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Abstract
Grazing ruminants contribute to global warming and air quality degradation through the
emission from their excreta (urine and faeces) of NH3, and N2O and to poor water quality
due to leaching losses of nitrogen (N) from urine. Dairy cows do not fully utilize all
dietary N and excess N in feed is excreted with proportionally more in urine than faeces.
Many approaches have been reported for measuring urine excretion by dairy cows for
application in models to estimate N losses. The N output from these models depend
upon accurate quantification of urinary N excretion to estimate N deposition on farms.
However there is limited information in grazing systems to quantify N excretion (number
of urination events, urine volume and urinary N) and to define the spatial distribution of
urine by the grazing dairy cows within paddocks. Agresearch developed a urine sensor
(Urine sensor MKII) that estimates the number of urination events, urine volume and
urinary N concentration of each urine events while cows graze. When this urine sensor
is coupled with Global Positioning Systems (GPS) sensor, the spatial distribution pattern
of urination around farms can be mapped. The research reported in this thesis aimed to
trial the Urine sensor MkII on Victorian grazing system dairy cows, to evaluate the
feasibility of using this sensor to estimate urinary N excretion and to measure spatial
distribution of urine excretion by these cows.
The study took place at the Department of Economic Development, Jobs, Transport and
resources (DEDJTR) research centre, Ellinbank, Victoria in southeastern Australia during
spring 2014 and winter 2015. Ten Friesian cows were fitted with urine, GPS and activity
sensor for up to 48 hours in September/October 2015 and another twelve cows with
fitted sensor in June 2015 up to 72 hours. A total of 440 urination events were recorded
during both study periods and between 8 and 20 number of urination events recorded
daily. The urine volume recorded daily ranged between 8.2 and 43 L/day and average
urine volume per event was 2.01 L ranging between 0.37 and 8.23 L/event. Urinary N
concentration varied between 1.2 to 15.7 g N/L while the urinary N load deposited was
between 0.86 and 64.3 g/event. The combined data from urine, GPS and activity sensors
revealed that 76% of urination events were recorded within paddocks, 20% in the dairy
shed and yards followed by 4% in the walking lane. Urine sensor is a considered good
tool to estimate the N excretion by dairy cows in grazing systems. Urine sensor is a
considered good tool to estimate N excretion by dairy cows in grazing systems, however
8

further research is required to better attachment techniques of urine sensor to estimate the
accurate volume of urine. Future improvements are recommended to reduce the weight,
which will help a better attachment to animals. Identification of an activity sensor
urination signature will be very useful for rapid identification of CSAs in paddock and
on farms.
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1. Chapter
Introduction
1.1 Background

Domesticated ruminants continue to play a vital role in global food production, with
consumption of dairy and associated meat products projected to rise by over 50% of
current demand over the next four decades (FAO, 2011). However, the ecological
sustainability of unaltered agricultural practices, many associated with livestock
production, remains a key challenge of achieving food security for future populations.
For example, environmental pollution from cattle farming is strongly recognized as
having far surpassed the effect of all accumulative fossil fuel emissions in net
environmental impact (FAO, 2006).
Nitrogen (N) is a critical nutrient required for all aspects of metabolism and
reproduction. Steady increases in N inputs, such as fertiliser have occurred in arable and
livestock production systems globally (Erisman et al., 2013). Inefficiencies in N usage in
ruminants significantly contribute to both degradation of waterways (leaching and
runoff losses of nitrate) as well as reduced air quality and enhanced climate change
effects (gaseous emissions of nitrous oxides and ammonia). Mitigation of these impacts
requires careful quantification and management of sources of N pollution to enhance
sustainability of agricultural production. Further, the United Nations, through the
Sustainable Development Solutions Network, has identified ‘Nitrogen use efficiency in
food systems’ as an indicator to meet Goal 2 of ending hunger, achieving food security,
improved nutrition and promotion of sustainable agriculture (SDSN, 2015).To this end, a
global objective of improving ruminant nitrogen use efficiency by 20% between 2015
and 2020 has been proposed . Thus, along with the ecological impact, nitrogen use also
has strong economic implications. For example, multinational companies such as
Walmart, Unilever and Kraft (some of whom derive supply from the Australian dairy
industry) require reporting of current and on‐going dairy farm nutrient use efficiency
(Unilever, 2007). Therefore, dairy production systems worldwide are implementing
programs to address these requirements and have invested in research to improve
management of nutrients, specifically N.
13

1.2 Australian dairy industry

The Australian dairy industry is a vital component of the Australian economy. Valued at
AUD13 billion per annum, the industry comprises 6,400 dairy farms producing
approximately 9.2 billion litres of milk annually (Dairy Australia, 2014). Dairy products
include fresh and ultra‐heat treated milk, skim & whole milk powders, buttermilk
powder, butter, butter/casein, cheese, and other value‐added products such as
yoghurts, custards and dairy desserts, as well as whey proteins, and nutraceuticals.
Approximately 34% of Australian dairy products are exported which comprises of 6% of
total world dairy trade (Dairy Australia, 2016a). Increased demand from Australia’s
largest markets in Asia, particularly China and Southeast Asia, is expected to drive
further enhancements to productivity by the industry in the future (Dairy Australia,
2016b).
The state of Victoria, (Dairy Australia, 2016a)largely considered Australia’s dairy industry
capital (Figure 1.1), contributes 66% of national milk production from 1.12 million cows
on 4,268 dairy farms and supplies 85% of national dairy exports (DEDJTR, 2014).

Figure 1.1 Location of dairy farms in the eight dairy regions across Australia (Dairy Australia,
2015).
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The primarily grazing‐based nature of the Australian dairy industry makes it
economically competitive in world trade (Dairy Australia, 2015). This is particularly the
case in Victoria, where farms are largely concentrated in temperate high rainfall regions
or areas with access to irrigation, ensuring pasture availability for most of the year.
However, despite the lower cost of grazed pasture systems, optimization of dry matter
and energy intake through supplementary feeds has been an interest of farmers seeking
to improve per‐cow milk production (Bargo, Muller, Kolver, & Delahoy, 2003). Soder and
Rotz (2001) demonstrated greater profitability (albeit at a lowered incremental rate) for
grazing system farms compared to confinement dairy herds as supplementation
increased. Likewise the Australian and Victorian dairy industry has increased the use of
supplementary feeds as it has intensified over the recent past (Gourley et al., 2012; K. J.
Stott & C. J. Gourley, 2016).
A national survey of nutrient inputs on a range of grazing system dairy farms showed
that feed N was 40% of total N imported onto these farms, and was as much as 79% for
some farms (Gourley et al., 2012). The predominant source of imported feed N on these
farms was grain/concentrate, by‐products, hay and silage (Table 1.1).

When the

intensification of the Australian and Victorian dairy industries over 22 years was
analysed, dietary supplementation increased by almost three fold (K. J. Stott & C. J.
Gourley, 2016). Over that period, fertiliser use on Australian farms using N increased
from 21 to 94 kg N / ha, and from 15 to 71 kg N / ha for dairy farms. Consequently, as
observed elsewhere globally, N surpluses are observed on most Australian dairy
systems. Median (range) on‐farm surpluses of 127 (14‐301) kg N / ha were calculated for
a range of Australian dairy systems, where these farms included conventional and
organic farms (Gourley et al., 2012).

15

Table 1‐1 Median values and ranges for nitrogen imports and exports per ha where products are
present, whole‐farm balances per ha and per litre of milk produced, and use efficiencies for
contact landa area of 41 contrasting dairy farm.

Adapted from (Gourley et al., 2012).
Nitrogen (kg/ha)
Imports
Silage
Hay
Concentrates and grains
Feed minerals
By‐products
Bedding
Fertiliser
Animal
Irrigation
Nitrogen Fixation
Atmospheric deposition
Exports
Milk
Animal
Forages
Balances and efficiencies
Manure
Whole‐farm balance (kg/ha)
Productivity balance(g/L)
Use efficiency (%)

7.6 (0.0‐103.0)
11.2 (0.0‐22.9)
52.5 (2.0‐22.0)
0.0 (0.0‐6.0)
0.0 (0.0‐214.2)
0.0 (0.0‐1.8)
104.5 (0.0‐423.9)
4.6 (0.0‐61.9)
0.4 (0.0‐27.3)
16.6 (0.0‐289)
1.0 (1.0‐4.0)
58.3 (17.3‐190.4)
11.8 (0.2‐78.1)
0.0 (0.0‐11.0)
0.0 (0.0‐0.0)
192.8 (47.0‐600.7)
17.0 (9.1‐45.0)
25 (14‐50)

a

Contact land (land which was used by lactating animals for grazing and cow
management).

Nitrogen use efficiencies (NUE; defined as output N/input N) on these farms ranged
from 14 to 50% and were similar to that for other dairy systems globally. Using average
statistical data for the industry, K. J. Stott and C. J. Gourley (2016) showed increases in N
surpluses from 54 to 158 kg N / ha and declines in NUE from 40 to 29% between 1990
and 2012 for the Australian dairy industry more broadly, and which they described as
evidence of the influence of intensification on N recovery.
Large N surpluses and low NUEs are direct contributors to loss of N to the environment
via pathways that include gaseous emissions of ammonia, nitrous oxide, dinitrogen, and
runoff, sub‐surface lateral flow and leaching losses of dissolved nitrate and organic
16

forms of N (Di & Cameron, 2002; Oenema, Velthof, Yamulki, & Jarvis, 1997). In addition
to the contribution of feed imports to N balances, in grazing systems low NUE is strongly
linked to poor utilization of dietary N by ruminants.

Between 70 and 95% of nitrogen intake is excreted through urine and faeces, with the
remainder used to produce milk and meat (Oenema et al., 2005). Additionally, as
dietary crude protein increases, most of the N intake is excreted in urine, with only small
increases in N exported in product or defecated (Castillo et al., 2001). Urine excretion is
therefore the chief route by which N losses to the environment occur (Selbie,
Buckthought, & Shepherd, 2015). As dairy farms continue to intensify, urination will
need to be managed to minimise negative impacts. Flows of N through urination
reflects N intake, but are influenced by urine volume, urine N concentration and
urination frequency (Selbie et al., 2015; Spek, Dijkstra, Van Duinkerken, & Bannink,
2013). Thus Betteridge et al., 2013 demonstrated significant differences in estimates of
N leaching losses when average urinary N concentrations were used, rather than actual
excreted N. A number of studies have measured temporal variation in urination events
(ie urination frequency) in housed (Aland, Lidfors, & Ekesbo, 2002) as well as grazing
systems (Castle, Foot, & Halley, 1950; Hardison, Fisher, Graf, & Thompson, 1956; Hirata,
Higashiyama, & Hasegawa, 2011; Oudshoorn, Kristensen, & Nadimi, 2008; White,
Sheffield, Washburn, King, & Green, 2001) . However, measuring urine volume and
urinary nitrogen concentration for estimating N flows is more difficult, particularly for
grazing herd. In addition, data of the temporal variation in urinary N excretion needs to
be combined with spatial urinary deposition on farms to accurately model N movement
and loss pathways (Selbie et al., 2015).
In Australian grazing systems, in contrast to confinement dairy farms, cows spent about
74% of their time in paddocks (range 0 to 98%) rather than in locations where excreta
can be collected (10%) for re‐use (Aarons et al. in press, (Gourley et al., 2012) However,
the deposition of excreta in paddocks is not uniform, with greater amounts of N
estimated to be deposited in parts of farms where animals are held for extended periods
(Aarons et al. in press). White et al. (2001) recorded increased urination and defecation
in places where cows spent more time and these places which were shown to be
associated with higher soil nutrients (Aarons, Gourley, & Hannah, 2015; Sanderson,
17

Feldmann, Schmidt, Herrmann, & Taube, 2010). Consequently, mitigation of N losses in
grazing systems is highly dependent on accurate estimates of urinary N excretion around
farms.
In the following sections of the Introduction, the cycling of N in grazing systems,
particularly its contribution to environmental degradation, and the role of diet in N
excretion are described. The factors influence spatial and temporal variation in urinary
N loads are described as are the sensor technologies that can be deployed for
quantifying the locations of urination events and the N loads deposited.
1.3 Nitrogen cycle

Nitrogen is an essential macronutrient used in the growth and reproduction of all plants
and animals, as it is a key component of nucleic acids, proteins and amino acids(Hatch,
Goulding, & Murphy, 2002). The N cycle in grazing systems is complex due to
interactions between animals, plants and soil, and is further influenced by farm
management practices and climate (Figure 1.2). Nitrogen inputs to pastures can arise
through application of N fertilizers, through animal excreta (dung and urine) and
deposition of ammonia and nitrate in rainwater. A wide range in amount of N is fixed by
legume‐based pasture and crops by biological fixation of atmospheric N through plant‐
rhizobia symbiotic processes (Stevenson, 1986). A number of free‐living microorganisms
(e.g. Azotobacter, Rhodospirillum as well as Cyanobacteria) also fix N in soils, but
contribute much smaller inputs to the N cycle. N is removed from the cycle in animal and
plant products, is returned back to the atmosphere via volatilisation or moves via
hydrological pathways to ground and surface waters. Stevenson (1986) describes the
‘internal N cycle in soil’, which controls N transformation process through the
mineralization / immobilization reactions of organic and inorganic forms of N.
The main source of inorganic N in Australian dairy grazing systems is urea.
Transformation processes in soil include ammonification of urea which is converted to
ammonium (NH4+). Then by nitrification, soil ammonia (NH3) is further converted to
nitrate (NO3‐). Both NH4+ and NO3‐ are available for uptake by plants, and the latter is
susceptible to loss through leaching into ground water or as runoff or subsurface lateral
flow to surface waters. Denitrification processes in soil can lead to conversion some of
18

nitrate into nitrous oxide (N2O), a potent greenhouse gas. Volatilization leads to losses of
NH3 when the ubiquitous urease enzyme reacts with urinary or fertilizer urea (Soares,
Cantarella, & de Campos Menegale, 2012). Ammonium in soil solution can be lost as
ammonia particularly where soil pH is high.

