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Abstract. Efficient and effective nutrient management decisions are critical to profitable and sustainable milk
production on modern Australian dairy farms. Whole-farm nutrient balances are commonly used as nutrient
management tools and also for regulatory assessment on dairy farms internationally, but are rarely used in Australia.
In this study, nitrogen (N), phosphorus (P), potassium (K), and sulfur (S) imports and exports were measured during a
standardised production year on 41 contrastingAustralian dairy farms, representing a broad range of geographic locations,
milk production, herd and farm size, reliance on irrigation, and soil types. The quantity of nutrients imported varied
markedly –with feed and fertiliser generally the most substantial imports – and were principally determined by stocking
rate and type of imported feed. Milk exports were the largest source of nutrient exports. Nitrogen balance ranged from 47
to 601 kg N/ha.year. Nitrogen-use efficiency ranged from 14 to 50%, with a median value of 26%. Phosphorus balance
ranged from –7 to 133 kg P/ha.year, with a median value of 28 kg P/ha. Phosphorus-use efficiencies ranged from
6 to 158%, with a median value of 35%. Potassium balances ranged from 13 to 452 kg K/ha, with a median value of
74 kg K/ha; K-use efficiency ranged from 9 to 48%, with a median value of 20%. Sulfur balances ranged from –1 to
184 kg S/ha, with a median value of 27 kg S/ha; S-use efficiency ranged from 6 to 110%, with a median value of
21%. Nitrogen, P, K and S balances were all positively correlated (P < 0.001) with stocking rate and milk production
per ha. Poor relationship between P, K and S fertiliser inputs and milk production from home-grown pasture reflected
the already high soil fertility levels measured on many of these farms. The results from this study demonstrate that
increasing milk production per ha will be associated with greater nutrient surpluses at the farm scale, with the potential
for greater environmental impacts. We suggest that simplified and standardised nutrient balance methodologies
should be used on dairy farms in Australia to help identify opportunities for improvements in nutrient management
decisions and to develop appropriate industry benchmarks and targets.

Received 8 December 2011, accepted 13 April 2012, published online 3 July 2012

Introduction

Nutrient imports onto dairy farms, mainly in the forms of feed,
fertiliser and nitrogen (N) fixation by legumes, are usually much
greater than the exports in milk, animals, and crops (Satter 2001;
VandeHaar and St-Pierre 2006). These nutrient surpluses, or
positive balances, tend to increase as farms intensify and
stocking rates increase (Halberg et al. 2005).

The Australian dairy industry – like others around the world –
has undergone major changes over the last 30 years. The number
of dairy farms has declined from >22 000 in 1980 to ~8000 in
2010 (Dairy Australia 2011). Over the same period, average herd
size has increased from 77 cows in 1980 to 220 in 2010 and
average annual milk production per cow has increased from 2750
to 5500 L. A key driver of increased milk production has been

the increase in supplementary feeding and increasing forage
yields and quality due to fertiliser use, particularly N (Thorrold
andDoyle 2007). This ongoing trend for increased intensification
is likely to increase the importation and transformations of
nutrients within dairy farm operations. It is therefore important
to understand how much nutrient is removed in product and the
overall efficiency of nutrient use on dairy farms, as this has both
environmental and economic implications.

The risk of nutrient pollution from a dairy farm increases
when nutrient inputs exceed the amount of nutrients leaving the
farm in products. Excess phosphorus (P) on dairy farms can result
in soil P increasing beyond agronomic requirements (Weaver
and Reed 1998; Mekken et al. 2006; Gourley et al. 2007), which
may also increase the concentration of P in surface runoff
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(Sharpley 1995), and leachate (Fortune et al. 2005). Nitrogen,
unlike P is not significantly buffered by soils, and where N is
applied in high concentrations such as in dung, urine or
fertiliser, losses through volatilisation, denitrification, runoff
and leaching can be high (Rotz et al. 2005). In addition to off-
farm environmental impacts, excessive nutrient accumulation
and plant uptake may impact on animal health and production.
For example, excess potassium (K) can accumulate in soil and
feed, and can cause severe metabolic disorders in ruminants
(Caple 1989). Sulfur (S) is an important nutrient for plant
production and changes in fertiliser practice and formulations
in the last 20 years have seen an increase inmarginal or deficient S
status in soils (Glendinning 1999).

Over the past 20 years, a range of environmental policies
have been developed and implemented in Europe and the US,
and more recently in New Zealand, with the aim of reducing
nutrient losses from dairy farms to the environment. Central to
many of these policy approaches has been the development
and on-farm implementation of nutrient balances. A range of
nutrient balance approaches of varying complexity, which
include whole-farm (also called farm-gate), soil surface and
soil system, have been advocated (Oenema et al. 2003) to
increase system understanding, measure nutrient-use
efficiency, or as policy instruments (OECD 2008). Of these,
the whole-farm balance is the most simple and easy to apply.
It involves calculating the difference between total nutrients
imported and those exported from the farm, presented on a
per-ha basis. Nutrient-use efficiency is calculated as total
exported nutrients in product divided by total imported
nutrients, generally expressed as a percentage.

Nutrient balances have been widely adopted in the EU
(Goodlass et al. 2003) and USA (Koelsch 2005), and more
recently, has become a compulsory requirement to supply milk
in New Zealand (Sneath and Furness 2006). Although there are
currently fewer pressures or incentives within Australia to
determine nutrient balances, and their use is low when
compared with EU, the USA or New Zealand, there is
growing interest from catchment management authorities and
dairy companies, as a nutrient balance is viewed as a useful tool
in helping to achieve voluntary environmental nutrient
management standards. Moreover, the marked increase in
some inorganic fertiliser prices over the past decade has
generated further interest in nutrient-use efficiency by dairy
consultants and fertiliser company advisors as part of more
comprehensive nutrient management planning.

Nutrient balance data from international studies may have
limited applicability for Australian dairy farms. Australian dairy
farms are predominantly grazing-based enterprises supplemented
with varying amounts of purchased grain-based concentrates
(Dairy Australia 2011). In contrast, North American and
European dairy enterprises have dairy cows confined to barns
for a substantial part of the year and principally rely on home-
grown harvested forage and to a lesser extent grains. These
different systems may result in different flows of nutrients and
potential differences in nutrient balances and use efficiencies.

The few nutrient balance studies that have been undertaken
inAustralia have generally concentrated on P or N on dairy farms
within a geographically limited region (Lawrie et al. 2004;
Ovens et al. 2008) or have quantified nutrient balances as part

of smaller-scale farmlet or paddock studies (Eckard et al.
2007; Chataway et al. 2010; Staines et al. 2011). Additionally,
there has been no systematic methodology development,
and differences in methodology between these studies make
comparison difficult.

The ongoing intensification of Australian dairy operations
and increasing pressure for efficient resource use for improved
financial and environmental outcomes requires refined nutrient
management practices on Australian dairy farms. Whole-farm
nutrient balances provide an effective and relatively simple
method for estimating the efficiency of nutrient use and
potential for nutrient losses to the environment. However,
there is a need to develop standardised methodologies for
nutrient balances for Australian dairy farms in order to
improve their applicability, identify key sources of nutrient
flows and opportunities to improve nutrient-use efficiencies at
the farm level.

This paper reports on the results from a detailed dairy nutrient
study that quantified N, P, K, and S flows, and whole-farm
nutrient balances and nutrient-use efficiencies on a diverse
array of pasture-based dairy farms across Australia. We also
investigate farm characteristics that influence nutrient balances
and efficiencies and discuss opportunities to improve the
accuracy and efficiency of determining nutrient balances on
dairy farms.

