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Abstract

Reduced N-surpluses in dairy farming is a strategy to reduce the
environmental pollution from this production. This study was designed to
analyse the important variables influencing nitrogen (N) surplus per hectare
and per unit of N in produce for dairy farms and dairy systems across 10
certified organic and 10 conventional commercial dairy farms in Mgre og
Romsdal County, Norway, between 2010 and 2012. The N-surplus per
hectare was calculated as N-input (net N-purchase and inputs from
biological N-fixation, atmospheric deposition and free rangeland) minus N
in produce (sold milk and meat gain), and the N-surplus per unit of N-
produce as N-input / divided by N in produce. On average, the organic
farms produced milk and meat with lower N-surplus per hectare (88 + 25 kg
N-hal) than did conventional farms (220 + 56 kg N-ha?). Also, the N-
surplus per unit of N-produce was on average lower on organic than on
conventional farms, 4.2 + 1.2 kg N-kg Nt and 6.3 + 0.9 kg N-kg N,
respectively. All farms included both fully-cultivated land and native
grassland. N-surplus was found to be higher on the fully cultivated land than
on native grassland. N-fertilisers (43 %) and concentrates (30 %) accounted
for most of the N input on conventional farms. On organic farms, biological
N- fixation and concentrates contributed to 32 % and 36 % of the N-input
(43 + 18 N-kg Nt and 48 + 11 N-kg N1), respectively. An increase in N-

input per hectare increased the amount of N-produce in milk and meat per
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hectare, but, on average for all farms, only 11 % of the N-input was utilised
as N-output; however, the N-surplus per unit of N in produce (delivered
milk and meat gain) was not correlated to total N-input. This surplus was
calculated for the dairy system, which also included the N-surplus on the
off-farm area. Only 16 % and 18 % of this surplus on conventional and
organic farms, respectively, was attributed to surplus derived from off-farm
production of purchased feed and animals. Since the dairy farm area of
conventional and organic farms comprised 52 % and 60 % of the dairy
system area, respectively, it is crucial to relate production not only to dairy
farm area but also to the dairy system area. On conventional dairy farms, the
N-surplus per unit of N in produce decreased with increasing milk yield per
cow. Organic farms tended to have lower N-surpluses than conventional
farms with no correlation between the milk yield and the N-surplus. For
both dairy farm and dairy system area, N-surpluses increased with
increasing use of fertilizer N per hectare, biological N- fixation, imported
concentrates and roughages and decreased with higher production per area.
This highlights the importance of good agronomy that well utilize available

nitrogen.
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Efficiency; N-surplus; N-balance; nitrogen intensity; meat; milk
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1 Introduction

Livestock accounts for approximately 34 % of human protein supply
worldwide (Schader et al., 2015); however, N losses from the livestock
sector also contributes to local- and global-scale environmental pollution
(Steinfeld et al., 2006). Nitrogen, in particular, contributes to both
eutrophication and greenhouse gas emissions. Reducing N-losses is a
strategy designed to address these problems and represents an important
approach for improving efficiency and productivity in agriculture (Gerber et
al., 2013). Depending on the chosen system boundaries, the environmental
impact of N can be assessed in relation to unit of product or hectare of
agricultural area used, which can include only the farm or the entire system
area (Halberg et al., 2005; Oudshoorn et al., 2011).

In the last 20 years, many studies on N-balances, N-efficiencies, and life
cycle assessments have been performed on dairy farming in Europe. Some
of these studies have compared organic and conventional farms (Cederberg
and Flysjo, 2004; Cederberg and Mattsson, 2000; Dalgaard et al., 1998;
Haas et al., 2001; Nielsen and Kristensen, 2005; Thomassen et al., 2008;
Werf et al., 2009) and have found differences in N-efficiencies, which were
invariably higher on organic farms than on conventional farms.

In this study, we aimed to determine the most important variables that
influence the N-surplus per hectare and per produced unit, for organic and

conventional commercial dairy farms at both the dairy farm and dairy
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system level. N-surplus per hectare at the farm level and N-surplus per
produced unit at the dairy system level were considered as the main nitrogen
indicators (Bleken et al., 2005). In the dairy system, all the N-inputs for the
off-farm production of feed and heifers were also included. The amount of
nitrogen used in inputs for the production of 1 kg of N for human
consumption (Bleken et al., 2005) was used to identify how well the
different inputs are utilised.

At the dairy farm level, we also calculated the N-surpluses per hectare for
fully-cultivated land, as well as for native grassland. Local effects can be
expressed as impact per hectare and global effects as impact per product
(Haas et al., 2000), with N-surplus per hectare being closely related to
nitrate leaching to groundwater (Verloop et al., 2006). On the basis of the
studies by Thomassen et al. (2008), Huysveld et al. (2015), and Marton et
al. (2016), we propose the hypothesis that when evaluating the utilization of
nitrogen and the area demand for producing milk, it is crucial to take into

consideration not only the dairy farm but also the entire dairy system area.