Figure 1.2 The nitrogen cycle in agriculture sourced from (MacLaren & Cameron, 1990) as
shown by (Di & Cameron, 2002).

Farm management decisions concerning the amounts and forms of N fertilisers used, the
extent of importation of feed nutrients and the re‐use of animal wastes will influence
the inputs, transformations and flows of N cycled in grazing systems.

Moreover,

decisions regarding animal‐holding locations on dairy farms greatly influence the spatial
pattern of N deposition, the potential for collection and re‐use of animal wastes, and the
degree of N loss.
Globally the demand for fertiliser has increased over time. On average, approximately
100Tg of fertilizer N is used annually in agriculture, of which only 17 Tg of N is found in
crops, meat and dairy (Rotz et al., 2005). Within the Australian dairy industry, total N
fertiliser use increased almost linearly between 1990 and 2010 (K. J. Stott & C. J.
19

Gourley, 2016), with current use of N fertilizer (typically as urea) averaging 100kg N/ha
on Australian dairy farms.
Increases in N fertiliser use not only raises the potential for direct N losses, but plant
crude protein (CP) levels have been shown to increase with higher N application rates
(Wilman, Acuna P, & Michaud, 1994). This increase in fodder N intake has therefore
occurred at the same time as use of supplementary feed has risen in the dairy industry.
Five different feeding strategies are used by Australian dairy farmers (Dairy Australia,
2010)
i)

pasture plus forage with low grain (30%)

ii)

pasture with moderate to high grain feeding in bail (50%)

iii)

pasture plus mixed ration with grain or concentrate (11%)

iv)

hybrid system in which animals are fed less than nine months on grazed
pasture plus partial mixed ration on feed pads (5%)

v)

TMR systems in which animals are housed and fed on total mixed ration (1%).

As ruminants do not efficiently utilize all the N from the diet, quantities of excreta rich in
N is collected and applied to land for disposal and nutrient recycling. A previous studies
have been shown that N concentration in farm dairy effluents has been increased from
200 to 400 mg N/L (Longhurst, Roberts, & O'Connor, 2000). However, a greater amount
of N is returned directly to land by grazing cattle either as urine or in faeces that is
typically well in exceeds of plant N requirements. Thus some of the N returned directly
by animals is incorporated into soil organic matter, and a large proportion is susceptible
to losses to the environment through soil cycling processes.
1.4 N losses in dairy systems

Ruminants play a major role in global warming, degradation of air quality and reductions
in ground and surface water quality due to N2O emission, volatilisation of NH3 and
leaching/runoff losses of NO3‐ (Bussink & Oenema, 1998; Di & Cameron, 2002; Dijkstra et
al., 2013).
Degradation of urinary urea by urease, a bacteriological enzyme found in in faeces and
soil, produces ammonia (Ishler, 2004), a potent environmental pollutant. The production
20

of ammonia from soil and crops, is not generally considered an important source of
ammonia, and thus four out of the five main sources of ammonia emission on dairy
farms (slurry storage, grazing, housing, slurry application), are related to management of
animal wastes. Ammonia losses average 17 to 46 kg N produced per cow, per year on
dairy farms, with most emission due to urinary urea (Bussink & Oenema, 1998).
Surplus N not taken up by plants is leached either to ground water, or transported in
surface/subsurface flows, depending on the hydrological pathways present (Haygarth &
Jarvis, 2002). Leaching of nitrate from urine is considered a serious health hazard, as the
nitrate directly poisons drinking water. High concentrations of nitrate in drinking water
are considered to be harmful to human health particularly to infants younger than 1 year
of age and cause methaemoglobinemia (blue baby syndrome), as well as stomach cancer
(Hatch et al., 2002). However, more recent data raises doubt about the role of nitrate in
these diseases. Nitrate leaching is also dangerous for the environment by causing the
formation of algal blooms, and destroying the quality of surface waters. In addition to
the increased biological O2 demand associated with the algal blooms that results in fish
deaths in fresh and marine environments, the cyanobacteria in the blooms are often
toxic to livestock and humans that are exposed to these waters (Hatch et al., 2002). The
leaching of N from animals on grazing system is related predominantly to animal urine
patches and the load of the N in these patches. Additionally fertilizer N use will
contribute to N leaching as associated more pasture growth and greater intake. The
amount of N deposition into soil depends upon the load of N in the urine patches and
there is an exponentially increase in N leaching as N load increases within a up or surplus
(Di & Cameron, 2000; Ledgard, Schils, Eriksen, & Luo, 2009).

1.5 Dietary intake influences urinary N output

Nitrogen losses to the environment, that occur as a result of deposition of excreta by
ruminants, are predominantly affected by the N concentration of urine (Bussink &
Oenema, 1998; Di & Cameron, 2002; Dijkstra et al., 2013), which is influenced by dietary
N. Ruminants poorly utilize dietary protein. On average, N utilization for the dairy cattle
is 25% and ranges in between 15% and 40% (Calsamiglia, Ferret, Reynolds, Kristensen, &
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Van Vuuren, 2010). As urea is the principal form of N in urine, diets high in protein
usually result in high concentrations of urea in both urine and blood. Greater protein
intakes have been used by the dairy industry to increase milk production. Thus, the
excessive use of protein in feed leads to excretion of the surplus N by the dairy cows
(Figure 1.3).

Figure 1.3 Diagram of the metabolic process of ruminants leading to nitrogen excretion.

RUP: Rumen‐undegradable protein, RDP: Rumen degradable protein, ATP: Adenosine
phosphate MCP: Microbial crude protein.

Dietary crude protein may be classified as rumen degradable protein (RDP) and rumen
undegradable protein (RUP) based on the degradability of the dietary protein by the
microbes in the rumen (Castillo, Kebreab, Beever, & France, 2000). The degradation of
RDP in the rumen results in the release of peptides, free amino acids and NH4+ of which
NH4+ is the most abundant. These end‐products along with the ATP generated by the
fermentation of organic matter are used by the rumen microbes to synthesise microbial
crude protein (MCP). The MCP is ultimately digested in the small intestine and absorbed
as amino acids and nucleic acids. Undigested dietary N is excreted in the faeces (faeces
N). Excess NH4+ in rumen is absorbed through the rumen wall and converted to urea in
the liver to be recycled in saliva. The nucleic acids absorbed in the intestine are
metabolised in the liver to produce the purine metabolite allantoin. Urea and allantoin
are excreted in urine (urinary N) along with a small portion excreted in milk (Figure 1.3)
Castillo et al., (2000) analysed N intake and N output data collected from published
literature involving 580 dairy cows subjected to 90 different treatments (Figure 1.4).
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Increase in N intake is generally lead to increase in N load as higher concentration of N in
urine – the critical point in relation to the primary form of the N excreted is an take of
400 g N /day. Figure 1.4 described how increase in the N intake increase the N output in
urine particularly beyond 400 g N/day, which results in exponential increase. However,
faecal out remains at a constant gradient and Castillo et al. (2000) suggest this constant
is around 7.5 g N/kg of dry matter ingested.

Figure 1.4 Relationship between total nitrogen intake (g/d) and output (g/d) in faeces (●),

urine (□), and milk (∆). (sourced from (Castillot, Kebreab, Beever, & France, 2000)

1.6 Urinary N excretion by dairy cows
Estimating N excretion by dairy cows requires measurement of i) the frequency of
urination (number of events per hour or per day) ii) the volume of urine excreted and iii)
the N concentration of each event. These data are used to calculate N loads deposited in
urine, which used in conjunction with the area covered by urine patches can be used to
model N transformation processes in soil. Thus Li, Betteridge, Cichota, Hoogendoorn,
and Jolly (2012) recommended improvements in quantification of urine volumes and
urine N concentration while Snow, Johnson, and Parsons (2009) have incorporated
estimates of urine patch areas to model N uptake and leaching losses.
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Urine patches ‐ areas on the ground wetted with urine ‐ are the main source of N losses
in grazed pasture systems (Di & Cameron, 2002). The amount of N lost from these
patches is dependent on soil properties (e.g. clay loam, silt loam, sand), the surface area
of the wetted area, and the N load deposited. The review by (Haynes & Williams, 1993)
described an average urine patch surface area of cattle is 0.24m2 with ranges of 0.14 to
0.49m2. Leaching losses increase exponentially with urine patch N loads (Di et al., 2001).
The two principal factors contributing to the N load of urine patches are the volume and
N concentration of urine events. Urine patches with a small volume, like that from
sheep, are considered to be lower in N load and thus a smaller source of N (Williams &
Haynes, 1994). In addition urine patches with a lower N concentration usually contain a
smaller N load. However, as N inputs in supplementary feed and use of N fertiliser have
grown significantly on Victorian dairy farms in last ten years, excretion of N is also likely
to have increased, contributing to higher urinary N concentrations. Studies have
demonstrated wide variations in both urine volume and urinary N concentration
between urination events by grazing steers on the same day (Betteridge, Andrewes, &
Sedcole, 1986). Therefore, this variation in urine volume and urine N concentration can
influence urine patch N load and therefore significantly affect leaching losses of N at the
patch scale. Perhaps not at the paddock scale we would not know yet.

1.6.1 Urination frequency
The impact of N excretion can also be determined by the number of urination events
deposited by dairy cows in paddock. Dairy cows were observed to urinate 9.8 times by
Castle et al. (1950) and 8.95 times by Aland et al. (2002) in a 24 hr period, and at a rate
of 0.5 events/hour/cow (Draganova, Betteridge, & Yule, 2010). However, urination
frequency was also variable, ranging between 5 and 18 times per day (Aland et al. 2002)
and was highest at sunrise (Betteridge et al., 2013) and up to 60 in one steer on a hot
day (Betteridge et al., 1986). Ravera et al. (2015) found that urination events with 4 litres
volume or above occurred between 0600 and 0730 h or 2200 and 0000 h. They also
reported urine frequency change in response to a change in diet and found that
frequency of urination reduced to 3.0 times per day when dairy cows were feed on
fodder beet and increased to 21 times per day when cows were fed on kale. However,
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accurate measurement urine volume, particularly that of single events under paddock
conditions remains particularly challenging.

1.6.2 Urine volume
A number of studies have described the range in urine volume in housed dairy systems
(Aland et al., 2002). However, there is limited urine volume information available for
lactating dairy cows in grazing systems. Different approaches have been developed to
estimate the urine volumes excreted by grazing system cattle. Betteridge et al. (1986)
reported daily urine volumes ranging from 8.8 to 54.7 L/day for grazing steers where
urine was collected by using a dividing device suspended beneath the steer. Ravera et al.
(2015) used a flow meter to estimate urine volume excreted by the dairy cows while
investigating the effect of consumption of different fodder on urine volume. They found
that urine volume ranged from 8.7 to 47 litres/cow/day, and was greater on kale
feeding.

Dietary N and minerals both affect daily intake of water which directly

influences urine volume and frequency (Ledgard et al., 2007; Van Vuuren & Smits, 1997).
For instance, Ravera et al. (2015) measured that cows excreted greater urine volumes
(31.1 L/day) when fed kale, compared to a diet of fodder beet (8.7 L/day). Betteridge,
Costall, Li, Luo, and Ganesh (2013) developed a non‐invasive urine sensor that allows
estimation of urine volume excreted by cows while grazing in paddocks and reported an
average urine volume per event of 2.1L in the range of 0.30 to 7.83 L for cross bred non
lactating dairy cows.

1.6.3 Urinary N concentration
Urinary N concentration for ruminants varies from 3 to 20 g N/L (Dijkstra et al., 2013)
and 0.8 to 14.1 g N/L for grazing steers (Betteridge et al., 1986). In a later study,
Betteridge et al. (2013) reported an average urinary N concentration of 0.95 g N/100 ml
and ranging from 0.12 to 2.47 g N/100 ml for cross‐bred dairy cows. It is important to
note that N concentration varies with time of day, season and reproduction status of the
animal (Betteridge et al., 1986; Bryant, Dalley, Gibbs, & Edwards, 2013; Hoogendoorn,
Betteridge, Costall, & Ledgard, 2010; Petersen, Stamatiadis, & Christofides, 2004).
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Betteridge et al. (2013) observed diurnal variation in urinary N, with higher N
concentration at night in comparison to that recorded during the day. Greater water
intake increases urine volume, and by extension, decreases N concentration. Ledgard et
al. (2007) showed a reduction in N concentration by adding salt to the diet, with an
observed increase in water intake. In addition, high N diets do not always affect the N
concentration in urine as water intake was generally observed to increase with high N
diets. Van Vuuren and Smits (1997) reported a 74% increase in urine volume when
dietary N increased with a very small increase in urinary N from 7.4 to 7.6 g N/L. A
similar dilution effect has also been described in other studies in which salt was added to
the diet (Spek, Bannink, Gort, Hendriks, & Dijkstra, 2012; Van Vuuren & Smits, 1997).
More recently Misselbrook et al. (2016) used a urine sensor to determine the nitrogen
concentration for the dairy and beef cattle and reported that that mean urine N
concentration 14.4 and 13.1 g/l mean N load was 25.6 and 22.0 g per urination event for
beef and dairy cattle respectively.