Methods and materials

Selection of farms

In total, 124 dairy farms were initially selected from the eight key
dairy regions within Australia. In order to ensure the selected
farms represented a broad diversity of dairy production systems,
a stratified-random process was used, rather than a random
sampling approach. Six key criteria were considered in the
farm selection process, which reduced the number of eligible
farms to 84. These were: (i) farms would be present in all dairy
regions, with the number of selected farms in each region
broadly representing the region’s relative contribution to total
farm numbers in Australia; (ii) milk production (litres per
grazed ha, MP), (iii) farm size (grazed ha), (iv) reliance on
irrigation (% of grazed area irrigated); (v) soil P sorption, and
(vi) the inclusion of a limited number of organic farms. An
iterative optimisation routine was used within the regional
constraints, and resulted in a selection of farms with a wide
range of combinations of the desired key characteristics. Subject
to fixed regional quotas, the routine maximised the criteria,
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measuring evenness of farm numbers, n, in cells, and of all
possible marginal cells, of the multidimensional contingency
table with dimensions given by (ii) to (v) above, here indexed
by i, j, k and l. Dimensions that were quantitative, (ii) to (v),
were first grouped into ‘low’, ‘medium’ and ‘high’ classes,
representing approximately the bottom 25%, mid 50% and top
25% respectively of the 8 dairy farms that meet the eligibility
criteria. Intentionally, even selection into these groups biased
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the sample slightly away from ‘medium’ towards ‘low’ and
‘high’. A total of 44 dairy farms were selected (Fig. 1), of
which four were practising organic production methods
(Standards Australia 2009). As a result of this selection
process, there were 14 low, 19 medium and 11 high P sorption
farms, respectively; 15 farms with grazing areas <100 ha, 16
farms between 100 and 300 ha, and 13 farms with grazing areas
>300 ha; 16 farms with no irrigation, 17 farms with 0–75% of
the grazing land irrigated, and 11 farms with >75% of the
grazing land irrigated; 16 farms with milk production
<9200 L/ha, 19 farms with milk production between 9200 and
18 750 L/ha and 9 farms with milk production >18 750 L/ha.

Data collection

The farm-scale nutrient balance approach used in this study
involved calculating the difference between total nutrients
imported and those exported at the farm scale, with results
presented on a per-ha basis, and nutrient-use efficiency
calculated as total exported nutrients divided by total imported
nutrients expressed as a percentage. Similar techniques have been
used in other studies (Mulier et al. 2003; Nevens et al. 2006;
Fangueiro et al. 2008; Treacy et al. 2008) although we used
modifications to these studies in order to suit Australian dairy
farm operations (Gourley et al. 2007). Nutrient balance per unit
of milk production (milk production balance; Schröder et al.
2003) was also determined. Data requirements included the
mass and N, P, K, and S concentrations of all forms of
purchased feed, bedding, inorganic and organic fertilisers, soil
ameliorants, irrigation water, milk, animal purchases, sales
and death of cows, and harvested forages exported off-farm.
Estimates of inputs from N fixation and atmospheric deposition
were also included. In calculating the whole-farm nutrient
balance, internal transfers were not quantified.

Spatial analysis using GIS was used to quantify the total
milking area and non-utilised areas on each dairy farm. Three
land groups were defined as: (i) ‘contact land’ (land which was
used by lactating animals for grazing and cow management),
(ii) ‘home farm’ (the area within the boundary of the dairy farm,

but also including areas where lactating animals were not in
contact), and (iii) ‘total land’, including the home-farm area and
other remote land areas used for forage production and/or
keeping of dry stock.

Customised diaries were provided to all farmers at the
commencement of the monitoring period for recording farm
information and activities. Visits were undertaken to all 44
farms every 3 months between December 2007 and February
2009. Standard questionnaires were also used during each
quarterly farm visit to collect further information and verify
recorded information. A follow-up visit in July 2009 further
collected any missing information and verified the compiled
data for each farm. Nutrient imports and exports were then
standardised for a 365-day calendar year between February
2008 and February 2009, on each farm, and expressed relative
to the farm area. An inventory of stored feed, fertiliser and cattle
numbers was also undertaken at the beginning and end of the
study period to account for net changes in on-farm nutrient
storage.

Themass of inorganic fertilisers and soil ameliorants imported
was recorded and standard nutrient concentrations used as
provided by commercial suppliers. Imported manure and
organic fertilisers were sampled and analysed and actual
nutrient concentrations from these samples were applied to the
nutrient balance calculations.

Any forage grazed or harvested on the contact land and fed
back on the contact land during the monitoring period
contributed to home-grown forage consumed. Any forms of
feed originating from non-contact areas and fed within the
contact land were treated as imported feed. Imported feed
types included whole and crushed grains, grain-based
concentrates, ensiled or dried forages, a broad range of fresh
or processed by-products, and mineral supplements. When a
batch of feed was present at a quarterly visit, ~400 g of fresh
material was collected and stored on ice before sample
preparation for determining DM % and N, P, K, and S
concentrations. The overall percentage of all feed and bedding
imports which were directly sampled was 33%. This included
43% of bedding, 17% of by-products, 26% of pellets, 31% of
grain, 31% of feed minerals, 53% of hay and 73% of silage
imports. Consequently, when calculating nutrient imports and
exports for particular sources and individual loads of feed or
bedding on each farm, the following rules were applied and
implemented in order: (i) actual nutrient concentrations were
used when a batch of feed had been directly sampled, or (ii)
nutrient concentrations from a similar source were used from that
farm, or (iii) average nutrient concentrations were used from a
similar source from any farm in the study, or (iv) standard
nutrient concentrations from published Australian data were
used.

Nutrients exported in milk were calculated from the
determined N, P, K, and S concentrations of quarterly milk
samples and the amount of bulk milk shipped off the farm
over the corresponding period. The annual milk statement was
also used to back-check the collected information from the
quarterly visits. Milk samples for analysis were collected from
the bulk milk vat after mixing, when both morning and
afternoon milk was present. A 400-mL sample was stored on
ice, and then stored frozen before chemical analysis.Fig. 1. Location of the 44 selected dairy farms participating in the study.
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Nutrients flows associated with animal purchases, sales
and deaths were determined by multiplying liveweight based
on breed and age class by the corresponding nutrient
composition (i.e. N, 2.8%; P, 0.72%; K, 0.2%; and S,
0.8%) according to ARC (1994). Atmospheric deposition
estimates were based on published figures which accounted
for proximity to the coast or emissions from industry (Hutton
and Leslie 1958; Hingston and Gailitis 1976; Probert 1976;
Blackburn and McLeod 1983).

The N input from biological N fixation from legumes was
based on the equation provided by Ledgard et al. (2001) that
accounts for legume DM production and a negative effect of
N fertiliser rate. Due to varying legume contents of pastures
within a farm, each farm was divided into five zones (legume
zone) reflecting potential differences in legume contents based
on farmer opinion. Two paddocks representing each of the
identified legume zones were then used to assess legume DM
content using a dry weight ranking method (‘t Mannetje and
Haydock 1963) during the spring growth period. Pasture
production was determined for the farm as a whole, using a
pasture production calculator (Heard et al. 2011) and then
annual DM production was attributed to each legume zone
based on the corresponding area and an assessment of relative
potential pasture production by the farmer. Nitrogen fertiliser
applications to each legume zone throughout the year were
also recorded. The pasture production calculator (Heard et al.
2011) was also used to determine milk production from home-
grown forage (MPhg L ha–1), representing the annual total milk
production minus the estimated milk produced from imported
feeds for each farm.

Data were collated and compiled within a relational
database. Missing or questionable data were identified and
a follow-up farm visit was undertaken with the participating
farmers to review and fill data gaps and endorse the final data.
At the end of this process, there were insufficient data from 3
out of the 44 participating farms to reliably determine
balances and associated output/input efficiencies, so the
data included in this paper relate to the remaining 41 dairy
farms.

Analyses of feed, milk, fertilisers and irrigation water

Samples of each component of imported feed and organic
fertiliser were oven-dried (60�C, 72 h) then ground to pass a
2-mm screen. Additional subsamples were oven-dried (100�C,
24 h) for calculating DM%. Samples of feed, milk and organic
fertiliser were analysed byWeston Technologies, Sydney (http://
www.georgewestontechnologies.com.au/, verified 31 May
2012) as follows: crude protein (CP) in feed and milk
was measured according to AOAC methods (AOAC 2000;
CP � 6.25 was used to calculate total N concentration in feed;
CP � 6.38 was used to calculate total N concentration in milk);
total P, K, and S in feed and organic fertiliser was measured by
inductively coupled plasma optical emission spectrometry after
digestion in hydrochloric and nitric acid. Irrigation water was
analysed at the Monash Water Studies Centre (http://www.sci.
monash.edu.au/wsc/, verified 31 May 2012) using standard
methods for the examination of water and waste water
(APHA-AWWA-WEF 2005).

