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Abstract: The production of milk must be balanced with the sustainable consumption of water
resources to ensure the future sustainability of the global dairy industry. Thus, this review article
aimed to collate and summarize the literature in the dairy water-usage domain. While green water
use (e.g., rainfall) was found to be largest category of water use on both stall and pasture-based
dairy farms, on-farm blue water (i.e., freshwater) may be much more susceptible to local water
shortages due to the nature of its localized supply through rivers, lakes, or groundwater aquifers.
Research related to freshwater use on dairy farms has focused on monitoring, modeling, and analyzing
the parlor water use and free water intake of dairy cows. Parlor water use depends upon factors
related to milk precooling, farm size, milking systems, farming systems, and washing practices.
Dry matter intake is a prominent variable in explaining free water intake variability; however, due to
the unavailability of accurate data, some studies have reported moving away from dry matter intake
at the expense of prediction accuracy. Machine-learning algorithms have been shown to improve
dairy water-prediction accuracy by 23%, which may allow for coarse model inputs without reducing
accuracy. Accurate models of on-farm water use allow for an increased number of dairy farms to be
used in water footprinting studies, as the need for physical metering equipment is mitigated.
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1. Introduction

Of the global water supply, 97% is saline, and thus unsuitable for human consumption. Freshwater,
encompassing the remaining 3%, therefore represents earths most valuable natural resource, essential for
human and animal consumption, agriculture, ensuring biodiversity and ecosystems, as well as offering
hygiene services and a vital commodity used by industry [1]. However, only 0.4% of the world’s
total freshwater is readily available as surface water in rivers, lakes, and wetlands, with the vast
majority embedded in glaciers, polar ice caps, or groundwater aquifers [2]. In conjunction with a
growing population and the resulting increase in agricultural, industrial, and energy requirements,
the per capita availability of freshwater is reducing [2]. Thus, water policy is an increasingly topical
subject globally, with the introduction of the EU Water Framework Directive (2000/60/EC) and EU
Groundwater Directive (2006/118/EC) aiming to improve and protect the water quality of rivers, lakes,
groundwater, and transitional coastal waters [3,4]. The EU Groundwater Directive states, “water is not a
commercial product like any other but, rather, a heritage which must be protected, defended and treated as such”.

The agricultural sector represents the largest consumer of freshwater globally, accounting for
approximately 70% of all global freshwater use [5]. The agricultural sector therefore requires substantial
improvements in water-use efficiency and productivity, as the production of agricultural products
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to meet the needs of a growing population is limited by not only land availability, but also the
availability of freshwater [2]. The three largest product categories contributing to the global water
footprint are cereals (27%), meat (22%), and dairy products (7%) [6]. Although the production of
dairy products is the third largest contributor, its share may increase over the coming decades, as the
global consumption of milk and dairy produce is forecasted to increase by 19% by 2050 compared to
2005–2007 levels [5]. The increase of dairy herds and consequent milk production comes with its own
unique challenges regarding the consumption of freshwater. The magnitude and efficiency (liters of
water per dairy cow, liters of water per liter of milk produced, etc.) of water use on dairy farms
varies according to a number of factors including, but not limited to, irrigation requirements, type of
production system (e.g., grazing or confinement), level of milk production, type of milking system
(e.g., conventional or automatic milking system (AMS)), geographical location, and environmental
conditions. Thus, understanding variances in water consumption may offer on-farm benefits regarding
the protection of public water systems and local freshwater supplies, and allow optimization of
infrastructural equipment for a cost-effective water system.

Water consumption incorporates (1) green water, which is the water required for soil moisture due
to evapotranspiration; (2) grey water, which is the volume of freshwater required to mitigate a given
pollutant load via dilution; and (3) blue water, which is fresh surface and groundwater usage. Direct use
of freshwater on dairy farms may be required for yard wash down, milk pre-cooling, hot washing of
milking equipment, and cow drinking water as well as miscellaneous usage throughout the farm, and is
therefore the most controllable water use by the farmer. An adequate freshwater system is important to
ensure the sufficient hydration of dairy cows for good milk production as well as for the sanitation of
infrastructural equipment [7]. The direct water demand required will increase along with expanding
milk production and may increase to unsustainable levels, potentially depleting groundwater borehole
supplies and placing additional pressure on the public water supply [8]. In particular, the water
demand may rise dramatically in line with milk production, which may cause local water shortages
during periods of scarce rainfall.

It is clear that the production of milk and dairy produce globally must be carried out with
considerations regarding water consumption in order to ensure the future sustainability of the dairy
industry. Thus, research in this domain will become increasingly important as researchers aim to
identify new technologies and methods to improve the water sustainability of dairy farming. However,
there has been a lack of secondary research undertaken in this domain to date, particularly related
to direct freshwater use. At this point in time, it is important to understand the current state of the
research pertaining to dairy-farm water consumption, and to allow for the identification of areas in
which future research efforts should be focused to support the future monitoring and sustainability
of global milk production. Therefore, this review focused on critically assessing published literature
related to the monitoring, prediction modeling, and analysis of water consumption in dairy farming.
Although overall water footprinting and life-cycle assessments in the literature are covered, this review
places specific emphasis on the water consumption on dairy farms that can be controlled by the farmer,
i.e., direct freshwater consumption for plant washing and cow drinking.

This review incorporates three primary components. Section 2 explores research studies focused
on dairy water consumption, prediction modeling, and analysis, while Section 3 provides a discussion
overview highlighting common trends throughout the dairy water literature prior to Section 4,
which provides a concise conclusion to this review.

2. Dairy Water Consumption

Water consumption may be categorized as green water, grey water, or blue water. Green water is
defined as the infiltrated rainfall in the unsaturated soil layer, while not incorporating green-water
run-off recharging groundwater supplies [9,10]. Consumption of green water refers to the usage of
precipitation (rainwater), required for the production of pasture, forages, and/or crops (e.g., wheat,
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barley, soybeans), through evapotranspiration, necessary for the manufacturing of feed for animal
livestock (i.e., dairy cows) [11,12].

Grey-water consumption refers to the virtual volume of freshwater required to dilute pollutants
present in water (due to the manufacturing process) to the required ambient water-quality
standards [11,12]. From a dairy production perspective, one source of grey-water consumption
might be the dilution of water utilized (and mixed with cleaning products) for cleaning and sanitizing
milk bulk tanks and milk harvesting equipment [13]. Thus, grey water is an indicator of water
pollution, and is often excluded from water footprint studies as it represents a virtual quantity of
water as opposed to an actual water use [14–16]. Lastly, blue water refers to the consumption of
freshwater (from groundwater sources, lakes, rivers, or mains supply) that is not immediately returned
to the same catchment [11,12]. Demand for blue water therefore results in a loss of water from the
available freshwater source in a catchment area through evaporation, and returning to either a different
catchment area or the sea, or is incorporated into a product. Sources of blue-water demand on dairy
farms include the requirement of freshwater for irrigation, cow drinking water, and water for cleaning
plant equipment.

The quantities of green, grey, and blue water required in dairy production vary from region
to region depending on the frequency of precipitation and the availability of groundwater sources,
which will influence both the ability to grow pasture and thus the type of dairy system employed
(e.g., grazing or confinement). Although water may be considered a renewable resource, its availability
may be considerably limited in certain months of the year due to meteorological and geographical
constraints [17]. Thus, understanding the volume of water consumed in dairy farming and the type of
water consumed in conjunction with the water availability is significantly important when quantifying
the sustainability of dairy production (and all agricultural activities) in a particular region.