1.7 Spatial distribution of urine patches

The vital role animal excreta plays in nutrient cycling in grazed pasture systems, and the
significance of urinary N as the major route for N losses underlines the importance of
quantifying the spatial distribution of urinary deposition (Betteridge, Costall, Balladur,
Upsdell, & Umemura, 2010a; Draganova, Betteridge, et al., 2010; Haynes & Williams,
1993; White et al., 2001). The distribution of excreta occurs at a range of spatial scales in
dairy grazing systems, including within farm (i.e. between paddock) and within paddock
and is influenced by as slope elevation, farm management and animal factors. A number
of researchers Aarons et al. (2015); McCormick, Jordan, and Bailey (2009) described the
role of herd management practices on spatial nutrient distribution on dairy farms; due
to the influence these practices had on the time animals spent in different parts of
farms. Thus, paddocks that were closer to the dairy shed were shown to have had the
cows placed there more frequently and also had higher soil nutrient levels (Aarons et al.,
2015; Gourley et al., 2015). At a finer spatial scale, within paddock distribution of
excretal deposition can be due to farm management practices, such as grazing strategy
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(Aarons et al., 2015; Oudshoorn et al., 2008) as well as animal behaviour (Draganova,
Betteridge, et al., 2010; White et al., 2001) For instance, Aarons et al. (2015) proposed
that strip‐grazing without back fencing led to accumulation of nutrients due to cows
spending more time at the gate end of paddocks. Many approaches have been
developed to estimate the homogenous distribution of the urine patches across the
paddock (Petersen, Lucas, & Woodhouse, 1956; Stuth, 1991; White et al., 2001).
However, while Oudshoorn et al. (2008) did not observe significant differences in
urination frequency by cows grazing for different lengths of time, total number of
urinations increased with time at pasture. Although urine depositions were not uniform,
accumulation or camp zones were not observed in any grazing treatments, as these
animals spent a small proportion of each day grazing. The studies by Draganova et al.,
(2015) describes the urination behaviour of grazing dairy cows and found that 85% of
total urination events were recorded in the paddock with 5% in the walking lane and
10% in milking dairy shed or holding area. Other researchers report non‐uniform
urination within paddocks, typically associated with watering, fencelines and gateways
(Draganova, Betteridge, et al., 2010; Draganova, Yule, Hedley, Betteridge, & Stafford,
2010; White et al., 2001). White et al. (2001) described the distribution of urination
within the paddock for 24 h for 36 lactating dairy grazing cows in which urination
pattern of the grazing cows showed that more urinations occurred near water troughs,
because cows spent more time near the water during the warm weather.
1.8 Sensor technologies to quantify the N urination by dairy cows

To minimise urinary N losses, requires estimating urinary N loads excreted in the
locations animals visited in grazing system farms. Historically observational methods
have been used to quantify urination events in housed systems (Aland et al., 2002) and
have also been applied in grazing systems (Hardison et al., 1956; Hirata et al., 2011;
Wardrop, 1953; White et al., 2001) to identify the locations on farms where urine was
deposited. Technological approaches such as surveying equipment (White et al., 2001)
as well as Global Positioning System (GPS) (Moir, Cameron, Di, & Fertsak, 2011) were
adopted, in conjunction with visual observations, to quantify urine patches locations and
urine patch areas, respectively. The use of GPS has significantly increased as this
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technology can provide more accurate information regarding the behaviour of animals
within the landscape.

Environmental, management and behavioural factors that

influence animal activity can be investigated using these tools.

Although more

frequently used in paddocks in extensive / rangeland grazing systems (Ganskopp, 2001;
Trotter & Lamb, 2008), GPS have also been applied to improve quantification of N flows
in grazing dairy farm (Betteridge et al., 2013; Draganova, Betteridge, et al., 2010).
Betteridge et al. (2013) used GPS to identify critical source areas based on the high
deposition density of urine. Urinary N loads increased after cows changed to pasture
each day , showing the influence of N intake on N excretion in locations around farms.
Likewise, Draganova, Yule, Stevenson, and Betteridge (2015) were able to demonstrate
non‐uniform deposition of urine which varied diurnally. Using GPS these authors were
able to investigate the influence of factors on urination frequency and showed that
neither slope nor elevation appeared to affect urination frequency. Surprisingly, and in
contrast to the observations of White et al. (2001) , Draganova et al. (2015)did not
observe greater urination events at gateways and water troughs which they attributed
to herd management and the cool weather in their study.
Betteridge et al. (2013) used GPS to infer animal activity and showed that urination
events predominantly occurred where the cows were lying, indicating a relationship
between lying activity and critical source areas. By contrast, Draganova (2010) included
activity sensors in their study to be able to investigate relationships between urination
and grazing, walking, lying. They found that cows were spending more grazing time in
the morning rather than in evening and also reported that cows spent more lying time
during the afternoon than the morning period. However, there were no significant
differences between the time spent standing and walking in both the afternoon and
morning.
Accurate quantification of N returns in urine not only depends on detecting where
urination events occur but also on identifying the variation in loads (volume x N
concentration) of N deposited (Li et al., 2012). Sensors to measure the frequency and
timing of urination events (Draganova, Betteridge, et al., 2010; Draganova et al., 2015)
and urine volumes (Ravera et al., 2015), for dairy cows grazing pasture have been
developed to meet this need.

Thus, while the sensor and flow meters used by

Draganova and Ravera provided more accurate information on timing and volumes of
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urination events, N loads were not measured in these studies. Betteridge et al. (2013)
used a urine sensor that estimates volume, frequency and nitrogen concentration in
conjunction with GPS to identify the N load of urine patches and to provide more
accurate data for modelling N leaching loads. Based on multi‐sensor technology data
amount of leaching N of about 10% greater when more accurate estimates of N loads
were used to model leaching losses, (Li et al., 2012). More recently, Misselbrook et al.
(2016) also used a urine sensor to quantify N concentration, load and urine volume for
both grazing beef and dairy cattle and found that average number of urination events
per animal 7.6 for the beef cattle and 11.6 for dairy heifers and mean volume was 1.75
and 1.80 for the beef and dairy cattle’s respectively.
1.9 Objectives
Increases in N inputs in the Australian and Victorian dairy industries associated with low
N efficiencies indicates that N excretion in urine is a potential major route for N losses.
However there are no data describing urination volumes, N concentration and location
of these events for cows grazing dairy pastures in Victoria. Therefore, the objectives of
this research were:

1. Assess the feasibility of using a urine sensor (Urine sensor MKII) to measure
urine N for grazing system cows in Victoria.
2. To estimate urinary volumes and N concentrations and variation in urinary N
for these animals.
3. To quantify the spatial distribution and behaviour of cows on a grazing system
farm.

This thesis documents the research undertaken. In addition to the abstract and the
introduction, the thesis describes the methodology used, followed by two chapters titled

1. Using a urine sensor to estimate urinary N excretion by lactating cows grazing
pasture in Victoria.
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2. Using GPS, urine sensor and activity sensor technologies to study the spatial
distribution of urine and behaviour of lactating dairy cows in Victorian grazing
system.

The results of this research are then discussed. Supplementary data and a conference
paper with preliminary data presented in Proceedings of the 2016 International Nitrogen
Initiative Conference, "Solutions to improve nitrogen use efficiency for the world", 4 – 8
December 2016, Melbourne, Australia are included in Appendices at the end of the
thesis.
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2. Chapter
Materials and Methods

2.1 Research location

The study took place at the Department of Economic Development Jobs Transport and
Resources (DEDJTR), National Dairy Centre, Ellinbank (latitude ‐38.239769 and longitude
145.935849) located in south eastern Australia during spring 2014, and in winter and
spring 2015. The breed of cows used were Friesian and most of the animals were
monitored while they rotationally grazed pasture consisting predominantly of ryegrass
(Lolium perenne L.) and white clover (Trifolium repens L.). The animals returned to the
dairy shed with their herds for milking twice daily, which usually occurred for all herds
on the research farm between 6 and 8 am in the morning and between 3 and 5 pm in
the afternoon. They received 3 kg concentrate at each milking. A smaller group of
Friesian cows was monitored in the metabolism stalls at the research centre. These
animals were fed lucerne hay (Medicago sativa), were milked twice daily in the stalls,
and also received 3 kg concentrate at each milking.

2.2 Design of monitoring studies

Lactating dairy cows were monitored on three separate occasions to quantify N
excretion. In the first and the second studies, cows were monitored while they grazed
paddocks on the research farm and these studies took place in September and October
2014 and in June 2015 respectively. Ten cows were fitted with sensors in spring 2014
with two cows monitored at a time for up to 48 hours. In winter 2015 twelve cows were
fitted with sensors and up to four cows were monitored at a time for up to 72 hours. The
third study occurred in the metabolism stalls in September and October 2015 and
consisted of six cows which were monitored for up to 48 hours. The cows in the
metabolism stall were also fitted with devices to allow total collection of urine and
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faeces separately. In all cases sensors to monitor urination events, volumes and N
concentration (urine sensor), the location of the animals (GPS collars) and their activities
(ActiGraph sensor) were attached to the cows, except for the metabolism stall cows
which did not have GPS collars.

2.3 Animal ethics approval

Animal ethics approval was obtained for these experiments (AEC 2012‐25). Associated
with the animal ethics approval, standard operating procedures were developed for
attachment of (i) urine sensors (DEPI-CAT13), (ii) GPS collars (DEPI-CAT187), and (iii)
ActiGraph activity sensors (CAT 2303).

2.4 Application of these sensor technologies to Victorian grazing systems
2.4.1 Urine sensor
Sensor technologies are used to study the behaviour of animals at the farm level and a
number of sensors have been developed to study animal behaviour and physiology
(Betteridge et al., 2013; Betteridge, Hoogendoorn, Costall, Carter, & Griffiths, 2010b;
Draganova, Betteridge, et al., 2010; Ravera et al., 2015). AgResearch New Zealand
developed a urine sensor (Urine sensor MKII) that allows estimation of urine volume,
urinary nitrogen and urine frequency concentration for dairy cows grazing in the
paddock. The Urine sensor MkII was chosen for this research quantifying N excretion in
urine in Victorian dairy systems because of its ability to allow calculation of N loads.
Briefly, the Urine sensor MkII contains two types of sensors inside each unit (Figure 2.1).
Urine volume is determined by a pressure sensor that records the pressure of urine in
the funnel during urine flow through the device. From this log of an event the start and
end time of urination is determined. The estimated urine volume is then determined
based on the area under the pressure curve and using a standard calibration curve.
Urinary N concentration is measured using a refractive index (RI) sensor inside the
device. Shepherd et al. (2016) used the urine sensor to calculate urinary nitrogen on the
basis of refractive index values and conclude that RI in the urine sensor can provide an
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accurate estimation of urinary nitrogen. The RI values of the remaining 10‐20 ml of urine
that cannot quickly drain away from the bottom of chamber is measured a number of
times and the average RI value is used to calculate N concentration of each event, also
based on a calibration curve.

Figure 2.1 Diagram showing the components of the Agresearch Urine Sensor Mark II

(copied from AgResearch (Betteridge et al., 2013).
2.4.2 GPS sensor
The use of GPS has significantly increased in livestock management and research and is
considered an important approach for determining the spatial distribution pattern of urination
by grazing dairy cows (Betteridge et al., 2013; Ganskopp, 2001; Trotter & Lamb, 2008). A GPS

unit developed by AgResearch, New Zealand, was used in this research to apportion
urinary N loads to locations visited by grazing cows around the dairy farm. These
custom made GPS units are contained in a plastic box attached to a leather strap that is
attached around the neck of the cow (Figure 2.2). The sensors contain Trimble® Lassen
GPS modules and, using satellites, track animal positions whenever the cows move four
metres or more or track movement of the animal every minute. Spatial and temporal
data stored on micro SD cards located in the GPS units were downloaded after the
collars were removed from the animals, at the end of the monitoring period.
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2.4.3 Activity sensor
Tri axial accelerometers are devices which measure acceleration in three dimensional
planes i.e. left‐right and backwards and forwards. The output from the three axes is
converted in gravity units which can have a measuring range of ‐6 g to + 6 g. The
summation of gravity units is shown in the form of a raw data file. This output in the
form of signals or counts is directly related to the movement of the cow depending upon
the positioning of the device being attached. The output from the graphs can be
distinguished as different patterns emerge when animal behaviour changes. For
example, if the sensor is placed on the leg, it can detect the walking behaviour. It is to be
noted that the acceleration is measured in the form of sampling rates and is not
measured continuously. Therefore, the frequency of sampling is in hertz and a sampling
rate of 60 hertz means number of events or sample recorded every second.

a

c

b

d

Figure 2.2 (a‐d) AgResearch GPS collar and Actigraph activity sensor attached to two of the study
dairy cows.
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2.5 Calibration of the urine sensors for volume and N concentration
The urine sensor required calibration for both volume and N concentration before its
practical application in the field with cows. Shepherd et al. (2016) recommended site‐
specific calibration of these sensors. As urination events performed by dairy cows range
between 0.30 and 7.83 L per event (Betteridge et al., 2013) therefore, volume
calibration was done by pouring distilled water of known volumes within this range
through the sensor. The change in pressure readings recorded by the pressure sensors
were downloaded from the device and a regression relationship calculated. A volume
calibration curve (y= 0.013x, R2 = 0.9992) was developed in the laboratory shown in
Figure 2.3 which was then used to calculate the urine volumes excreted by lactating
dairy cows grazing pastures.
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R² = 0.9992

4
3
2
1
0
0

100

200

300

400

500

600
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Figure 2.3 Calibration curve of volume measured in the laboratory versus sensor‐measured
pressure reading.