Statistical analyses

A comparison of the two basic components of variation, namely
within-farm and between-farmswas undertaken for N, P, K and S
concentrations of the main imported feed types. The within-farm
variance is the pooled variance between all samples of that feed
type within a farm. The between-farm variance estimates the
additional variance between farms, unaccounted for by the
variance within farms. The ratio of within-farm to total
variance indicates the relative magnitude of the within-farm
variance and a value greater than 60% was chosen to identify
sample types and mineral contents where the within-farm
variance is large.

The quarterly sampling and nutrient analysis of major feeds,
organic fertilisers and milk for the individual farms provided a
‘best-case’ uncertainty distribution for measurement/sampling
error alone. Measurement errors for concentrations and volume
(or mass) from different sources were physically independent.
Consequently the uncertainty calculations used repeated
applications of the identity: Var(X + Y) = Var(X) + Var(Y), for
sums of independent randomvariables (e.g. loads fromdifference
sources), and the Taylor series approximation,CV2(XY) =CV2(X)
+ CV2(Y), for products of independent random variables (e.g.
concentration by volume), to derive coefficients of variation for
farm nutrient balances.

Although a more detailed variance decomposition (into
components for within and between farm, time and region)
were determined for specific feed types where there were large
numbers of samples collected (e.g. pasture silage, pasture hay,
ryegrass pasture, and milk), this was not possible with most feed
types or other nutrient sources due to smaller overall datasets.
Therefore, a more conservative, less detailed, approach of
variance estimates was adopted for all measured feed, milk,
bedding, organic fertiliser sources, where overall variance was
determined from all pooled data generated within the project.
Where no measured data were available, variance estimates from
other published data were used. As no direct measurements of
load weight were undertaken during the study, the variance of
mass estimates was primarily based on previous research
measurements or expert opinion.

Correlations between calculated nutrient indicators; i.e.
whole-farm balance per ha, milk production balance per litre
and nutrient efficiency, and key farm characteristics: i.e. farm
stocking rate, % feed imported, MP, MPhg, and nutrient inputs
from feed, fertiliser andNfixationwere performed using S-PLUS
2000 (Systat Software, Inc., Chicago, IL, USA).

Results

Characteristics of participating dairy farms

The 41 dairy farms involved in this study represented the range
of farm sizes, regional locations, livestock densities and
irrigation practices typical of the Australian dairy industry
(Table 1). Overall, the average total land, dairy farm land and
contact land area was 336, 235, 194 ha, respectively, but varied
widely, ranging from 67 to 1046, 47 to 612, and 40 to 460 ha,
respectively (Table 1). Herd size across the farms ranged from
51 to 1263 cows, with an average of 296. The major breed of
dairy cattle was Holstein-Friesian, with a smaller number of
cross-bred herds, Jersey, Illawara and Australian Red. All
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dairy farms had effluentmanagement systems; 16 farms used feed
pads; 19 used sacrifice paddocks for feeding.All dairy farms used
fertiliser, eight used organic fertilisers, and 40 used inorganic
fertilisers. All but three dairy farms were milked twice a day, two
milked once a day, the remaining farmmilked three times per day.
Fifteen of the dairy farms had different feeding strategies for
differentmilking groups. Twelve of the 41 dairy farms did not use
irrigation as ameans of increasingpasture or cropproduction.The
proportional area irrigated on each dairy farm ranged from 0 to
95% of the contact area, with a mean value of 34%.

The organic farms were smaller and more reliant on home-
grown feed. The total land used for dairy production on the four
organic dairy farms ranges from 135 to 344 ha, while the home-
farm land areas ranged from 135 to 330 ha (Table 1). In contrast,
the total land used for dairy production on the 37 conventional
dairy farms ranges from 67 to 1046 ha, while the home-farm land
areas ranged from 47 to 612 ha. Outblocks or leased land
contributed ~15% total land on the organic farms and ~32%
on the conventional farms.Herd size across the four organic dairy
farms was generally smaller than the conventional herds, and
ranged from 100 to 180 cows with an average of 129 cows,
compared with the conventional farms which ranged from 51 to
1263 cowswith an average of 313 cows (Table 1). Stocking rates,
determined as home-farm stocking rates, averaged 0.74 cows/ha
on the organic farms and 1.49 on the conventional farms.

Variability of key nutrient flows

The feed usedor purchased on all 41 dairy farms varied in termsof
types and amounts, with a broad variety of grain, grain-based
concentrates, hay, silage and by-products imported (Table 2).
Grain types included wheat, barley, corn, lupins, triticale and

sorghum. Grain-based concentrates were generally pelletised
blends of grains with additives such as minerals and salts.
Silage types included lucerne, sorghum, millet, and a variety
of pasture-based silages. By-products included black cake
(sugar by-product), brewers grain, canola meal, citrus pulp,
cotton seed meal, tomatoes, mash, palm kernels, pea pollard
and soybean meal.

Over the12-monthmonitoringperiodmore than1500separate
feed sampleswere collected and analysed.Rawdatawere initially
reviewed by segmenting sample analysis into broad and specific
feed types and then plotting distributions. Outliers were
investigated through rechecking data entry and descriptions
and where deemed appropriate, reallocated to different feed
types. Robust Z scores were calculated according to the
NATA standards (>4 standard deviations from the mean) and
therefore used to identify outlyingvalues.Where these data points
were unexplainable, they were excluded from the dataset. This
applied to only 74 of the 9480 sample analyses (0.8% of sample
analysis). The number of samples, N, P, K and S concentrations
and CV (%) for each feed type identified during the five quarterly
farm visits is provided in Table 2.

When the variance estimates for N, P, K, and S concentrations
for the 19 main feed types were assessed (barley grain, brewers
grain, canola meal, cereal hay, cereal silage, cereal straw, grain
andminerals, lucerne hay,minerals, mixed grain, oat hay, pasture
hay, pasture silage, calf pellets, dairy pellets, springer pellets,
ryegrass pasture, triticale grain, and wheat grain), 64 of the 93
‘feed type · nutrient content’ combinations had within-farm
variance estimates >60% of the total variance. However, there
was a distinct difference between feed types. Imported grains,
pellets andminerals almost always hadwithin-farm variation as a
smaller component of the total variance (<50%), with these feed

Table 1. Average, minimum and maximum values for land area, cow numbers, stocking rate, and irrigated area for the 41 participating farms,
and subgroups of conventional farms and organic farms

Total
landA

Home
farmB

Contact
landC

Cow
numbersD

Total land
stocking rateE

Home farm
stocking rateF

Contact land
stocking rateG

IrrigationH

(ha)
IrrigationI

(%)

Dairy farm group (n = 41)
Minimum 67 47 40 51 0.15 0.24 0.40 0 0
Maximum 1046 612 460 1263 2.48 2.95 3.70 329 95
Average 336 235 194 296 1.04 1.42 1.66 63 34

Conventional group (n = 37)
Minimum 67 47 40 51 0.15 0.24 0.49 0 0
Maximum 1046 612 460 1263 2.48 2.95 3.70 329 95
Average 347 238 198 313 1.08 1.49 1.75 65 37

Organic group (n = 4)
Minimum 135 135 126 100 0.31 0.32 0.40 0 0
Maximum 344 330 209 180 0.78 0.97 1.11 63 39
Average 229 198 156 129 0.63 0.74 0.83 20 13