There are three primary methods generally employed across agricultural water literature to
quantify water sustainability across the entire supply chain (direct and indirect), as described by
Ran et al. [18]. These include (1) water-footprint assessments, which quantify the volume of water
required to produce a good or service (e.g., liters of water per kg fat and protein-corrected milk (FPCM)).
Generally used for global assessments, calculating the water footprint allows for the identification
of the point on the supply chain at which water is required and consumed. A synopsis of dairy
water-footprint studies is shown in Table 1; (2) life-cycle assessments, which calculate the volume of
water required within a defined system boundary may also be adjusted using a water-stress index (WSI)
to account for localized water stress where it is consumed. Although very data-intensive, life-cycle
assessments allow for the local impact of water usage to be calculated in relation to potential water
scarcity during certain periods using a country-/region-specific WSI [19]. The WSI is a dimensionless
value ranging from 0 to 1, measuring the ratio between total annual water withdrawal and total
annual water availability, while accounting for seasonal variability in precipitation and flows in a
specific country/region; (3) water productivity relates to quantifying water consumption relative to
physical or economic outputs. Generally, water-productivity calculations do not separate green- and
blue-water consumption, but can help to reduce water footprints substantially by improving overall
water productivity, which may be necessary in regions with scarce water supplies.

Global water footprint studies carried out by Mekonnen and Hoekstra [20] estimated
country-specific green-, grey-, and blue-water consumption values for a range of farm animals and
animal products, distinguishing between different production systems (grazing, industrial, and mixed)
while considering the country-specific conditions related to feed-conversion efficiency of the animal,
origin of the feed, and feed composition. They estimated a total water-footprint value of 1299 L of water
(Lw) kg−1 FPCM, whereby 91% was attributed to green-water use, 5% was attributed to grey-water use,
and 4% was attributed to blue-water consumption (Table 1). Water-footprint calculations were carried
out across countries worldwide. Estimated water-footprint values for China, the Netherlands, the USA,
and India are also shown in Table 1, in conjunction with values from six additional research studies
found in the literature [13,15,16,21–23]. Two of these additional studies estimated blue-water use values



Sustainability 2020, 12, 7201 4 of 20

of 66 Lw kg−1 FPCM and 13 Lw kg−1 FPCM in the Netherlands [16] and South Gippsland, Australia [21],
respectively. In the Netherlands case-study farm, 76% of blue-water consumption was utilized for
irrigation, 15% was required for the production of concentrates, and 8% for drinking and cleaning
services [16]. In Australia, 83% of total blue-water consumption was utilized on-farm for drinking and
cleaning of plant equipment, while the remaining 13% was associated with the production of farm
inputs such as concentrated feed. The considerably larger blue-water footprint in the Netherlands
was due to irrigation. Interestingly, without irrigation, the calculated blue-water footprint in the
Netherlands was equal to 16 Lw kg−1 FPCM, which was only 23% greater than that in Australia without
any irrigation system. De Boer et al. [16] also calculated a stress-weighted water-footprint value of
33 Lw kg−1 FPCM, implying that 1 kg of FPCM produced on a case-study farm in the Netherlands had
an impact on water deprivation equivalent to the direct consumption of 33 L of water by an average
world citizen.

Table 1. Dairy water-footprint assessment (Lw kg−1 fat and protein-corrected milk (FPCM)) studies
found in the literature.

Study Year Region WF * GW Grey BW

Mekonnen and Hoekstra [20] 1 2012 Global Avg. 1299 1185 61 53
Mekonnen and Hoekstra [20] 1 2012 IND 1592 1425 41 126
Mekonnen and Hoekstra [20] 1 2012 CHN 1651 1438 117 96
Mekonnen and Hoekstra [20] 1 2012 NTL 781 683 38 60
Mekonnen and Hoekstra [20] 1 2012 USA 1414 1237 100 77

De Boer et al. [16] 2013 NTL – – – 66
Murphy et al. [15] 2016 IRE 690 684 – 6
Ridoutt et al. [21] 2010 AUS – – – 13

Sultana et al. [22] 1 2014 Global Avg. 1643 1423 103 117
Palhares and Pezzopane [13] 2015 BRA (Conv) 935 858 73 4
Palhares and Pezzopane [13] 2015 BRA (Org) 785 682 94 9
Zonderland-Thomassen and

Ledgard [23] 2012 AUS 945 676 260 9

Zonderland-Thomassen and
Ledgard [23] 2012 AUS 1084 499 336 249

* WF = water footprint; GW = green water; BW = blue water; Con = conventional farm; Org = organic farm;
FPCM = fat- and protein-corrected milk; Grey = grey water; CHN = China, NTL = the Netherlands; USA = United
States of America; IRE = Ireland; IND = India; BRA = Brazil. WF, GW, Grey, and BW values were transformed
to Lw kg−1 FPCM using Equations (A1)–(A3) in Appendix A, and related fat and protein percentage values.
1 Converted to Lw kg−1 FPCM using country-specific milk fat and protein percentage values [24].

Green-, blue-, and grey-water-footprint values in milk production were also calculated by Sultana
et al. across 72 dairy regions from 48 countries, representing 85% of the world’s milk production [22].
They identified a typical farm for each dairy region, based upon the most common farm size,
farming system, production technology, and management practices used in each country. They then
used the TIPI-CAL (Technology Impact Policy Impact Calculation) model, based on the principles of
the farm-level impact of policy simulations, to estimate water footprints across grazing, intensive,
and small-scale dairy farming within each region. The global average calculated by Sultana et al. was
equal to 1643 Lw kg−1 FPCM, composed of 87% green-water use, 7% grey-water use, and 6% blue-water
use. Western Europe was found the have the lowest green- and blue-water footprints with averages of
721 and 59 Lw kg−1 FPCM, respectively. On the other hand, typical small-scale African farming had
the highest green-water footprint (4417 Lw kg−1 FPCM), while the highest blue-water footprint was
found in typical Middle East feed-lot farming (295 Lw kg−1 FPCM) [22,24].

Utilizing data from 24 Irish dairy farms in 2013, Murphy et al. [15] calculated an overall water
footprint of 690 Lw kg−1 FPCM, whereby 85% was attributed to green-water use for the production of
pasture, 10% was required for imported forage production (hay and silage), 4% for the production of
concentrated feed, and ~1% for on-farm blue-water use. They also calculated an average stress-weighted
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water footprint of 0.4 Lw kg−1 FPCM, implying that each liter of milk produced in Ireland contributed
0.4 L of freshwater consumption by an average world citizen.

Water footprinting is a popular method for attributing water consumption to specific processes
throughout the milk-production cycle, as shown in the studies presented in Table 1. It is clear that on
average globally, green water is the largest water consumption category in dairy farming, followed by
blue-water usage. This was shown by global water-footprinting studies carried out by Mekonnen and
Hoekstra [12] and Sultana et al. [22], which found that green water was responsible for 91% and 87% of
the total water footprint, respectively. Although these studies showed blue-water use to be responsible
for between 4% and 7% of the total water footprint, depending on the meteorological conditions
of a particular region, the overall stress on localized freshwater withdrawals may be considerably
high, particularly during periods of little rainfall. Moreover, the potential harm caused by blue-water
withdrawals from surface and groundwater sources outweighs the potential harm associated with the
consumption of green water sourced from precipitation over agricultural lands, particularly when that
blue water is drawn from large underground fossil-water aquifers that have a very low recharge rate.
Thus, the following section focuses on aggregating studies in the literature which focused on direct
on-farm blue-water consumption.