Initially, artificial urine ranging from 0.0 to 1.0% N concentration was made in the
laboratory (Table 2.1). The urea and glycine in this artificial urine were modified in the
same proportions to give the different concentrations required for the N calibration
curve. The calibration curve developed by using artificial urine (Y=254.08x ‐339.7
R2=0.9691) shown in Figure 2.4. However when this calibration curve was used to
calculate the N concentration of urine after the sensors were attached to cows, the N
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concentration values estimated were negative. Therefore, a new N calibration curve
(y=133.61x ‐ 178.44, R2 = 0.8621) was developed using natural cow urine. Urine collected
from 36 different urination events of the cows involved in the metabolism stall
experiment at the DEDJTR research farm were chemically analyzed. The N concentration
values of these urine samples were plotted against the RI values from the sensors to give
the N calibration curve in Figure 2.5. This calibration curve, based on natural urine
samples was then applied to RI values of all urine sensor readings to estimate urinary N
concentration for all experiments.
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Table 2‐1 The constituents of artificial urine for a range of N concentrations.
g N/
g N/
g N/
Compound

g/litre

litre

g/litre

litre

g/litre

litre

g N/
g/litre

litre

g N/
g/litre

litre

g N/
g/litre

litre

Urea

0

0.00

3.9

1.82

7.8

3.64

11.7

5.46

15.6

7.28

19.5

9.10

Glycine

0

0

0.97

0.18

1.94

0.36

2.90

0.54

3.872

0.72

4.84

0.90

KHCO3

23.3

23.3

23.3

23.3

23.3

23.3

KCl

4.2

4.2

4.2

4.2

4.2

4.2

KBr

6.7

6.7

6.7

6.7

6.7

6.7

K2SO4

2.3

2.3

2.3

2.3

2.3

2.3

Total N g/L

0.0

2.0

4.0

6.0

8.0

10.0
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N % in Artificial urine
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1
0.8
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y = 254.08x ‐ 339.7
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0
1.337

1.3375

1.338

1.3385

1.339

1.3395

1.34

1.3405

1.341
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Figure 2.4 Calibration curve of artificial urine N concentration measured in the laboratory versus
refractive index values from the urine sensors.

2.6 Sample analysis

Urine samples collected from dairy cows at the research farm were immediately frozen
until analysis. Samples were thawed, carefully mixed and sub‐sampled for analysis for N
concentration using the TruMac® N nitrogen analyzer (LECO Corporation; Saint Joseph,
Michigan USA).

N concentration (%)

1.4
1.2
1
0.8
y = 133.61x ‐ 178.44
R² = 0.8621

0.6
0.4
0.2
0
1.339

1.34

1.341

1.342

1.343

1.344

1.345

1.346

Refractive Index Values

Figure 2.5 Calibration curve of N concentration measured in the laboratory of urine samples
collected from dairy cows in metabolism stalls versus refractive index values from the urine
sensors attached to these cows.
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2.7 Attachment of sensors

The following list itemises the equipment used to attach a urine sensor, GPS collar and
activity sensor to a dairy cow.
1. Urine sensor (Urine sensor MkII), GPS sensor (AgResearch), activity sensor
(Actigraph)
2. Sensor battery (fully charged)
3. moulded plastic fitting (Topline Industries Ashurst NZ)
4. Motorbike tubing (Michelin inner tube Airstop‐18 MF)
5. A suitable sized hose clamp
6. Duct tape
7. A Y‐shaped rubber sheet
8. Loctite 406 adhesive
9. Paper towels
10. Acetone in a spray bottle
11. Scrubbing brush
12. Disinfectant or hand cleaner
13. Rubber gloves .
14. Cable tie to attach the activity sensors.

The technique used to attach Urine sensor MkII to cows was modified due to leaks and
detachment problems that occurred within a day of attachment of the sensor device to
dairy cows. A blanket harness was recommended for use in New Zealand, (Betteridge et
al., 2013) to support the weight of the sensor. Misselbrook et al. (2016) also used a
similar urine sensor, which they also glued over the vulva of the cow and supported the
weight of sensor with a harness worn by the cow. Similar harnesses could not be used in
the Victorian environment; as maximum daily air temperatures could exceed animal
welfare limits. Therefore a new application technique including modifications to the
components used to attach the device to an animal was developed at the DEDJTR
research centre. The tarp‐cloth sleeve with matching Velcro® (AgResearch manual)
recommended for holding the sensor was replaced by a yellow moulded plastic (Topline
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Industries Ashurst NZ) fitting designed to sit over the vulva of the cow to funnel urine to
the sensor. This was custom‐made to divert urine from the vulva directly into the urine
sensor, this will help to avoid the faecal contamination in urine. Instead of the patch
with Velcro® recommended in the manual, a new Y‐shaped patch with elongated straps
was designed to secure the yellow moulded fitting to the animal. A motor bike inner
tube (Michelin inner tube Airstop‐18 MF) was glued to the bottom of the yellow mould.
The rubber tube was fitted over the moulding, the end rolled back, some glue applied to
the mould and the rubber tube rolled back out over the glue. Figure 2.6 illustrates the
components used to attach the sensor to a cow.
A

B

Figure 2.6 Yellow mould with motor bike tube attached (A) and Y shaped rubber sheet with two
straps (B).

The steps to attach a urine sensor to a cow are as follows. When the sensor is to be
attached to a cow, protective clothing and gloves are advised, especially prior to using
the glue (Loctite 460). To safely attach the sensor, it is important to ensure that the cow
is confined in a cattle crush (Figure 2.7a). Clear access to the rear end of the cow is
required, and it is essential to ensure that the animal’s legs are behind a gate to prevent
injury from kicking (Figure 2.7b). Clippers should be used to shave off excess hair. The
rear end of the cow then needs to be cleaned very well with a brush and wiped down
with acetone and paper towels. It is very important to remove as much dust, faecal
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matter and grease as possible. Once the animal is ready the stem of the Y‐shaped patch
that is to be glued to the yellow mould should be prepared for attachment. To ensure
that there is sufficient space, a practice application is recommended before applying
glue to the patch and gluing the patch to the cow. Once the patch is attached, it cannot
be detached from the cow immediately. When confident of where the stem of the
rubber patch should be placed, glue can then be applied to that part of rubber patch,
which can be spread with a finger (in a glove). Carefully attach the patch starting from
the between the anus and vulva and progressing carefully around the vulva, taking care
not to block either the anus or vulva (Figure 2.7c). Press firmly around the sides of the
rubber patch and hold against the animal for a few minutes. Feel around the edges of
the attached patch to locate any gaps where it has not adhered. Apply more glue if
needed to avoid urine leakage. Be careful while applying the glue as it generates heat
when in contact with skin (human and cow), and some cows could kick. However during
the 28 attachments undertaken during this research, the majority of cows did not kick.
As the glue works instantly it is recommended that gloves be replaced regularly during
attachment of the rubber patch. The two straps on the patch are then glued to the cow
along the rump area (Hook bone) on both sides of the cow. These straps support the
weight of the sensor. However the length of these straps should not be too long, as this
may create problems during detachment of the sensor from the cow. Press firmly on the
straps, checking for any gaps and apply more glue where necessary. After that urine
sensor is inserted into the end of the motor bike tubing below the mould and tightened
with a hose clamp (Figure 2.8). The duct tape should be applied around the hose clamp
to prevent the screw of the hose clamp rubbing against the tail of animal.
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A: Cow in cattle crush

B: Clear access to the rear of the
cow with protection from her legs

C: Fitting of yellow part with
vulva of cow

Figure 2.7 Photographs showing preparations to attach the sensors.
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The GPS collar was fitted around the neck of cow after installing the battery and making
sure the red light was blinking which indicates that the GPS sensor is working. The
activity sensor (Acti Graph) was programmed prior to the start of the experiment and
attached to the neck collar of the cow.The maximum period of attachment of the
sensors to cows in this study was 4 days. However cows should be checked daily to make
sure that the sensor is attached properly. If some part is deattached, glue should be
applied to avoid urine leakage. It is essential to keep the cows in a confined space/yard
once released from the cattle crush as the sensor might cause a change in behaviour
initially. However our observations were that the cows adapted to the equipment
almost immediately and did not display unusual behaviour. Figure 2.8 illustrates the
attachment of urine sensors to dairy cows at the research centre, while Figure 2.9 shows
photographs of the cows while grazing, being milked and in the yards near the dairy
shed. The cows and equipment used in the metabolism stall study are shown in Figure
2.10.
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Figure 2.8 Photographs showing steps in the attachment of the urine sensor.
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Figure 2.9 Photographs showing the dairy cows with sensors attached in various locations
around the farm.
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Figure 2.10 Photographs of cows in the metabolism stalls and the equipment used
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2.8 Data downloading from urine sensor
AgResearch urine sensor software is used to download the data from the urine sensor.
Therefore, before start of trials AgReseach urine sensor software has been installed on computer
and a device called Gateway is used downloading of data from the urine sensor (Figure 2.11). A
wireless system connected the urine sensor with computer to download the data.
The data has manipulated in Microsoft excel. Urine sensor records the following types of
parameters after downloading the data.

2.8.1 Urine number
These are the number of urination events that has been recorded during the experiment.

2.8.2 Pressure number
‐2 and ‐1 are the 2‐second interval pressure readings immediately before the urine pressure
increased due to a new event.

2.8.3 Time
Time of the event reading (2 second intervals selected for the trials).

2.8.4 Temperature
Temperature measured at the Pressure sensor manifold – rises during an urination event.

2.8.5 Refractive Index (RI)
Refractive index value (x10‐4) of the urine.

2.8.6 RI number
Number of consecutive readings of RI at the end of an urination event.

2.8.7 Status
It shows that refractive index of the urine sensor is functional properly.
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Figure 2.11 Gateway device used to download the data from urine sensor (Copied from
AgReseearch manaual 2012).
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3. Chapter
Using a urine sensor to estimate urinary N excretion by lactating
cows grazing pasture in Victoria
3.1 Summary
Dairy animals contribute nitrogen losses in air (N2O, NH3) and in leaching & run off in
dairy systems. In dairy systems worldwide, the N inputs in feed are much greater than in
fertiliser. Ruminants excrete 75‐95% of the N they ingest, most of which is excreted in
urine. A number of approaches have been developed to estimate N excretion by dairy
cows however there is less information on urine excretion by dairy cows while grazing. A
urine sensor developed by Agresearch, New Zealand allows the determination of N
concentration, number of urination events and volume of each individual excretion
event performed by grazing cows. The aim of this research was to trial the urine sensor
and to quantify N excretion by dairy cows grazing pasture in Victoria. The study was
conducted in two different periods in spring 2014 and once in winter 2015 respectively.
Ten Friesian lactating dairy cows were fitted with urine sensor for a maximum 48 during
spring 2014 and another twelve Friesian cows attached with urine sensor for a maximum
72 in winter 2015. A total of 440 urination events were recorded during this study and
between 8 and 20 urination events/ow were recorded daily. Urine volume excreted by
these grazing lactating cows ranged from 8.2 to 43 L/day and averaged between 0.37
and 8.23/event. Urinary N concentration varied between 1.2 to 15.7 g N/L while N load
varied in between 0.86 and 64.3 g/event. I conclude that the urine sensor is a a good
tool to estimate the urinary N excretion by dairy cows in a grazing system.

3.2 Introduction

The dairy industry plays an important role in meeting the ever increasing demand for
animal proteins. Despite its importance, the dairy industry is facing a number of
challenges and issues regarding aspects of environmental safety and security and dairy
farms are considered as playing a major role in non‐point source and other
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environmental pollution through emissions of toxic gasses (N2O, NH3) and leaching and
runoff of nutrients to surface and ground water (Castillo et al., 2000; Line, Harman, &
Jennings, 1998). Leaching of nitrogen from grazing system is mainly associated with
animal urine patches (Li et al., 2012) which are considered the main source of N leaching
from grazed pasture system (Ledgard, 2001) . Likewise urine is the main contributor to
N2O, NH3 emission (Oenema et al., 2005). Nitrogen is important for the reproduction and
growth of animals and plants and for milk. However ruminants inefficiently utilize
dietary N to produce milk with only 5‐30% of the consumed N converted into products
and the rest of the N is excreted through urine, milk and faeces (Haynes & Williams,
1993).
The dairy industry worth AUD 3.7 billion to the economy, is the third largest Australian
agricultural industry. The state of Victoria is a major contributor to the dairy industry
supplying two thirds of milk production from 4200 dairy farms with approximately 1
million dairy cows (Dairy Australia, 2013). In Australian and Victorian dairy systems N use
has steadily increased over the past 20 years as the industry has intensified (Gourley et
al., 2012; K. J. Stott & C. J. P. Gourley, 2016). Nitrogen surpluses have been observed on
many of these grazing system farms and high N excretion rates associated with large N
intakes have been calculated (Aarons, Gourley, Powell, & Hannah, 2016). For most farms
studied the N intakes were in excess of the recommended 400 g/cow/day above which
most of the dietary N would be excreted in urine (Castillo et al., 2000). While nutrient
deposition of animal urine and faeces plays a central role in nutrient cycling grazed
pasture systems (Haynes & Williams, 1993). Only a small proportion of these nutrients
are taken by plants leaving a large amount susceptible to loss. Urine deposited on the
ground by an animal created an urine patch which is has a high N concentration. The
average amount of N deposited by dairy cattle can be up to 1000 Kg N/ha with a urine N
concentration of 10 g N/L and an average 2 L urine volume (Haynes & Williams, 1993).

AgResearch New Zealand developed a urine sensor (MKII) that allows estimation of urine
volume, number of urination events and estimated urinary nitrogen concentration of
each urination event performed by a grazing cow within the paddock (Betteridge et al.,
2013). Measuring the temporal and spatial variation in urinary N excretion is difficult in
grazing system. Ravera et al. (2015) used a flow meter to measure urine volumes of
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dairy cattle receiving different diets. Many N cycling models and relationships have
been developed to quantify N excretion, particularly urinary N output from housed dairy
cows (Jonker, Kohn, & High, 2002; Nennich et al., 2005) with fewer reports for grazing
system (Aarons et al., 2016). Despite the high N excretion by dairy cows in Australian
farms there is little data quantifying the urinary N output in these systems. The objective
of this research was to quantify the variation in N excretion by grazing lactating dairy
cows in Victoria using an AgResearch urine sensor, and to evaluate the feasibility of use
of the sensor.