ALand area under management which contributes to the dairy operation, including lease blocks, out blocks.
BLand within the farm boundary, including non-productive areas such as wetlands and vegetation.
CLand area in which the lactating herd is in contact, including grazed paddocks, laneways, feedpads and sacrifice paddocks.
DTotal number of lactating, dry and springing cows averaged across the five quarterly farm visits.
ECow numbers divided by total land area.
FCow numbers divided by home farm area.
GCow numbers divided by contact land area.
HLand area under irrigation.
IPercentage of contact land under irrigation.
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Table 2. Imported feed types used on commercial dairy farms, number of samples analysed and mean concentrations (%) and CV for nitrogen,
phosphorus, potassium and sulfur

Nitrogen Phosphorus Potassium Sulfur
Feed types n Mean CV n Mean CV n Mean CV n Mean CV

Almond shells 2 0.87 53 3 0.20 39 3 2.96 13 3 0.03 21
Annual ryegrass pasture 5 3.74 17 4 0.55 24 4 2.33 52 5 0.28 24
Barley grain 30 1.92 22 30 0.36 23 28 0.52 12 27 0.14 16
Black cake 4 5.39 10 5 0.21 19 5 0.06 70 5 0.73 5
Brassica crop 11 3.04 26 8 0.35 25 11 3.01 23 11 0.63 40
Bread 4 2.84 4 4 0.29 15 4 0.31 10 4 0.20 11
Brewers grain 13 3.96 10 13 0.68 24 14 0.51 105 14 0.28 20
Canola hay 3 2.66 19 3 0.31 25 3 2.41 16 3 0.53 18
Canola meal 26 6.35 7 27 1.16 9 26 1.35 7 26 0.70 11
Cereal hay 48 1.61 31 41 0.21 31 46 1.71 33 48 0.16 25
Cereal silage 19 1.82 27 22 0.33 27 22 1.98 38 22 0.18 22
Cereal straw 34 0.64 38 33 0.10 63 28 1.17 24 32 0.09 34
Citrus pulp 6 1.31 14 5 0.28 43 6 1.13 13 6 0.11 29
Clover hay 2 2.94 3 2 0.39 41 2 2.62 6 2 0.18 57
Corn grain 10 1.55 6 11 0.31 11 11 0.36 15 11 0.12 17
Cotton seed meal 9 8.01 2 10 1.41 7 10 1.61 4 10 0.53 9
Grass/legume hay 10 1.93 27 10 0.35 32 9 1.75 26 10 0.20 19
Fruit 2 2.86 6 2 0.49 3 2 4.34 22 2 0.22 5
Grain + minerals 81 2.59 30 78 0.55 36 81 0.57 21 80 0.22 30
Kikuyu pasture 7 3.26 38 7 0.42 25 7 2.99 32 7 0.27 29
Lucerne hay 47 3.43 15 41 0.36 32 44 2.04 27 47 0.28 22
Lucerne pasture 6 4.70 9 6 0.41 7 5 1.72 27 7 0.38 26
Lucerne silage 16 3.16 26 15 0.42 30 14 2.15 26 15 0.28 29
Lucerne and sorghum past 2 4.20 14 2 0.38 51 2 2.34 59 2 0.36 36
Lupins grain 14 4.16 16 13 0.36 13 14 0.81 12 13 0.20 13
Maize silage 17 1.19 15 18 0.26 16 18 1.03 22 18 0.11 26
Millet 4 2.98 14 2 0.29 9 4 3.58 61 4 0.44 44
Mineral additive 22 3.03 78 39 1.71 70 40 0.56 65 38 1.03 87
Mix beef 4 2.86 5 4 0.72 25 4 0.64 13 4 0.27 9
Mix calf 17 3.04 15 17 0.59 28 17 0.78 27 14 0.23 21
Mixed grain 36 2.52 35 31 0.39 30 33 0.55 20 32 0.17 23
Molasses 2 0.62 62 14 0.22 48 14 4.17 23 12 0.49 12
Oat hay 44 1.43 27 43 0.22 37 46 1.77 36 44 0.15 31
Palm kernels 6 2.57 4 6 0.65 12 6 0.69 7 6 0.21 9
Paspalum silage 3 1.91 19 3 0.32 8 3 2.06 30 3 0.18 17
Pasture hay 201 1.71 29 204 0.26 32 206 1.76 34 204 0.22 29
Pasture silage 240 2.64 25 233 0.38 27 233 2.71 31 239 0.28 24
Pellets calf 26 2.93 17 28 0.64 32 27 0.81 13 28 0.26 23
Pellets dairy 90 2.36 19 92 0.58 32 90 0.63 17 91 0.21 22
Pellets springer 29 2.61 21 29 0.58 27 29 0.65 33 26 1.08 28
Pellets weaner 12 2.68 10 12 0.78 16 12 0.75 15 11 0.26 29
Ryegrass pasture 222 3.67 26 221 0.45 29 223 2.77 30 226 0.34 26
Setaria silage 3 1.90 28 3 0.27 25 3 2.16 47 2 0.15 2
Sorghum crop 5 2.32 22 5 0.40 29 5 2.56 34 5 0.15 33
Sorghum grain 3 1.80 10 2 0.32 5 2 0.33 18 3 0.12 28
Sorghum hay 4 1.98 14 4 0.35 10 4 1.90 26 4 0.13 20
Sorghum/millet hay 2 1.53 30 2 0.39 7 2 2.00 20 2 0.22 108
Sorghum/millet silage 3 1.42 21 3 0.36 23 3 2.27 47 3 0.20 83
Soybean meal 7 7.70 13 8 0.78 15 8 2.37 14 8 0.39 9
Total mixed ration

(forage only)
11 2.40 27 10 0.40 20 10 1.58 25 11 0.22 23

Total mixed ration
(with minerals)

6 2.39 40 6 0.34 26 7 1.74 40 6 0.19 25

Triticale grain 20 2.19 9 21 0.31 21 19 0.47 8 20 0.16 15
Turnip crop 8 2.10 32 7 0.27 27 7 2.91 27 8 0.55 15
Vetch hay 5 3.41 17 4 0.28 4 5 2.41 6 5 0.23 24
Wheat grain 24 2.21 18 25 0.34 15 25 0.43 12 25 0.16 16
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types making up 26 of the 29 remaining feed type by nutrient
content combinations, while forages almost always had a greater
within-farmvariance.These results are not surprising considering
that particular farms are likely to have a regular supplier of grains,
pellets and minerals with a consequent more uniform nutrient
content.

In general, the N, P and K concentrations of forages such as
hay, silage and pasture were lower on organic dairy farms (P <
0.05). These farms had low stocking rates and did not import
grain-based concentrates. Consequently, no comparison of the
nutrient concentrations of grains or pellets between organic and
conventional dairy farms was possible.

Legume contents in pastures were generally low. Of the 205
legume zones assessed, the median legume content (% DM) was
6% (mean 11%, CV 137%), with a highest legume content of
68%.While only one dairy farm had nomeasurable legume, 71%
of legume zones had legume contents of<10%and only 8%of the
legume zones had legume contents >40%. Legume contents were
often heterogeneous within each farm, varying by >30%between
legume zones on 37% of the farms studied. There was no
influence of dairy region on legume content (P > 0.10).
Correspondingly, the estimated N fixation from legumes was
also generally low but often variable both within and between
farms. Of the 205 legume zones assessed, the median estimated
input from N fixation was 17 kg/ha (mean 36 kg/ha, CV 138%),
while the highest inputwas 290kgN/ha. Seventy-eight percent of
legume zones had estimated N inputs from legumes of <50 kg N/
ha and only 10% of the pastures assessed had N inputs from
legumes of >100 kg N/ha.

There were 57 independent water samples collected from
irrigation channels, rivers and bores from the 29 farms that
used irrigation water. Recycled water used for irrigation was
not included in this summary as this was not considered an
external input. Nutrient concentrations from these varying
water sources varied substantially with CV values all above
30% (Table 3).

The N, P, K, and S concentrations of milk were similar across
all the participating dairy farms and between sampling times
(Table 4). Apart from the milk S levels, variations in nutrient
concentrations were small (CV <15%), demonstrating a general
consistency of milk nutrient levels across the different farms,
regions and seasons.

