 3.2 0.0 

FPCM d 33.7 ± 1.3 33.4 ± 1.3 29.5 ± 0.8 29.9 ±1.0 31.1 0.6 

Farm Water Utilization & the Blue WF  

Wash water e 54.2 ± 9.9 80.8 ± 16.2 50.6 ± 11.3 52.2 ± 9.4 62.0 5.2 

Average WI f [170.0 ± 2.8] [170.1 ± 2.7] [155.0 ± 1.7] [161.2 ± 6.0] 162.2 1.9 

Dietary water g 58.2 ± 0.0 58.2 ± 0.0 58.2 ± 0.0 58.2 ± 0.0 58.2 0.0 

Spray water h 0.0 ± 0.0 8.2 ± 0.9 0.0 ± 0.0 0.0 ± 0.0 1.6 0.3 

Water from milk i 29.3 ± 1.2 29.1 ± 1.2 25.7 ± 0.7 26.0 ± 0.9 27.1 0.5 

Total j 314.2 ± 10.7 349.0 ± 13.2 324.4 ± 9.8 309.1 ± 11.4 323.3 5.7 

Blue WF k 9.7 ± 0.5 10.9 ± 0.6 11.4 ± 0.4 10.8 ± 0.5 10.8 0.2 
a Seasons (Spring (March 1- May 31), Summer (June 1- Aug 31), Fall (Sep1 - Nov 30), Winter (Dec 1 - Feb28/29).  
b Means ± SE (n= 36; (9 farms*4 seasons). Note: Total or average values could differ due to rounding. 
c Salfer et al. (2019).;  d Calculated based on IDF (2015).  
e Robinson et al. (2016); wash water includes (milk house wash water, plate cooler); unit: L cow-1 d-1.   
f Estimated WI values (L cow-1 d-1) of lactating cows based on Murphy et al. (1983) and Osborne (2006) equations along with extrapolated values 
from the overall average for the dry cows, heifers and calves. 
g Calculated based on Elora station diets as the sum of moisture content for the diets of lactating cows, dry cows, heifers and calves; unit: L cow-1 d-1. 
h Le Riche et al. (2017); unit: L cow-1 d-1; calculated for summer season only. 
i Milk is 87% water; j Unit: L cow-1 d-1; k Blue WF (L water kg-1 FPCM); L of water = kg of water 
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Conclusion 

The blue WF of dairy farming system is considered to be one of the most critical sustainability 

indicators relative to milk production.  

The blue WF is largely influenced by weather conditions and management strategies that affect 

the rate of milk production along with water utilization. The water used in Canadian dairy farms 

can be minimized by treating and recycling of plate which is one of the simple and best 

management practices to reduce the WF of Canadian dairy farms.  

Understanding the current conditions of dairy farms and encouraging farmers to adopt more water 

conservation strategies are important for sustainable and profitable sector with minimum 

environmental impacts. 
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Appendix I. Extracted monthly data of milk yield (MY, kg), fat (%) and protein (%) contents 
based on Salfer et al. (2019). 

Season Month MY (kg) Fat% Protein% 

Winter 

December 37.3 3.8 3.1 

January 38.1 3.8 3.0 

February 39.0 3.8 3.0 

Average 38.1 3.8 3.0 
 SE 0.5 0.0 0.0 

Spring 

March 39.6 3.7 3.0 

April 39.5 3.7 3.0 

May 39.2 3.6 3.0 

Average 39.4 3.7 3.0 
 SE 0.1 0.0 0.0 

Summer 

June 38.6 3.6 2.9 

July 37.7 3.5 2.9 

August 36.8 3.6 2.9 

Average 37.7 3.6 2.9 
 SE 0.5 0.0 0.0 

Fall 

September 36.2 3.6 3.0 

October 36.5 3.8 3.1 

November 36.7 3.8 3.1 

Average 36.5 3.7 3.1 

 SE 0.2 0.1 0.0 
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Appendix II. Coordinates of weather stations in ON-Canada. 

Area Embro Napanee Ottawa New Liskeard 

Weather 
Stations 

Woodstock Cobourg Ottawa Earlton 

Lat./Long. Latitude: 

43.08.10.044" N 

Longitude: 

-80.46.14.040" W 

 

Latitude: 

43.57.00.000" N 

Longitude: 

78.10.00.000" W 

 

Latitude: 

45.19.00.000" N 

Longitude: 

75.40.00.000" W 

 

Latitude: 

47.41.42.000" N 

Longitude: 

79.50.56.000" W 

 
 

 



68 

 

 

 

0

10

20

30

40

50

60

70

-40

-20

0

20

40

60

80

100

M
A

Y
- 1

3
J U

N
- 1

3
J U

L
- 1

3
A

U
G

- 1
3

S
E

P
- 1

3
O

C
T

- 1
3

N
O

V
- 1

3
D

E
C

- 1
3

J A
N

- 1
4

F
E

B
- 1

4
M

A
R

- 1
4

A
P

R
- 1

4
M

A
Y

- 1
4

J U
N

- 1
4

J U
L

- 1
4

A
U

G
- 1

4
S

E
P

- 1
4

O
C

T
- 1

4
N

O
V

- 1
4

D
E

C
- 1

4

T
H

I

T
E

M
P

R
H

%

New Liskeard-RH% New Liskeard-Temp.

New Liskeard-THIadj Confined New Liskeard-THI

0

10

20

30

40

50

60

70

80

-20

0

20

40

60

80

100

M
A

Y
- 1

3
J U

N
- 1

3
J U

L
- 1

3
A

U
G

- 1
3

S
E

P
- 1

3
O

C
T

- 1
3

N
O

V
- 1

3
D

E
C

- 1
3

J A
N

- 1
4

F
E

B
- 1

4
M

A
R

- 1
4

A
P

R
- 1

4
M

A
Y

- 1
4

J U
N

- 1
4

J U
L

- 1
4

A
U

G
- 1

4
S

E
P

- 1
4

O
C

T
- 1

4
N

O
V

- 1
4

D
E

C
- 1

4

T
H

I

T
E

M
P

R
H

%

Ottawa-RH% Ottawa-Temp.

Ottawa-THIadj Confined Ottawa-THI

0

10

20

30

40

50

60

70

80

-20

0

20

40

60

80

100

M
A

Y
- 1

3
J U

N
- 1

3
J U

L
- 1

3
A

U
G

- 1
3

S
E

P
- 1

3
O

C
T

- 1
3

N
O

V
- 1

3
D

E
C

- 1
3

J A
N

- 1
4

F
E

B
- 1

4
M

A
R

- 1
4

A
P

R
- 1

4
M

A
Y

- 1
4

J U
N

- 1
4

J U
L

- 1
4

A
U

G
- 1

4
S

E
P

- 1
4

O
C

T
- 1

4
N

O
V

- 1
4

D
E

C
- 1

4

T
H

I

T
E

M
P

R
H

%

Embro-RH% Embro-Temp.

Embro-THIadj Confined Embro-THI

0

10

20

30

40

50

60

70

80

-20

0

20

40

60

80

100

M
A

Y
- 1

3
J U

N
- 1

3
J U

L
- 1

3
A

U
G

- 1
3

S
E

P
- 1

3
O

C
T

- 1
3

N
O

V
- 1

3
D

E
C

- 1
3

J A
N

- 1
4

F
E

B
- 1

4
M

A
R

- 1
4

A
P

R
- 1

4
M

A
Y

- 1
4

J U
N

- 1
4

J U
L

- 1
4

A
U

G
- 1

4
S

E
P

- 1
4

O
C

T
- 1

4
N

O
V

- 1
4

D
E

C
- 1

4

T
H

I

T
E

M
P

R
H

%

Napanee-RH% Napanee-Temp.

Napanee-THIadj Confined Napanee-THI

Appendix III. Average of monthly Temp (oC), RH (%), THI and THIadj in four regions of ON-Canada (May 2013- 
December 2014). 
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Chapter 5 

Green Water Footprint of Livestock Feed Rations in Different Dairy Farming 
Systems in Kuwait and Ontario-Canada 

 

ABSTRACT 

This study aims to evaluate the effect of different environmental conditions on crop water 

requirements (CWRs) and the green water footprint (WF) of the main components of dairy cattle 

feed using the CROPWAT model in both Kuwait and Ontario (ON)-Canada.  

The green WF was estimated for feed rations of different animal categories in confined and 

rotational grazing dairy systems. Results showed that the annual animal specific green WF 

(ASGWF, m-3 cow-1 yr-1) of dairy cows, dry cows, heifers and calves in Kuwait’s confined dairy 

farming systems was 2965.2, 2581.8, 2104.0 and 1836.4 m-3 cow-1 yr-1, respectively. In ON, the 

ASGWF (m-3 cow-1 yr-1) of confined dairy farming systems for the same animal categories was 

3843.5, 2354.6, 2717.1 and 164.0 m-3 cow-1 yr-1, respectively. For the rotational grazing systems 

in ON, the ASGWF (m-3 cow-1 yr-1) was estimated to be 4905.1, 3407.7, 2685.9, 960.9 and 164.0, 

for dairy cows, dry cows, bred heifers, heifers and calves, respectively. The variations in the values 

of annual ASGWF between different animal categories are for dietary reasons including 

formulation and dry matter intake. The annual ASGWF (m-3 cow-1 yr-1) of rotational grazing 

systems in ON is the greatest compared to other systems.  

The green WF per stage of animal life (ASGWF-life stage, m3 life stage-1) was the greatest for dairy 

cows compared to other animal classes in both Kuwait (7,413.0 m3 life stage-1) and ON (confined 

system 12,555.4 m3 life stage-1 and rotational grazing system 17,372.2 m3 life stage-1) due to the 

enriched diet to maintain the rate of milk production and its composition.  

Generally, based on the green WF of different crops as estimated by CROPWAT, soybean in China 

and pasture in ON have the maximum water demand relative to their potential yield. Consequently, 

management of nutritional strategies are crucial to mitigate the amount of water utilized for the 

development of sustainable dairy and milk production systems. 

Keywords: Green water footprint, Kuwait, Ontario-Canada, Livestock, CROPWAT. 
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Introduction 

Demand for water has increased due to its association with crop and livestock products (Bruinsma, 

2003; Postel, 2000). Previous studies have shown that agriculture uses about 80% of the global 

freshwater resources (Mekonnen & Hoekstra, 2011; Shiklomanov, 2000). However, in arid 

climatic zone, agricultural water use may be as high as 90% (Molden, 2007) with about 30% of 

this demand is associated with livestock production (Mekonnen & Hoekstra, 2012).  

The high rate of water demand is a burden on the environment due to the unbalanced distribution 

of water among different nations of the world (Tarjuelo et al., 2010), which creates a competition 

between water and food supply systems (Strzepek & Boehlert, 2010) especially in water scarce 

areas. The development of a plan to evaluate the national rate of water utilization for crop 

production is necessary for optimizing the natural resources allocation for the production of “water 

intensive products”(Hoekstra & Mekonnen, 2012) and for reducing the gap between supply and 

demand due to the considerable effect of agriculture production on water resources, especially in 

arid regions (Mekonnen & Hoekstra, 2011).  

The evaluation of the rate of water exploitation can be performed by adopting the water footprint 

(WF) concept. The WF is widely used as an informative tool to show the different phases of water 

utilization (Chapagain & Hoekstra, 2003; Hoekstra, 2003) through its blue, green and grey 

components (Hoekstra et al., 2011). Also, the WF is crucial to increase the sustainability of 

production and to build comprehensive expectations for the pattern of water utilization in 

agricultural sector, especially in regions with harsh environmental conditions such as Kuwait (arid 

climate with harsh summers) and ON-Canada (temperate zone with cold winters).   

Kuwait’s agricultural production is limited by droughts, the absence of freshwater resources, high 

saline ground-water (AlAli, 2008) and low annual rainfall (Asem & Roy, 2010; Ogungbenro & 

Morakinyo, 2014; Omotosho et al., 2000) coupled with the high temperature (Temp) and high 

evaporative demand (Almedeij, 2012; Razzaque et al., 2009a). As a result Kuwait imports > 95% 

of its livestock feed (Environment Public Authority [EPA], 2012). Despite these constrains, 

development and investment in agriculture sectors is important to move toward food security.  
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From a Canadian perspective, although ON-Canada currently produces most of its crops locally, 

owing to abundant and evenly distributed rainfall events (ranges from 836 to 1004 mm yr-1, Wang 

et al., 2016). Estimating crop water requirement (CWR) and WF for crop production is critical to 

determining and optimizing the level of water demand.  

Water footprint of crops is an indicator to assess the influence of agricultural practices and trade 

activities between different countries on the extent of water utilization for crops (Mekonnen & 

Hoekstra, 2010b). In arid regions (e.g. Kuwait), water scarcity is alleviated depending on the use 

of external water resources (Ray et al., 2018). With reference to dairy sector, the main portion of 

WF is associated with agricultural products used in the formulation of animal diets (Gerbens-

Leenes et al., 2013).  

Generally, the green WF for agricultural products is determined by the ratio between the CWR 

and average yield; and it may differ between regions due to differences in climatic conditions and 

management practices (Mekonnen & Hoekstra, 2011).  

The evaluation of CWR and green WF of the main components of livestock (dairy cows, dry cows, 

heifers and calves) diets have received little attention and was not previously investigated for 

Kuwait and ON-Canada.  

Accordingly, the main objectives of this study are to:  

• Estimate the crop evapotranspiration (ETc) and CWR of the main components of the dairy 

cattle diets in both Kuwait and ON-Canada using CROPWAT model. 

• Estimate the green WF (m3 ton-1) of the main feed components of the dairy cattle diets in 

both Kuwait and ON-Canada. 