3.3 Materials and Methods

3.3.1 Monitoring the urination of grazing dairy cows

The study took place at the DEDJTR Dairy Research Centre at Ellinbank (‐38.239769,
145.935849), located in south eastern Australia during spring 2014 and winter 2015. The
climate in this region is temperate, with the lowest temperatures in June and July (min –
5.4 to 4.7oC; max – 13.3 to 13.10C) respectively and the highest average rainfall occurring
in September and October (75.3, 75.7 mm respectively) over the last 30 years Bureau of
Meteorology website (BOM website) Table 3‐1.

Table 3‐1 Datesa urine sensors were attached to the lactating dairy cows grazing pasture
Temperature (oC)
Rainfall (mm)b

Monitoring

Average

Total for

for the

the month

period

Month

Datesa

Spring 2014

September

3‐4, 23‐25, 30

24

23.8

1.8

21.2

Spring 2014

October

1, 8‐10, 13‐15

23.2

11.4

3

42

Winter 2015

June

12‐15,19‐22,26‐29

15.5

7.7

0.25

3

b

Maximum Minimum

dates

Average rainfall on for the monitoring dates, and total rainfall for the month.

Ten Friesian cows were fitted with urine sensors for up to 48 hours in September /
October 2014 and another twelve cows were fitted with the sensors in June 2015 for up
to 72 hours. At each monitoring period, the cows fitted with the sensors were kept in
51

small herds with other non‐monitored cows. The animals rotationally grazed pasture
which consisted predominantly of perennial ryegrass (Lolium perenne L.) and white
clover (Trifolium repens L.). The monitored animals were returned to the dairy shed with
their herds for milking twice daily, which usually occurred for all herds on the research
farm between 6 and 8 am and 3 and 4 pm in the afternoon. The animals each received
an additional 3 kg of concentrate twice a day at each milking. This research was carried
out according to the DEDJTR Animal Ethics Committee proposal 2012‐25, with standard
operating procedures developed for attachment and removal of the sensors.

3.3.2 Metabolism stall experiment
The urine sensors were evaluated on cows in metabolism stalls at the research centre at
Ellinbank, to assess the capture by the sensors of all urination events. Six Friesian cows
were each fitted with a urine sensor for a 48‐hour period. The cows were also fitted with
separators to enable collection of all urine after passing through the sensor. During the
experiment, we collected only urination events, which happened in the day. However, a
sub sample of the night urination events have been kept. The urination events were
recorded manually in the day and a sub‐sample collected and stored immediately at ‐
20oC.

During the evaluation of the sensors, the animals received ad libitum feed

consisting of 15 kg of Lucerne hay and 6 kg of concentrate daily. They were milked twice
daily in the stalls.
3.3.3 Sample analysis
All urine samples collected in the metabolism stalls were analysed for N concentration
using the TruMac® N nitrogen analyzer (LECO Corporation; Saint Joseph, Michigan USA)
at the DEDJTR labs at Macleod.

3.3.4 Data and statistical analysis

The volume of urine excreted at each urination event was determined by a pressure
sensor that records the pressure of urine in the funnel of the device during urine flow.
The urinary N concentration was based on the refractive index (RI) readings of a small
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volume of the urine remaining at the end each urination event R(AgResearch, 2012).
After the logged pressure and RI data were downloaded from the urine sensor, the data
were analysed in Excel. The area under the pressure curve of each urination event was
summed and the volume estimated using the volume calibration curve (y= 0.013x, R2 =
0.9992) in chapter 2. Strong relationships were observed when sensor estimated
volumes (based on this calibration) were compared with known volumes of water
poured through the sensor (Figure 3.1). The mean RI readings were converted to N
concentration using a calibration curve based on urine samples collected in the
metabolism stall study. Thirty‐nine samples of urine randomly selected from the cows in
the metabolism stall study were used to develop a calibration curve for the urine N
concentration (Figure 3.2) This calibration (y=133.61x ‐ 178.44, R2 = 0.8621) was then
applied to all urine data collected throughout this study. The number of urination
events, the duration of each event and duration of all events produced by a cow were

Sensor measured volume (L)

calculated for each cow.

8.00
7.00
6.00
5.00
4.00
3.00
2.00
1.00
0.00
0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

Actual volume (L)

Figure 3.1 Comparison of sensor estimated volume with known water volumes poured through
the device.
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1.4
1.2

Lab N %

1
0.8
y = 133.61x ‐ 178.44
R² = 0.8621

0.6
0.4
0.2
0
1.339

1.34

1.341

1.342

1.343

1.344

1.345

1.346

Refractive Index Values
Figure 3.2 Calibration curve of N concentration measured in the laboratory versus refractive
index values from the urine sensors for urine samples collected from dairy cows in the met stalls.

Summary statistical analysis (average, median, range) was undertaken in Excel. The data
were analysed to investigate differences in urine volume produce, urinary N
concentration and urinary N load between the 2014 and 2015 monitoring periods.

3.4 Results and discussion

3.4.1 Attachment of urine sensor

The attachment of the sensors to the cows used in this study differed to that reported
by others (AgResearch, 2012; Misselbrook et al., 2016). For animal ethics purposes the
use of either a harness or blanket was not permitted as summer temperatures in this
region can exceed 35oC and the initial intention was to monitor cows across all seasons.
In this study Velcro™ was not used as it was deemed too inflexible leading to easier
detachment from the animals. Instead, rubber sheet was attached around the vulva of
the cows with straps extending across the flank of the animals to better support the
sensor. The sensor device was attached to a plastic mould that funneled the urine to the
sensor (Figure 3.3 A), and this was then glued to the rubber sheet already attached to
the cow. This method was deemed the most suitable for our conditions after initial trials
in 2014, as the cows were milked twice daily and the area in the milking platform for
each cow was restrictive. Despite these modifications however, attachment of the
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sensors was limited to a maximum of three days (Table 3.2). Successful attachment for a
similar length of time was also observed by others ( Misselbrook et al. (2016), Des Costall
pers comm). In contrast to the behaviour observed by Misselbrook et al. (2016) the
lactating dairy cows in this study never displayed signs of discomfort and walked and
grazed normally while the sensors were attached.

3.4.2 Validation of urine sensor

The met stall experiment (Figure 3.3B) was conducted to evaluate the urine sensor. The
data from the met stall experiment showed that all urination events recorded by the
sensor matched a sample of urine manually collected through the separator device used.
However, there was a difference in urine volume collected as compared to estimated
urine volume. The difference could likely be to the separators used as these made it
difficult to observe all urination events. Another possible reason could be the difference
in pressure during the laboratory calibration when compared to the pressure exerted by
the cow during urination. However further research is required to calibrate the urine
sensor. Misselbrook et al. (2016) in their recent research describe the laboratory volume
calibration of the and reported a similar relationship between volume and pressure
change (Y= 14.164x). Therefore we used our laboratory calibration curve to calculate the
urine volume from the urine sensor data.

A

B

Figure 3.3 Urine sensor with yellow plastic mould (A) and cows in met stall experiment (B).

55

3.4.3 Urination events
A total of 440 urination events were recorded over the two monitoring periods, with an
average (minimum‐maximum) of 24 (12‐38) in spring 2014 and 21 (8‐37) in winter 2015
(Table 3‐2). The daily urinations recorded in this study ranged between 8 and 20/cow
with a mean of 12 (14 in 2014, 11 in 2015). These results were consistent with results
reported by Selbie et al. (2015) in their meta‐analysis where the average number of
urinations for cattle was 10 to 12 times per day with range from 5 to 18 times per day. A
number of researchers has reported daily urination frequencies for lactating cows
grazing pasture. Using visual observation methods researchers reported mean daily
urination frequency of 9.8 for five cattle over four observation periods in the UK (Castle
et al., 1950) ; 10.12 number of urination events for six sets of lactating monozygotic
cattle twins over seven 24‐hour observations in New Zealand (Corbett, 1953) and 9.4
urinations for lactating Holstein cattle grazing pasture in the US (Hardison et al., 1956).
More recent research using a variety of sensor technologies has shown similar results.
Betteridge et al. (2013) reported that grazing dairy cows urinated 9.0 times per day
(range 5 to 18). Draganova, Betteridge, et al. (2010) reported urination frequency of 0.5
events/hour/cow in lactating cows. Ravera et al. (2015) found that diet affected daily
urinations, during a grazing study in New Zealand and reported that when cows fed on
fodder beet the number of urination events were 8 per day and when cows were fed on
KA feeding the number of urination were recorded (12) .The results from the literature
suggest that while variation in urination frequency exists, these dairy cows urinate on
average between 7 and 13 times each day.
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Table 3‐2 Number of events and total duration monitored for each cow in both monitoring
periods.

Cow ID

Year

No events

Duration (hr)

9515

2014

18

23.9

6892

2014

38

45.5

8468

2014

32

44.7

553

2014

31

46.6

7324

2014

22

45.5

1969

2014

16

25.1

530

2014

22

45.8

6804

2014

12

48.8

1272

2015

17

65.0

1312

2015

27

70.0

5630

2015

8

48.9

665

2015

23

27.2

1287

2015

30

68.7

612

2015

17

29.6

1297

2015

20

49.9

1476

2015

9

52.6

734

2015

20

36.5

7324

2015

37

71.0

553

2015

35

69.0

When the urination events were plotted over 24 hours, the largest number of events
were between 3 and 5 pm, with the smallest number in the early hours of the morning.
(2 to 5 am) Figure 3.4.
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Figure 3.4 The number of urination events per hour over a 24‐hour period for all 440 urination
events.

3.4.4 Urine volume

Like the frequency of urination the volumes excreted varied for the dairy cows in this
study. Urine volume ranged from 8.2 to 43 L/day which was similar to that reported by
the Ravera et al. (2015) who reported that average urine volume ranged from 8.7 to 47
L/day during their study of the effect of different winter fodder on excretion of urine
volume by dairy cows. Average urination volume per event was around 2.01 litres and
this result was consistent with results of Betteridge et al. (2013) who found average
urine volume per event to be 2.1 litres for cross bred dairy cows on winter break feeding
grazing system with non‐lactating cows. Selbie et al. (2015) also found similar results
within individual studies where they reported that average urine volume per urination
event was 2.1 L for the dairy cattle. Misselbrook et al. (2016) in their most recent
research reported that mean urine volume was 1.75 and 1.80 for beef and dairy cattle
respectively. The range of urine volume per day was higher in spring 2014 where a
maximum urine volume of 43 L/ day was recorded (Figure 3.5A) as compared to the data
from 2015 where the maximum volume was 27 L/day (Figure 3.5B). Based on the two
sided sample T test mean volume excreted in 2014 (2.4) was greater (P ≤ 0.001) than
mean volumes in 2015 (1.3). A number of factors influence daily urine volume including
time of day, season, ambient temperature and diet of animals. The daily urination
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volume is influenced mainly by daily water intake of the animal and is related to the load
of the minerals ingested which increases water intake leading to more urine excretion.
The study by Van Vuuren and Smits (1997) showed that when NaCl was added to the
diet of cows there was more water intake which increased daily urine volume. The
difference in urine volume observed in our study might be because the cows were
monitored at two different time periods of the year in 2014 and 2015. The maximum
temperature in spring 2014 was 24°C which was higher than the maximum temperature
in winter June 15.5°C (Table 3.1). Therefore, the cows could have drunk more water in
spring 2014 and therefore excreted a greater urine volume as compared to the colder
weather where usually intake of water is reduced. A large variation in urine volume and
frequency was observed with steers (Betteridge et al., 1986) on one hot summer day
compared to lower variation od a cooler day , water consumption varied accordingly.
The other reason may be the rainfall. Average rainfall and total for the month was
greater in spring 2014 than in winter 2015 (Table 3.1). Thus the grass may have been
wetter in spring which resulted in greater water intake while grazing and therefore
excretion of more urine. As mentioned Ravera et al. (2015) found variation in umber of
urination events on different diets, however diet has also effect on urine volume and
reported that cows excrete more urine on Kale feeding (30 liters/day) rather than
Fodder beet feeding (18 liters/day).
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Figure 3.5 The avarage daily urine volume of lactating dairy cows grazing pasture in 2014 (A) and
2015 (B).

The largest urination event was 8.23 litre and urine volume ranged from 0.37 to 8.23
L/event (Figure 3.6A). This result was also consistent with Betteridge et al. (2013) who
reported that urine volume ranged from 0.30 to 7.83 L/event for dairy cows. However,
average urine volume per event was greater in 2014 as compared to 2015. Figure 3.6A
reveals that the range in urine volume per event in 2014 was 0.44 L to 8.23 L per event.
The urine volume per event recorded was 50% lower (0.37 L to 4.04L) in the data of
2015 (Figure 3.6B).
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Figure 3.6 The range in urinary volume per event over 24 hours in 2014 (A) and 2015 (B).
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3.4.5 Urinary Nitrogen
The range in urinary N concentration excreted by these cows varied between 1.2 and
15.7 g N/L with mean N concentration was 7.2 g N/L (Figure 3.7). Whitehead (1995) also
reported that mean N concentration for lactating dairy cows varies from 2‐20 g N/L.
Selbie et al. (2015) during the meta‐analysis found that mean values of N concentration
was ranged from 6.9 and 7.2 g N/L for dairy and beef cattles respectively. Misselbrook
et al. (2016) also used the same AgResearch urine sensor on both beef and dairy cattle
and observed mean urinary N concentration was 14.4 and 13.1 g N/L for beef and dairy
cattle respectively. A more recent study by Shepherd et al. (2016) during evaluation of
refractive index for measuring the urinary N concentration using the AgResearch urine
sensor found that mean N concentration was 7.7 g N/L for rye grass and 6.9 g N/L for
clover. The concentration of N in urine of ruminants varied from less than 1 to over 20 g
N/L (Dijkstra et al., 2013). Similar results were also described by the Betteridge et al.
(1986) where the average range in urinary nitrogen concentration varies between 0.8
to 14.1 g N/L in grazing steers. Both water and N intake in the diet can influence the N
concentration in urine. Greater N intake can lead to an increase in the N concentration
of urine. However, a high nitrogen diet does not necessarily correspond to high N
excretion concentration in the urine as these diets can be associated with more water
intake which dilutes the urinary N concertation. Studies by Van Vuuren and Smits (1997)
showed that there is a 74% increase in the urine volume when they change the diet from
low to high N followed by less chan`ged in urinary N concentration from 7.4 to 7.6 g N/L.
This dilution factor was also described by Spek et al. (2012) during their study
supplementing animal diet were fed to animals with salt. The urinary N concentration
also varies with animal reproduction status, time of day and season (Betteridge et al.,
1986; Petersen et al., 2004). In our study more of urination events were recorded in
early morning and afternoon, however we did not detect changes in N concentrations
during these times. More number of urination events could be grater in early morning
because cows might have more rest in the night and start to urinate around sunrise
(Betteridge et al., 2013). Similarly, in the afternoon soon after the milking the walking
and grazing activity of cows increased in the paddock and cows excreted more urine.
The Figure 3.7 reveals N concentration (g/L) in 24 hours (Combined data 2014 and 2015).
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Figure 3.7 The range in N concentration (g/L) of urine over 24 hours by 20 lactating dairy
cows grazing pasture (2014 and 2015).