Nutrient flows, balances and efficiencies

The various sources of N, P, K and S imports and exports (kg/ha),
and the minimum, maximum and median values of each of these

(on a contact land basis) for the 41 participating farms, are
provided in Table 5. The median value is presented rather than
the mean, as high input farms resulted in a skewed data
distribution. Almost all of the identified inputs and outputs
contribute substantially in at least some dairy operations.

The single largest source of N imported was generally
inorganic fertiliser, most commonly as urea and accounted for
43% of total N imports, but ranged from 0 to 88% for individual
farms. Imported feed, as grain, by-products, hay and silage
contributed 40% of total N imports and ranged from 4 to 79%.
Interestingly, N fixation by legumes contributed 16% of total N
inputs, but ranged from 0 to 88%. Feed minerals, irrigation water
and atmospheric deposition contributed only a relatively small
amount of imported N (on average 0.1, 0.4 and 1 kg N/ha,
respectively). Milk sales were the single largest source of
exported N and accounted for 82% of N exports, ranging from
53 to 99% for individual farms.

The largest source of P and K was generally imported feed,
with a median contribution of 47% (range 4–98%) and 55%
(range 8–98%), respectively of total P and K imports. Inorganic
fertiliser accounted for 46% (range 0–92%) and 32% (range
0–84%), of total P and K imports, respectively. Sulfur was
largely imported in inorganic fertiliser with a median
contribution of 43% (range 0–88%), while 30% was also
imported in feed (range 2–90%). Milk sales were the single
largest source of exported P, K and S and accounted for 74, 94
and 52%, respectively.

Total imports ofN,KandS for organic farmswere generally at
much lower levels per ha than on conventional farms, reflecting
the smaller farm sizes, lower cownumbers and stocking rates, and
limiteduseofmanufactured fertiliser.MostNwas imported either
throughNfixation,which ranged between 32 and 88%of the total
importedN, or purchased feed,which ranged between 7 and58%.
In contrast, the application of high rates of rock phosphate (52–66
kg P/ha) on three of the organic farms resulted in high P imports.
All other sources delivered very little P, K and S on organic dairy
farms.

The uncertainty estimates (CV) of each ‘grouped source’ of
imports (i.e. imported feed, fertiliser) or exports (i.e. milk,
animals) were in general relatively small and usually less than
10%. In contrast, a high degree of uncertainty (137%) was
attributed to N inputs from legumes based on the variation
determined in this study. The magnitudes of these
uncertainties for various nutrient inputs and export estimates
are similar to those determined in other studies (Mulier et al.

Table 3. Mean, minimum, maximum and CV for total nitrogen,
phosphorus, potassium and sulfur concentrations of irrigation water

Total
nitrogen
(mg/L)

Total
phosphorus
(mg/L)

Total
potassium
(mg/L)

Total
sulfur
(mg/L)

Minimum 0.06 0.01 0.82 1
Maximum 2.3 0.18 2.9 37
Mean 0.77 0.04 1.57 6.78
CV 66 80 32 137

Table 4. Average nutrient concentration for milk sampled during
quarterly visits from the participating dairy farms

Crude
protein
(%)

Nitrogen
(%)

Phosphorus
(%)

Potassium
(%)

Sulfur
(%)

Minimum 2.85 0.45 0.04 0.09 0.01
Maximum 4.40 0.70 0.14 0.17 0.12
Mean 3.305 0.522 0.091 0.142 0.038
CV (%) 7 7.1 14.9 10.5 39
Number
of samples

199 198 146 219 218
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2003; Oenema et al. 2003; Ledgard et al. 2004). However, as
these collective variance estimates were further integrated, the
uncertainty of N, P, K and S balances for the 41 farms ranged
between 2 and 11%, with a median uncertainty of 4%.

Themedian, minimum andmaximumvalues for N, P, K and S
balances and efficiencies are provided in Table 5. It should be
noted that the median balances are not the same as the sum of
the median import and export values presented in the same table.
Whole-farm N balances were always in surplus (imports >
exports) and ranged from 47 to 601 kg N/ha. Fourteen farms
had N surplus values less than 150 kg N/ha, while five farms had
N surplus values above 300 kg N/ha (Fig. 2a). The median N
surplus was 193 kg N/ha. The milk production N surplus ranged
from 9 to 45 g N/L, with a median value of 17 g N/L. The
overall N-use efficiency across the 41 dairy farms ranged from
14 to 50%, with a median value of 25%.

Phosphorus balances ranged from –7 to 133 kg P/ha
(Table 5), with a median P balance of 26 kg P/ha. Five dairy
farms were in net deficit (negative balance), with P balances
<0 kg P/ha, while in contrast eight farms had P surplus values
>50 kg P/ha. The milk production P balance ranged from –0.6 to
17 g P/l, with a median surplus value of 2 g P/L. The overall P-
use efficiency ranged from 6 to 158%, with a median value of
32%.

All K balances were also in net surplus, ranging from 13 to
452 kg K/ha (Table 5). Eleven of the farms had K surplus values
<40kgK/ha and14 farmshadKsurplus values>100kgK/ha.The
median K surplus was 74 kg K/ha. The milk production K
surplus ranged from 0.1 to 25 g K/L, with a median value of
6 g K/L. The K-use efficiency ranged from 9 to 48%, with a
medianvalue of 20%.Sulfur balances ranged from–1 to184kgS/
ha, with a median S surplus of 27 kg S/ha (Table 5). One farm

had a small S deficit, while 16 farms had S surpluses <20 kg S/ha
and seven farms had surplus values >50 kg S/ha. The milk
production S balance ranged from 0.1 to 11 g S/L, with a
median value of 2 g S/L. The overall S-use efficiency ranged
from 6 to 110%, with a median value of 21%.

Relationships between nutrient balances and milk
production

Key relations between milk production (L/ha) and nutrient
balance (kg/ha and g/L) and nutrient use-efficiency are shown
in Fig. 2. Other correlations are not shown. Nitrogen balance
per ha was positively (P < 0.001) related to stocking rate, MP
(Fig. 2a), MPhg, and inputs of feed and N fertiliser (P < 0.001)
but not N fixation (P > 0.05). Nitrogen milk production balance
per litre was negatively related to MP (Fig. 2b) and MPhg
(P < 0.001), and also to stocking rate and inputs of fertiliser
plus N fixation (P < 0.05). Nitrogen-use efficiency was
positively related to MPhg, and negatively related to inputs via
fertiliser and N fixation combined (P < 0.05). Phosphorus
balance per ha was positively related to stocking rate, MP
(Fig. 2d), and feed inputs (P < 0.001). Phosphorus milk
production balance per litre was negatively related to MPhg
(P < 0.05), and positively related to fertiliser P inputs
(P < 0.001), but not to MP (P > 0.05) (Fig. 2e). Phosphorus-
use efficiency was negatively related (P < 0.01) to % feed
imported. Potassium balance per ha was positively related to
stocking rate,% feed imported,MP (Fig. 2g),MPhg, and inputs of
feed and fertiliser K (P < 0.001). Potassium milk production
balance per litre was positively related to % feed imported, and
negatively related to MPhg and fertiliser K inputs (P < 0.05), but
not to MP (Fig. 2h). Potassium-use efficiency was negatively

Table 5. Median values and ranges for nitrogen, phosphorus, potassium and sulfur imports and exports per ha where products are
present,whole-farmbalancesperha andper litre ofmilkproduced, anduse efficiencies for contact landareaof 41 contrastingdairy farms

Nitrogen (kg/ha) Phosphorus (kg/ha) Potassium (kg/ha) Sulfur (kg/ha)