2.1. Direct Water Consumption

Direct water consumption on dairy farms is primarily required for washing and sanitation purposes
within the milking parlor, or for dairy-cow drinking water (free water intake (FWI)). Some studies
have focused on calculating total direct water use, such as Shine et al. [25], who calculated a total
direct water use figure of 7.2 Lw kg−1 FPCM on Irish dairy farms. However, it is common practice to
subcategorize dairy-farm water consumption according to whether consumption takes place within
the milking parlor or as FWI. Thus, the following sections highlight and critically assess dairy water
literature related to parlor water usage and FWI.

2.1.1. Parlor Water Consumption

A description of parlor water consumption figures found in the literature is presented in Table 2.
Shine et al. [25] found that 33% (2.4 Lw kg−1 milk) of total direct water consumption was used within
the milking parlor. Within the milking parlor, the precooling of milk through a plate heat exchanger
(PHE) required an average of 1.8 Lw kg−1 milk, hot-water consumption required 0.15 Lw kg−1 milk,
and water for parlor washdown purposes required 1.3 Lw kg−1 milk. In the United States, Brugger and
Dorsey [26] analyzed the parlor water consumption of a single Ohio dairy farm (herd size = 988 cows)
in 2005. They calculated an average consumption of 0.8 Lw kg−1 milk with no seasonal variation
trend. However, they did note an increase of 0.1 Lw kg−1 milk during June, July, and August when
providing misting to cows to keep their body temperatures down. In Denmark, Brøgger Rasmussen and
Pedersen [27] analyzed the parlor water (hot water, cold water, floor washing) consumption of 14 dairy
farms which employed an AMS, and three dairy farms with traditional milking systems, between June
2003 and February 2004. Across four AMS brands, Brøgger Rasmussen and Pedersen [27] calculated
an average parlor water consumption of 0.4 Lw kg−1 milk, equal to that consumed by the traditional
milking systems. Higham et al. [28] also monitored and analyzed 35 pasture-based dairy farms
(herd size range = 160–1150 cows) in New Zealand over a period of two years (June 2013 to May 2015)
and calculated a parlor water usage value of 3.9 Lw kg−1 milk. In Germany, Krauß et al. [29] analyzed
the cleaning water use within a dairy barn (herd size = 176 cows), autonomously monitoring hourly
water usage across two milking systems (a herringbone and an AMS) over 806 days. Krauß et al. [29]
estimated a barn-cleaning water consumption value of 0.8 Lw kg−1 milk for the AMS and a mean
of 1.3 Lw kg−1 milk for the herringbone parlor system. Krauß et al. [29], along with Palhares and
Pezzopane [13], highlighted the scarcity of scientific studies of dairy-barn-cleaning water consumption,
while also commenting on the lack of detail regarding how cleaning water demand is measured
and estimated.
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Table 2. Parlor water consumption values found in the literature.

Study Year Country n Farm Type Measurement Lw kg−1 Milk

Brugger and Dorsey [26] 2006 USA 1 Confinement Parlor 0.8 2

Brøgger Rasmussen and
Pedersen [27] 2004 DNK 14 Confinement (AMS) Parlor 0.4

Brøgger Rasmussen and
Pedersen [27] 2004 DNK 3 Confinement Parlor 0.4

Higham et al. [28] 2017 NZL 31 Pasture-based Parlor 3.9 3

Krauß et al. [29] 2016 DEU 1 Confinement (AMS) Cleaning 1 0.8
Krauß et al. [29] 2016 DEU 1 Confinement Cleaning 1 1.3
Shine et al. [25] 2018 IRE 33 Pasture-based Parlor 2.4
Shine et al. [25] 2018 IRE 50 Pasture-based Cleaning 1 1.4

Shorthall et al. [30] 2018 IRE 7 Pasture-based (AMS) Parlor 1.5
Shorthall et al. [30] 2018 IRE 7 Pasture-based (AMS) Cleaning 1 0.4

AMS = automatic milking system; USA = United States of America; DNK = Denmark; NZL = New Zealand;
DEU = Germany; IRE = Ireland; FPCM = fat- and protein-corrected milk; n = number of farms assessed.
1 Water used for cold- and hot-water washdown of milking equipment, the milking parlor, and milk-cooling tank.
2 Converted to Lw kg−1 milk using water consumption figure of 28.4 Lw cow−1 day−1 and mean milk production
of 80 lbs cow−1 day−1. 3 Converted to Lw kg−1 milk using water consumption figure of 48.7 Lw cow−1 day−1 and
mean milk production of 12.5 kg cow−1 day−1.

2.1.2. Free Water Intake

A description of FWI figures found in the literature is presented in Table 3. FWI has been extensively
covered in literature, to the extent that Appuhamy et al. [31] compiled a dataset gathering results from
69 research articles and retrieved 239 FWI treatment means of lactating cows (research articles from
North America (47%), Europe (25%), and Australia (8%)), of which 10% were related to pasture-based
dairy-cow diets. When processed, Appuhamy et al. [31] found 55 research articles with useable FWI
data to calculate a global figure for lactating cows of 78.4 Lw cow−1 day−1 (mean milk production
of 28.1 kg cow−1 day−1). Appuhamy et al. [31] also gathered results from 19 research articles related
to the FWI figures of dry dairy cows, while utilizing 10 of these to estimate a global figure of
34.0 Lw cow−1 day−1.

Table 3. Description of FWI values found in literature.

Study Year Country n Measurement Farm Type Lw cow−1 day−1

Higham et al. [28] 2017 NZL 35 Lactating and dry Grazing 36.0 *
Higham et al. [28] 2017 NZL 35 Lactating and dry Grazing 60.0

Appuhamy et al. [31] 2016 – – Lactating cows Confinement 78.4
Appuhamy et al. [31] 2016 – – Dry cows Confinement 34.0

Krauß et al. [29] 2016 DEU 1 Lactating cows Confinement
(AMS) 91.1

Krauß et al. [29] 2016 DEU 1 Lactating cows Confinement 54.4
Cardot et al. [32] 2008 FRA 1 Lactating cows Confinement 83.6

Brugger and Dorsey [26] 2006 USA 1 Lactating and dry Confinement 77.6

* Corrected for leaks; FWI = free water intake; AMS = automatic milking system; NZL = New Zealand;
DEU = Germany; FRA = France; USA = United States of America; n = number of farms assessed.

Krauß et al. [29] calculated a mean drinking-water consumption value of 91.1 Lw cow−1 day−1

(mean milk production of 35.5 kg cow−1 day−1) for the AMS system, and a mean of 54.4 Lw cow−1 day−1

(mean milk production of 25.4 kg cow−1 day−1) on a farm that employed a herringbone milking system
in Germany. In Ontario, Canada, Robinson et al. [33] also found that dairy farms with AMSs consumed
greater volumes of water for drinking compared to free-stall and tie-stall milking operations (p < 0.01).
Krauß et al. [29] found that 80% of dairy-cow daily water intake was consumed between 05:00 and
21:00 h, with peak water consumption occurring between 07:00 and 08:00 h for the cows in AMSs,
and between both 07:00 and 08:00 h and between 17:00 and 18:00 h for cows on the dairy farm where
they were milked via the herringbone system. These peak water-intake times were expected as they
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coincided with milking times [29]. In France, 41 lactating Holstein cows milked via a herringbone
parlor system were found to consume 83.6 Lw cow−1 day−1, of which almost 75% of drinking water
was consumed between 06:00 and 19:00 h [32].