The range of urinary nitrogen concentration varied between the two study periods. The
urinary nitrogen load averaged 17.8 g N/ urination event (SD 10.4) and ranged from 1.98
to 64.3 g N/event in spring 2014 (Figure 3.8A while in winter 2015 the average load of
urine nitrogen was 10.3 g N/event (SD 6.3) and ranged from 0.86 to 44.6 g N/event
(Figure 3.8B). Betteridge et al. (2013) reported that the load of N excreted averaged 18.1
g N/ event (SD 13.8) with range of 1.0 to 96.6 g N/ event for dairy cows. Misselbrook et
al. (2016) reported mean N loads of 25.6 and 22.0 g per urination event for beef and
dairy cattle respectively. The mean daily excretion of urinary N during both seasons was
163 g N per day with range from 84‐309 g N/day. These results are consistent the range
urinary N excretion of 80‐240 g/day (Whitehead, 1995). Misselbrook et al. (2016) found
that mean daily urine N excretion was 194 and 255 g for beef and dairy heifers
respectively.
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Figure 3.8 The range in urinary N load (g) per event over 24 hours by lactating dairy cows grazing
pasture spring 2014 (A) and winter 2015 (B).

One of the purposes of this study was to test the feasibility of using this urine sensor on
lactating cows grazing pasture. We observed some difficults with detachment of the
sensors, requiring re‐fitting on many days. In addition, the sensors were sometimes
blocked by faecal material and therefore could not record urination activity. Despite
these difficulties the urine sensor enable collection of urination data for lactating dairy
cows while grazing. The data collected in the metabolism stall indicates that when
attached, the sensor accurately records urination events. In addition the mean and
average urinary volumes and N concentration recorded fell within the ranges reported
by other researchers using similar sensors as well as for other reported data in the
literature.
3.5 Implications

The application rate of (N kg/hectare) of urinary N deposited in an average urine patch
by these lactating cows can be estimated. Previous research has shown a range in urine
patch area from 0.14 m2 to 0.49m2 with an average area of 0.24m2 (Selbie et al., 2015).
The data from the urine sensor can help us estimate the urinary N load (kg/hectare) by
dairy cows on Victorian grazing system. The data from all experiments showed that
mean urine volume per event was 2.01 L and mean N concentration was 7.2 g N/L.
Applying the average urine patch area reported by Selbie et al. (2015) it was found that
dairy cows excreted 570 kg N /hectare in this grazing system. These results are
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consistent with Selbie et al. (2015) who calculated the average urine patch N load was
613 kg N /hectare. However, our results are slight less which could be because of the
volume calibration of the sensor. If the volume calibration does not accurately estimate
actual urination volumes (as indicated by the metabolism stall experiment) then
calculated urine patch load would be affected. K. J. Stott and C. J. Gourley (2016)
described that average N fertiliser usage per hectare for urea is 100 kg N/hectare for the
Australian dairy farmers and data form urine sensor revealed that dairy cows excreting
more N (570 Kg N/hectare) compared to the application of N in the form of urea.
Therefore, more future work is required for the calibration of urine sensor that will help
to clearly define the N output by the dairy cows in grazing system.

3.6 Conclusions

Urine volume, urination frequency and urinary N concentration per event for the first
time has been reported for lactating cows grazing Victorian dairy systems. These data
were measured using non‐invasive attachment of calibrated urine sensors and were
similar to that reported in the literature. The sensor technology enabled estimation of N
excretion by cows grazing in paddocks and travelling to and from the dairy shed, despite
the challenges associated with detachment and blockage. Appropriate selection of
animals and careful attachment of the sensor are required to minimize detachment
problems. Further quantification of spatial variability in urine deposition will require
combination of the urine sensor data with GPS technology, to better understand where
the greatest N loads are deposited and therefore the potential for N leaching losses on
grazing system farms.
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4. Chapter
Using GPS, urine sensor and activity sensor technology to study the spatial
distribution of urine and behaviour of lactating dairy cows in a Victorian
grazing system

4.1 Summary
The main source of N loss in the dairy grazing environment is animal excreta and
especially urine. Much of the excessive N that is not utilized by the plants is lost through
leaching (urine patches) or gaseous formation to the environment. Many approaches
have been developed to know the position of urine patches within the paddock. The
purpose of this study was to measure the spatial distribution pattern of urine patches of
dairy cows on a farm and to study the behaviour of cows whilst urinating in Victorian
grazing system. The study took place in the Ellinbank research centre located in south
eastern Australia. Lactating Friesian cows were fitted with custom made GPS, activity
and urine sensors in September/October 2014 and in June 2015. GPS data were analysed
by ArcGIS system and ActiLife software was used to identify activity patterns of cows
relating to urination events. The combined GPS data for spring 2014 and winter 2015
revealed that 76% of urination events were in paddocks, 20% of urinations were in the
dairy shed, yards, and 4% in the walking lanes. Different types of behaviour were
observed from activity sensors during urination (grazing, rumination, idle and other).
The purpose of activity sensor was to identify the urination signature during urination.
However, no unique behaviour was observed from the activity sensor.

4.2 Introduction
In grazing production systems, dairy farms N inputs in particular have increased as the
industry has intensified. Nitrogen surplus have been shown on Australian farms has
increases as well as in the other parts of world (Gourley et al., 2012). Fertiliser use has
increased as well the use of supplementary feed for more milk production (K. J. Stott &
C. J. Gourley, 2016). However, ruminants are not efficient at using N and the majority of
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the dietary N is excreted. As N intake increases more N is excreted in urine (Castillo et
al., 2000). Therefore, N load in a cow urine patch could be to 1000 kg N/ha (Cameron, Di,
& Condron, 2002). Therefore urine excreted by the dairy animals in paddock accounts
for the N loss to the environment in grazing systems. Most farming environmental
pollution arises by the leaching of N and gaseous loss from urine patches created by the
grazing livestock (Ledgard, 2001). Nutrient deposition through animal urine and faeces
contributes a to nutrient cycling in a grazed pasture system (Haynes & Williams, 1993).
Many N models have been developed to estimate the losses and management of N in
grazed pasture system (Di & Cameron, 2000) .However some of the nutrients deposited
as excreta are not utilized by plants and can be a potential source of pollution. Line et
al. (1998) and White et al. (2001) found that dairy farms can be cause significant
nonpoint source pollution. The deposition of N by animal contribute a vital role in the
environment pollution. Betteridge et al. (2013) used a urine sensor that to measure of N
concentration, urine volume and number of urination events performed by the grazing
dairy cows in the paddock which showed an average urine volume per event of 2.1 L.
Misselbrook et al. (2016) most recently used similar AgResearch urine sensor and found
that mean no of urination events was 11.6 per day for the dairy heifers. Similar results
were reported for a Victorian grazed system (chapter 3). Many approaches have been
reported for measuring urine excretion, including flow meter (Ravera et al., 2015), urine
sensor (Betteridge et al., 2013; Misselbrook et al., 2016), visual observation (Oudshoorn
et al., 2008), video recording (Aland et al., 2002). N output from these models depend
on accurate quantification of urinary N excretion and estimates of N deposition on
farms. In grazing systems, it is difficult to measure urination frequency, urinary N
concentration, and N load in each event and the distribution pattern of urination within
the paddock to quantify the nitrogen excretion by dairy cows. However, there is limited
information available urine patch surface area and distribution pattern of urine patches
within the paddock.
White et al. (2001) determined the distribution of urine and faeces in a rotationally
grazed pasture systems for the dairy cows. Moir et al. (2011) describe the pattern of
urine distribution for the dairy cows in an intensively grazed pasture system. Therefore,
it is important to know the accurate field data in the paddock areas, which are affected
by the cow urine deposition and to estimate the N loses, and N management in grazing
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systems. They found that mean annual areas of urine patches ranged from 0.34 to 0.40
m2 and mean annual urine patch numbers were 6240±124 patches/ha/year.However
more recently global positioning system (GPS) have been extensively used in livestock to
determine the behaviour and position of animals within the paddock. The information
from the GPS sensor can provide accurate and efficient information on animal behaviour
(Trotter & Lamb, 2008) . By coupling GPS and urination events urine distribution by dairy
cows within paddocks, and around farms, can be mapped. While previous studies
describe the urination behaviour of dairy cows within the housed systems, those studies
provide no information about urination pattern of dairy cows under grazing conditions.
In this chapter the findings of research undertaken using GPS, urine and activity sensors
to quantify the spatial distribution of urine events and N loads and record the behaviour
during urination of lactating cows in a Victorian grazing system is described. The second
purpose of this research was also to identify a signature associated with urination .

4.3 Materials and Methods

4.3.1 Study location

The study took place at DEDJTR dairy research centre at Ellinbank (latitude ‐38.239769,
longitude 145.935849), located in south eastern Australia during spring (September,
October) of 2014 and winter (June) 2015. Ten Friesian cows were fitted with GPS,
activity and urine sensors for up to 48 hours in 2014. In the second trial conducted in
2015 12 Friesian cows were fitted with GPS, urine and activity sensors and monitored for
a maximum of 72 hours. The animals were rotationally on grazed pasture, which
consisted predominantly of perennial ryegrass (Lolium perenne L.) and white clover
(Trifolium repens L.). The cows were milked twice a day, between at 6 am and 9 am and
3 pm and 5 pm. After milking cows were returned to grazing. Cows were also fed with an
additional 6 kg concentrate equally split between the morning and evening milking. This
study was carried out following approval by DEDJTR Animal Ethics Committee (proposal
2012‐25).
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4.3.2 Global positioning system sensor
The GPS sensors were obtain from AgResearch New Zealand and were custom made
using Trimble® Lassen GPS modules which were programmed to allow continuous
tracking of the position of animals whenever the cow moved more than 4 metres or
recording the movement of the animal every minute. A small flashing LED indicated the
GPS was working. Each GPS unit was mounted in a plastic box which was attached to a
leather strap around the cows neck. The recorded data included Greenwich Mean Time,
longitude, latitude and the number of satellites data within range stored in a micro SD
card installed in the GPS unit. After the data were downloaded it was plotted by using
ArcGIS software. Data were downloaded for analysis when monitoring was completed
and manipulated to convert the GMT to Australian time by adding 10 hours. In 2014
only GPS data from two cows were recorded and successfully downloaded while in 2015
the GPS data from eight cows were collected and analysed. The GPS data were used in
conjunction with data from a urine sensor to identify urinary N deposition.

4.3.3 Urine sensor

AgResearch New Zealand developed a urine sensor (AgResearch, 2012) for determining
the number of urination events, time of each urination, urine volume and estimated
urinary nitrogen concentration for cows in paddocks and moving around the dairy farm.
This urine sensor has been validated by Betteridge et al. (2013) and tested by
Misselbrook et al. (2016). Urination events were recorded when the urine triggered the
pressure sensor inside the device. The area under the plotted pressure curve was used
to calculate urinary volume while N concentration was determined from urine refractive
index. The urine sensor was calibrated for both volume and nitrogen before its
application in the field as described in chapter 3.
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4.3.4 Activity sensor
Tri axial accelerometer is a device which measures acceleration in three dimensional
planes i.e. vertical, horizontal and lateral. The GT3X+ include both an acceleration

sensor and an ambient light sensor. Tri‐axial accelerometers (ActiGraph wGT3X+,
©

ActiGraph, LLC 2010‐2013, Pensacola, FL 32502 850.332.7900) were used in this study

used to deterime certain behaviours (rumination, grazing, idle) using the algorithms
developed in‐house at La Trobe University by Mr Aidin Bervan and colleagues. The
©

ActiGraph has three axial channels with change in acceleration sampled by a 12‐bit

analog converter changing frequency from 30‐ 100 hertz. For this trial we used a
sampling frequency at the rate of 60 hertz. The data were stored in a raw format in the
units of gravity of (G) ranging from + / ‐ 6 G and stored into the computer readable
format. For grazing measurements we reduced the load to vertical and horizontal
movement only and ignored the lateral movement, as removing the lateral movement
did not have any effect on the grazing measurement. At the end of each monitoring
period for the cows, the sensors were removed from the collar of the animal. The
©

ActiGraph software ©ActiLife was used to download the data. The times of urination

events from the urine sensor were matched to the activity sensor time to identify the
activity associated with events. Data from two minutes before urination, during
urination and two minutes after each urination event were analysed using Matlab to
quantify grazing, idle and rumination behaviour.