Imports
Silage 7.6 (0.0–103.0) 1.2 (0.0–16.1) 5.9 (0.0–143.6) 0.6 (0.0–9.6)
Hay 11.2 (0.0–222.9) 1.8 (0.0–25.6) 6.0 (0.0–219.7) 1.2 (0.0–24.1)
Concentrates and grain 52.5 (2.0–222.0) 9.2 (0.2–35.8) 13.4 (0.5–38.7) 4.3 (0.1–14.8)
Feed minerals 0.0 (0.0–6.0) 0.0 (0.0–1.6) 0.0 (0.0–2.3) 0.0 (0.0–1.5)
By-products 0.0 (0.0–214.2) 0.0 (0.0–43.3) 0.0 (0.0–224.0) 0.0 (0.0–48.3)
Bedding 0.0 (0.0–1.8) 0.0 (0.0–26.5) 0.0 (0.0–3.1) 0.0 (0.0–0.2)
Fertiliser 104.5 (0.0–423.9) 16.6 (0.0–81.8) 31.5 (0.0–176.9) 14.5 (0.0–84.7)
Animal 4.6 (0.0–61.9) 1.1 (0.0–15.9) 0.3 (0.0–4.4) 1.3 (0.0–17.7)
Irrigation 0.4 (0.0–27.3) 0.0 (0.0–6.4) 3.0 (0.0–72.7) 1.5 (0.0–109.1)
Nitrogen fixation 16.6 (0.0–289) – – –

Atmospheric deposition 1.0 (1.0–4.0) 0.1 (0.1–0.6) 1.0 (1.0–4.0) 1.0 (1.0–4.0)

Exports
Milk 58.3 (17.3–190.4) 10.0 (2.5–35.4) 16.6 (3.8–50.7) 4.4 (1.1–12.4)
Animal 11.8 (0.2–78.1) 3.0 (0.1–20.1) 0.8 (0.0–5.6) 3.4 (0.1–22.3)
Forages 0.0 (0.0–11.0) 0.0 (0.0–1.7) 0.0 (0.0–11.6) 0.0 (0.0–1.1)
Manure 0.0 (0.0–0.0) 0.0) (0.0–0.3) 0.0 (0.0–0.0) 0.0 (0.0–0.0 0)

Balances and efficiencies
Whole-farm balance (kg/ha) 192.8 (47.0–600.7) 25.8 (–7.4–133.3) 73.7 (12.6–451.7) 27.2 (–0.8–184.2)
Productivity balance (g/L) 17.0 (9.1–45.0) 2.0 (–0.6–17.0) 6.0 (0.0–25.0) 2.0 (0.0–11.0)
Use efficiency (%) 25 (14–50) 32 (6–158) 20 (9–48) 21 (6–110)
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related to % feed imported, and inputs of feed (P < 0.05) and
fertiliser K (P < 0.01). Sulfur balance per ha was positively
related to stocking rate, % feed imported, MP (Fig. 2j),
MPhg, and inputs of feed and fertiliser S (P < 0.001). Sulfur
milk production balance per litre and S-use efficiency were
positively related to fertiliser S inputs (P < 0.001). There was
no relationship (P > 0.05) between N-, P-, K- and S-use
efficiencies and stocking rate or MP (Fig. 2c, f, i, l).

Feed N, P, K and S inputs were higher (P < 0.01) on farms
with higher stocking rates and MP. There was a positive
correlation between N fertiliser input and MPhg (Fig. 3a),
which was further improved by the inclusion of N input from
N fixation (Fig. 3b). In contrast, there were poorly defined
relationships between P and K fertiliser inputs and MPhg
(Fig. 3c, d), with substantial variation in the amount of P and
K fertiliser applied on farms with similar levels of MPhg.

Impact of different dairy land bases and standardised
nutrient concentrations
The home-farm area for each farm was between 4 and 119%
(median 13%) larger than the contact area, while the total-farm
area was between 6 and 302% (median 59%) larger than the
contact land. The relative increase in area was <10% for 18
farms and >20% for 11 farms when home-farm area was
compared with contact land, while the relative increase in area
was <10% for only four farms and >20% for 32 farms, when total
farm was compared with contact land. Not surprisingly, as the
land area increased, the net nutrient balances per ha decreased.
For example, N surplus ranged from 47 to 601 kg N/ha (median
194 kg N/ha) for contact land, 40 to 301 kg N/ha (median 179 kg
N/ha) for home-farm and 14 to 301 kgN/ha (median 127 kgN/ha)
for total-farm land. Nitrogen-use efficiencies were not
influenced by land area.
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Fig. 2. Relationships between milk production and (a, d, g, j) whole-farm balances per ha, (b, e, h, k) milk production balance and (c, f, i, l ) use
efficiency for (a–c) nitrogen, (d–f ) phosphorus, (g–i) potassium and ( j–l ) sulfur. Unshaded symbols represent the organic dairy farms.
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The difference in whole-farm balances, when using farm-
derived nutrient concentrations for feed, milk, irrigation water
and organic fertiliser, or standardised ‘book values’ for these
components, were in most cases small, both in absolute and
relative terms. For example, the N surplus increased for 20 farms
and decreased for 21 farms. The relative difference in N surplus
was <5% for 21 of the 41 farms, >10% for 5 farms, and >15% for
only two farms. Not surprisingly, the magnitude of these
differences was largely driven by the reliance of imported
feed onto each farm. There were negligible changes in nutrient
exports. Similar results were determined for P, K and S.

Discussion

Nutrient balances and use efficiencies

The farms involved in this study included a broad range of
grazed dairy systems that reflect the diversity of the Australian
dairy industry. Milk production for the 41 dairy farms ranged
from 2948 to 36 637 L/ha (median 10 866 L/ha; mean 12 388 L/
ha), which was similar to the national average of ~12 000 L/ha
(Dairy Australia 2011). The dairy systems studied also had a
broad rangeof feed and fertiliser inputs, reflecting the climatic and
seasonal differences between regions as well as milk production
goals.

The integrated uncertainty of the whole-farm nutrient
balances was relatively small (median 4%) and provided a
high degree of confidence in the estimates of nutrient balance
(surplus or deficit) and nutrient-use efficiency for the individual
farms studied. Milk was the single largest source of N, P, K and

S export. Fertiliser and imported feed provided substantial
inputs, while bedding, atmospheric deposition and irrigation
water made relatively minor nutrient contributions. Similar
results have been found in other studies (Nevens et al. 2006;
Fangueiro et al. 2008; Ovens et al. 2008; Treacy et al. 2008). It is
interesting to note that the organic farms included in this study
imported relatively high rates of P, largely as rock phosphate.
There was a generally low legume content in most of the dairy
pastures studied, potentially due to either regular N fertiliser
inputs (McKenzie et al. 2003a), competition from other species
such as ryegrass, and/or dry seasonal conditions. However, N
fixation by legumes provided a substantial source of N on some
farms, and the variation was not related to region. Additionally,
the movement of animals and feed minerals also provided
substantial nutrient inputs or exports on some farms. These
results indicate that it is essential to include estimates of N
fixation and all types of feed and fertiliser imports, as well as
changes in animal numbers, when determining nutrient balances
across the diversity of Australian dairy production systems.

The degree of variation in nutrient contents of imported feeds
suggests that greater accuracy in nutrient balances could be
achieved through direct sampling from individual farms or
segmenting dairy feeds based on regions, seasons and organic
or conventional status. In contrast milk nutrient concentrations
were highly consistent and supported the use of standardised
concentrations (NRC 2001; Mulier et al. 2003). In the broader
context of whole-farm nutrient balances however, the variability
in nutrient concentrations of inputs and exports became less
important. The substitution of book values for measured
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values of feed imports and milk exports in the calculations
resulted in only relatively small changes to whole-farm
balances and efficiencies on almost all the farms studied. Not
surprisingly, the magnitude of these differences was largely
driven by the relative contribution from imported and exported
feed, as other key nutrient sources such as inorganic fertiliser
imports were already determined from published nutrient
concentrations. While using the most accurate data are clearly
desirable, few farms undertake mineral analysis of feeds (Dairy
Australia 2010), and limited data are available specific to
dairy regions or sampling times. Consequently, the use of
industry-wide nutrient concentrations for particular feed and
other nutrient sources is a more practical approach when
nutrient concentrations specific for an individual farm are not
available. An important exception to this could be made when
considering organic dairy farms. These farms use specifically
selected feeds and fertilisers that meet strict organic or
biodynamic standards (Standards Australia 2009). The
significant differences (P < 0.05) in N, P and K concentrations
between organic and conventional dairy farms for a range of
feed types would support the use of a separate set of nutrient
concentration standards for this part of the industry.