• Estimate the annual animal specific green WF (m3 cow-1 yr-1) per diet formulation and the 

green WF at each stage of animal life (m3 cow-1 life stage-1) in both Kuwait and ON-Canada.  
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2. Material and Methods 

 2.1. Study Area  

a) Livestock feed sources for Kuwait 

Kuwait imports maize, soybean, wheat, barley and alfalfa for livestock feed, mainly from 

Argentina, China, Australia, and Spain, respectively. For estimating CWR of the imported crops, 

main geographic regions where these crops were grown in each country were assumed as follows: 

maize in Cordoba province, which produces 38% of rainfed grain maize in Argentina (Hütsch & 

Schubert, 2017). Cordoba is the source of 40% maize imported to Kuwait (Joseph, 2019; The 

Observation of Economic Complexity (OEC), 2017a). Soybean was assumed to be grown in 

Heilongjiang province in NE China. This region is one of the main agricultural regions in China 

(USDA, 1994) due to its fertile soil which is characterized by its high organic matter content (Nie 

et al., 2019). About 63% of soybean imported to Kuwait is from NE China (OEC, 2017c). Wheat 

imported to Kuwait was assumed to be grown in Western Australia (WA) wheat belt (Grain 

Research and Developmetn Corporation (GRDC), 2020; USDA, 2018). In WA, rainfed wheat 

covered about 70% of total grain production; in addition, about 80% of wheat produced in WA is 

delivered to middle east and Asia (Western Australian Agriculture Authority (WAAA), 2018). 

Most of these are spring wheat which are the predominant type in this region due to its greater 

yield and biomass production (GRDC, 2018). Western Australia exports almost all of Kuwait 

needs of wheat grain (OEC, 2017d). Barley is the second most important crop after wheat in WA, 

and ~60% of barley is exported to the middle east (WAAA, 2018), and Kuwait is one of the main 

destinations importing 42% of its demand from WA (OEC, 2017). Ebro valley area -Catalonia, 

Spain, is one of the major production regions for alfalfa (Guerrero, 2018). Alfalfa is known for its 

high water requirements and ~23% of alfalfa is depending on rain water in Ebro valley area (Fanlo 

et al., 2006). Spain exports alfalfa to different destinations including Kuwait (Guerrero, 2018) and 

covers ~49% of Kuwait’s forage and fodder requirements (OEC, 2017b).  

b) Livestock feed sources for Ontario, Canada 

The province of ON produces all of its livestock feed requirements domestically (OMAFRA, 

2020a). It is characterized by fertile and productive agricultural areas which produces various rain-
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fed agricultural crops such as soybean, corn, barely, wheat and mixed grains and is responsible for 

about a quarter of the revenue compared to other regions in Canada (Statistics Canada, 2020). 

The green WF of different rainfed crops in different geographical areas was calculated using 

CROPWAT. The model uses the FAO56-PM equation to estimate the reference evapotranspiration 

(ETo) in all climatic conditions (Surendran et al., 2015). FAO56-PM equation can be used globally 

with no need for any additional adjustments as it has been validated in different environments 

using accurate lysimetric measures (Berti et al., 2014; Tegos et al., 2017) and is considered to be 

a reliable method that provides very consistent values compared to actual data worldwide 

(Abedinpour, 2017; Cai et al., 2007; López-Urrea et al., 2012; Noreldin et al., 2016). 

Climate data were obtained from nine meteorological stations in five main crop production 

regions; in Argentina (Cordoba), WA (Dwellingup), Spain (Catalonia), NE China (Hailun in 

Heilongjiang province) and ON-Canada (5 locations). Data were extracted from CLIMWAT-FAO 

database, which is included with CROPWAT (Smith, 1993) and contains weather data for 29 year 

period (1971 to 2000). The selected weather stations and their coordinates are provided in 

Appendix I. Monthly climatic data from CLIMWAT are converted by a polynomial interpolation 

in CROPWAT to daily values (Mekonnen & Hoekstra, 2011) which are used in the calculation of 

ETo (mm d-1). 

The agronomic data for crops in different geographical regions including the yield of crops, dates 

of cultivation and crop coefficient (Kc) were referenced from different sources as shown in 

Appendix II and III. The soil was assumed to be “loam” as it forms ~50% of Canada’s soil (Schut 

et al., 2011), and represents the common type of soil in agricultural lands in the world due to its 

fertile characteristics (Muimba-Kankolongo, 2018). 

2.2. Calculation of Green WF Using CROPWAT Model 

a) Meteorological data 

CROPWAT is a reference tool that developed by FAO (FAO, 2009) and used meteorological 

parameters (maximum air Temperature (Tempmax, °C), minimum air Temperature (Tempmin, °C), 

mean air Temperature (Tempmean, °C), windspeed (u2, m s-1) at a height of 2 m, solar radiation (Rs, 

MJ m-2), and relative air humidity (RH, %) to estimate the ETc, and the irrigation requirements of 
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various crops based on the area of production. In CROPWAT, the effective rainfall (PPTeff) is 

calculated using the method of USDA ‘soil conservation service’ which has been developed based 

on representative data for various weather conditions, and considered to be a satisfactory and 

applicable method to estimate the PPTeff (Dastane, 1974) as:   

!!"#$$(mm) = !!")*) ∗
125 − 0.2	!!")*)

125 											for	!!")*) 	< 	250	mm								[Equation	1] 

!!"#$$	(mm) = 125 + 0.1 ∗ !!")*)																								for	!!")*) 	> 	250	mm						[Equation	2] 

where, PPTtot = Total rainfall (mm) for duration of 10 d. 

b) Green WF calculation 

The calculation of the green WF in the current study is based on the Water Footprint Network 

(WFN) method reported by Hoekstra et al. (2011). Crop WF is the sum of the blue and green WF 

along the growing period based on Hoekstra et al. (2011): 

BCDE*F = BCGHI# +BCJE##K +BLMN																																	[Equation	3]  

where, WFcrop: Total WF of crop (volume/mass, m3 ton-1); WFblue: Blue WF (volume mass-1) which 

is the surface or ground water used for crop production (Ercin & Hoekstra, 2014) ; WFgreen: Green 

WF (volume mass-1) that represent the rainwater (Ercin & Hoekstra, 2014), Wmix: Feed mixing 

water (volume mass-1) that assumed to be zero. 

The sum of the blue and green WFs represents the total volume of water needed for crop 

production. However, in the present study, blue WF is assumed to be zero based on the fact that 

most of the exported crops and agricultural production (60-90%) in different regions of the world 

rely mainly on rainwater (Adeyemi et al., 2017; Gornall et al., 2010; Velasco-Muñoz et al., 2018) 

along with the fact that crop production in North America (e.g. ON) depends mainly on green 

water (Tuninetti et al., 2015). Thus, the WF calculation in this study depends on estimating the 

green WF assuming that no irrigation is provided.  

The green WF is the evaporated water along with the water that incorporated into the crops 

(Hoekstra et al., 2011). The green WF (m3 ton-1) for growing crop is calculated by dividing the 

CWR (m3 ha-1) by the yield of the crop (ton ha-1) based on dry matter (DM) basis as: 
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BCDE*F,JE##K =
QRSTUVVW	
XM#HY	

																																						[Equation	4]  

where, CWRgreen is the green evapotranspiration (ETgreen, mm d-1) over the growing period as: 

[B\JE##K = 10	]	^_"JE##K																											[Equation	5]
(HF)

`ab

 

where, ETgreen is the evapo-transpired rainwater (mm d-1) that equals the minimum value of either 

ETc or PPTeff; factor 10 used to convert the depth from (mm) to (m3 ha-1) and (lp) is the length of 

the propagation period (Hoekstra et al., 2011). 

The estimation of ETc by CROPWAT is depend on geo-location and climate data (Patel et al., 

2017) coupled with Kc and length of growing period obtained from Allen et al. (1998), while for 

some crops in ON, values from Legesse et al. (2018) were used. 

ETc is estimated by CROPWAT by multiplying ETo with specific Kc as: 

_"D = cD	d	_"*																																																									[Equation	6]  

Kc values for different crops are shown in Appendix II and III. There is certain Kc value for each 

stage of plant development (initial, middle, late). Kc values were obtained from the literature 

(Allen et al., 1998; Legesse et al., 2018) and applied to all crops used in the study. 

The FAO-CROPWAT model use the FAO56-PM equation which is proposed as a standard method 

to estimate the ETo (Trajkovic, 2005) as: 

_"* =
f.gfh	i(SWjk)l	m	n

opp
qVrsltuvw	Ix(#yj#z)

ilm(blf.vg	Ix)
            [Equation	7]	

where, ETo is the reference evapotranspiration (mm d-1); Rn: net radiation at the crop surface (MJ 

m-2 d-1); G: soil heat flux density (MJ m-2 d-1); Temp: mean daily temperature at 2 m height (oC); 

u2: windspeed at 2 m height (m s-1); es: saturation vapour pressure (kPa); ea: Actual vapour pressure; 

es-ea: saturation vapour pressure deficit (kPa); Δ: the slope of the vapour pressure curve (kPa oC); 

}: psychrometric constant (kPa oC). 
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The green WF calculation depends on the relation between the total amount of CWR and the 

corresponding yield. In ON, the average yield (based on DM basis) in five regions (north, south, 

east, west, and central) was adopted from the Ministry of Agriculture Food and Rural Affairs 

(OMAFRA, 2020b) for the period from 2004 to 2018 to be used in the green WF calculation.  

Site-specific yield data of various crops imported to Kuwait were sourced from governmental and 

statistical year books based on the regions of production (Appendix II). 

The green WF for derived products such as soybean meal was estimated using the product fraction. 

In Canada, 76% of soybean grains were used as a meal and the remaining 24% as oil, while in the 

case of Chinese soybeans almost 18% of the seeds are oil and the remaining 82% is used to produce 

a meal (FAO, 2013). Consequently, only 76% and 82% of the green WF were assigned to soybean 

meal in Canada and China, respectively. 

The green WFs for uncommon feed components with a trace amount in the animals’ diets 

compared to other ingredients such as canola meal and sugar pulp were sourced from Mekonnen 

and Hoekstra (2011). For a canola meal, only a fraction of green WF was used as 42% of canola 

seeds are oil and the remaining 58% is used to feed the animals (Jensen et al., 1995). 

The calculation of the green WF for all animal categories on dairy farms in both Kuwait and ON-

Canada are based on the use of the main components of feed ration(s) in both the confined and 

rotational grazing systems (Piquette, 2015; Robinson et al., 2016) coupled with DMI that varies 

depending on the stage of animal life, dairy production system, season and management practices 

(Palhares et al., 2017). The green WF per year (m3 cow-1 yr-1) was weighted based on the annual 

DMI of each feed ingredient (ton cow-1 yr-1), while the green WF per stage of animal life (m3 

lifestage-1) was calculated based on the span of each interval in animal life.  
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3. Results and Discussion 

3.1. Green WF of Main Feed Components and Feed Rations for Different Animal Categories 
in Kuwait and ON-Canada. 

a) Green WF of main feed components 

Kuwait imports almost all components of its animal feed from abroad, as these crops are water 

intensive and there is a need to ensure the consistency in productivity of livestock animals, given 

their importance in achieving food security. The percentage of agricultural crops imported to 

Kuwait based on exporter region is shown in Fig. 5.1 with reference to the Observation of 

Economic Complexity (OEC, 2017, 2017d, 2017a, 2017c, 2017b); the greatest imported crop is 

spring wheat, followed by soybean, alfalfa, barley and corn.  

 

 

In contrast, the dairy industry in ON-Canada relies mainly on local feed production that depends 

mainly on the high level of rainfall. Based on CROPWAT, the regional ETc and green WF of the 

main ingredients used in livestock feed rations in Kuwait and ON-Canada are shown in Table 5.1 

and 5.2, respectively.  

Figure 5.1. Sources of livestock feed imported to Kuwait (Observation of 
Economic Complexity [OEC], 2017). 
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Table 5.1. Crop evapotranspiration (ETc) and green water footprint (WF) of the main crops 
used in livestock diets on dairy farms in Kuwait. 

Ingredient ETc (mm growing period-1) Green WF (m3 ton-1 DM) 

Barley grain 151.8 887.7 

Spring wheat  139.8 951.0 

Soybean grain 378.6 2013.8 

Alfalfa 489.7 253.6 

Corn grain 381.7 846.3 

Corn silage 353.2 224.3 

 

Table 5.2. Crop evapotranspiration (ETc) and green water footprint (WF) of the main crops 
used in livestock diets on dairy farms in ON-Canada. 

Ingredient ETc (mm growing period-1) Green WF (m3 ton-1 DM) 

Barley grain 240.5 770.8 

Winter wheat  343.3 773.5 

Soybean grain 175.3 577.4 

Alfalfa 371.4 691.7 

Corn grain 274.7 338.9 

Corn silage 250.2 167.2 

Canola meal - 837.0 [global average*]  

Beet pulp - 82.0 [global average*]  

Pasture 388.7 782.2 
*Mekonnen and Hoekstra (2011) 

 

For Kuwait, the green WF of each crop is influenced by CWRs and water use efficiency (WUE), 

which vary according to crop characteristics, weather conditions and agricultural strategies in each 

region.  
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The feedstocks utilized in Kuwait’s dairy farms is primarily barley, wheat, soybean meal, alfalfa, 

corn and corn silage with slightly different proportions depending on the season of the year 

(summer and winter). Barley from WA has an average ETc of 151.8 mm growing period-1 and its 

green WF is 887.7 m3 ton-1. Spring wheat is also imported from WA with an average ETc of 139.8 

mm growing period-1 and green WF of 951.0 m3 ton-1. Nulsen (1984) reported that ET of barley 

and wheat in WA ranged from 153 to 175 mm and from 115 to 119 mm, respectively. Scott and 

Sudmeyer (1993) concluded that the average seasonal ET of barley and wheat during a 200-day 

growing period was 247 mm and 226 mm, respectively.  