4.3.5 Data analysis

The GPS data were downloaded from the micro SD card for manipulation and analysis.
GPS sensors used for the monitoring cows in 2014 worked only 2 of the 8. New units
were used in 2015 and data for eight were collected. The Greenwich Mean Time data
were converted to Australian time by adding 10 hours. The time of urination events
were matched to the converted GPS time to give a location (latitude, longitude) of each
event. The GPS data were uploaded to ArcGIS 10.2 using Arc toolbox and the locations of
the urination events identified. The locations were characterised as paddock, dairy shed
and laneway. They were further differentiated into night and day paddocks.
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4.4 Results and Discussion

4.4.1 Spatial distribution of urine
The combined data for both the 2014 and 2015 study trials revealed that the majority of
the urination events occurred in the paddock (76 %) followed by 20% in the dairy shed
and 4% of urination events in the walking lane (Figure 4.1). Similar results were found by
Draganova et al., (2010) where cows urinated mostly in paddocks (85%) with the
remaining 15% happening in the dairy shed, walking lane and holding area The studies
by White et al. (2001) revealed that there was relationship between the urination
frequency and the time spent in the paddock. They found that majority of the urination
occurred in the paddock (84.1%), though none were recorded in the walking lane. Figure
4.2 reveals the distribution of urination events amongst paddock, dairy shed and
laneways.
200
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Figure 4.1 Urination events recorded in paddocks, the dairy shed and walking lane for cows
monitored in 2014 and 2015.
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A

B
Figure 4.2 Spatial distribution pattern of urination events in the paddocks, dairy shed and
laneway for all cows studied (A) and expanded view of urination events (B).
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4.4.2 Urine volume distribution and N excretion
The combined data from the GPS and urine sensor revealed that 76% of the urination
events were within paddocks, therefore more urine volumes were also recorded in
paddock. The first trial was conducted in spring 2014 where GPS data from only two
cows were recorded (Table 4.1). However, in 2015 we were able to collect the GPS data
from eight cows (Table 4.2). A greater number of urination events in paddock, dairy shed
and walking lane were recorded in 2015 (183) as compared to 2014 (55). The greatest
urine volume per event was recorded in paddocks (259 L), followed by dairy shed (60 L)
and laneway (11 L) for both 2014 and 2015 and generally greatest average volumes per
event were recorded in paddocks. However, insufficient data in 2014 do not allow for
detailed analysis. The average urine volume in paddock was higher in 2014 (2.31 L) as
compared to 2015 (1.26 L). This is might be because of the different periods of the year
for each trial and that cows might have drunk more water in spring (2014) and therefore
excrete more urine as compared to winter (2015). Water intake usually decreases in
cooler weather and cows would therefore excrete less urine volume. Nitrogen load ( g)
per urination event was also higher in 2014 (14.94 g) as compared to 2015 (7.22 g) most
likely due to the greater urine volume in spring 2014 and a lower average N
concentration was greater in winter 2015. Saunders (1982) also described that seasons
have significant effect on urinary N output. They found that pasture growth rate was
much slower during the winter and the N response lasted for three harvests, however, in
spring the N response lasted for only two harvests.

Table 4‐1 Number of urination events, % of total, average (range) in urine volume, N
concentration and N load in paddock, dairy shed and laneway for two cows in 2014.
No of urination
events

% of
Total

Urine volume
(L/event)

N conc (gm/L)

N load
(gm/event)

Paddock

38

69

2.31 (0.63‐4.14)

6.52 (1.22‐9.82)

14.94 (2.56‐64.22)

Dairy shed

16

29

1.64 (1.15‐2.42)

6.61 (4.18‐8.51)

10.73 (5.45‐15.46)

Laneway

1

2

2.39

7.04

16.84
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Table 4‐2 Number of urination events, % of total (range) in urine volume, N concentration and N
load in paddock, dairy shed and laneway for eight cows in 2015.
No of urination
% of
Urine
N conc
N load
events
Total
volume(L/event)
(gm/L)
(gm/event)
Paddock

144

79

1.26 (0.30‐4.01)

7.62 (0.10‐14.26)

7.22 (0.20‐44.3)

Dairy shed

31

17

1.10 (0.61‐2.86)

6.62 (0.44‐14.93))

8.37 (1.96‐23.62)

Laneway

8

4

1.06 (0.52‐1.84)

8.47 (2.63‐15.19)

8.49 (1.88‐16.83)

It was also observed that more urination events occurred in the night (114) as compared
to day (68) Table 4‐3. Betteridge et al. (2013) during their study also found that cows
urinated more in the night time as compared to day time. This is might be because cows
have rested more in the night time and urinated early in the morning before leaving the
night paddock to go to the dairy shed. Similarly, N load (g/urination event) was also
higher at night (12.3 g) as compared to day (9.7 g) Table 4‐3. Betteridge et al. (1986)
found that urinary N concentration was higher in at night than during the day. Suzuki,
Shinde, Yoshii, and Takimoto (1967) also reported that urinary output/event and N
concentration varies within the day and found N concentration was greater in night than
during the day. However in contrast Hirata et al. (2011) found that tendency in urination
frequency to be higher in the day as compared to night time.

Table 4‐3 Number of urination events, % of total, average (range) in urine volume, N
concentration, N load in day paddock versus night paddock for 2014 and 2015.
No of urination
% of
Urine volume
events
Total (L/event)
N conc (gm/L)
Day
paddock
68
37
1.34 (0.32‐4.01)
7.13 (0.18‐12.99)
Night
paddock

114

63

1.65 (0.51‐4.01)

7.48 (2.21‐14.26)

N load
(gm/event)
9.75 (0.29‐44.4)
12.33 (1.43‐28.01)

4.4.3 Urination behaviour
Activity sensor data were collected from 22 cows in both 2014 and 2015. The different
types of behaviours decoded from the activity sensor data during the study trial included
grazing, idle, rumination and others (Figure 4.3). Observations of

behaviour, two

minutes before urination, during urination, and two minutes after urination for grazing
(48.1± 24.47%, 9.5 ± 11.4%, 45.1 ±.24.0% respectively), for idle behaviour (18.7 ± 15.6%,
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58.45 ± 10.5%, 22.7 ± 17.9% respectively), for rumination behaviour (9.86% ± 10.98,
8.8% ± 8.5, 22.7% ± 17.9) respectively and other behaviours (23.2 ± 9.7%, 23.2 ± 9.7%,
23.2 ± 9.7%) respectively Figure 4.3. Grazing behaviour detected on bites taken by
animals. In this study, cows stopped grazing, became idle, and then resumed grazing
when urination occurred. By contrast, urination did not interrupt rumination. The other
behaviours observed also did not change before, during and after urination.

The

purpose of activity sensor was to define the urination signature. A signature sensor
output pattern for urination were not found, and further research is required to develop
unique algorithms to identify urination behaviour.

Figure 4.3 Different types of behaviour associated with urination recorded by activity sensor two
minutes before, during and two minutes after urination during 2014 and 2015.

4.5 Conclusions

Global positioning systems in conjunction with urine sensor technologies can be used to
define the spatial urination pattern of lactating dairy cows while grazing in paddocks and
moving around dairy farms. The majority of the urination events occurred in the
paddocks where higher volumes were recorded in paddocks. Further research is
required to quantify N loads deposited within the paddock to identify critical source
areas of highest risk of N leaching to the ground water on grazing system farms in
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Victoria. We were unable to recognize any urination signature at this time and future
research is required to identify this signature and if an urination signature is found,
deploying activity sensor with GPS collars on cows in a herd could allow quick
identification of CSAs within the paddock.
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5. Chapter
Discussion
5.1 Suitability of urine sensor

The urine sensor (Urine Sensor MKII) developed by AgResearch New Zealand allows
determination of the estimated of urination events, nitrogen concentration and
estimated urine volume produced by grazing dairy cows. The urine sensors were used in
grazing experiments in September and October 2014, in June 2015 and in the
metabolism stall experiment at DETJTR. Most recently Misselbrook et al. (2016) also
used the same urine sensor to estimate the urine volume and urinary N load from the
beef and dairy cattle.
Betteridge et al. (2013) used the urine sensor to improve the N model estimation of N
leaching losses and to determine when and where dairy cows urinated within paddocks.
The urine sensor was enabled data collection from in grazing whilst attached to different
animals over different time periods. The urine sensor has been continuous under
improvement since 2010 when (Betteridge et al., 2010a) used the it to estimate urine
volume and N concentration of individual urination event. The attachment of urine
sensor has been an issue of concern during all experiments. In the start, the urine sensor
was applied to animals with a Velcro sleeve. However this did not work very well as
there was leakage of urine. The stiffness of the material meant that it was inflexible
when glued to the animal and as result it was easily detached.
A new technique was developed at the DEDJTR research centre where the weight of
sensor was supported by rubber material that was glued to the flank of the animal. The
urine sensor was inserted into motor bike tube and tight it with hose clamp and yellow
moulding part is a glued to the vulva of the dairy cow. In 2014, the urine sensor was
used on a pair of cows at a time and was attached to ten lactating dairy cows for 48
hours. However, during this first trial some of the urine sensors became detached from
the animals in the first 24 hours and only recorded data up to 24 hours. In some cases
the urine sensors were blocked with faeces and only partial data were recorded. These
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sensors malfunctioned towards the end of the 2014 study and were replaced by nine
sensors (on loan from AgResearch) for the 2015 trial. The second trial was conducted in
June 2015 on twelve late‐ lactation grazing dairy cows. The duration of the monitoring
was increased from 48 to 72 hours. It was observed that sensors generally remained
attached to cows, however in some cases the rubber became separated from the cow at
the bottom of the attachment and resulted in leakage of urine. The improvement in
attachment of the sensors appeared to contribute to longer attachment. It is interesting
to note that Misselbrook et al. (2016) and Costall (pers comm) both recommended
attachment up to two days with possible attachment period could be increased up to
three days or longer. The third set of experiment was conducted in the metabolism stalls
where six lactating dairy cows were attached to urine sensors for up to 48 hours to
evaluate the urine sensor. During the metabolism stall experiment the urine sensors
remained attached to the dairy cows unlike the trials where the cows grazed paddocks.
This might be because of the pendulous weight of the urine sensor (1.3Kg) while the
cows were walking or running within the paddock as well as restrictive spaced during
milking on the milk platform. In the metabolism stalls the movement by the cows was
restricted to lying or standing and milking took place in each stall using a portable
milking machine. Other problems which were found during the both field study trials
some of sensor failed after 24 to 48 hours. This might be because some faecal debris got
inside the urine sensor and blocked the sensor surface. One of the purposes of
metabolism stall experiment was to evaluate the urine sensor where it was found that
the urine sensor recorded each individual urination event performed by the dairy cows
Despite all difficulties mentioned above the urine sensor performed very well and is
considered a good tool to estimate urine volume, time and urinary N concentration of
each individual urination event performed by the lactating dairy cows grazing in the
paddocks. As recommended by Misselbrook et al. (2016) future work is required to
reduce the weight of urine sensor and to develop better attachment techniques to
increase the attachment time period to cows. These modifications will enable collection
of more accurate data to quantify the N excretion by dairy cows.
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5.2 Urine volume and frequency

The average urine volume for lactating grazing dairy cows in this study ranged from 8.2
to 43 L/day. The average urination volume varied between 0.37L and 8.2 L/event. The
urine volume and number of urination events observed in this study were compared
with published literature (Table 5.1). Ravera et al. (2015) using a urine flow meter found
that total urine volume recorded ranged from 8.7 to 47 L/day during a study of the
effect of different types of fodder on urine volume. The most recent research trial
conducted by Misselbrook et al. (2016) using similar urine sensor designed by
AgResearch, New Zealand, revealed that mean urine volume per event was 1.75 and
1.80 L for the beef and dairy cattle’s respectively.
The average urine volume per urination event recorded was 2.01 L and this result was
consistent with study was done by (Betteridge et al., 2013) who observed that average
urine volume per event for the non‐lactating dairy cows was 2.l L and urine volume
ranged from 0.30 L to 7.83 L/event. Ravera et al. (2015) also reported similar type of
results in which average urine volume was 2.4 L for the dairy animals. The average
number of urination events recorded varied from 8 to 20 times per day. Similar results
were also observed by Aland et al. (2002) where they observed that grazing dairy cows
urinate on average 9.0 times per day (ranged from (5 to 18). Castle et al. (1950) also
reported urination frequency 9.8 times per day. Similar results were found by Selbie et
al. (2015) in a literature review of available literature where they observed a wide range
in urine volume and frequency and found that average urine frequency varies from 10
to 12 urination events for the cattle. Whitehead (1995) was also observed similar results
and found urine frequency was 8 to 12 times /day. Dennis et al. (2011) reported that
urine frequency for the grazing dairy cow was 8.6 time per day. Oudshoorn et al. (2008)
also reported that grazing dairy cows urine frequency was 6.5 urination events per day.
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Table 5‐1 Different methods used to estimate urination events, urine volume and N
concentration by dairy cows reported by various authors.
Urinary N
Urination
Urine volume
Concentration
study
Method
events/day
L/event
(g/L)
Aland et al., 2002
Video recording
9.0 (5‐18)
visual
Oudshoorn et al., 2008
observation
6.5
Betteridge et., 2013
Urine sensor
2.1 (0.30‐7.83)
Ravera et al., 2015
Flow meter
8 (7‐13)
2.4
Misselbrook et al., 2016 Urine sensor
11.6
1.8(0.4‐6.4)
13.1
7.7 (2.0‐11.4)
shepherd et al., 2016
Urine sensor
Rye grass
2.01 (0.37‐8.23)
7.2 (1.2‐15.7)
This study
Urine sensor
10.5 (4‐18)

There are a number of reasons why the frequency of urination and urine volume could
vary including the time of day, season, weather and reproduction status of the animals
(Betteridge et al., 1986; Bryant et al., 2013; Petersen et al., 2004) . The mean urine
volume in 2014 was higher than the mean volume in 2015 (P<0.05, two tailed Student’s
T test). This might be because of the weather, where the maximum temperature
recorded in spring 2014 was greater than the temperature in 2015. Cows might drink
more water at the higher temperature and therefore excrete more urine. Urine volume
and frequency are also influenced by the feed offered to the animals. Ravera et al.
(2015) found that dairy cows urine frequency and total urine volume were higher when
the cows were fed with kale as compared to the cows fed fodder beet which might be
because of greater N intake. However the diets fed these cows were similar in both
seasons and unlikely to cause the differences observed. The above mentioned results
were all consistent with our studies, thereby indicating that urine sensor can be used to
monitor the urine volume and number of urination events performed the dairy cattle
grazing.
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5.3 Urinary N concentration
Betteridge et al. (1986) who found the range of urinary nitrogen in grazing steer varied
between 0.8 and 14.1 g N/L. Urinary nitrogen is most likely related to the input of N in
the diet, As N intake increases there is greater output of N in urine (Castillo et al., 2001).
The results from these studies describe that range in urinary nitrogen varied from 1.2 to
15.7 g N/L. There are few reports of urinary N concentration from dairy cattles while
grazing (Table 5.1). Like urine volume, urinary N concentration is influenced by time of
the day , reproductive status of the animals and season (Petersen et al., 2004). These
experiments were conducted in two different periods of the year i.e. spring in (2014)
and winter (2015) and mean and ranges of nitrogen concentration varied between the
different periods. The greater urinary nitrogen load was observed in spring 2014, as
compared to the winter 2015. Misselbrook et al. (2016) found that mean of N load was
22.0 g per urination event for dairy cattle.