Another important part of standardising nutrient balances
in Australia is to ensure that the corresponding land base used
to estimate per-ha nutrient balances is well defined and uniformly
applied. Many dairy production systems in Australia have
separate land areas that contribute to milk production through
the production of forage and grain or feeding of young or dry
stock (Dairy Australia 2010), and which was reflected in the land
base of the farms associated with this study. The assessment of
three different land use categories highlights the difficulties in
comparing nutrient balance information presented on a per-ha
basis from different studies when the land base used is different
or poorly defined. We recommend that contact-land area (land
which was used by lactating animals for grazing and cow
management, including laneways and holding areas) be used
as the basis of standardising land area for nutrient balance
determination in Australia and elsewhere. This land represents
the principal management area contributing to milk production,
is the major land area where nutrient cycling and deposition is
occurring, and is the likely area contributing to nutrient
accumulation and losses.

Previous studies have considered N balances and efficiencies
more commonly than other nutrients (Goodlass et al. 2003;
Halberg et al. 2005). This is because of the greater magnitude
of N flows and surpluses at the farm scale, the lack of reliable
soil N tests and the recognition of measured surplus as a
quantifiable loss to the broader environment (Oenema et al.
2009; Jarvis et al. 2011). This does not however reduce the
importance of other nutrient balance assessments, which are
important both as part of an environmental performance
assessment (particularly in the case of P) and as production/
economic factors in improving management decisions for
fertiliser and manure.

Nitrogen surpluses in this study ranged from47 to 601kgN/ha
and 9 to 45 g N/L with N-use efficiency ranging from 14 to 50%.
Although there is a wide variation in N balances and
efficiencies, they are consistent with results from other
comparable dairy studies in Australia and internationally. For

example, a large study involving 130 commercial dairy systems
across Western Europe reported average regional N surpluses
between 93 and 502 kg N/ha, 15 and 28 g N/L and N-use
efficiencies ranging between 19 and 40% (Raison et al. 2006).
Similar ranges in N surpluses and use efficiencies have been
reported on commercial dairy farms in New Zealand (Ledgard
et al. 2004), the USA (Hristov et al. 2006), and Europe (i.e. Van
derMeer 2001; Nevens et al. 2006; Fangueiro et al. 2008; Treacy
et al. 2008). In Australia, there have been few studies involving
commercial farms. In an assessment of 44 dairy farms in south-
westWestern Australia, Ovens et al. (2008) reported N surpluses
ranging from 40 to 700 kg N/ha (median 128 kg N/ha) and
N-use efficiencies between 8 and 50% (median 19%). In a
paddock-scale N fertiliser study in south-east Victoria, Eckard
et al. (2007) reported N surpluses of between 48 and 229 kg N/ha
and N-use efficiency between 30 and 50%. In a 4-year farmlet
study with differing stocking rates and feed and fertiliser inputs
in south-east Queensland, Chataway et al. (2010) reported N
surpluses between 178 and 600 kg N/ha and use efficiencies
between 16 and 25%. In south-west Western Australia, Staines
et al. (2011) reported N surpluses from a dairy farmlet study,
which ranged between 72 and 779 kg N/ha and use efficiencies
between 17 and 50%.

The results obtained in our study demonstrate a strong
correlation between total N imported and milk production per
ha. Nitrogen surplus was also strongly related to stocking rate
and milk production (Fig. 2a) with the slope of this linear
relationship (0.0121; s.e. = 0.0015) providing a national
industry estimate of the milk production N surplus, equivalent
to 12.1 g N/L milk produced. Despite year-round grazing and
the contrasting climatic conditions of Australian dairy systems,
the same relationship (slope = 0.012) has been described for
Western European dairy farms with milk production ranging
from 3000 to 50 000 L/ha (Raison et al. 2006). Similar positive
relationships between stocking rate and N surplus, and milk
production and N surplus have also been described for dairy
farms in Flanders (Nevens et al. 2006), Ireland (Treacy et al.
2008), Northern Portugal (Fangueiro et al. 2008), and Western
Australia (Staines et al. 2011). Interestingly, there was no
significant relationship between N surplus/ha and reliance on
imported feed. This may be explained by a counter-balancing
of N inputs from fertiliser N resulting in higher forage yields
which support greater milk production and consequently
export of N (King and Stockdale 1980; McKenzie et al.
2003b).

There was also no significant relationship between stocking
rate and whole-farm N-use efficiency and milk production per ha
and whole-farm N-use efficiency (Fig. 2c). While a decrease in
whole-farmN-use efficiency on dairy farmswould be expected to
occur with increased stocking rates when other influences
remain similar (Staines et al. 2011), factors such as the
biological potential of cows to transform feed N into milk and
soil and climatic conditions which affect the utilisation of
applied fertiliser and recycled N in manure by pastures and
crops (Powell et al. 2010) may be quite different between
farms. This suggests that within-farm management practices
across the diversity of farms studied, as well as soil and
climatic characteristics, are likely to be key drivers of N-use
efficiency, rather than prescriptive farm characteristics alone.
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Whole-farm P balances ranged from small net deficits to
surpluses in excess of 100 kg P/ha with P balance poorly
related to milk production per ha (Fig. 2d). Interestingly, three
of the organic dairy farmswith relatively lowmilk production had
P surpluses >50 kg P/ha, while farms with milk production
around the national average (12 000–15 000 L/ha) had wide
ranging P balances between –8 and 90 kg P/ha. Similarly
broad ranges of P balances have been reported for commercial
dairy farms in Northern Portugal (5–72 kg P/ha; Fangueiro et al.
2008), Western Europe (4–36 kg P/ha; Raison et al. 2006), New
South Wales (1–127 kg P/ha; Lawrie et al. 2004) and Western
Australia (3–200 kg P/ha; Ovens et al. 2008). A recent meta-
analysis of P balances for sheep, beef, dairying and cropping in
Australia (Weaver and Wong 2011) calculated a median P
surplus for dairy farms of 18.1 kg P/ha, which was
significantly greater than the other enterprises, and a median
P-use efficiency of 19%.

The overall trend of increasing K and S surpluses with
increasing milk production (Fig. 2g, j) reflects greater imports
of both feed and fertiliser as dairy systems intensify. The
increasing reliance on imported feed on many dairy farms and
relatively high K concentration in forages in particular, can result
in substantial K (and to a lesser extent S) imports. Potassium
surpluses were generally of a similar order to those determined
for N. In turn, S surpluses tend to be similar to those determined
forP.Very fewstudies have consideredKbalances ondairy farms
and none appear to have measured S balances. Fangueiro et al.
(2008) reported K surpluses between 52 and 107 kg K/ha for a
range of commercial dairy farms in Northern Portugal, while
Chataway et al. (2010) found that K surpluses ranged between
22 and 156 kg K/ha in five contrasting farmlets in south-east
Queensland; both lower than those determined in this study.

Environmental and management implications

A key driver of increased milk production in Australia over the
past three decades has been the increase in supplementary feeding
(Dairy Australia 2011) and increasing forage yields due to
fertiliser use, particularly N (Eckard et al. 2004). While farm
numbers are expected to continue to decline, milk production
per farmandper ha is expected to increase (DairyAustralia 2011).
This ongoing intensification is likely to further exacerbate
nutrient surpluses at the farm scale and create further
environmental challenges in relation to water quality,
particularly for excess N and P. Fangueiro et al. (2008) argue
that lower N surpluses per litre of milk occur in higher input
systems. However, in this study we did not find any relationship
between milk production and N milk production surplus
(Fig. 2b) although the farms with lower milk production had a
wider range of milk production surpluses. As environmental
impacts are quantified principally on an area basis, surplus per
ha is more widely recognised as being the more relevant metric
(Nevens et al. 2006).