Variations in ET can be related to differences in rainfall patterns, soil type and the period of ET 

estimation (Nulsen, 1984) coupled with the variety and potential yield of the selected crop (Scott 

& Sudmeyer, 1993).  

The green WF for wheat was estimated to be 1097 m3 ton-1 in Australia (Aldaya et al., 2010), 

Hanasaki et al. (2010) found that it was 1289 m3 ton-1 and Mekonnen and Hoekstra (2011) 

estimated that the global average green WF of barley and wheat (1996 to 2005) was 1213 m3 ton-

1 and 1277 m3 ton-1, respectively.  

In ON, the results of the present study for barley and winter wheat show that the average ETc was 

240.5 and 343.3 mm growing period-1, respectively, while the green WF (m3 ton-1) for the two 

crops was calculated to be 770.8 and 773.5, respectively. Aldaya et al. (2010) estimated the green 

WF of winter wheat to be 963.0 m3 ton-1, which varied mainly due to differences in crop yield. In 

addition, the average green WF of wheat is less than the total WF (green and blue WF) estimated 

by Ding et al. (2018) in Saskatchewan which ranged from 979.8 to 1632.9 m3 ton-1. Furthermore, 

it is lower than the global average green WF of wheat which ranged from 1277 to 1358 m3 ton-1 

(Mekonnen & Hoekstra, 2010b; Mekonnen & Hoekstra, 2011).  

In the current study, the average green WF of barley in ON is 770.8 m3 ton-1 which is lower than 

the global average green WF value (1213.0 m3 ton-1) estimated by Mekonnen and Hoekstra (2011). 

However, it is comparable to the value reported by Ding et al. (2018) which ranged from 816.5 to 

1251.9 m3 ton-1 along with the value estimated by Legesse et al. (2018) in Canada 922.6 m3 ton-1. 

Soybean is another component of livestock feed in both Kuwait and ON. Soybean, which is 

imported to Kuwait primarily from NE China, had ETc of 378.6 mm growing period-1 and green 
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WF of 2013.8 m3 ton-1. Zhuo et al. (2016a & b) reported that the green WF of soybean in China to 

range from 2024 to 2517 m3 ton-1 which is comparable with the value estimated in the current 

study. Mekonnen and Hoekstra (2011) similarly reported that the global green WF for soybean 

was 2037 m3 ton-1. 

In ON, our results showed that the average ETc of soybean was 175.3 mm growing period-1 and the 

calculated green WF was 577.4 m3 ton-1, which is lower than 1640 m3 ton-1  estimated by Aldaya 

et al. (2010) for the period from 2000-2004. Also, it is less than the estimated value of Legesse et 

al. (2018) which was 923.5 m3 ton-1. These considerable variations in green WF of soybean are 

basically due to the differences in weather conditions, the length of propagation period, yield and 

the rate of ETc.  

Corn grain and silage used for livestock in Kuwait and sourced from Argentina (Cordoba) had ETc 

value of 381.7 and 353.2 mm growing period-1, respectively and an estimated green WF of 846.3 

and 224.3 m3 ton-1, respectively. The lower green WF of corn silage compared to corn grain is due 

to the higher yield of silage that was found to be 4.93´ that of grain (Lauer Joe, 2006). The results 

of the present study are comparable with Aldaya et al. (2010) and Hanasaki et al. (2010) who 

estimated the green WF for grain corn in Argentina to range from 515.0 to 824.0 m3 ton-1. These 

values are slightly lower than the global average green WF of corn grain which was estimated to 

be 947.0 m3 ton-1 (Mekonnen and Hoekstra, 2011).  

Our Ontario results showed that grain and silage corn ETc was 274.7 and 250.2 mm growing 

period-1, respectively while, the green WF was 338.9 and 167.2 m3 ton-1, respectively. Our green 

WF results for grain corn are in the same line as Aldaya et al. (2010), Chapagain and Hoekstra 

(2004) and Legesse et al. (2018) which ranged from 341.1 to 470.0 m3 ton-1. For corn silage, the 

green WF in our study is comparable to Legesse et al. (2018) which was 205.0 m3 ton-1. However, 

the estimated green WF of grain corn in the present study is less than the average global value of 

947.0 m3 ton-1 (Mekonnen and Hoekstra, 2011) and less than estimated value by Mubako and Lant 

(2013) for the United States (538.0 m3 ton-1). In addition, the average virtual water content of corn 

silage in the United States was 108 m3 ton-1 (Mubako and Lant, 2013) due to its large harvested 

biomass (Mekonnen & Hoekstra, 2011). 

Alfalfa is a perennial forage imported from Spain to Kuwait, and known for its high water demand 

(Bauder et al., 2011) and extended propagation period (Ballesta & Lloveras, 2010). In our study, 
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the estimated ETc and green WF of Alfalfa was 489.7 mm growing period-1 and 253.6 m3 ton-1, 

respectively. However, the green WF for alfalfa based on Hoekstra and Hung (2002) and Aldaya 

and Llamas (2009) was 377.0 m3 ton-1 and 222.0 m3 ton-1, respectively. 

In ON, our estimates of ETc and green WF for alfalfa were 371.4 mm growing period-1 and 691.7 

m3 ton-1, respectively. Legesse et al. (2018) reported that the green WF of grass-legume (mostly 

alfalfa) hay to be in the range of 494.4 to 498.0 m3 ton-1. However, the current study is more reliable 

as alfalfa is a water intensive crop (Schreier & Wood, 2013) with highly variable yield (Griffin et 

al., 2004). 

Pasture is a unique element of feed ration in rotational grazing systems. Pasture production is 

responsible for a large portion of water use to feed livestock in Canada (Legesse et al., 2018). Our 

ETc and green WF for pasture was 388.7 mm growing period-1 and 782.2 m3 ton-1, respectively. 

The high green WF (m3 ton-1) of rainfed pasture is associated with its productivity (Legesse et al., 

2018). Kannan et al. (2017) found that grass in the United States (north-central Texas) had ET 

values that ranged from 480 to 577 mm, and green WF ranged from 238.6 to 1428.8 m3 ton-1 due 

to high yield variations. However, Legesse et al. (2018) indicated that the green WF of pasture in 

Canada was 459.0 m3 ton-1, which is lower than the result of the current study, probably due to the 

differences in weather conditions, fertility considerations and potential yield. 

 

 

Barley grain
17%

Spring wheat, 
19%

Soybean 
grain, 39%

Alfalfa 5%

Corn grain
16%

Corn silage
4%

Figure 5.2. Proportion of the green WF (m3 ton-1) based on the type of imported crops to 
Kuwait. 
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In Kuwait, the green WF showed that soybean had the greatest proportion (2013.8 m3 ton-1), 

followed by spring wheat (951.0 m3 ton-1), barley (887.7 m3 ton-1), grain corn (846.34 m3 ton-1), 

alfalfa (253.6 m3 ton-1) and corn silage (224.3 m3 ton-1) as provided in Fig. 5.2.  

In ON, canola (837.0 m3 ton-1) had the highest green WF, followed by pasture (782.2 m3 ton-1) , 

winter wheat (773.5 m3 ton-1), barley (770.8 m3 ton-1), alfalfa (691.7 m3 ton-1), soybean (577.4 m3 

ton-1), grain corn (338.9 m3 ton-1), corn silage (167.2 m3 ton-1), and sugar beet (82 m3 ton-1). 

Differences in the green WF compared to those in the literature can be attributed to several factors 

including rooting depth, soil type, crop development and atmospheric conditions (Mekonnen & 

Hoekstra, 2011) along with the type of method used in the calculation, quality of data, and crop 

yield which affected mainly by agricultural practices, technological progress and soil fertility 

(Ding et al., 2018). Consequently, the green WF differs across and within regions (Brauman et al., 

2013; Fader et al., 2011; Finger, 2013; Hoekstra et al., 2011; Hoekstra & Chapagain, 2007). This 

suggest that the green WF are largely influenced by WUE, canopy size, relative yield, management 

strategies than climatic conditions (Mekonnen & Hoekstra, 2011; Rockström & Barron, 2007). 

b) Annual green WF of feed rations  

The annual animal specific green WF (ASGWF-yr, m3 cow-1 yr-1) was calculated based on the 

specific regional feed formulation and DMI per animal in different dairy farming systems in both 

Kuwait and ON-Canada. For Kuwait’s typical confined dairy farming system, the average 

ASGWF-yr was estimated to be 2965.2, 2581.8, 2104.0, and 1836.4 m3 cow-1 yr-1 for lactating cows, 

dry cows, heifers and calves, respectively (Table 5.3). Whereas in ON, the ASGWF-yr of dairy 

cows, dry cows, heifers and calves in confined system was 3843.5, 2354.6, 2717.1 and 164.0 m3 

cow-1 yr-1, respectively (Table 5.4). For the rotational grazing system in ON, the average ASGWF-

yr (m3 cow-1 yr-1) was estimated to be 4905.1, 3407.7, 2685.9, 960.9 and 164.0 for dairy cows, dry 

cows, bred heifers, heifers and calves, respectively (Table 5.5).  

The total ASGWF-yr in Kuwait for all animal categories based on the diets components was 9487.4 

m3 cow-1 yr-1, in which dairy cows, dry cows, heifers and calves share was 31.3%, 27.2%, 22.2% 

and 19.4%, respectively.  

For ON, the total ASGWF-yr in confined systems was 9079.2 m3 cow-1 yr-1, in which the portion of 

dairy cows, dry cows, heifers and calves was 42.3%, 25.9%, 29.9% and 1.8%, respectively. While, 
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the ASGWF-yr in the rotational grazing system was 12123.6 m3 cow-1 yr-1, in which dairy cows, dry 

cows, bred heifers, heifers and calves have a percentage of 40.5%, 28.1%, 22.1%, 7.9% and 1.3%, 

respectively. The differences in the value of the ASGWF-yr (m3 cow-1 yr-1) between dairy farming 

systems in Kuwait and ON are due to the variations in feed composition and DMI of different 

animal categories.  

Dairy cows in both Kuwait and ON had the greatest share in ASGWF-yr due to their involvement 

in milk production, which aligned with Chapagain and Hoekstra, (2003).  

In Kuwait, the confined dairy farming system has greater environmental and economic 

consequences compared to dairy farming systems in ON due to the harsh environmental conditions 

and limited water resources. In contrast, the dairy sector in ON relies on a rainfed crop production 

with lower pressure on the environment. However, knowing the needs of the dairy sector in ON 

and improving water efficiencies is crucial for any future expansion to cover the local demand as 

well as to adapt to any changes in weather conditions that may affect the availability and 

distribution of natural water resources to ensure the performance and quality of dairy outputs. 

c) Green WF based on each growth stage in animal life  

ASGWF-yr data was extended based on the span of each stage in animal life and accordingly the 

animal specific green WF per stage (ASGWF-life stage, m3 life stage -1) was calculated for each 

category based on the type of dairy farming system. 

For Kuwait, the ASGWF-life stage for confined systems was calculated to be 7413.0, 1290.9, 3857.4, 

and 459.1 m3 life stage -1 for dairy cows, dry cows, heifers and calves, respectively (Table 5.3). In 

ON confined dairy farming systems, ASGWF-life stage was estimated for dairy cows, dry cows, 

heifers and calves to be 12555.4, 1530.5, 5207.8, and 27.3 m3 life stage -1, respectively (Table 5.4). 

While for rotational grazing system, the average ASGWF-life stage for dairy cows, dry cows, bred 

heifers, heifers and calves was 17372.2, 2413.8, 3133.6, 400.4 and 27.3, respectively (Table 5.5). 

Evaluation of the average ASGWF-life stage showed that the rotational grazing and the confined dairy 

farming systems in ON have the greatest share followed by the confined system in Kuwait which 

could due to the difference in the green WF of the main components of feed rations and 

management practices along with the variations in the life span of dairy cattle.   
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Table 5.3. Green water footprint (WF) of different animal categories in Kuwait based on diet 
formulation and the period of each stage in animal life. 

Stage ASGWF-yr(a) ASGWF-life stage(b) 

Calves (1-3 mos)c 

(Duration: 3 mos) 
1836.4 459.1 

Heifers (3-24 mos)d 

(Duration: 22 mos) 
2104.0 3857.4 

Dry cows 

(Duration: 6 mos)e 
2581.8 1290.9 

Dairy Cows 

(Duration of lactation: 2.5 yrs)f 
2965.2 7413.0 

a Animal Specific Green Water Footprint per year (m3 cow-1 yr-1). 
b Animal Specific Green Water Footprint per life stage period (m3 life stage -1). 
c Razzaque et al. (2009b). 

d Razzaque et al. (2010). 

e Give birth 3 times and grouped as dry cows for 2 months (Razzaque et al., 2010). 
f Razzaque et al. (2009b); lactation period is 10 months per year (Hovey, 2018). 
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Table 5.4. Green water footprint (WF) of different animal categories in confined dairy 
farming systems in ON-Canada based on diet formulation and the period of each stage in 
animal life. 