Utilizing a single dairy farm in Ohio, United States, Brugger and Dorsey [26] estimated an overall
FWI value of 77.6 Lw cow−1 day−1 (mean milk production of 36.2 kg cow−1 day−1), reporting an
increased water consumption value of 120.7 Lw cow−1 day−1 in summer due to the increased average
ambient temperature. The increased ambient temperature increased the drinking-water requirements
of cows and increased the need to provide misting to cows to help reduce body temperature (to promote
health and milk-production benefits). This concurred with findings reported by Robinson et al. [33]
in which 17 Ontario dairy farms were analyzed and found to consume greater volumes of water
during the summer months than in winter (p < 0.05). In New Zealand, Higham et al. [28] utilized 35
pasture-based dairy farms to calculate an average drinking-water consumption of 60 Lw cow−1 day−1,
although this figure was corrected to 36 Lw cow−1 day−1 when adjusted for leakage (mean milk
production of 12.8 kg cow−1 day−1). Contradictory to Brugger and Dorsey [26] and Robinson et al. [33],
Higham et al. [28] reported reduced total water usage during the summer months.

2.1.3. Direct Water Consumption Summary

The literature summarized in this section focused on quantifying both parlor water consumption
and FWI on dairy farms through the installation of physical metering equipment over a specified
timeframe. As this method is by far the most accurate for calculations related to dairy water
consumption, water-footprinting studies often incorporate the physical metering of dairy-farm direct
water consumption to measure BW demand. These actual water consumption values are useful
for comparing the water footprint of milk between specific regions, cognate studies, or quantifying
potential improvements in water usage efficiency over time. However, the installation of metering
equipment may require high capital and maintenance costs, can be quite time-consuming, and also
limits the number of farms that can be included in a particular study. Thus, literature has covered
the development of prediction models for total dairy water consumption as well as both dairy-cow
drinking-water consumption and parlor water use. These models provide researchers the ability to
make estimations with a reasonable level of accuracy.

2.2. Dairy Water Prediction Modeling

Research regarding the prediction modeling of dairy-farm water use has largely focused on
predicting the daily dairy-cow FWIs of lactating dairy cows and dry dairy cows. However, research has
involved the prediction of water use within the dairy parlor and total direct water consumption, as well
as predicting green- and blue-water requirements of milk production. These studies have resulted in
the development of a number of regression equations, as shown in Table 4. The current state-of-art
approach primarily separates FWI and parlor water usage, using monitored consumption data for
either a single or a number of dairy farms.

Regards the prediction of green- and blue-water consumption, Murphy et al. [34] utilized data
collected from 25 Irish dairy farms (mean herd size = 126 cows) between 2014 and 2015 to develop
multiple linear regression (MLR) models, as shown in Table 4. Murphy et al. [34] utilized predictive
variables related to farm area, milk production, herd size, concentrates, grass growth, imported
forages, and metered on-farm freshwater consumption (direct water). Nonsignificant effects (p > 0.05)
were removed from the MLR through backward elimination to extract variables with high predictive
power using SAS software (SAS, 2015). They developed the MLR models on 20 farms and calculated
their prediction accuracy on the remaining 5 farms. They found that the MLR model with the input
variables of concentrates fed, quantity of grass grown, and imported forages was able to predict
dairy-farm green-water consumption to within 11.3% (relative prediction error (RPE)). Through a
standardized regression analysis, the quantity of grass grown was shown to have the largest impact
on green-water consumption, with one SD change in grass grown resulting in a 0.92 SD change in
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green-water demand. Regarding blue-water demand, they found that the MLR model using the input
variables of concentrates fed and on-farm metered water (direct water) was able to predict dairy-farm
blue-water usage to within 3.4% (RPE). Through a standardized regression analysis, they calculated
on-farm metered water as having the largest impact on blue-water usage, with one SD change in
on-farm metered water resulting in a 0.95 SD change in blue-water demand.

A large number of variables have been reported to influence direct water use on dairy farms,
as shown via the regression models shown in Table 4. The predictive impact of these variables, and the
resulting predictive capabilities vary between studies due to differences in farm data, dairy-cow
breed, farming practices, research methodologies, and differences in environmental conditions
between countries.

2.2.1. Direct Water Prediction

Higham et al. [28] utilized metered water data from 35 New Zealand dairy farms (herd size
range = 160–1150 cows) and data related to climatic conditions, farm characteristics, and milk
production to develop regression models to predict dairy-farm total direct water demand (drinking plus
parlor). They selected model input variables based upon their ability to explain the variability of the
observed data. Model development was carried out utilizing 21 variables, including both continuous
and categorical data. Input variables were assessed as linear and quadratic terms during model
development. The variables (linear or squared terms) with the lowest influence (lowest standardized
regression coefficient) on total water consumption were iteratively removed to produce a model with a
similar R2 value to the original but with considerably fewer input variables. Model accuracy was then
assessed on unseen data using 50-fold cross-validation. Higham et al. [28] found that the regression
model with six input variables of maximum ambient temperature, evapotranspiration, radiation,
milk solids (MS), milk volume, and whether a rotary or herringbone milking parlor was employed was
able to explain 90% of the overall variability (R2 = 0.90). Model coefficients are shown in Table 4.

Shine et al. [35] also employed MLR modeling to predict dairy water consumption; however,
they took a different approach to Higham et al. [28]. As opposed to predicting daily water consumption,
they predicted monthly water consumption data remotely monitored on 51 dairy farms throughout
the January 2014–May 2016 period in conjunction with farm details related to milk production, stock,
farm infrastructure, managerial processes, and environmental conditions. This resulted in 12 individual
regression models equations being developed (one for each month), allowing for consumption trends
throughout the year to be linearly modeled. In total, 20 dairy-farm variables were assessed for their
ability to predict dairy-farm water consumption. The subset of farm variables that maximized the
prediction accuracy of unseen water consumption was selected through application of a univariate
variable selection technique, all-subsets regression, and 10-fold cross-validation. The most accurate
MLR model configuration for water consumption prediction contained six variables: herd size,
milk production, the number of parlor units, automatic parlor washing, whether ground water was
utilized for precooling in an open-loop system, and whether water troughs were reported to contain
leaks. This MLR model was found to predict dairy direct water consumption to within 49% (RPE),
within which, through a standardized regression analysis, milk production, automatic parlor washing,
and whether winter building troughs were reported to be leaking were shown to have the largest
impacts on water consumption.
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Table 4. Regression models in literature predicting free water intake (FWI), parlor water use (Parlor), total water use (TW), green-water use (GW), and blue-water
use (BW).