2 Materials and Methods

2.1 Location and farms

Data were collected from 10 certified organic and 10 conventional
commercial dairy farms in the county of Mgre og Romsdal, central Norway,
between 2010 and 2012. This county is mainly located in a coastal area at

approximately 63°N and is characterised by a considerably humid climate.
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The annual precipitation varies from 1,000 to 2,000 mm and is fairly evenly
distributed throughout the year, with the highest amounts falling in coastal
areas (Dannevig, 2009). The farmlands are spread from the coast to the
valleys further inland. In January, the mean temperature near the coast and
in the valleys is 2 °C and -5 °C, respectively, whereas in July, the
corresponding temperatures are 14 °C and 15 °C, respectively. The selected
farms differed in dairy cow numbers, milking yield, farm area per cow,
fertilisation, and forage to concentrate ratio, which reflect the variations
across the county (Table 1).

The grazing period for dairy cows and heifers is typically up to three months
and four months, respectively. They graze on fully cultivated and surface-
cultivated land, native grassland, and free rangeland (Fig. 1 and 2.1.1 Farm
areas). During the indoor season, the animals are mainly fed farm-grown
roughage and imported concentrates. On cultivated areas, only grass and
grass-clover leys are grown. Cereals can be used as a cover crop when

establishing new leys and are harvested as silage.

2.1.1 Farm areas

The Norwegian Agriculture Agency distinguishes between three categories
of utilised agricultural area: fully-cultivated land, surface-cultivated land,
and native grassland (Fig. 1). On fully-cultivated land, ploughing, use of
manure and mineral fertilisers, and harvesting with machines are all

possible, and thus high yields are achieved. On surface-cultivated land,
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ploughing is not possible, and yields are lower than those on cultivated
lands. Native grassland can only be used for grazing and has the lowest
yields among the three categories. Because of the differences in potential
management practices and yields in these three area categories, we weighted
the farm area by multiplying the fully cultivated land by 1, the surface-
cultivated land by 0.6, and the native grassland by 0.3. The weighting of
surface-cultivated land followed the guidelines of the Norwegian
Agricultural Authority (2011); the factor for native grassland was set to
represent an average of the potential grazing (Rekdal, 2008; Samuelsen,
2004). Only some farms had surface-cultivated land and the contribution to
the entire dairy farm area was less than 1 %. When we refer to areas without
weighting, we mention these areas as cartographic area.

In addition to their own land, most farms have access to free rangeland,
which consists mainly of native woodland or alpine vegetation and can only
be used for grazing. Thus, the free rangeland is a part of the dairy farm, but
not a part of the defined dairy farm area. To indicate the contribution of this
land to the feed supply, we calculated the energy uptake on free rangeland

as a proportion of the entire feed uptake (Table 1).



149
150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

Fully cultivated Surface Native <:> Free rangeland
land cultivated land  grassland (FR)
| J
1

0ff-f?(r)r:)area — Dairy farm (DF)
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Fig. 1. Different categories of areas for the dairy farm and dairy system.

2.1.2 Choice of system boundaries and functional unit

We identified two system levels as indicated by Bleken et al. (2005): the
dairy farm and dairy system. The latter includes areas used to raise
purchased calves and heifers and to produce purchased fodder outside the
farm, and was designated off-farm area. Such areas can be located in the
vicinity of the farm, in other parts of the country, or in other countries. In
this study, only farms with dairy production as their main enterprise were
selected. However, several farms had some non-dairy animals (sheep or
horses), or they sold roughage; the area and nutrients used for this were not
included as part of the dairy farm (DF).

The N-produce is defined as the nitrogen in sold milk and in meat gain. To
calculate the nitrogen content of milk and meat, we divided the protein
content of the farms’ milk by a conversion factor of 6.38 for milk and 6.25

for meat (FAO, 1986). For cattle, on average, 2.4 % of live weight was
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estimated to be N (Andrew et al., 1994). This value was multiplied by 53 %
of live weight (Olesen et al., 1999) to obtain an estimate of the amount of N
in lean tissues in the carcass and edible by-products (Bleken and Bakken,
1997), which we refer to as N in meat in this article.