Stage ASGWF-yr(a) ASGWF-life stage(b) 

Calves (1-2 mos)  

(Duration: 2 mos) 
164.0 27.3 

Heifers (2-24 mos)  

(Duration: 23 mos) 
2717.1 5207.8 

Dry cows  

(Duration: 7.8 mos)c 
2354.6 1530.5 

Dairy Cows  

(Duration of lactation: 39.2 mos)d 
3843.5 12555.4 

a Animal Specific Green Water Footprint per year (m3 cow-1 yr-1). 
b Animal Specific Green Water Footprint per life stage period (m3 life stage -1). 
c Farm & Food Care Ontario (2012). 
d In Eastern Canada, the average lifespan of dairy cattle is 6 years based on (Geough et al., 2012); lactation period is 10 months  

per year (Hovey, 2018). 
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Table 5.5. Green water footprint (WF) of different animal categories based on diet 
formulation and the period of each stage in animal life in rotational grazing system in ON-
Canada. 

Stage ASGWF-yr(a) ASGWF-life stage(b) 

Calves (1-2 mos)  

(Duration: 2 mos) 
164.0 27.3 

Heifer (2-6 mos)  

(Duration: 5 mons) 
960.9 400.4 

Bred Heifers  

(Duration: 14 mos)  
2685.9 3133.6 

Dry cows  

(Duration: 8.5 mos)c 
3407.7 2413.8 

Dairy Cows  

(Duration of lactation: 42.5 mos)d 
4905.1 17372.2 

a Animal Specific Green Water Footprint per year (m3 cow-1 yr-1). 
b Animal Specific Green Water Footprint per life stage period (m3 life stage -1). 
c Farm & Food Care Ontario (2012) 
d In Eastern Canada, the average lifespan of dairy cattle is 6 years based on (Geough et al., 2012); lactation period is 10 months 
per year (Hovey, 2018). 
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Conclusion 

Using the CROPWAT model to assess the green WF of the main components of livestock feed 

rations in different geographical areas illustrates the high pressure of dairy sector on water 

resources.  

For Kuwait, the crop with the highest green WF was soybean (2013.8 m3 ton-1), while corn silage 

was the crop with the lowest green WF value (224.3 m3 ton-1). For ON-Canada, the highest green 

WF was for pasture (782.2 m3 ton-1), while corn silage was the crop with the lowest value (167.2 

m3 ton-1). These values were influenced mainly by weather conditions, length of growing period 

along with crop yields.  

By comparing the green WF of different feed rations based on the span of each interval in animal 

life; the ASGWF-lifestage (m3 life stage-1) was found to be the greatest for rotational grazing and 

confined systems in ON followed by confined dairy farming systems in Kuwait. This is mainly 

due to diet related reasons along with the longer interval of lactation in ON compared to Kuwait. 

However, the effect of dairy sector on local water resources become more extreme based on the 

availability of water resource and environmental conditions. 

Consequently, improving WUE and reducing the green WF are crucial for sustainable dairy 

production systems, which can be achieved by using alternative feed for livestock diets including 

crop varieties with high yield potential.  
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Appendix I. Coordinates and locations of weather stations. 

 

Country Crop Location Station name Long. (o) Lat. (o) Altitude (m) 

Argentine Maize Grain Cordoba CORDOBA 64.25 oW 31.43 oS 494 

Australia Wheat; Barley Western 
Australia Dwellingup 116.05 o E 32.71 oS 268 

China Soybean Northeast Hailun 126.96 o E 47.43 oN 240 

Spain Alfalfa Catalonia Gerona-Costa-Brava 2.76 o E 41.90 oN 129 

Canada 
Corn, Alfalfa, 
Wheat, Barley, 
Pasture 

South London 81.15 oW 43.03 oN 278 
East North Bay 79.43 oW 46.35 oN 371 
North Moosonee 80.65 oW 51.26 oN 10 
Central Sault-Ste-Marie 84.50 oW 46.48 oN 192 
West Thunder Bay 89.31 oW 48.36 oN 199 
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Appendix II. Agronomic data for the main crops imported to Kuwait. 

State level Crop Crop Calendar- Length of 
Development stages (days) a 

Date b Crop Coefficient a 
DM% c Yield 

(Ton/ha) 

Yield 

(DM Ton/ha) 
Ini. Dev. Mid. Late Total Planting Harvest Ini. Mid Late 

Argentina 

 

Corn 
Grain 

20 35 45 35 135 Nov 10  March 24 0.30 1.20 0.35 86.7 5.20 d 4.51 

Corn 
Silage 

20 35 40 30 125 Nov 10 March 14 0.30 1.20 0.35 23.5 - 15.75 e 

WA Spring 
Wheat 

30 30 40 30 130 April 30  Sept 6  0.30 1.15 0.30 87.0 1.69 f 1.47 

WA Barley 30  25 50 30 135 April 30  Sept 11  0.30 1.15 0.25 87.1 1.97 g 1.71 

China Soybean 20 35 60 30  145 April 30 Sept 21 0.40 1.15 0.50 88.7 2.12 h 1.88 

Spain  Alfalfa 
perennial 

150 30 150 35 365 April 15 April 14 i  0.40 0.95 0.90 90.6 21.31 j 19.31 

a Allen et al. (1998). 
b USDA/FAS/IPAD (2019) 

c Feedipedia (2019)  
d Argentina Maize yield-Cordoba from 1981-2018 (USDA email). 
e Rebora et al. (2018). 
f ABARES (2019): Wheat yield from 2000-2018.  
g ABARES and Australian Bureau of Statistics (2018); Barley yield from 1994-2013. 
h China Ministry of Agriculture (2013); Average yield from 2004-2018 in Heilongjiang county. 
i Ballesta and Lloveras (2010) 
j Ministry of Agriculture Fisheries and Food (2018); Average yield in Catalonia from 2008-2017. 
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Appendix III. Agronomic data for the major crops cultivated in ON-Canada. 

Crop Crop Calendar a Date b Crop Coefficient a DM% d Yield c/f 

Length of crop development stages (d) 

Ini. Dev. Mid. Late Total Plant Harvest Ini. Mid Late 

Corn Silage 20 35 40 30 125 May 1 Sept 2  0.30 1.20 0.35 32.5e 15.37 

Corn grain  30 40 50 21 141 May 1 Sep 18  0.3 1.2 0.35 86.7 8.37 

Winter wheat 30 140 40 30 240 Sept 1 Aug 1  0.70 1.15 0.25 87.0 4.49 

Soybean 15 15 40 15 85 May 1 July 24  0.40 1.15 0.50 88.7 3.07 

Barley 15 25 50 30 120 May 1 Aug 28  0.3 1.15 0.25 87.1 3.13 

Pasture g 10 20 110 55 195 May 1 Nov 11  0.40 1.00 0.86 21.7 4.97 h  

Alfalfa 

Perennial 

150 30 150 35 365 May 1 April 30  0.40 0.95 0.90 90.6 5.39 

a Allen et al. (1998) 

b USDA/FAS/IPAD (2019) 

c OMAFRA (2020b); Calculated by the use the average yield data of five regions in ON for the period from 2004-2018; Unit: ton DM /ha. 
d Feedipedia (2019)..  
e Bagg et al. (2013) 
f =Yield*DM%/100 (Unit: ton DM/ha) 
g Legesse et al. (2018) 

h Average yield data for 20 sites in ON based on Winch (University of Guelph) as mentioned in pasture production-publication 19 (Table 3-2) (Kyle, 2015). 
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Chapter 6 

NO3-N Leaching and the Grey Water Footprint of the Main Components of Livestock Feed 
Rations on Different Dairy Farming Systems in Kuwait and Ontario-Canada 

 

Abstract  

The management of inorganic nitrogen (N) fertilizer is crucial to minimize NO3-N loss from 

agricultural production systems. The objectives of this study were to explore the effect of long-

term climatic variability on the annual NO3-N leaching from cropping systems using the Canadian 

version of Denitrification Decomposition model (DNDCv.CAN). In turn grey water footprints 

(WF) was also calculated across all phases of crop rotation in different geographical areas and link 

this value with the dry matter intake (DMI) per animal category based on the management practices 

in different dairy farming systems in Kuwait and Ontario (ON)-Canada. 

The performance of DNDCv.CAN in simulating crop yield and NO3-N leaching was with good 

accuracy by comparing the simulated and observed yield data with a percent difference of 14.6%. 

Results showed that NO3-N leaching (kg N ha-1) was the highest for grain corn production in 

Argentina (44.7 ± 6.1) and ON-Canada (17.8 ± 2.8) and lowest for alfalfa in Spain (15.7 ± 2.7) 

and pasture in ON (0.4 ± 0.0). 

Accordingly, the main components of animal feed rations in Kuwait were characterized by their 

higher pressure on water quality compared to ON-Canada with a total animal specific grey water 

footprint (AS-Grey WF-yr) of 2366.0 m3 cow-1 yr-1 versus to 696.5 m3 cow-1 yr-1 and 473.1 m3 cow-

1 yr-1 for confined and rotational grazing dairy farming systems, respectively. 

Managing the N fertilizer application rate is important to improve the environmental health and 

water quality. 

Keywords: Nitrate leaching- DNDCv.CAN- Kuwait- Ontario (ON)- Dairy farms- Grey water 

footprint 
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Introduction 

The production of crops to support the dairy sector is accompanied by the use of large amount of 

inorganic N fertilizers to enhance crop production (Yousaf et al., 2016). However, excessive 

amounts of N fertilizers are applied without considering their ecological or economic impacts 

(Campbell et al., 2006b). This leads to the problem of NO3-N pollution (Asadi et al., 2002) due to 

the low absorption of N particularly under poor management practices (Raun & Johnson, 1999). 

Most annual crops use 45 to 85% of the applied N-fertilizer (Ma et al., 2009) and around 16% of 

N is lost through leaching or denitrification (Addiscott, 1996).  

To enhance the efficiency of N fertilizer, retain profits, and reduce environmental degradation, 

there is a need to improve agricultural strategies in each region of crop production (Bell et al., 

2016). Leaching of NO3-N from agricultural land is the significant pathway for NO3-N loss 

(Timmons & Dylla, 1981) and is affected by precipitation (PPT) patterns (Yang et al., 2011), 

agricultural practices (Plaza-Bonilla et al., 2015) including irrigation methods (Jamali et al., 2015), 

N fertilizer application rate and timing (Demurtas et al., 2016), coupled with tillage practices 

(Jabloun et al., 2015). 

The challenge of enhancing environmental quality, while sustaining a potential yield, is by the 

assessment of NO3-N leaching using field trials which are often limited by cost and time 

(Khaledian et al., 2009). There are few studies that focus on the relative contribution of regional 

and climatic conditions on nutrient loss (Zhu & Fox, 2003). Therefore, it is important to develop 

process-based modelling tools to identify the effect of interdependent processes on N loss (Deng 

et al., 2016). Process-based models are appropriate for investigating the effects of management 

practices in agricultural systems (Brilli et al., 2017; De Jong et al., 2009; Ma et al., 2007) by 

simulating the influence of various management, climatic and soil conditions on N leaching (Qi et 

al., 2011).  

In this study, the focus is on the crops that represent the main components of dairy feed rations in 

both Kuwait and ON-Canada to get a comprehensive evaluation of the pressure exposed by the 

dairy sector on the quality of water resources. We have employed the Canadian version of DNDC 

model (DNDCv.CAN) to assist with this.  
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The DNDCv.CAN model is a tool for simulating biogeochemical interactions and investigating N 

load in agricultural water (Smith et al., 2013b) based on number of features that are important for 

Canadian agro-ecosystems (Kröbel et al., 2011). However, it can still be applied worldwide, but 

the model was developed to include unique practices and processes with reference to the original 

location (Smith et al., 2020). The DNDCv.CAN model simulates N loss through the emission of 

N2O, leaching of NO3-N, and NH3 volatilization (Giltrap et al., 2010). Though the DNDC has been 

used to evaluate the effect of a range of agricultural practices on N cycling in grassland and 

cropland environments (Uzoma et al., 2015), it has not been used to simulate NO3-N leaching in 

Eastern Canada (ON). In addition, no studies have linked the effect of NO3-N leaching and the 

grey water footprint (WF) on the quality of water resources with respect to the dry matter intake 

(DMI) per animal category on different dairy farming systems in both Kuwait and ON-Canada.  

There are limitation in the studies that explore the concept of grey WF (Lovarelli et al., 2018) due 

to the lack of proper data that maintain the credibility and robustness of this sustainability indicator 

(Hoekstra & Chapagain, 2008). In addition, there is limited data that describes the spatiotemporal 

impact of agricultural and climatic conditions on NO3-N leaching across the globe using process-

based model that links soil, crop and atmospheric conditions.  

Proper quantification of model performance is warranted by including detailed observations and 

input data to develop a robust and global investigation of different regions relevant to NO3-N 

leaching. This will assist in developing more efficient N-fertilizer application practices for 

minimum NO3-N contamination and optimal growing conditions which are a key priority for land 

managers and stakeholders (Zavattaro et al., 2012). Data of the main feed exporting countries to 

Kuwait (such as Western Australia (WA), Argentina (Cordoba), North East (NE) China, and 

Spain- Catalonia) along with agricultural data of ON-Canada were used to test the hypothesis that 

link management strategies and climatic conditions to the concentration of NO3-N in leachate 

water. Accordingly, the objectives of the current study are to: 

1- Assess the annual concentration of NO3-N in agricultural leached water in the context of 

regional agricultural practices and climatic conditions. 
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2- Estimate the grey WF (m3 ha-1; m3 ton-1) of the main components of dairy feed rations on each 

type of dairy farming system in Kuwait and ON-Canada.  

3- Assess the animal specific grey WF (m3 cow-1 yr-1) and the grey WF for different animal 

categories at each stage of animal life (m3 cow-1 life stage-1) according to the management 

practices on each type of dairy farming system in Kuwait and ON-Canada.  