Study Year Unit Regression Model R2 RMSPE

Castle and Thomas [37] 1975 FWI a = −15.3 + 2.53 x MY + 0.45 x DM% 0.73 n/a
Little and Shaw [38] 1978 FWI a = 12.3 + 2.15 x DMI + 0.73 x MY 0.73 n/a
Murphy et al. [39] 1983 FWI a = 16.0 + 1.58 x DMI + 0.90 x MY + 0.05 x NaI + 1.20 x minT 0.59 n/a
Murphy et al. [39] 1983 FWI a = 23.0 + 2.38 x DMI + 0.64 x MY 0.42 n/a

Stockdale and King [40] 1983 FWI a = −9.37 + 2.30 x DMI + 0.53 x DM% 0.58 n/a
Holter and Urban [41] 1992 FWI b = −10.34 + 0.23 x DM% + 2.212 x DMI + 0.03944 x CP2 0.64 n/a
Holter and Urban [41] 1992 FWI a = −32.4 + 2.47 x DMI + 0.60 x MY + 0.62 x DM% + 0.091 x JD− 0.00026 x JD2 0.69 n/a

Dahlborn et al. [42] 1998 FWI a = 14.3 + 1.24 x MY + 0.32 x DM% 0.67 n/a
Meyer et al. [43] 2004 FWI a = 26.1 + 1.30 x MY + 0.406 x NaI + 1.516 x meanT + 0.058 x BodyWeight 0.60 n/a
Cardot et al. [32] 2008 FWI a = −25.65 + 1.54 x DMI + 1.33 x MY + 0.89 x DM% + 0.57 x minT − 0.30 x Rain 0.74 n/a

Khelil-Arfa et al. [44] 2012 FWI a, b = −77.6 + 3.22 x DMI + 0.92 x MY− 0.28 x Con% + 0.83 x DM% + 0.037 x BodyWeight 0.92 n/a
Khelil-Arfa et al. [44] 2012 FWI a. b = −41.1 + 1.54 x MY − 0.29 x Con% + 0.97 x DM% + 0.039 x BodyWeight 0.86 n/a
Appuhamy et al. [31] 2016 FWI a = −91.1 + 2.93 x DMI + 0.61 x DM% + 0.062 x NaK + 2.49 x CP% + 0.76 x meanT n/a 14.4%
Appuhamy et al. [31] 2016 FWI a = −60.2 + 1.43 x MY + 0.064 x NaK + 0.83 x DM% + 0.54 x meanT + 0.08 x DIM n/a 17.9%
Appuhamy et al. [31] 2016 FWI b = 1.16 x DMI + 0.23 x DM% + 0.44 x meanT + 0.061 x meanTC2 n/a 12.8%
Appuhamy et al. [31] 2016 FWI b = 0.010 x BodyWeight + 0.32 x DM% + 0.52 ± 0.21 x meanT + 0.053 x meanTC2 n/a 15.2%

Krauß et al. [29] 2016 FWI a = −27.94 + 0.49 x meanT + 3, 15 x MY 0.67 n/a
Murphy et al. [34] 2017 GW a,b = 826 x Cn + 419 x Gr + 498 x lmFr n/a 11.3% *
Murphy et al. [34] 2017 BW a,b = −20, 392 + 9.1 x Cn + 0.92 x MW n/a 3.4% *
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Table 4. Cont.

Study Year Unit Regression Model R2 RMSPE

Higham et al. [28] 2017 Log (FWI) a,b
= 0.369 + 0.030 x maxT − 0.009 x Rain + 0.0001 x Rain2

− 0.117 x Evap−
0.008 x Evap2 + 0.041 x Rad + 0.261 x MS− 0.001 x MV2

− 0.322 x Milking−
0.124 x Milking2

0.92 n/a

Higham et al. [28] 2017 Log(Parlor) a,b = 1.168 + 0.417 x MS− 0.208 x MS2 + 0.026 x MV + 0.315 x Milking−
0.021 x Milking2

− 0.301 x Breed− 0.029 x CowBale
0.95 n/a

Higham et al. [28] 2017 Log (TW) a,b = 1.104 + 0.015 x maxT − 0.011 x Evap2 + 0.016 x Rad + 0.487 x MS− 0.265 x MS2+
0.025 x MV + 0.051 x Rotary

0.90 n/a

Shine et al. [35] 2018 TWi
= Ci + (DCi x αai) + (MYi x αbi) + (Unitsi x αci) + (AutoWashi x αdi) + (PCSi x αei)+(

TroughLeaksi x α f i
) 0.27 49% *

a denotes the water prediction of lactating cows. b denotes the water prediction of dry cows. TWi = total water use in month i. RMSPE = root-mean-square prediction error as a percentage
of average observed value (%). * denotes relative prediction error (RPE (%)). n/a = data unavailable. Ash % = dietary total ash content (%); AutoWash = automatic parlor washing
(No = 0, Yes = 1); BodyWeight = cow weight (kg); Breed = cow breed (1 = Friesian, 0.5 = Friesian–Jersey cross, 0 = Jersey); Ci = constant value for month i; Cn = concentrates fed
(kg DM year−1); Con% = proportion of concentrate in diet (% of DM); CowBale = cow to cluster ratio; CP = crude protein percentage of dry matter (%); DC = number of dairy cows;
DIM = day in milk; DM = dry matter (kg); DM % = dietary dry matter (%); DMI = dry matter intake (kg day−1); Evap = Priestly Taylor potential evapotranspiration (mm); FWI = free
water intake (Lw cow−1 day−1); Gr = grass grown (kg DM year−1); JD = Julian day; ImFr = imported forages (kg DM year−1); maxT = maximum temperature (◦C); meanT = mean
temperature (◦C); meanTC2 = (meanT–16.4)2; Milking = number of milkings in a day; minT = minimum temperature (◦C); MS = milk solids (milk fat + milk protein, kg); MV = milk
volume (L day−1); MW = metered direct water (m3 year−1); MY = milk yield (kg day−1); MY i = milk yield (liters month−1

i); NaI = sodium intake (g day−1); NaK = dietary sodium and
potassium content (mEq kg−1 of DM); Rad = solar radiation (MJ m2); Rain = precipitation (mm day−1); PCS = open-loop milk pre-cooling system (Yes = 0, No = 1); Rotary = milking parlor
type (rotary = 1, herringbone = 0); TroughLeaks = leaking troughs (No = 0, Yes = 1); Units = number of parlor units; αai = regression coefficient for variable a and month i.
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Shine et al. [36] also looked at the potential to improve the prediction accuracy of Irish dairy-farm
direct water consumption by employing various machine-learning algorithms. Using identical data
to Shine et al. [25], Shine et al. [36] assessed the applicability of a classification and regression tree
(CART) algorithm, a random forest ensemble algorithm, an artificial neural network and a support
vector machine algorithm to predict dairy-farm water consumption. They found that the random
forest algorithm maximized the prediction accuracy of dairy-farm water consumption, resulting in an
RPE value of 38% (an improvement of 23% compared to MLR modeling). Thus, machine-learning
algorithms failed to reduce the prediction error to a useable level (less than 20%). As the dry matter
intake (DMI), live weight, and sodium intake influence cows’ drinking-water intake, it is feasible that
not considering these, along with individual farm effects (leaks, location of water troughs, etc.) and
factors that affected the production of fresh pasture, contributed to the poor prediction accuracy of
dairy-farm water consumption using machine-learning algorithms.

2.2.2. Parlor Water Prediction

Regarding parlor water demand, Higham et al. [28] built a regression model with five input
variables, including milk volume, MS, number of milkings per day, body weight, and the number of
cows per milking unit, which explained 95% of the variability (R2 = 0.95). The model’s coefficients are
shown in Table 4.