All other things being equal, a greater whole-farmN surplus is
recognised as resulting in higher losses of N to the broader
environment (Ledgard et al. 1999; Jarvis et al. 2011).
Pathways and forms of N loss from dairy farms include the
volatilisation of ammonia, emission of nitrous oxide and
dinitrogen, and surface runoff, sub-surface lateral flow and

leaching of dissolved nitrate and organic forms of N. The
magnitude of these N loss pathways will largely be determined
by system characteristics such as livestock management and
housing, N fertiliser rates and timing, soil conditions, urinary
N loads, and manure collection and application practices (Jarvis
et al. 2011). Particular management strategies are often directed
to reduce N losses in particular forms, i.e. nitrate (Ledgard et al.
2004), nitrous oxide (de Klein and Eckard 2008) and ammonia
(Hristov et al. 2011), and while these may assist in meeting
particular environmental targets, they may also result in
pollution ‘swapping’ (Stevens and Quinton 2008), i.e. a
decrease in one loss pathway may increase another. This is
particularly so when these strategies are not accompanied by
attempts to improve N-use efficiency. The diversity of dairy
farming systems and climatic and soil conditions experienced
in Australia, makes it difficult to make general predictions about
the forms and amounts of N losses through these different
pathways. In general, it is agreed that improved farm and
fertiliser management practices that increase the overall
utilisation of N will be the most effective method of reducing
gaseous and non-gaseous N losses without simple pollution
swapping (Jarvis et al. 2011). Consequently whole-farm N
surpluses and N-use efficiency provide a simple way to
quantify and differentiate the utilisation of N, and when
combined with information on key components of N cycling
on dairy farms can greatly assist in targeting improvements in
management (Powell et al. 2010; Gourley et al. 2012).

In contrast, whole-farmbalances and efficiencies of P,K andS
are not as useful unless they are also considered in combination
with existing soil fertility levels, the potential for accumulation
or depletion and potential environmental impacts. Moreover,
the cycling of P, K, S and N will be spatially and temporally
heterogeneous within a farm, with some areas having high
nutrient surpluses due to animal excreta patterns and
differential fertiliser applications while others may be in net
deficit (Gourley et al. 2007).

While not considered as an immediate and directly
quantifiable indicator of loss, P surplus appear to be resulting
in increased soil P levels on Australian dairy farms, often well
above agronomic levels (Gourley et al. 2010; Weaver andWong
2011), which pose an increased risk of greater P losses in
surface water (Sharpley 1995). In general, dairy farms that did
not apply P fertiliser in any form had lower surpluses and higher
P-use efficiencies. There were a small number of farms with
whole-farm P deficits, indicated a net removal of P, presumably
largely from the soil. This appears to be warranted in some
systems where existing soil P levels are above recommended
thresholds of adequacy (Weaver and Reed 1998; Gourley et al.
2006; Weaver and Wong 2011). Staines et al. (2011) achieved P
surpluses of 0–7 kg/ha.year and P efficiencies of 89–115%
(average over 4 years) in a farmlet study when fertiliser P
was applied only to paddocks where soil tests indicated a
requirement for P fertiliser. However, P deficits may also be
potentially limiting pasture growth and milk production on
several low input farms when soil P is already below adequate
levels. As K and S losses are not usually associated with
environmental impacts, whole-farm balances are more useful
in determining potential fertiliser requirements. However,
subsequent increases in soil K levels and luxury uptake of K
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by pastures or crops can also cause serious metabolic disorders in
dairy cows such as grass tetany and milk fever (Caple 1989).

In the present study, high nutrient surpluses were generally
associated with high milk production per ha and high imports
of fertiliser and feed. However, the efficiency of nutrient use
was generally variable irrespective of milk production. While
similar ranges of surpluses and efficiencies also exist
internationally, strict regulations in parts of Europe and USA
have forced dairy farmers to improve nutrient efficiencies and
reduce whole-farm surpluses. Key management strategies have
included a reduction in, or more strategic use of, inorganic
fertilisers, optimising the use of home-produced manure,
reduced grazing time and lowering nutrient concentrations
in the ration (Oenema et al. 2011), which have resulted in
substantial reductions in N and P surpluses and increases in
use efficiencies in the Netherlands (Groot et al. 2006),
Flanders (Nevens et al. 2006), south-west England (Cherry
et al. 2012), Northern Portugal (Fangueiro et al. 2008) as well
as contrasting dairy systems in theUSA (Kohn et al. 1997; Jonker
et al. 2002).

Improvements in nutrient-use efficiency should also be
expected on Australian dairy farms. For example, while we
found that MPhg increased with increasing N fertiliser inputs
(Fig. 3a), there was a high degree of variation around the
effectiveness of N fertiliser applications. Although factors
outside of management control, such as climate and soil
characteristics, will undoubtedly be influencing the efficiency
of N use by pastures and crops, there is likely to be further
improvements through better management of applied N
(McKenzie et al. 2003b). The potential milk production
benefits of applying P, K and S fertilisers should also be
strongly scrutinised as limited milk production gains appear to
result from further fertiliser inputs. This in large part may be
explained by the generally high levels of soil P,K andSmeasured
on these dairy farms (Gourley et al. 2010), suggesting that soil P,
K and S reserves can be utilised for a period of time without a
resulting decline in milk production. Levels of soil P in excess of
agronomic requirements have also been reported recently in a
range of agricultural industries across Australia (Simpson et al.
2011; Weaver and Wong 2011).

As a result of the common practice of year-round grazing, a
much smaller proportion of dairy manure is usually collected in
Australia than from housing systems overseas (Gourley et al.
2012) and generally from concreted areas such as the dairy
parlour, holding yards and feed pads. Collected manure in
grazing-based systems is more frequently applied to readily
accessible paddocks adjacent to the holding dams (Gourley
et al. 2007) and as cow numbers and reliance on manual
feeding systems increase, continued poor redistribution of
collected manure has the potential to result in greater nutrient
losses in the future. Consequently, further investment in
collection, storage and redistribution systems may be required
to overcome current and future inefficiencies in the recycling of
manure nutrients.

Improving nutrient intakes and reducing the concentration
of excreted nutrients may be more difficult on grazing-based
dairy farms, particularly when pasture comprises the majority
of the diet. Nutrient intakes in pasture can vary significantly
between farms and seasons, and excess levels of dietary N, P

and K intake are common, particularly during spring (Jacobs
and Rigby 1999) due to regular use of fertilisers to optimise
milk production and the application of dairy effluent.
McKenzie et al. (2003c) found in Victorian dairy pastures that
increasing rates of N fertiliser consistently elevated whole
sward CP content, with this effect still evident 3 months after
the last N application. Better balanced diets can result from
improved selections of imported feeds. For example, the use
of by-products such as brewer’s grain has the potential to increase
nutrient concentrations in the diet, while in contrast, the use
of concentrates and cereal andmaize silage presents opportunities
to better balance energy and CP levels in dairy feeds.

Conclusions and recommendations

Despite a lack of regulatory policy approaches to deal with
diffuse pollution from agriculture in Australia, the need for
ongoing productivity improvements, and the increasingly
stringent environmental standards of international markets,
justifies the need for reductions in nutrient surpluses and
increased nutrient-use efficiency on Australian dairy farms.

Our data suggest that increasing milk production per ha will
increase nutrient surpluses at the farm scale and consequently
increase the risk of adverse environmental impacts from
Australian dairy farms. Consequently, simple and effective
assessment methods are needed to understand the potential
efficiency of nutrient use in Australian dairy systems and to set
realistic goals for improved nutrient balances and efficiencies.
Information relating towhole-farm nutrient balances continues to
be well received by farmers and policy makers internationally,
due to the relative accessibility of information used and ability
to integrate farm-based information into simple and easy to
understand outputs. A similar approach appears well justified
for the Australian dairy industry. At the farm level, the greater
use of nutrient balances will enable more targeted mitigation
strategies, improving both profitability and environmental
outcomes. At the industry and government level, industry wide
nutrient balances will provide an evidence-based approach to
improved environmental standards and help shape strategic
policy directions.

Further research is needed to better quantify the
environmental, productivity and economic gains from
improved on-farm practices which capture more nutrients in
milk production. This information can then be used to develop
and apply recommendations that have a greater probability of
being implemented on commercial dairy farms.
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