2. Material and methods 

2.1. Sites description 

The sites include the main crop production regions that export dairy feedstuffs to Kuwait. Kuwait 

imports 98% of these feeds from external sources due to the harsh environmental conditions and 

the absence of renewable water resources (USAID, 2018). Feed exporting countries to Kuwait 

include Argentina (Cordoba-Pampa province) as the main source of corn grain and silage (The 

Observation of Economic Complexity (OEC), 2017a), WA as the main source of wheat and barley 

grains (OEC, 2017b; OEC, 2017d), NE China (Heilongjiang province) as the main exporter of 

soybean (OEC, 2017c), and Spain (Catalonia- Ebro Valley) as the main exporter of alfalfa to 

Kuwait (OEC, 2017b). In addition, study sites include the Elora station in ON-Canada as an area 

of corn, soybean, alfalfa, wheat, barley, and pasture propagation. For each crop production region, 

the daily weather datasets from 1981 to 2018 were extracted from NASA (2019) (Appendix I). 

Weather data include temperature (Temp, oC), wind speed (m s-1), relative humidity (RH, %), 

precipitation (PPT, mm), and solar radiation (MJ m-2 d-1). Soil type was assumed to be sandy loam, 

as it is the most common type in the world (Liu et al., 2012) and represent ~50% of soil types in 

Canada (Ramnarine et al., 2015). In addition, sandy loam is the predominant type of soil in south 

west of Australia (Purdie et al., 2004; Simpson et al., 2016), Argentina (Cordoba) (Wyngaard et 

al., 2012), NE China (Heilongjiang province) (Yan et al., 2016) and Spain (Ebro valley) (Gallego 

et al., 2011). Soil organic carbon (SOC) was used at the depth of 20 cm; more SOC is retained at 

this depth (Olson & Al-Kaisi, 2015). The soil PH was assumed to range between 5.5 to 6.5 as it is 

the optimum condition for the development and growth of plants (Gentili et al., 2018). Bulk density 

was determined based on soil type and SOC of the soil (Leifeld et al., 2005).  

Actual crop yield data was extracted from literature and statistical year books and used to evaluate 

the primary performance of the DNDCv.CAN model. 
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2.2. Management of crop production  

In this study a comprehensive dataset of actual site management practices including the type of 

tillage practices, rotation system, and N fertilizer application rate and timing for different crops in 

various regions were sourced from literature (Table 6.1). N-fertilizer (urea) was used as a starter 

and the annual NO3-N loss data (starting with sowing date) was simulated as the temporal pattern 

of NO3-N leaching and mineralization continue to increase the NO3-N content of soil over growing 

period (Ryan et al., 2000; Savard et al., 2007).
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Table 6.1. Summary of site characteristics and N-fertilization rate for each crop production region. 

Country Crop Growing Period N- Fertilizer Rotation Soil 
Type 

Tillage 
practices 

Sowing Harvest (kg ha-1)  
Argentina 
(Cordoba) 

Maize Grain Sept 13th  March 30th 1/2 1002 Corn, corn2/3 Sandy 
Loam 

 

Conventional 
tillage 

Maize Silage Sept 13th March 7th 1/2 1102  
WA Spring Wheat May 2nd  Sept 24th 1 304 Spring wheat, barley, canola5 

Barley May 2nd  Sept 19th 1 306 Canola, Spring wheat, barley 
Barley, canola, Spring wheat 

Spain 
(Catalonia) 

Alfalfa April 20th  Nov 28th  07 3Alfalfa, corn, Spring wheat8 

Corn, Spring wheat, 3Alfalfa 

NE china Soybean April 30th  Oct 4th  309 Soybean, corn10 

Corn, soybean 

ON-Canada Corn grain,  May 14th  Oct 29th  16411 Corn, soybean11/12 

Soybean, corn 

 Corn silage,  May 14th Sept 14th  16411    

 Alfalfa, May 14th Oct 28th  013 3Alfalfa, barley, Winter wheat 14/15 

Barley, Winter wheat, 3Alfalfa 
  

 Soybean, May 14th Sept 14th  011 Corn, soybean11/12 

Soybean, corn 

  

 Barley, May 14th Aug 29th  9011 3Alfalfa, barley, Winter wheat 14/15 

Barley, Winter wheat, 3Alfalfa 
  

 Winter wheat, May 14th June 30th   7514 2Alfalfa, barley, Winter wheat, Alfalfa 
Alfalfa, barley, Winter wheat, 2Alfalfa 

  

     Winter wheat, 3Alfalfa, barley   
 Pasture May 24th Dec 30th  014 Pasture   

SOC= 0.02 kg C kg-1 at 0-20 cm depth. USDA/FAS/IPAD, 20191, Economic Research Service/USDA, 20012, Buschiazzo et al, 19993 , Barton et al., 20164, 
Simpson et al., 2016 5, Vineberg, 20116, Lawrence et al., 20087, (Fanlo et al., 2006; Lloveras, 2001)8, Li, 2005 9, Liu et al., 201310,, Jayasundara et al., 200711 ,  
Gaudin et al., 201512 , Sheard, 198713, Brown et al., 201714, Vyn et al., 199115  
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2.3. DNDCv.CAN Model 

2.3.1 Model description 

The DNDC model is used on a global scale due to its reasonable input requirements (Brilli et al., 

2017) including soil elements (SOC, hydraulic parameters, texture and density), crop type, yield, 

ration of C:N, agriculture management practices (fertilizer rate and timing, crop growing period, 

field residue, tillage system) and climatic parameters. The DNDC is characterized by its 

comprehensive biochemical equations that simulate soil C and N in agroecosystems (Li et al., 

1992a; Li et al., 1992b), coupled with water dynamics (Li et al., 2006), nutrient cycling (Li et al., 

2012), crop biomass production and greenhouse gas (GHG) emission through nitrification, 

denitrification, fermentation and decomposition (Smith et al., 2013b). 

The Canadian version of DNDC (DNDCv.CAN) is designed and validated to simulate the 

biogeochemical cycles, crop growth (Smith et al., 2013b) and comprised the impact of stress (e.g. 

Temp) on agricultural regions in Canada (Yan & Hunt 1999). Furthermore, soil Temp was 

improved in the model to demonstrate its impact on ET (Dutta et al., 2016b), and has lately been 

developed to simulate the effects of residue and snow on soil Temp (Dutta et al., 2018). 

Latest studies have reported that DNDC performs better than other water models (Guest et al., 

2018) basically due to the inclusion of a “crop growth sub-model” which simulates daily plant 

propagation, water, N and heat stresses (Smith et al., 2019b). DNDCv.CAN is the most 

sophisticated model for simulating biomass crop production, water flow, N loss (Smith et al., 

2019b). More description of the mechanisms of DNDCv.CAN model and frame design can be 

found in Abalos et al. (2016), Congreves et al. (2016a) Congreves et al. (2016b), Dutta et al. 

(2016c) and Smith et al. (2013). 

In the current study, to determine the temporal and spatial effects on N-budget for different 

cropping systems, long-term NO3-N leaching was simulated in different geographical areas with 

different climatic conditions. The simulation period was divided into “spin-up” interval for 10 

years and post “spin-up” period for 30 years; the pools of C, N and water in soil were stabilized 

during the one decade “spin-up” period. 
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The simulated results are intended to show the total volume of leached water along crop annual 

growing period coupled with its NO3-N content as the model ran for different rotation phases that 

were merged to estimate NO3-N loss over 30-year climate variability. 

 2.3.2. DNDC model initialization, calibration and validation 

DNDCv.CAN has been through massive enhancement and validation to simulate N losses. In the 

current study, the former developed conditions of the model to simulate nitrous oxide (N2O) 

emissions (He et al., 2018a; Uzoma et al., 2015) and ammonia (NH3) volatilization (Congreves et 

al., 2016b; Dutta et al., 2016c) were adopted. 

The preceding model performance and parameterization from previous works in Canada at 

Woodslee, Alfred and Gilmore cities were used in model (Smith et al., 2019a). Also, Congreves 

et al. (2016b) proved the efficiency of DNDCv.CAN model in examining the effect of different 

climatic conditions on the loss of N under best management and conventional agricultural systems 

in ON. In addition, Smith et al. (2019b) demonstrated that the DNDC model was validated for 

simulating several pathways of N losses and perform well in predicting corn silage yield, N uptake, 

N2O emission and soil N at Alfred site. Furthermore, DNDC model was validated for estimating 

water and N dynamics of corn and soybean fields in the United States (David et al., 2009; Tonitto 

et al., 2007a; Tonitto et al., 2007b) and for NO3-N leaching in northern China (Li et al., 2014), and 

for N2O emission in Australia (Ma et al., 2018). 

2.3.3. DNDCv.CAN model evaluation 

The performance of DNDCv.CAN model was evaluated by assessing the agreement between the 

measured and simulated crop yield data using the absolute percent difference (%) which defined 

as: 

!"#$%&'(	*(+,(-'	./00(+(-,( = 2
34 	−	64
64

2 	× 100																[Equation	1] 

where t: time (year), Ot: observed value, Pt: predicted value. 
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2.4. Grey WF calculation 

The calculation of the grey WF depends on determining the amount of NO3-N loss per annual 

growth period of the crop. DNDCv.CAN model outputs for leached water (m3 ha-1) and NO3-N 

content (kg ha-1) of various crops in different regions were used to calculate the NO3-N (mg L-1) 

and the grey WF. 

The estimation of the grey WF (grey WFgrowing season, m3 ha-1) reflects the total value over the 

propagation “D” period was calculated based on the following: 

D+(E	FGHIJKLMH	NOPNJM = Qgrey	WF																																								[Equation	2]
4YZ

4Y[

 

where, D is the duration of the annual crop propagation period (days). 

The grey WF reflects the quantity of water needed to dilute pollutants (e.g. NO3-N) to be within 

the acceptable limit (e.g. 10 mg L-1; Ontario Reg (169/03, 2020)). Accordingly, the grey WF was 

calculated when NO3-N concentration in leached water exceeded the standard level, using the 

following judgment and equations (Vergé et al., 2017):  

If the concentration of NO3-N in leached water (mg L-1) is £ standard level (10 mg L-1)  

The	grey	WF(]^_P`a) = Zero																																																												[Equation	3] 

If the concentration of NO3-N in leached water (mg L-1) is > standard level (10 mg L-1), then 

the grey WF (m3 ha-1) based on Vergé et al. (2017) is: 

Grey	WF(]^	_`a) =
(fg − fN4PMhPIh)

fN4PMhPIh
i	jk																																									[Equation	4] 

Where, VL: volume of leached water over the growing period (m3 ha-1); CN: mean of actual NO3-

N level (mg L-1) over the growing period in leached water; Cstandard: water quality NO3-N standard 

level (10 mg L-1). Assuming the natural concentration (mg L-1) of pure water is zero to emphasis 

on changes initiated by temporal dynamics. 
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The grey WF per ton of crop production (m3 ton-1 DM) is estimated based on Chukalla et al. (2018) 

as: 

D+(E	FGm]^	4JM`an =
D+(E	FGm]^	_`an

o/(%.	(4JM	Zp	_`a)
																															[Equation	5] 

The simulation of NO3-N content in leachate water was based on the following assumptions: 

1- Surface broadcast is the method of fertilizer application. 

2- No crop irrigation was utilized.  

3- The grey WF of trace feed components that form £ 1% of the livestock rations such as beet 

pulp and canola meal was sourced from Mekonnen and Hoekstra (2011); in which the 

global grey WF (m3 ton−1) was calculated based on N-fertilizer application rate with the 

assumption that 10% of the used N is lost by leaching based on Chapagain et al (2006). 

4- The grey WF per ton was simulated over 30-year period through different climatic 

conditions and during all phases of crop rotation. 

 

Feed rations of dairy farms in Kuwait along with that of confined (Robinson et al., 2016) and 

rotational grazing (Piquette, 2015) systems were used to estimate the grey WF per year (m3 

cow-1 yr-1) and per stage of animal life (m3 lifestage-1) based on the annual DMI (ton cow-1 yr-

1) and the span of each interval in animal life, respectively. 
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3. Results and Discussion 

The calibrated DNDCv.CAN was adjusted to simulate NO3-N leaching and was generally validated 

by comparing its results with actual crop yield and NO3-N loss data from published studies. The 

current study is the first to review and validate the DNDCv.CAN model to examine NO3-N leaching 

across several regions around the world. 

3.1. Validation and evaluation of DNDCv.CAN model  

The DNDCv.CAN model has been previously calibrated and validated for different regions in 

Canada (Abalos et al., 2016; Dutta et al., 2016a; He et al., 2018b; Li et al., 2006). DNDCv.CAN was 

validated in ON to simulate the yield of corn and N2O emission (Banger et al., 2020). Also 

DNDCv.CAN was validated for simulating NO3 leaching and crop yield in Canada and United States 

(Smith et al., 2020) along with other cold and temperate environmental conditions (Smith et al., 

2013b).  

In the current study, the revised and validated DNDCv.CAN model was used to assess NO3-N loss 

using appropriate management inputs that characterized the investigated agricultural regions. 

General validation was conducted based on literature values, previous assessment in ON and 

agronomic knowledge. The NO3-N leaching was comparable with other studies. In addition, crop 

yields produced an absolute percent difference of 14.6%, given that the majority of the observed 

yields were within 10% compared to the DNDC yield data (Table 6.2).  

 

 

 

 

 

 

 



 102 

Table 6.2. Observed and simulated crop yield by DNDCv.CAN model. 