In Ontario, Canada, a balance equation for predicting parlor water consumption was developed by
combining four scientific research studies and was embedded as a component of the Ontario Ministry
of Agriculture, Food and Rural Affairs’ Nutrient Management software program [45]. The balance
equation was developed using empirical usage parameters calculated by Cuthbertson et al. [46],
House et al. [47], Robinson et al. [33], and Harner et al. [48] to linearly predict the water requirements
of six dairy-parlor processes [49]. House et al. [47] collected data on 29 dairy farms over three years
(2011–2013) and Robinson et al. [33] monitored the parlor water consumption of 17 dairy farms
throughout a 20 month period (May 2013–Dec 2014), while Cuthbertson et al. [46] surveyed 308
Ontario dairy farms and washing water volumes recorded based on supplier calculations. The Ontario
dairy-farm parlor water balance equation comprised six components, as detailed by Piquette [49]:
(1) a mandatory base washing water usage value reflecting the type of milking system (tie stall, parlor,
robotic with brush teat cleaning or robotic with water teat cleaning) multiplied by the number of
lactating cows, as developed from Cuthbertson et al. [46]; (2) a plate-cooler volume figure calculated
based on a milk-production value of 30 Lm cow−1 day−1 and 1.5 Lw Lm

−1 consumed for milk precooling,
for water not recycled within the milking parlor; (3) a bulk tank-cleaning water value based on milk
production of 30 Lm cow−1 day−1 and 0.05 Lw Lm

−1 consumed for bulk tank-washing purposes reflective
of whether the bulk tank system did or did not have a washing system (no = 0 Lw; yes = 1.5 Lw × no.
of lactating cows); (4) a parlor-wash water usage for conventional parlor milking systems (17 Lw day−1

× no. of lactating cows) and robotic farms (11 or 17 Lw day−1 (depending upon teat cleaning system) ×
no. of lactating cows); (5) a miscellaneous water usage value of 4 Lw cow−1 day−1, as recommended by
House et al. [47]; and (6) a heat abatement value of 18.5 Lw multiplied by the number of abatement
days, as calculated by Harner et al. [48]. Piquette [49] employed the Ontario dairy-farm parlor water
balance equation as part of a study aimed at calculating the water footprint of dairy farming in Eastern
Ontario. However, this system had limitations regarding its inability to estimate parlor water usage on
non-milking days and its simplistic nature, as each water usage process was included independently.
More specifically, each model component of the Ontario dairy-farm parlor water balance equation is a
separately calculated coefficient, meaning that potential relationships between the number of lactating
cows, farm processes and system infrastructure are not accounted for.

In Australia, a similar approach to that of Piquette [49] was taken by the Department of
Primary Industries (DPI) [50] using a mechanistic approach combined with empirical statistical
data, as summarized by Callinan et al. [51]. The model was developed to estimate dairy barn water
consumption, including yard cleaning, milk-cooling, parlor cleaning, cluster and platform sprays,
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milking-machine cleaning, and miscellaneous (yard sprinklers, fly mist sprays, washing ancillary
milking equipment after milking, calf-feeding equipment). This method for estimating barn
water consumption required a large amount of infrastructure data such as water pump flow rates,
washdown water-container volume, the number of days the yard was cleaned annually, the average
length of time the plate-cooler water was running per day at lactation and the number of days the
plate cooler is used annually. Although DPI [50] failed to highlight model predication accuracy figures,
this approach is an inefficient method of water consumption prediction on a large scale due to the
magnitude of input variables required for predictions.

2.2.3. Free Water Intake Prediction

To explain variances in daily FWI, variables related to environmental conditions (temperature (◦C),
precipitation (mm), evapotranspiration (mm)), dietary consumption (dietary ash content (%), dry matter
intake (DMI, kg day−1), percentage of dietary dry matter (DM%, %), protein percentage of diet (%),
sodium intake (g day−1) etc.), dairy-cow characteristics (body weight, breed, days in milk), and milking
infrastructure (rotary or herringbone milking parlor), as well as factors such as milk yield, the number
of cows per milking cluster, the number of milkings per day, grass growth, and Julian day number
have been employed. Of the literature contained in Table 4, 18 of the 22 studies developed prediction
models for dairy-cow FWI with a mean R2 value of 0.70 (range; 0.42–0.92), i.e., capable of explaining
70% of the variability of FWI of dairy cows. These studies were focused on explaining the variability
of FWI of dairy cows as opposed to developing prediction models. Thus, the accuracy (R2) values of
these MLR models were calculated using data used for the development of the MLR coefficients (seen
data). Of these, 61% (ten models) included DMI as part of the final developed MLR model, a result
linked to the very strong influence of DMI on FWI for both lactating and dry dairy cows [31,41,44].
These ten studies had a mean DMI multivariate regression coefficient value of 2.19 (range = 1.16–3.22)
suggesting that on average, a 1 kg increase in DMI results in an increase in FWI of 2.19 L.

As highlighted by Appuhamy et al. [31], DMI may not be routinely available on dairy farms for use
in predicting drinking-water consumption. Although regression models have been developed without
DMI [37,42–44], Appuhamy et al. [31] investigated the impact of excluding DMI as an independent
variable for FWI prediction for lactating and dry cows using the same set of dairy farms, as accurate
DMI data are often unavailable. Variables considered included DMI, milk production, body weight,
number of days in milk, DM%, and concentrations of sodium and potassium in diet. Regarding the FWI
of lactating cows, they developed a regression model (with DMI included) capable of predicting FWI
to within 14.4% (root-mean-square prediction error (RMSPE)). When DMI was excluded, a different
subset of prediction variables were selected (to minimize error), whereby the prediction error increased
to 17.9% (RMSPE). Regarding the FWI of dry cows, they developed a regression model (with DMI
included) capable of predicting FWI to within 12.8% (RMSPE), increasing to 15.2% when DMI was
excluded, and new subset of variables utilized. They highlighted that the regression models developed
without DMI as an input variable resulted in an increased impact of the DM% consumed, and that
DM% represents an easier metric for dairy farmers to calculate.

Of the 18 models developed for predicting the FWI of dairy cows, 12 models included milk
production (kg cow−1 day−1) as a predictive variable, whereby on average, an increase in milk
production of 1 kg cow−1 day−1 resulted in an increased FWI of 1.36 L (range = 0.60–3.15 L). Similarly,
11 models included DM% as an input variable with an average regression coefficient value of 0.53
(range = 0.23–0.97), suggesting that a 1% increase in the DM% of a cow’s diet results in an increase
in FWI of 0.53 L. These regression coefficients were calculated across multiple different time frames
ranging from less than one week [38,41] to 806 days [29], using different cow breeds across both
lactating and drying-off periods.

Higham et al. [28] utilized data related to climatic conditions, farm characteristics, and milk
production to develop regression models to predict dairy-farm drinking-water use, as shown in Table 4.
They calculated that 26% of stock drinking water was lost through leakage throughout the water
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distribution system; thus, stock drinking water was adjusted using the minimum night flow leak
estimation method [52,53]. This method subtracted an average 15 min resolution night flow water
usage (between 00:00 and 03:00 h) from the daytime stock drinking-water volumes. They suggested that
due to similar uncorrected drinking-water values being calculated in both New Zealand and Ireland,
water leakage in Ireland may be in a similar range. They found that a regression model with seven
input variables, including maximum ambient temperature, rainfall, evapotranspiration, radiation, MS,
milk volume, and number of milkings carried out per day, explained 92% of the variability (R2 = 0.92)
of corrected daily stock drinking water.