5.4 Effect of urine leakage on urinary N load
The leakage of urine from the urine sensor will effect that urinary N load in the paddock.
Therefore, leakage of urine form the sensor was a big concern during the trials in 2014
and 2015 and sensor might recorded less urine volume. This is because might because of
detachment of urine sensor from cows s and weight of sensor. Misselbrook et al. (2016)
also described the weight of sensor can be reduced to overcome this leakage problems
(currently 1.3 Kg). This leakage of urine from the sensor will affect the urinary N load in
the paddock. The estimated urine volume /event was 2.01 L and average estimated
urinary N concentration was 7.2 g/L during trials in 2014 and 2015. Table 5‐3 described
the estimate percentage leakage of urine from the sensor and its effect on urinary N
load within paddock.

Table 5‐2 Estimated urinary N load when volume changes due to leakage of urine from the
sensor.
Urine leakage (%)

Average Vol/event (L)

N conc (g/L)

Urine N kg per hectare

10 % less

1.8

7.2

540

20 % less

1.6

7.2

480

30 % less

1.4

7.2

420
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Selbie et al. (2015) described a range in urine patch area from 0.14 m2 to 0.49m2 with
average urine patch size was 0.24 m2 during the meta‐analysis study. The average urine
patch size will also effect the urinary N load in the paddock event with constant urine
volume/event with same N concentration. As above mentioned that average estimated
urine volume /event was 2.01 L and average estimated urinary N concentration was 7.2
g/L during trials in 2014 and 2015. Table 5‐3 described the urinary N load/hectare with
difference in urine patch areas less between 10 %to 30 % and by increasing the urine
patch area from 10 % to 30 %. This is clear from the Table 5‐3 that urinary N kg/hectare
increase as the urine patch size decreased, similarly urinary N decreased in the paddock
with an increase in urine patch size (Table 5‐3).

Table 5‐3 Estimated urinary N load for different urine patch areas.
Difference in patch area Average Vol/event (L)

N conc (g/L)

Urine N kg per hectare

10 % less

2.01

7.2

689

20 % less

2.01

7.2

762

30 % less

2.01

7.2

905

10 % more

2.01

7.2

557

20 % more

2.01

7.2

517

30 % more

2.01

7.2

467

5.5 Spatial distribution of urination

The third purpose of the research was to assess the spatial distribution pattern of
urination and the behaviour associated with urination of cows as they moved between
the paddocks. Therefore, a separate GPS sensor and an activity sensor were also
attached to the cows along with the urine sensor. The combined GPS data for both 2014
and 2015 revealed that majority of the urination events occurred within the paddock
followed by the dairy shed and walking lane. Draganova, Betteridge, et al. (2010) also
reported similar results and found that 85% of the urination events have been happened
in the paddock while 15% deposited in the walking lane and dairy shed. On this farm
cows only left paddocks to walk to the dairy shed for milking. The cows therefore spent
most of their time in the paddocks. White et al. (2001) during the study relationship
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between urine frequency and time spent within the paddock and found that 84.1% of
the urination have been happened in the paddock while none of the urination have been
recorded in the walking lane and dairy shed . The activity sensor were used with urine
and GPS sensors to identify a unique behaviour during urination. The data from activity
sensor showed that we could not define any specific urination signature during both
study period. Further research is required to identify such behaviour which was
associated with urination.
This spatial distribution of urine will affect the proportion of urine that is returned
directly to pasture compared with the amount that is collected for storage before being
returned in effluent. The average N load in dairy shed and laneways were similar to the
paddocks, therefore calculation of N concentration in urine based on the time animal
spent on different parts of farms will effect total N deposited. The combined data of
both studies showed that more number of urination events in the paddock (179)
compared to dairy shed (47) and laneway (9). Therefore, a greater N load will be
deposited in the paddocks. Similarly there were more urinations in the night paddock
(114) compared with day paddock (68) and the average load was also greater in the
night paddock compared to day paddock, consistent with previous studies by (Betteridge
et al., 1986; Hirata et al., 2011). This urinary N load is returned (without collection) to
pasture and can be available for plant uptake and growth. However estimates of the N
application rate in an average urine patch suggests that the N applied is greater than
plant requirements with the potential for the excess N to leach. Leaching losses of N
have been reported (Hoogendoorn et al., 2011; Selbie et al., 2015)and further research
should investigate the potential N leaching from Victorian grazing system. In addition,
time spent by the animals at different parts of paddock will influence the spatial
distribution pattern urine excretion at different sections of paddocks. Further analysis
should be undertaken of the GPS data collected to quantify potential critical source
areas where the greatest N loads were deposited. Thus, this combined data from urine
sensor and GPS sensor will help to define better understanding to know the spatial
distribution of urinary N within the paddock and also quantify N excretion by dairy cows
in different parts of farms.
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Appendix A

Figures showing change in pressure and temperature recorded by urine sensor during

urination events by cows 553 and 7324 in 2014 and 2015.
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Figure showing change in pressure recorded by urine sensor during one urination event by

cow 7324 in 2015.
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Appendix B
Figures showing GPS recorded movement of cows in paddock, dairy shed and laneways of
cow 9515 and 1312.
Cow No 9515

Cow No 1312
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Conference papers
Using a urine sensor to estimate nitrogen excretion by lactating dairy cows in
Australian grazing systems
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Abstract
Ruminants excrete most of their N intake, with most of the N excreted in urine. As a result, urine
is the greatest contributor of N losses to the environment in dairy systems worldwide, due to the
high use of N. While quantifying N excretion will assist in the development of improved N
management practices, measurement of urinary N is difficult in grazing dairy systems. A urine
sensor developed by AgResearch, New Zealand which allows the determination of N
concentration (%) and volume of each individual excretion event performed by grazing cows was
tested in Australian conditions. Twenty Friesian-cross lactating dairy cows were fitted with urine
sensors and data were recorded over a 48 hour period in spring 2014 and late winter 2015. A total
of 420 urination events were recorded in this study. Urine volume excreted by these grazing
lactating cows ranged from 8.2 to 43 L/day while urinary N concentration varied between 1.2 and
15.7 g N/L, similar to previously reported results. The average urination frequency was 20 times
per day and average volume per event was 8.2 L/event. These data also showed that N
concentration varies between time of the day and showed higher concentration in the early
morning and afternoon.
Key Words
Urine volume, urinary nitrogen concentration, urine sensor, urine frequency

Introduction
Leaching of nitrate (NO3-) from agricultural soils has been a major cause of degradation of
ground water (Castillo et al. 2000). Urine is major contributor of N leaching losses to the
environment in grazing systems where ruminants excrete 75-95% of the N they ingest, most of
which is excreted in urine (Selbie et al. 2015). In Australian dairy systems N use has steadily
increased over the past 20 years as the industry has intensified (Stott and Gourley 2016). Nitrogen
surpluses have been observed on many of these grazing system farms and high N excretion rates
associated with large N intakes have been calculated (Gourley et al. 2012; Aarons et al. 2016). For
most farms studied the N intakes were in excess of the recommended 400 g/cow/day above which
most of the dietary N would be excreted in urine (Castillo et al. 2000). Many N cycling models
and relationships have been developed to identify N excretion, particularly urinary N output from
housed dairy cows (Jonker et al. 2002; Nennich et al. 2005). However, there is lack of information
about urinary N excretion by dairy cows in grazing systems. Despite the high N excretion by dairy
cows in Australian farms there is little data describing the urinary N output in these systems. The
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objective of this research was to quantify the variation in N excretion by grazing lactating dairy
cows in Australia using a urine sensor, and to evaluate the feasibility of use of the sensor.

Methods
Study location
The study took place at the DEDJTR dairy research centre at Ellinbank, located in south eastern
Australia during late spring 2014 and mid-winter 2015. Ten Friesian lactating cows were fitted
with urine sensors for a period of 48 hours in September/October 2014 (spring) and another ten
cows were fitted with the sensors in June/July 2015 (late winter). Between two and four cows
were fitted with the sensors at each monitoring period and kept in small herds with other nonmonitored cows. The animals were outdoors, rotationally grazing pasture and received additional
concentrate at each milking. The monitored animals were returned to the dairy shed with their
herds for milking twice daily, which usually occurred for all herds on the research farm between 6
and 8 am in the morning and between 3 and 4 pm in the afternoon. This research was carried out
according to the DEDJTR Animal Ethics Committee proposal 2012-25.

Sample analyses
Urine samples collected from dairy cows at the research farm were immediately frozen until
analysis. Sub-samples were analyzed for N concentration using the TruMac® N nitrogen
analyzer developed by LECO Corporation; Saint Joseph, Michigan USA.

Urine sensor
AgResearch, New Zealand developed a urine sensor to measure urine volume and urinary N
concentration of each event performed by a grazing cow (Betteridge et al. 2013). The basis of the
sensor is a urine collector which is glued over the vulva of cow through which all urine passes to
the sensor suspended below it. Urine volume is measured with a pressure sensor, while N
concentration is measured with a refractive index sensor. The urine sensor has been deployed in
research in New Zealand, and was selected for use in Australian grazing systems. Before
application in the field with cows, the sensor was calibrated for both volume and N %
concentration. Distilled water was used for the volume calibration, while urine collected from
dairy cows was used for the N concentration calibration (Figure 1).

N concentration (%)

1.4
1.2
1
0.8
y = 133.61x ‐ 178.44
R² = 0.8621

0.6
0.4
0.2
0
1.339

1.34

1.341

1.342

1.343

1.344

1.345

1.346

Refractive Index Values
Figure 1. Calibration curve of N concentration measured in the laboratory versus refractive
index values from the urine sensors for urine samples collected from grazing dairy cows.
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A total of 420 urination events were recorded over the two monitoring periods and both datasets
are presented together. As expected the volumes excreted and the frequency of urination varied.
Urine volume ranged from 8 to 43 L/day. Most of the morning urination events occurred early
between 6 am and 8 am and similarly more urination events were observed in the afternoon
between 3 and 5 pm (Figure 2). The greater number of urination events in the morning appeared
to occur as cows were moved from their overnight paddock to the dairyshed for the morning
milking. The greater number of events also observed in the afternoon occurred after the cows
would have spent time in paddocks grazing and drinking following the morning milking. The
average number of urination events was found to be between 4 and 18 times per day, and these
results were close to the study of Aland et al. (2002) who found that grazing dairy cows urinated 9
times per day (range 5-18); while Castle et al. (1950) reported a daily urine frequency of 9.8
times. During a grazing study in New Zealand Draganova at al. (2010) reported urination
frequency of 0.5 events/hour/cow in lactating cows.
The urine volume per event was also variable, with an average urine volume per event of 2.0 L
(range 0.24 to 8.23, Figure 3) and this result is consistent with Betteridge et al .(2013) who found
the average urine volume per event to be 2.1 L for crossed bred dairy cows in grazing systems.
Similar results were also found by Ravera et al. (2015) who found that average urine volume
ranged from 8.7 to 47 litres/ day during their study of the effect of different winter fodder on
volume of urine excreted by dairy cows.

Figure 2. The number of urination events per hour over a 24 hour period for all 420 urination
events.
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Figure 3. The range in urinary volume per event over 24 hours for all urinations by 20 lactating
dairy cows grazing pasture.

Figure 4. The range in N load of urination events over 24 hours by 20 lactating dairy cows
grazing pasture.
The range in urinary N concentration varied between 1.2 and 15.7 g N/L. The load of N in each
urination event varied and ranged from 0.9 to 64.3 g N/event (Figure 4). The data also showed a
clear variation in urinary N load during the day. Figure 4 reveals that high loads are recorded in
the early morning from 6am to 8pm and in the afternoon period between 3am and 5pm. In
addition to urine output, we assessed the feasibility of using this sensor. As reported by others
(Misselbrook et al. 2016) we observed some difficulty with detachment of the sensors, requiring
re-fitting on many days. In addition, the sensors were sometimes blocked by faecal material and
therefore could not record urination activity. Despite these difficulties, the urine sensor enabled
collection of urination data for lactating dairy cows while grazing Australian pasture systems.
Conclusion:
Urine volume, urination frequency and urinary N concentration per event has been reported for
lactating cows grazing Australian dairy systems for the first time in this paper. These data were
measured using non-invasive attachment of calibrated urine sensors and were similar to that
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reported in the literature. The sensor technology enabled estimation of N excretion by cows
grazing in paddocks and travelling to and from the dairy shed, despite the challenges associated
with detachment and blockage. Further quantification of spatial variability in urine deposition will
require combination of the urine sensor with GPS technology to better understand where the
greatest N loads are deposited and therefore the potential for N leaching on farms.
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