Region Crop DM Yield (ton ha-1) % Difference 
(Absolute) 

DNDC Observed 

Argentina Corn grain 5.6 4.5a 24.4 

Corn silage 15.6 15.8b 0.8 

WA Spring wheat 2.4 1.5c 61.9 

Barley 2.5 2.1 d 17.7 

NE China Soybean 2.2 1.8 e 25.4 

Spain Alfalfa 19.2 19.3 f 0.4 

ON/Canada  

Elora g 

    

 Winter wheat 5.9 6.1 g 3.3 

 Barley 3.8 4.1 g 7.3 

 Alfalfa 4.0 5.4 g 25.0 

 Corn grain 8.6 8.5 g 0.7 

 Corn silage 18.0 15.4 h 17.1 

 Soybean 2.5 2.5 g 1.6 

 Pasture 5.2 5.0 i 4.6 

 

 

 

 

 

 

Average    14.6 
a Yield data from 1981-2018.  
b Rebora et al. (2018).  
c Yield data from 2000-2018 ABARES (2019). 
d Yield data from 1994-2019 (excluding 2005-2008 & 2010-2012) ABARES and Australian Bureau of Statistics (2018). 
e Yield data from 2004-2011: China Ministry of Agriculture (2013).. 
f Yield from 2008-2017: Ministry of Agriculture Fisheries and Food (2018) based on email with Guerrero Marta 
(FAS.USDA). 
g Yield data from 2004-2018: OMAFRA (2020). 
h Bagg et al. (2013). 
i Average yield data for 20 sites in ON based on Winch (University of Guelph) as mentioned in pasture production-
publication 19 (Table 3-2) (Kyle, 2015). 
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3.2. Impact of variations in climatic conditions and N fertilizer rates on NO3-N leaching 

Congreves et al. (2016a) found that management practices such as the timing and rate of N fertilizer, 

soil texture and structure, and land use are crucial; and could be more important compared to climatic 

conditions (Libutti & Monteleone, 2017; Peña-Haro et al., 2009). However, the significance of 

climatic conditions depends on the type of management being considered.  

a) Grain corn and silage production in Argentina and ON- Canada 

1- Argentina 

For Argentina, results showed that the average NO3-N leaching was 44.7 ± 6.1 kg ha-1 for grain corn 

and 26.9 ± 4.7 kg ha-1 for corn silage based on the application 100 and 110 kg N fertilizer ha-1, 

respectively (Economic Research Service/USDA, 2001). Muschietti-Piana et al. (2018) reported that 

at Pampas in Argentina, the application of 0, 100, and 200 kg N ha-1 to corn resulted in the leaching 

of 20, 38 and 56 kg ha-1. Aparicio et al. (2008) found that with 100 kg N ha-1 applied, under irrigation 

and conventional tillage practices, 24.7 kg ha-1 was lost, while for 200 kg N ha-1 28.6 kg ha-1 was lost. 

Jokela and Randall (1997), Kitur et al. (1984) and Stevens et al. (2005) found that in a corn 

monoculture system, the loss of N ranged between 24 and 65 kg ha-1.  

2- ON-Canada 

In ON, results show that the average NO3-N loss was 17.8 ± 2.8 kg N ha-1 for corn grain, and 16.7 ± 

2.4 kg N ha-1 for corn silage. Jayasundara et al. (2007) stated that NO3-N loss from corn grain in ON 

was 18.0 kg ha-1. He et al. (2018b) reported that NO3-N leaching of corn in western Canada was 11.0 

kg ha-1 based on the application of 300 kg N ha-1. Tan and Reynolds (2003) found that the average 

annual NO3-N loss ranged from 32.5 to 38.6 kg ha-1 for continuous corn under conventional tillage. 

Patni et al. (1996) reported that in ON the annual NO3-N leaching was 33.0 kg ha-1 for monoculture 

corn silage under no tillage.  

Corn production is often accompanied with a high NO3-N losses during the early period of production 

due to the high inputs of N fertilizers, spaced lines, and limited rooting systems (Andraski et al., 

2000). Also, changes in rainfall patterns can affect the level of NO3-N losses (Randall & Mulla, 

2001), along with the type of rotation system (Blesh & Drinkwater, 2013). Moreover, it can be 

correlated to the N applied rate and time that usually occurs in early spring (when soil moisture is 
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high), while the highest absorption of N by corn is at the 6-leaf stage, which leads to asynchronization 

between supply and uptake of N by the plant (Jayasundara et al., 2007).  

In addition, the differences in the values of NO3-N leaching between corn grain and silage are mainly 

attributed to differences in the harvesting time, ripening stage, crop variety (Müller et al., 2011), and 

crop yield as lower production is associated with lower N uptake (Welsh et al., 2003). Tillage 

practices can also play a role as reduced/ no-tillage practices minimize leaching and increase soil 

moisture content (Power & Peterson, 1998). 

Although, corn has a high yield that requires the provision of a large quantity of N fertilizer (Yan et 

al., 2016), the uptake of N by crops is inconsistent (Urricariet et al., 2011) which increases the risk 

of NO3-N leaching.  

b) Barley and wheat production in WA and ON- Canada 

1- WA 

Barley and spring wheat are dominant crops in WA (Simpson et al., 2016) with typical fertility 

requirements of 30 kg N ha-1 (Barton et al., 2016). In the current study, the amount of NO3-N loss 

from spring wheat and barley was 19.4 ± 2.2 kg N ha-1 and 22.5 ± 2.2 kg N ha-1, respectively. 

Anderson et al. (1998) found that NO3-N leaching of continuous wheat was 24.0 kg ha-1. Wong et al. 

(2006) reported that the annual NO3-N leaching of wheat in WA was 25.5 kg N ha-1. Ludwig (2009) 

found that the loss of NO3-N in WA at nine different locations ranged from 17.7 to 29.7 kg ha-1. 

Barton et al. (2016) stated that the loss of NO3-N in WA during the growing season of wheat 

(succeeding legumes or pastures) was ranged from 14.0 to 72.0 kg ha-1, while Weier (1994) found 

that the leaching of irrigated wheat was 23.0 kg N ha-1.  

For barley, Delgado et al. (2001) reported that NO3-N leaching was 34.0 kg ha-1 in Colorado. In the 

UK the average NO3-N loss of barley was 35.4 kg ha-1 based on the application of 80 kg N ha-1 

(Johnson & Smith, 1996). In addition, the loss of NO3-N from barley production in Sweden was 22.0 

kg ha-1 based on the application of 100 kg N ha-1 (Bergström & Jokela, 2001).  
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2- ON-Canada 

In ON, barley and wheat are planted in rotation with alfalfa and provided with 90 and 75 kg N 

fertilizer, respectively. The NO3-N loss of wheat and barley in the current study was 10.0 ± 1.2 kg N 

ha-1 and 8.7 ± 1.3 kg N ha-1, respectively. Jayasundara et al. (2007) reported that the loss of NO3-N 

from winter wheat was 12.0 kg ha-1 based on the incorporation of 90 kg N ha-1 under the corn, 

soybean, winter wheat rotation with the use of cover crop. Cover crops lower soil NO3-N and 

reducing leaching by sequestering surplus NO3-N into crop biomass (Strock et al., 2004). Also, the 

limited amount of leached NO3-N can be attributed to the limited soil N due to limited mineralization 

especially in cold soil Temp (Cox et al., 1990). 

For barley, Jiang et al. (2019) reported that NO3-N leaching in Canada ranged from 2.8 to 10.6 kg N 

ha-1. Mariotti et al. (2016) reported that 7.0 kg ha-1 of NO3-N loss in Italy without applying N-

fertilizers to sandy loam soil.  

Variations in the amount of NO3-N loss can be related to differences in the length of propagation 

period, water supply, crop yield (Nyborg et al., 1995), tillage practices (Peter et al., 2011) along with 

barley varieties (Brown et al., 1987) that differ in their root depth, density and the efficiency of N 

uptake (Hecht et al., 2016).  

c) Alfalfa production in Spain and ON- Canada 
 

1- Spain 

Results for alfalfa production in Spain show that the amount of NO3-N leaching was 15.7 ± 2.7 kg 

ha-1. Martínez and Albiac (2004) reported that the amount of NO3-N loss from alfalfa production was 

15.0 kg ha-1 based on the application rate of 70 kg N ha-1.  

The observed losses of NO3-N in the current study, given that alfalfa was not supplied with N 

fertilizers, can be attributed to the mineralization of organic matter in the soil (Sebilo et al., 2013). 

Also, most of the unmineralized N remaining from the former propagation period can be lost by 

leaching especially under Mediterranean weather conditions that are characterized by the surplus 

level of PPT (Zebarth et al., 2009). 
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2- ON-Canada 

In ON, alfalfa is produced in rotation with barley and wheat with no addition of N fertilizer (Brown 

et al., 2017). In the current study, the amount of NO3-N loss was estimated to be 7.9 ± 1.1 kg ha-1. 

Yang et al. (2013) reported that NO3-N loss from hay production in Canada was ranged from 3.0-

25.0 kg ha-1. The risk of NO3 loss is considered to be minimal when using the field for proliferation 

of perennial crops due to the high absorption of N and water by crops regardless of soil type 

(Manitoba Agriculture, 2018). This is enhanced in the case of alfalfa due to its long roots (Zhu & 

Fox, 2003) which increase the efficiency of N utilization (Lassaletta et al., 2014). Alfalfa is capable 

of utilizing a large amount of NO3 (Henry & Meneley, 1993), including the excess amount of N 

applied to previous crops (Schertz & Miller, 1972). 

d) Soybean production in NE China and ON- Canada 

1- NE China 

Soybean production in NE China resulted in NO3-N loss of 24.5 ± 5.1 kg ha-1. Soybean was produced 

under a soybean-corn rotation and provided with 30 kg N fertilizer ha-1 (Li, 2005). Jabro et al. (2019) 

reported that NO3-N leaching of soybean in China was 25.5 and 23.6 kg ha-1 under no tillage and 

conventional tillage, respectively. In addition, Zhu and Fox (2003) found that leaching from soybean 

was 26.3 kg N ha-1 under a corn and soybean rotation system and based on the application of 200 kg 

N ha-1 for corn.  

2- ON-Canada 

Our result showed that the amount of NO3-N in leachate water from soybean production in ON was 

14.6 ± 2.1 kg ha-1 without application of N fertilizer and based on a corn and soybean rotation. It was 

reported by Jayasundara et al. (2007) that 16.0 kg ha-1 is the amount of NO3-N loss under best 

management practices.  

Legumes fix considerable concentration of N, however, the presence of N in the soil can be due to 

the post-season residue and mineralization that release N into the soil water (Angle, 1990). 

Accordingly, in our case, this may be due to the greater amount of N residues that sustain in the soil 

(Omay et al., 1997) and contribute substantially to the NO3-N leaching of other crops in the same 
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rotation system, given that soybean was not supplied with N fertilizers, which agree with the 

conclusion of Jayasundara et al. (2007).  

e) Grazed pasture production in ON- Canada  

The amount of NO3-N loss from grazed pasture at ON was 0.4 ± 0.0 kg ha-1. Fraser et al. (2013) found 

that leaching of pasture was 0.5 kg N ha-1 during the fall season. This is consistent with the fact that 

grasses reduce the chance of NO3-N contamination (Muller & Garnier, 1990) due to their large N 

uptake seemingly because of their deep roots that reduce leaching into deeper soil layers (Campbell 

et al., 2006a).  

Generally, our results show that variations in leaching between regions can be affected by N fertilizer 

rate that varies regionally based on the target yield (Brueck & Lammel, 2016), rotation system (De 

Notaris et al., 2018) along with the climate variability that might has a greater effect than fertilizer 

rate. In almost all regions, a leachable N (kg ha-1) was positively correlated with the level of PPT. 

This is consistent with Korsakov et al. (2004), who reported a high correlation between NO3-N 

leaching and rainfall pattern, especially when fertilizers are applied in rainfall season, which 

increases the rate of leaching and reduce evapotranspiration (Schwager et al., 2016). 

3.3. Grey WF of different dairy farming systems in Kuwait and ON-Canada. 

a) Grey WF of the main feed components 

Kuwait imports animal feed from external sources to ensure its continued availability to achieve local 

food security. The importing country gains environmental benefits, while the countries that exports 

the feed suffers from significant implications related to the pressure on the lands and water resources. 

However, the environmental pressure and the generated pollutants are the external grey WF that is 

part of the virtual water budget of the importing country (Hoekstra & Chapagain, 2008). 

On the other hand, Canada relies on its natural water resources and considered to be self-sufficient 

and all the implications associated with feed production are part of the local WF budget.  
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Based on the DNDCv.CAN model, NO3-N concentration (mg L-1) was calculated using the amount 

of leached water (L, Appendix II) and its NO3-N content (kg N ha-1). The regional grey WF (m3 ton-

1) of the main components of animal feed based on the NO3-N (mg L-1) concentration and the potential 

yield of feed exporting countries and ON are shown in Table 6.3 and 6.4, respectively.   

 
Table 6.3. Crop yield (DM ton ha-1) and grey WF (m3 ton-1) of the main 
types of crops used in livestock diets in Kuwait. 

Ingredient Yield (DM ton ha-1) Grey WF (m3 ton-1) 

Barley grain 2.5 79.2 ± 38.9 

Spring wheat 2.4 60.4 ± 31.9 

Soybean grain 2.2 833.9 ± 166.5 

Alfalfa 19.2 43.9 ± 6.9 

Corn grain 5.6 481.4 ± 74.5 

Corn silage 15.6 76.2 ± 17.7 
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Table 6.4. Crop yield (DM ton ha-1) and grey WF (m3 ton-1) of the main 
types of crops used in livestock diets in ON-Canada. 