2.2.4. Dairy Water Prediction Summary

Research regarding water utilization on dairy farms has largely focused to date on modeling the
FWI of dairy cows, although research has also involved the modeling of parlor water usage and totalized
dairy water consumption. The prediction modeling methods used vary from MLR and polynomial
regression to machine-learning algorithms to quantify water consumption. The aim of modeling
the FWI of dairy cows in literature is to quantify the variability of FWI that can be explained by the
variables considered in each study, as opposed to developing prediction models. Thus, recent studies
have focused on developing models to predict dairy total, FWI, and parlor water consumption by
assessing model prediction accuracy on unseen data [28,35]. For example, Higham et al. [28] developed
prediction models using variables related the environmental conditions, milk production, and farm
practices (that could be attained on a large scale). However, their models have yet to be employed
to conduct a water analysis (i.e., to assess the impact of future weather conditions or varying farm
practices on dairy-cow FWI and/or total or parlor water consumption). However, statistical analyses
have been carried out to assess the dairy-farm variables, which have the greatest impact on dairy-farm
water consumption.

2.3. Dairy Water Analyses

Literature reports indicate that direct water consumption depends upon climatic conditions such as
precipitation, air temperature, and exposure to sunlight; factors such as milk production (drinking water
for cows in milk), percentage of dry matter intake (DMI), PHE water use and re-use; and cleaning
procedures and miscellaneous use throughout the farm [47,54,55]. Concurrently, depending upon the
farming strategies employed, concerns regarding water usage may include the sizing of boreholes,
the sizing of water pumps and piping, the electricity costs of pumping, the size of the manure storage
and the potential volume of manure to handle (wastewater used for the washing of parlor equipment
going to manure storage), the potential for the pollution of waterways, and effects on neighbors’
wells [26].

Precooling milk via water through a plate cooler may reduce milk-cooling energy requirements
by up to 50% [56,57]. However, careful consideration must be given to the financial and environmental
impact of this utilization of water, as discussed by Murphy et al. [58]. Teagasc [7] noted the imbalance
between average parlor water consumption and the cumulative consumption of precooling, hot-water,
and washdown-water usage due to different farms employing different precooling strategies.
More specifically, many dairy farmers recycle water utilized for milk precooling for yard washdown
purposes or for animal drinking water (provided the water was at an adequate bacterial level).
Concurrently, some farmers precool milk without recycling water, while others may not employ any
milk precooling strategies. As a result, the milk precooling methodology employed on a dairy farm
will impact overall parlor water consumption (as well as milk-cooling-related energy consumption)
depending upon factors such as plate-cooler water-to-milk ratio, yard wash-down hose type, the size
of the parlor, plate-cooler size, washdown water tank volume, etc.

Shine et al. [25] also conducted a detailed statistical analysis of dairy-farm direct water consumption
to determine key relationships between dairy-farm characteristics as well as potential differences
between categories of dairy farms. A correlation analysis found water consumption to be largely
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correlated with milk production, and moderately correlated with herd size and the number of lactating
cows. In comparison to correlations found with electricity consumption, Shine et al. [25] found
reduced correlation strengths for water, which suggested that water was less dependent on milk
production and stock numbers and more dependent on managerial processes, environmental conditions,
and farm infrastructure. They found that employing groundwater for milk precooling in an open-loop
system increased parlor water usage by 41% on average, compared to farms which did not precool.
More specifically, dairy farms which recycled milk precooling water had a 119% (p = 0.02) greater
washdown water consumption than those without precooling facilities. Similarly, farms which recycled
milk precooling water consumed 137% (p = 0.08) more water for washing purposes than those which
did not recycle. This suggested that although farms recycled PHE water throughout the farm, use of
this magnitude of water may be unwarranted for washdown purposes. They also suggested potential
benefits to closed-loop milk precooling systems, allowing for a greater water-to-milk ratio as water
conservation is not an issue. This would reduce milk-cooling energy use as well as reducing parlor
water consumption, as only the volume of water required for washing purposes is used.

Callinan et al. [51] conducted a statistical analysis regarding daily parlor water consumption
using surveyed parlor water consumption volumes and farm-practices information from over 1500
dairy farms. These farms were located in Victoria, Australia (regions: Gippsland, Northern Victoria,
and Southwest Victoria) and were monitored from January 2001 to February 2009. Victoria is a relatively
intensive dairy-farming region, using 53% of Australia’s irrigated land and comprising 71% of the
Australian dairy industry, putting major stress on the region’s water supplies [59]. A significance level
of 0.05 (p < 0.05 unless otherwise stated) was used throughout the statistical report to analyze water
consumption according to region, herd size, day number, dairy-parlor type, (rotary (rotating circular
milking platform), double-up herringbone and swing-over herringbone), dairy size, and yard wash
type (flood, hose, or hydrant). Rotary milking parlors are rotating circular milking platforms which
attach and detach milking cluster at each full rotation, meaning that rotary parlors can allow for farmers
to manage a large number of dairy cows at a time [60]. A double-up herringbone parlor has a milking
cluster available at each cow space with a milking line available on each side of the parlor. Swing-over
herringbone milking parlors utilize one milk-harvesting cluster between a pair of adjacent cows [60].
Callinan et al. [51] found a statistically significant positive relationship between daily water use and
herd size (p < 0.001). Concurrently, a near-significant (p = 0.07) reduction in water consumption per
cow (Lw cow−1) throughout the analysis period was calculated, highlighting the potential requirement
of day number as an explanatory variable in statistical models. Regarding the multiple Australian
regions analyzed, Callinan et al. [51] found that water use per day and water use per day per cow
(Lw day−1 cow−1) were significantly (both p < 0.001) associated with the region (Northern Victoria >

Gippsland > Southwest Victoria). Concurrently, water use per day−1 and water use per day per cow
were also significantly (both p < 0.01) associated with dairy type (rotary > swing-over herringbone >

double-up herringbone). This result was similar to that found by Higham et al. [28] whereby parlor
water usage was greater for rotary milking parlor systems when compared to herringbone systems.
Regarding the recycling of used plate-cooler water, a significantly greater proportion of farms with
swing-over parlors recycled plate-cooler water compared to farms with rotary and double-up parlors.
Finally, regarding yard washdown, Gippsland had significantly more farms that employed hoses for
yard washdown compared to the Northern or Southwest farms, while farms which had rotary parlors
had significantly more flood yard washdown systems than double-up or swing-over.

Khan et al. [59] reported on historical trends and future prospects of the water use on Australian
dairy farms. Khan et al. [59] highlighted growing pastures, dairy shed operations, and cattle drinking
water as the three main components of dairy-farm water use in Australia; however, the proportions
may vary according to precipitation influencing the requirement for irrigation. Khan et al. [59] reported
a value between 2.5 and 8.5 million liters of water required to sustain pasture growth and dairy-farm
operations per cow per year (assuming industrial milk production of 5231 L per cow per year),
highlighting the need to plan for a future with less water availability due to climate change.
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It is clear that an ample body of literature focusing on the analysis of water consumption on dairy
farms is available. Both studies of Callinan et al. [51] and Shine et al. [25] found statistically significant
relationships between dairy-farm water consumption and infrastructural equipment. However,
as dairy-farming practices and environmental conditions vary from country to country, a similar
research methodology statistically assessing water utilization on dairy farms internationally is required
to further understand the factors that impact dairy-farm water consumption. These analyses are highly
beneficial to quantifying the volumetric impact associated with particular water-system technologies.

3. Discussion and Perspective

The monitoring of dairy-farm water consumption is well documented throughout the literature,
as presented in this review article. However, comparisons between cognate studies can be difficult
when equivalent KPIs and prediction accuracy metrics are not used. For example, when reporting
dairy water monitoring research results, the most common KPI is Lw cow−1 day−1. However, results in
Lw cow−1 day−1 cannot easily be compared to results of other studies that report consumption in terms
of water usage per liter of water, kg−1 FPCM, kg−1 ECM, and kg milk. Concurrently, it is difficult
to compare the latter set of usage consumption metrics with each other without the reporting of fat
and protein percentage values of the milk production to allow for an effective comparison between
international studies. It is clear that the reporting of dairy water consumption in literature should be
done so in a comprehensive manner to allow for the easy comparison between studies in the domain.
In the absence of studies of specific milk fat and protein values, country-/region-specific values reported
by the FAO may be a suitable replacement [24].