Ingredient DM Yield (ton ha-1) Grey WF (m3 ton-1) 

Barley grain 3.8 8.3 ± 4.5 

Winter wheat 5.9 10.7 ± 5.5 

Soybean grain 2.5 115.9 ± 25.8 

Alfalfa 4.0 24.4 ± 9.3 

Corn grain 8.6 77.5 ± 25.6 

Corn silage 18.0 29.5 ± 6.4 

Canola oilcake (meal) - 336.0 [global average*] 

Beet pulp - 25.0 [global average*] 

Pasture 5.2 0.0 ± 0.0 
*Mekonnen and Hoekstra (2011). 
 

Animal feed rations on dairy farms are comprised mainly of corn grain, corn silage, wheat grain, 

barley grain, alfalfa, soybean, and pasture. 

In Argentina, the average NO3-N concentration of grain corn was 24.9 ± 0.8 mg L-1, while that for 

corn silage was 17.7 ± 1.0 mg L-1. Accordingly, the grey WF (m3 ha-1) for corn grain and silage was 

2674.0 ± 394.1 m3 ha-1 and 1195.4 ± 275.3 m3 ha-1, respectively. In addition, the grey WF per yield 

for corn grain was estimated to be 481.4 ± 74.5 m3 ton-1 and for corn silage was 76.2 ± 17.7 m3 ton-1. 

The temporal patterns of precipitation (PPT, mm), NO3-N concentration (mg L-1), grey WF (m3 ha-1; 

m3 ton-1) for corn grain and silage in Argentina are shown in Fig. 6.1 and 6.2, respectively.   

In ON, our results show that the average NO3-N concentration of grain corn was 14.5 ± 1.4 mg L-1, 

while, the average concentration of NO3-N (mg L-1) for corn silage was 10.3 ± 1.6 mg L-1.  
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The grey WF (m3 ha-1) of corn grain and corn silage was 450.3 ± 102.1 m3 ha-1 and 678.0 ± 102.66 

m3 ha-1, respectively. While, the grey WF (m3 ton-1) for corn grain was 77.5 ± 25.6 m3 ton-1and corn 

silage was 29.5 ± 6.4 m3 ton-1.  

The annual patterns of NO3-N (mg L-1) and grey WF (m3 ha-1; m3 ton-1) for corn grain and silage in 

ON- Canada are shown in Fig. 6.3 and 6.4, respectively.  

In WA, the average NO3-N concentration (mg L-1) of barley was 7.6 ± 0.6 mg L-1. Thus, the grey WF 

(m3 ha-1) of barley was 175.2 ± 84.5 m3 ha-1, while the grey WF per yield was 79.2 ± 39.0 m3 ton-1 

(Figure 6.5). Regarding wheat, the average NO3-N concentration (mg L-1) was 6.4 ± 0.6 mg L-1. The 

grey WF (m3 ha-1) of wheat was 136.0 ± 72.7 m3 ha-1 and the grey WF (m3 ton-1) was 60.4 ± 32.0 m3 

ton-1 (Fig. 6.6). 

Results for ON show that the average NO3-N concentration (mg L-1) of barley was 6.0 ± 0.7 mg L-1. 

Thus, the grey WF of barley was 31.8 ± 16.6 m3 ha-1 and the grey WF per yield of crop was 8.3 ± 4.5 

m3 ton-1 (Fig. 6.7). While for winter wheat, the average NO3-N concentration (mg L-1) was 7.4 ± 1.0 

mg L-1. Accordingly, the grey WF was calculated to be 54.7 ± 26.2 m3 ha-1, and the grey WF per yield 

was 10.7 ± 5.5 m3 ton-1 (Fig. 6.8).   

In Spain, the average NO3-N leached from alfalfa production was 24.0 ± 2.2 mg L-1. The grey WF 

(m3 ha-1) was 880.5 ± 151.0 m3 ha-1 and the grey WF per yield (m3 ton-1) was 43.9 ± 6.9 (Fig. 6.9).   

In ON, the average concentration of NO3-N in leached water from alfalfa propagation was 7.4 ± 1.1 

mg L-1 and the grey WF (m3 ha-1) was 82.2 ± 32.7 m3 ha-1, while the grey WF per yield (m3 ton-1) was 

24.4 ± 9.3 m3 ton-1 (Fig. 6.10). 

In NE China, the average NO3-N concentration of soybean was 38.5 ± 5.5 mg L-1. Accordingly, the 

grey WF (m3 ha-1) was 2039.4 ± 404.1 m3 ha-1, while the grey WF per yield (m3 ton-1) was 833.9 ± 

166.5 m3 ton-1 (Fig. 6.11). The high concentration of NO3-N (mg L-1) in the leached water of soybean 

was consistent with the findings of some researchers (Klocke et al., 1999; Meek et al., 1995) who 

found that rotating legumes with corn increased the leaching of NO3-N. It also agrees with the fact 

that the concentrations of NO3-N under soybean were similar to those under corn rotation or 
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continuous corn receiving 168 and 202 kg N ha-1, respectively (Kanwar et al., 1997; Logan et al., 

1994; Randall et al., 1997; Weed & Kanwar, 1996). 

In ON, the average NO3-N concentration (mg L-1) of soybean production was 13.6 ± 1.1 mg L-1. The 

grey WF (m3 ha-1) was 283.9 ± 62.4 m3 ha-1 and the grey WF per yield (m3 ton-1) was 115.9 ± 25.8 m3 

ton-1 (Fig. 6.12).   

Grazed pasture in ON, which is mainly used for rotational grazing system, resulted in a negligible 

concentration of NO3-N (0.2 ± 0.0 mg L-1) and the grey WF (m3 ha-1; m3 ton-1) was zero. Feijoó et al. 

(2005) reported that NO3-N leaching of grazed lands was 0.03 mg L-1. Cade-Menun et al. (2013) 

found that NO3-N loss from pastureland ranged from 0.2 to 0.7 mg L-1.  

In general, soil N leached is a site-specific and a complex process that affected mainly by N 

mineralization in the upper layer of the soil, N demand of crop, soil type, slope and the rate of PPT 

(volume and distribution), which ultimately defines the extent of N passage into leached water 

(Mekonnen & Hoekstra, 2011). Also, NO3-N content of the leached water is influenced by residual 

fertilizers in the soil or from crop residues (Cade-Menun et al., 2013). However, not all N surplus is 

prone to leaching but either halted in the pool of soil organic matter, absorbed by consecutive crop 

or transmitted to air (Brueck & Lammel, 2016). In this study, NO3-N leaching was found to be a 

function of regional N fertilizer application rate, along with other site-specific factors represented by 

soil texture, rooting depth, and PPT, which are consistent with the results of other studies as reported 

by Mekonnen and Hoekstra (2010b).  

In this regard, the assessment conducted in the current study indicated that N fertilizer rate has 

exceeded the crop demand, resulting in NO3-N leaching that is beyond the acceptable limit and 

consequently grey WF was calculated based on the level of pollutants (e.g. NO3-N) in leached water 

to underline the importance of enhancing the regional N application rate to minimize the level of 

contamination. 

b) Annual Grey WF of feed rations 

The annual animal specific grey WF (AS-GreyWF-yr, m3 cow-1 yr-1) was calculated based on the 

regional dairy feed ration and dry matter intake (DMI) per animal in confined and rotational grazing 

dairy farming systems in Kuwait and ON-Canada.  
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Accordingly, the average AS-GreyWF-yr (m3 cow-1 yr-1) of confined dairy farms in Kuwait was 

estimated to be 745.3, 653.9, 591.3 and 375.5 m3 cow-1 yr-1 for dairy cows, dry cows, heifers, and 

calves, respectively (Table 6.5). Whereas, the AS-GreyWF-yr (m3 cow-1 yr-1) of confined dairy farming 

system in ON was 419.6, 159.4, 98.0 and 19.5 m3 cow-1 yr-1 for dairy cows, dry cows, heifers and 

calves, respectively (Table 6.6). For rotational grazing system in ON, the average AS-GreyWF-yr (m3 

cow-1 yr-1) of dairy cows, dry cows, bred heifers, heifers and calves was 313.1, 51.3, 37.2, 51.9 and 

19.5 m3 cow-1 yr-1, respectively (Table 6.7).  

In Kuwait, the total AS-GreyWF-yr (m3 cow-1 yr-1) based on diet formulation was 2366.0 m3 cow-1 yr-

1, the share of dairy cows, dry cows, heifers and calves was 31.5%, 27.6%, 25.0%, and 15.9%, 

respectively. In ON, the total AS-GreyWF-yr (m3 cow-1 yr-1) of confined dairy farming system was 

696.5 m3 cow-1 yr-1 distributed as 60.2%, 22.9%, 14.1% and 2.8% for dairy cows, dry cows, heifers 

and calves, respectively. While for rotational grazing system in ON, the total AS-GreyWF-yr (m3 cow-

1 yr-1) was 473.1 m3 cow-1 yr-1 distributed as 66.2% for dairy cows, 10.9% dry cows, 7.9% for bred 

heifers, 10.9% heifers and 4.1% calves.  

c) Grey WF per growth stage in animal life  

Animal specific grey water footprint per life stage (AS-GreyWF-life stage, m3 cow-1 life stage-1) was 

calculated based on each growth stage according to the type of dairy farming system in Kuwait and 

ON-Canada. 

In Kuwait, the AS-GreyWF-life stage (m3 cow-1 life stage-1) was calculated to be 1863.3, 326.9, 1084.1, 

and 93.9 m3 cow-1 life stage-1 for dairy cows, dry cows, heifers and calves, respectively (Table 6.5). 

In confined dairy farms in ON, the AS-GreyWF-life stage was 1370.7 m3 cow-1 life stage-1 for dairy cows, 

103.6 m3 cow-1 life stage-1 for dry cows, 187.8 m3 cow-1 life stage-1 for heifers, and 3.3 m3 cow-1 life 

stage-1 for calves (Table 6.6). While, for the rotational grazing system in ON, the AS-GreyWF-life stage 

was 1108.9, 36.4, 43.4, 21.7 and 3.3 m3 cow-1 life stage-1 for dairy cows, dry cows, bred heifers, 

heifers and calves, respectively (Table 6.7).  

The variations in the AS-GreyWF-life stage are mainly due to the differences in grey WF of the main 

feed components along with the diet formulation and the span of each stage in animal life. Diet 

formulation affects the grey WF value indicating the need to consider the nutritional management to 
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improve the feed efficiency along with animal performance (Palhares et al., 2017). Improving feed 

formulation and feed efficiency is important to reduce the impacts of N fertilizer on the quality of 

water resources (Bosire et al., 2015; Tacon et al., 2011). 

Table 6.5. Grey water footprint (WF) for different animal categories based on diet 
formulation and the period of each stage in animal life in Kuwait. 

Stage AS-Grey WF-yr (a) AS-Grey WF-life stage (b) 

Calves (1-3 mos)c 

(Duration: 3 mos) 
375.5 93.9 

Heifers (3-24 mos)d 

(Duration: 22 mos) 
591.3 1084.1 

Dry cows 

(Duration: 6 mos)e 
653.9 326.9 

Dairy Cows 

(Duration: 2.5 yrs)f 
745.3 1863.3 

a Animal Specific Grey Water Footprint per year (m3 cow-1 yr-1). 
b Animal Specific Grey Water Footprint per life stage period (m3 life stage -1). 
c Razzaque et al. (2009b). 

d Razzaque et al. (2010). 

e Give birth 3 times and grouped as dry cows for 2 months (Razzaque et al., 2010). 
f Razzaque et al. (2009b); lactation period is 10 months per year (Hovey, 2018)



 114 

Table 6.6. Grey water footprint (WF) for different animal categories based on diet 
formulation and the period of each stage in animal life in confined dairy farming systems in 
ON- Canada. 

Stage AS-Grey WF-yr(a) AS-Grey WF-life stage(b) 

Calves (1-2 mos)  

(Duration: 2 mos) 

19.5 3.3 

Heifers (2-24 mos)  

(Duration: 23 mos) 

98.0 187.8 

Dry cows  

(Duration: 7.8 mos)c 

159.4 103.6 

Dairy Cows  

(Duration of lactation: 39.2 
mos)d 

419.6 1370.7 

a Animal Specific Grey Water Footprint per year (m3 cow-1 yr-1). 
b Animal Specific Grey Water Footprint per life stage period (m3 life stage -1). 
c Farm & Food Care Ontario (2012). 
d In Eastern Canada, the average lifespan of dairy cattle is 6 years based on (Geough et al., 2012); lactation period is 10 months per 
year (Hovey, 2018). 
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Table 6.7. Grey water footprint (WF) for different animal categories based on diet 
formulation and the period of each stage in animal life in rotational grazing system in ON- 
Canada. 

Stage AS-Grey WF-yr(a) AS-Grey WF-life stage(b) 

Calves (1-2 mos) 

(Duration: 2 mos) 
19.5 3.3 

Heifer (2-6 mos) 

(Duration: 5 mons) 
51.9 21.7 

Bred Heifers 

(Duration: 14 mos) 
37.2 43.4 

Dry cows 

(Duration: 8.5 mos)c 
51.3 36.4 

Dairy Cows 

(Duration of lactation: 42.5 
mos)d 

313.1 1108.9 

a Animal Specific Grey Water Footprint per year (m3 cow-1 yr-1). 
b Animal Specific Grey Water Footprint per life stage period (m3 life stage -1). 
c Farm & Food Care Ontario (2012) 
d In Eastern Canada, the average lifespan of dairy cattle is 6 years based on (Geough et al., 2012); lactation period is 10 months 
per year (Hovey, 2018). 
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Conclusion 

DNDCv.CAN model was used to assess the amount of NO3-N leaching from 5 locations over 30 

yr period.  