Some studies, such as Murphy et al. [15], have calculated water-footprint figures by utilizing a
relatively small sample of dairy farms compared to cognate studies (24 dairy farms). For example,
Ridoutt et al. [61] calculated the water footprint of dairy farming in Australia using a sample of
75 dairy farms, while and Zonderland-Thomassen et al. [23] utilized 167 dairy farms to calculate
the water footprint of dairy farms in New Zealand. However, both Ridoutt et al. [61] and
Zonderland-Thomassen et al. [23] calculated stock drinking- and milking-shed water requirements
based upon averaged values calculated in benchmark studies [51,62], as opposed to physical metering
of on-farm direct water consumption as was carried out by Murphy et al. [15]. This underscores
the importance and potential usefulness of developing dairy water prediction models, as these
models complement water-footprinting studies by offering a means to estimate direct on-farm water
consumption, mitigating the need of high capital investment for the purchasing, installation, and
maintenance of metering equipment. However, when establishing research methodologies, researchers
must consider balancing the number of farms to be included in a particular study and the accuracy of
the data collected for analysis. More specifically, researchers must consider either analyzing a large
number of farms using estimated data (generated using modeling methods) or analyzing a small
number of farms using accurate data (collected using metering equipment). Researchers may also
consider the option of acquiring accurate consumption data for a small number of farms representative
of a larger dairy farm population in order to develop a model which can in turn be used to predict
on-farm direct dairy water consumption. This model may then be utilized for estimating direct on-farm
water usage values, and inputted to water-footprinting studies of the larger population.

Numerous prediction and analysis methodologies have been employed to predict dairy-farm direct
water consumption. The development of prediction models to predict dairy-farm water consumption
has generally separated FWI and parlor water usage, using monitored consumption data for either a
single or a number of dairy farms. However, with the exception of Higham et al. [28], studies using the
calculation of MLR equations to predict FWI have focused on understanding the variances in FWI
as opposed to developing models for predicting later FWI. Thus, R2 values are calculated based on
observed data (i.e., the same data used to derive model coefficients). Although useful for determining
the variance of FWI due to particular variables (such as DMI, MY, etc.), presenting R2 values of
predictions made using observed data may lead to greatly overestimating future prediction accuracy.
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More recently, the development of models to predict dairy water consumption has moved towards
developing prediction models utilizing “easily attainable” farm variables that may be collected on
a large scale without the use of specialized equipment [28,31,35,36]. Careful consideration must
be given when developing empirical models, as researchers run the risk of overestimating their
prediction accuracy. To reduce the risk of overestimating prediction accuracy, techniques such as
k-fold cross-validation are generally employed throughout the literature to estimate models’ prediction
capability on unseen data.

Balancing coarse input variables with acceptable prediction accuracy is difficult when using
standard regression methods such as MLR. Thus, current work in this domain has applied
machine-learning algorithms to improve the prediction accuracy when compared to state-of-the-art
MLR modeling methods. However, further improvement is required to achieve greater prediction
accuracies that would ensure confidence in and usefulness of model outputs prior to their adoption.
Further work may look towards applying a larger range of machine-learning algorithms to dairy-farm
direct water consumption data collected internationally, potentially using deep-learning algorithms
if/when applicable (large numbers of data points would be required). Concurrently, the development of
a global database containing international dairy water consumption figures and descriptive variables
could be developed, and models built to generate a global dairy water model. If such a model were to
be developed, each country would need to select a cohort of dairy farms that are representative of the
country’s dairy-farm demographic. These farms’ water consumption levels could then be monitored in
conjunction with farm characteristics, managerial strategies, and environmental data, and all collected
data shared to a central database for model development. This would greatly reduce any financial
cost associated with calculating the water consumption of dairy farms globally, as well as offering a
means for international comparison. In conjunction with national surveys carried out throughout each
country (to collect data required for water models), such a model would offer countries the opportunity
to continually monitor dairy water consumption per liter of milk while also assessing the continual
impact of various strategies aimed at reducing water use on dairy farms.

4. Conclusions

Scientific studies related to the use of water on dairy farms were identified and reviewed with
respect to water monitoring, modeling, and analysis, placing a specific focus on studies related to
on-farm total water usage, parlor usage, and free water intake (FWI) (e.g., cow drinking water).
From reviewing the literature, it is clear that further studies focusing on water consumption within the
milking parlor are required internationally. Additionally, future studies should consider the following
three points to ensure best practice:

1. When monitoring of on-farm water use is carried out, monitoring equipment should be installed
on each of the main water-consuming processes (i.e., sub-metered) to allow each component to be
analyzed independently, in order to provide a greater understanding of the processes that have
the greatest impact on direct on-farm water use.

2. When calculating key performance indicators, multiple units should be reported to improve their
interpretation and ensure they can easily be included in cognate studies. This would reduce
rounding and/or transformation errors when calculating key performance indicators across the
literature. At a minimum, study-specific milk fat and protein percentage values should be
reported to allow for their conversion to any key performance indicator.

3. When developing empirical prediction models, a cohort of study farms should be selected to
represent the overall population of a region/country (based on which future predictions will be
made). As much as possible, this cohort should cover the range and distribution of farm sizes,
different infrastructural equipment employed, and managerial procedures used while being
equally distributed throughout the region.
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Considering these three points will help to futureproof studies in the dairy water domain and
to ensure more robust analyses, with easily transferrable results that may be compared with those
of future cognate studies. Additionally, increasing our understanding of dairy water consumption
through statistical analyses and empirical modeling will yield an increased confidence in predictions,
improving the attractiveness of empirical models as an alternative to physical metering. As well
as removing time and monetary requirements associated with the physical metering of water use,
these models may also offer a virtual environment whereby nonlinear impacts of changes to farm
practices and equipment on dairy water use may be quantified and used by researchers, farmers,
and/or policy-makers when making decisions related to dairy water consumption internationally.
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Appendix A

A range of usage metrics relating to milk analyses are utilized throughout the dairy water
consumption literature. These include: liters of milk (Lm), kilograms of milk (kgm) (Equation (A1)),
fat- and protein-corrected milk (FPCM) (Equation (A2)) [63], and energy-corrected milk (ECM)
(Equation (A3)) [64]. The units of FPCM and ECM are commonly utilized for international comparisons
as this ensures a fair evaluation between farms with different breeds or feed regimes [63]. However,
studies utilizing different usage metrics may be compared through reporting of milk data variables
such as the mean percentage of fat (% or g/kg), the percentage of protein (% or g/kg), and/or the amount
of lactose (g/kg), depending on the key performance indicator required.

kgm = Lm x (milk density) (A1)

FPCM = kgm x ((0.1226 x %Fat) + (0.0776 x %Protein) + 0.2534) kg (A2)

ECM = Lm x
((0.383 x %Fat) + (0.242 x %Protein) + 0.7832)

3.1138
kg (A3)

where milk density equals 1.03 kg per liter of milk, Lm is the volume of milk in liters, %Fat is the
percentage of fat in milk, and %Protein is the percentage of protein in milk.
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