Regarding Kuwait’s feed exporting countries, alfalfa was the crop with the minimum NO3 loss 

(15.7 ± 2.7 kg ha-1), fertilizer requirements and grey WF (43.9 ± 6.9 m3 ton-1), while grain corn 

was the highest (44.7 ± 6.1 kg ha-1). For ON-Canada, grazed pasture had the lowest NO3-N leaching 

(0.4 ± 0.0 kg ha-1) compared to grain corn (17.8 ± 2.8 kg ha-1) which had the highest. 

The differences in NO3 loss between Kuwait’s feed exporting countries and ON are largely related 

to the amount of N fertilizer applied, PPT level, and length of growing season. 

The results of the research are critical to guide farmers towards managing their strategies to 

minimize N loss and reduce the grey WF as an indicator of the pressure on the environment and 

water resources in the areas of crop production.  

The effect of N fertilizer on the environment can be minimized by adopting N management 

protocols including pre-planting soil N testing, appropriate timing for N fertilizer application based 

on crop demand to reduce the risk of NO3-N contamination without reducing crop yield.  
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Figure. 1. Annual Nitrogen dynamics and the grey water footprint of corn grain in Argentina
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Figure. 2. Annual Nitrogen dynamics and the grey water footprint of corn silage in Argentina
Grey water footprint (m³ ha⁻¹)
Grey water footprint (m³ ton⁻¹)
PPT (mm)
NO₃ conc (mg L⁻¹)
Water quality standard (mg L⁻¹)

Figure 6.1. Annual Nitrogen dynamics and the grey water footprint of corn grain in 
Argentina. 

Figure 6.2. Annual Nitrogen dynamics and the grey water footprint of corn silage in 
Argentina. 
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Figure 3. Annual Nitrogen dynamics and the grey water footprint of corn grain at Elora Station (Ontario-Canada)
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Figure 6.3. Annual Nitrogen dynamics and the grey water footprint of corn grain at 
Elora Station (Ontario-Canada). 
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Figure. 4. Annual Nitrogen dynamics and the grey water footprint of corn silage 
at Elora (Ontario-Canada)Grey water footprint (m³ ha⁻¹)

Grey water footprint (m³ ton⁻¹)
PPT (mm)
NO₃ conc (mg L⁻¹)
water quality standard (mg L⁻¹)

Figure 6.4. Annual Nitrogen dynamics and the grey water footprint of corn silage at 
Elora (Ontario-Canada). 
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Figure 6.6. Annual Nitrogen dynamics and the grey water footprint of wheat grain in 
Western Australia. 
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Figure 7. Annual Nitrogen dynamics and the grey water footprint of wheat grain in Australia 

Grey water footprint (m³ ha⁻¹)
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Figure 6. Annual Nitrogen dynamics and the grey water footprint of barley grain in Australia 
Grey water footprint (m³ ha⁻¹)
Grey water footprint (m³ ton⁻¹)
PPT (mm)
NO₃ conc (mg L⁻¹)
water quality standard (mg L⁻¹)

Figure 6.5. Annual Nitrogen dynamics and the grey water footprint of barley grain in 
Western Australia. 
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Figure 6.7. Annual Nitrogen dynamics and the grey water footprint of barley at Elora 
(Ontario -Canada). 
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Figure. --. Annual Nitrogen dynamics and the grey water footprint of Barley at Elora (Ontario-Canada)Grey water footprint (m³ ha⁻¹)
Grey water footprint (m³ ton⁻¹)
PPT (mm)
NO₃ conc (mg L⁻¹)
water quality standard (mg L⁻¹)

Figure 6.8. Annual Nitrogen dynamics and the grey water footprint of winter wheat at 
Elora (Ontario -Canada). 
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Figure. --. Annual Nitrogen dynamics and the grey water footprint of Winter Wheat at Elora (Ontario-Canada)

Grey water footprint (m³ ha⁻¹)
Grey water footprint (m³ ton⁻¹)
PPT (mm)
NO₃ conc (mg L⁻¹)
water quality standard (mg L⁻¹)
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Figure 10. Annual Nitrogen dynamics and the grey water footprint of alfalfa in Spain
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Figure 6.9. Annual Nitrogen dynamics and the grey water footprint of alfalfa in Spain. 
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Figure 11. Annual Nitrogen dynamics and the grey water footprint of Alfalfa at Elora (Ontario -Canada)

Grey water footprint (m³ ha⁻¹)
Grey water footprint (m³ ton⁻¹)
PPT (mm)
NO₃ conc (mg L⁻¹)
Water quality standard (mg L⁻¹)

Figure 6.10. Annual Nitrogen dynamics and the grey water footprint of Alfalfa at Elora 
(Ontario -Canada). 
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Figure 12. Annual Nitrogen dynamics and the grey water footprint of soybean grain in ChinaGrey water footprint (m³ ha⁻¹)
Grey water footprint (m³ ton⁻¹)
PPT (mm)
NO₃ conc (mg L⁻¹)
water quality standard (mg L⁻¹)

Figure 6.11. Annual Nitrogen dynamics and the grey water footprint of soybean grain in 
NE China. 
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Figure 13. Annual Nitrogen dynamics and the grey water footprint of soybean grain at Elora Station (Ontario-Canada)

Grey water footprint (m³ ha⁻¹)
Grey water footprint (m³ ton⁻¹)
PPT
water quality standard (mg L⁻¹)
NO₃ conc (mg L⁻¹)

Figure 6.12. Annual Nitrogen dynamics and the grey water footprint of soybean grain at 
Elora Station (Ontario-Canada). 
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Appendix I. The locations and coordinates of weather stations. 

 

 

 

 

 

 

 

 

 

 

 

 

Country Crop Location Station name Long. (o) Lat. (o) Altitude (m) 

Argentine Maize Grain Cordoba CORDOBA 64.25 oW 31.43 oS 494 

Australia Wheat, Barley Western 
Australia Dwellingup 116.05 o E 32.71 oS 268 

China Soybean Northeast Hailun 126.96 o E 47.43 oN 240 

Spain Alfalfa Catalonia Gerona-Costa-
Brava 2.76 o E 41.90 oN 129 

Canada 
Corn, Alfalfa, 
Wheat, Barley, 
Pasture 

South London 81.15 oW 43.03 oN 278 
East North Bay 79.43 oW 46.35 oN 371 
North Moosonee 80.65 oW 51.26 oN 10 
Central Sault-Ste-Marie 84.50 oW 46.48 oN 192 
West Thunder Bay 89.31 oW 48.36 oN 199 
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Appendix II. Annual PPT (mm) and simulated water leach (m3 ha-1) by DNDCv.CAN model. 

Country  Crop PPT (mm) Water leached (m3 ha-1) 

Argentina Corn grain 838.8 ± 29.5 1792.7 ± 234.8 

Corn silage 838.8 ± 29.5 1512.3 ± 225.5 

Australia Barley 718.1 ± 20.2 2885.3 ± 178.8 

Spring 

Wheat 
716.6 ± 20.1 2942.3 ± 175.6 

NE China Soybean 538.1 ± 19.2 470.1 ± 109.5 

Spain Alfalfa 477.9 ± 22.5 689.2 ± 122.9 

ON-Canada Corn grain 712.5 ± 24.2 1346.4 ± 225.7 

Corn silage 712.5 ± 25.4 1173.9 ± 181.2 

Soybean 712.5 ± 24.2 1230.6 ± 193.2 

Alfalfa 712.5 ± 24.4 1470.2 ± 196.5 

Winter 
Wheat 

712.5 ± 25.9 1668.6 ± 223.5 

Barley 712.5 ± 24.3 1420.9 ± 201.4 

Pasture 725.8 ± 23.1 2230.5 ± 232.3 
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Chapter 7 

Summary  

7.1. Total Water Footprint of Different Dairy Farming Systems in Kuwait 
and ON-Canada 

This research assessed the different components of WF associated with the dairy farming systems 

in both Kuwait and ON-Canada with the following outcomes.  

In Chapter 3, the blue and grey WFs of dairy systems in Kuwait were determined. The daily water 

use on dairy farms in Kuwait was estimated to be 505.2 ± 22.6 L cow-1 d-1 and the average blue 

WF was 40.1 ± 2.8 L kg-1 FPCM. The grey WF (based on PO4 concentrations being the most 

limiting) was 23.0 ± 9.0 L kg-1 d-1.  

In Chapter 4, the dairy farm water use in ON-Canada was 323.3 ± 5.7 L cow-1 d-1 and the average 

blue WF was 10.8 ± 0.2 L kg-1. Using water conservation strategies reduce the total on farm water 

use and the blue WF to 269.1 ± 6.0 L cow-1 d-1 and 8.5 ± 0.1 L kg-1, respectively. For the grey WF, 

it was assumed to be zero, which is an ideal environmental requirement, as the dairy farms in ON-

Canada are following water treatment protocols and the milk house wastewater is usually treated 

by the use septic tanks, vegetative filters, constructed wetlands and in-barn flocculators.  

In Chapter 5, CROPWAT was used to quantify the CWR and the green WF of crop production in 

feed exporting countries to Kuwait along with ON-Canada. The average green WF (m3 ton-1) of 

the main components of feed rations in Kuwait and ON-Canada was 862.8 ± 265.3 m3 ton-1 and 

557.9 ± 96.1 m3 ton-1, respectively. The variations in the green WF of crops are mainly due to 

differences in environmental conditions, length of crop growing period and yield potential. Also, 

the green WF along different stages in animal life was varied due to animal related factors 

including diets formulation and livestock performance that govern the span of each stage in animal 

life.  
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In Chapter 6, the grey WF was calculated based on the rate of NO3-N loss after the application of 

N-fertilizer using DNDCv.CAN. The average grey WF (m3 ton-1) of the main components of feed 

rations in Kuwait and ON-Canada was 262.5 ± 133.1 m3 ton-1 and 69.7 ± 35.5 m3 ton-1, respectively. 

Based on diet formulations, the average grey WF over the different stages in animal life was 842.1 

m3 cow-1 life stage-1 for confined dairy farms in Kuwait, 416.4 m3 cow-1 life stage-1 for confined 

farms in ON and 242.7 m3 cow-1 life stage-1 for rotational grazing systems in ON.  

Exploring each component of WF showed that the total WF of dairy farms in Kuwait was higher 

compared to Canadian dairy farms as shown in Table 7.1. The total WF for milk production in 

Kuwait was 72.6 L kg-1 while for ON-Canada it was 14.5 L kg-1 representing a 5´ greater amount 

of water required to produce a kg of milk.  

 
Table 7.1. Comparison between the blue, green and grey WFs (L kg-1) of dairy 
farms in Kuwait and ON-Canada. 

 
 Kuwait ON-Canada 

Blue WF (L kg-1) 40.1 ± 2.8 10.8 ± 0.2 

Grey WF (L kg-1) a 23.8 ± 9.0 0.2 ± 0.1 

Green WF (L kg-1) 8.7 ± 2.2 3.5 ± 0.8 

Total (L kg-1) 72.6 14.5 
a Based on PO4 in dairy farm wash water and NO3-N in agricultural cropping systems used to generate dairy 
cattle feedstocks.  

 

This research addresses a large gap in the knowledge by clarifying the regional water demand 

of agricultural sector in Kuwait and ON-Canada through exploring the three components of WF 

as an indicator for the pressure of agricultural sector on the quality and quantity of domestic 

water resources.  
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The total WF of dairy farms can be reduced by enhancing feed conversion, improving water 

treatment systems and increase production through intensification (Pretty et al., 2011). In 

addition, increasing the public awareness and proposing water policy are important to face the 

challenge of food and water security especially with the increase in demand due to population 

growth and diet preferences towards more milk-based products (Ercin & Hoekstra, 2014). 
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Chapter 8 

8. Recommendations for Future Studies 

• Chapter 3 presents the blue and grey WFs of dairy farms in Kuwait and Chapter 4 highlights 

the seasonal blue WF of dairy farms in ON and the potential of water conservation. These 

studies simulate the need for further research to evaluate the rate of water utilization on 

different dairy farming systems using additional on-farm and cow specific data to improve 

our understanding about water dynamics on dairy production systems. Also, this research 

could be extended to assess the effect of different water conservation strategies on the pattern 

of water use along with the economic feasibility of water use relevant to milk production on 

dairy farms. 
 

• Chapter 5 highlights the green WF of livestock feed rations in both Kuwait and ON-Canada. 

There is a need for additional research to reduce water used in animal feed production through 

aquaculture (Verdegem et al., 2006). Also, the effect of alternative feed resources in animal 

diets such as marine algae (Franklin et al., 1999), crop residues and agricultural by-products 

(Van Breugel et al., 2010) on minimizing the green WF of dairy cattle diets is required. 

Furthermore, evaluating the future effect of climate change on the different components of WF 

that are associated with different types of crops and dairy farming systems is important to 

create mitigation strategies and long-term plans to offset the impacts of any future changes on 

the sector. 
 

• Chapter 6 represents the NO3-N leaching and the grey WF of crop production. Further research 

could be conducted with more agronomic field data for model calibration and validation. Also, 

the evaluation of the rate of NO3-N leaching considering different soil types, rotation systems, 

tillage practices and N application rates are required to get holistic outcomes that help in 

improving N use efficiency (Michalczyk et al., 2014; Molina-Herrera et al., 2016) and 

increasing the precision/ accuracy of the prediction based on unique agricultural strategies for 

each region. Extra studies on the use of technologies and agricultural tools (e.g. remote sensing, 

computer models) are essential to predict the optimum rate of N with respect to crop 

requirements and economic yield potential.  
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