The functional unit used in this study for human consumption in terms of
milk and meat gain is 1.0 kg N, which corresponds to approximately 193 kg
milk with 3.3 % protein or approximately 30 kg of meat with 21 % protein.
To compare milk from different farms based on its energy content, the
amount of milk mass was standardized to a kilogram of energy-corrected
milk (ECM) (Sjaunja et al., 1991) based on the fat and protein content of
milk on each farm. The method of dealing with co-products (in our case,
livestock increment) influences the results (Cederberg and Stadig, 2003;
Kraatz, 2009). In the life assessment analysis, we used system expansion
rather than allocation.

The farmers in our study sold milk and animals for slaughter or as live
animals. Some farms enlarged their herd during the study period, retaining
the calves that otherwise could have been sold. To account for this strategy,
we used weight gain for the herd instead of the weight of sold animals. To
calculate the weight increase of the dairy herd, we multiplied the animal
days in each feeding group by the expected average daily weight gain for

the group (Table 2; Olesen et al., 1999).
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2.1.3 Calculation of N-surpluses

We calculated the farm-gate N-surplus of purchased N as the difference
between bought inputs (net purchase) and N-produce (sold milk and meat
gain), with all products calculated in terms of kilogram N per hectare. The
farm-gate N-surplus included also N-input from Biological Nitrogen-
fixation (BNF) on fully cultivated land and atmospheric N-deposition
deposition on the dairy farm area.

Because nearly all purchased fertilizer and cattle manure, that was not
dropped by grazing, were spread on fully cultivated area, rough estimates
were made to distinguish between the N-surplus per ha on fully cultivated
land and on native grassland. Because only a negligible part of the area on
the farms was surface cultivated grassland, no calculations were done for
this area. On native grassland, N-input was assumed to mainly consist of
concentrates given to the cattle herd and atmospheric deposition, whereas on
cultivated land stored cattle manure, purchased fertilizer and BNF were
additional N-input. The share of the weighted farm area of respectively
fully cultivated area and native- grassland were used to roughly estimate
share of concentrates used, and the milk and meat gain from these two types
of farm area. The amount of concentrates used and production of milk and
meat gain on grassland, was estimated on basis of grazing days on these

areas.

10
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Unfortunately, we did not have data available to calculate field level
nitrogen balances as N-input (fertilizer, manure and N-fixation) minus
harvested N, neither for the whole farm area nor for the different area types.
Our estimates are therefore rough and do not give an exact figure of the N-
surplus of the given area.

The N-surplus of the dairy system is defined as the total net N-input to the
dairy farm plus the N-surplus at the site of production of imported feed
minus N-produce. N-surplus per unit of N-produce is the total N-surplus of
the dairy system divided by N-produce.

The N-surplus from off-farm roughage-producing area, including
atmospheric N deposition and N-fixation by clover, was estimated to be 80
kg N-ha* for conventional farms and 0 kg N-ha* for organic farms, based
on local field trials, fertilisation data, and information from the local
extension service. Roughage is normally purchased from stockless farms
with no or low input of animal manure, and thus N-surpluses are lower than
those on dairy farms. In this study, the area needed for the production of
purchased roughage was estimated assuming the average yield as harvested
on the farms (4,200 kg DM-ha'* for conventional farms and 2,940 kg
DM-ha! for organic farms). The off-farm area needed (ha) was multiplied
by the estimated N-surplus (kg N-ha) to obtain the N-surplus from off-

farm roughage production.

11
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The further approach for calculating the N-surpluses for conventional and
organic production of the ingredients in concentrates is described by
Koesling (2017).

The N-surplus associated with raising bought animals off-farm was
calculated by multiplying the estimated surplus per kg N in produce,
allocated to weight gain, with the nitrogen content of live weight in bought
animals. This surplus estimate was based on the results from the farms in
the present study and calculated as the average of the conventional or
organic dairy farms, respectively. The off- farm area associated with rearing
bought animals was calculated by multiplying the estimated N-intensity on
off-farm area associated with rearing bought animals on a farm with the
average area needed on the dairy farm and off -farm for plant production to
produce 1 kg N in produce, using separate averages for the group of
conventional or organic dairy farms in the study, respectively.

The N-surpluses (kg N) derived from growing off-farm roughage and
concentrates, and raising purchased animals, were summed and then divided
by the dairy farm area to yield the N-surplus for off-farm area (lg).

Nitrogen intake on free rangeland was calculated based on feed energy
demand, divided by the energy content (0.85 FEm-kg* DM) and multiplied

by the estimated N content for free rangeland (0.011 kg N-kg™* DMY).

! Gustav Fystro personal communication, based on findings from previous investigations.

12



248  2.1.4 Farm data and sources

249  Data from the 20 farms were collected between 2010 and 2012, and the
250  average annual values per farm were used to reduce the influence of weather
251  variations. Farm visits were used to introduce the data collection forms to
252  farmers and to prepare farm maps. Each year, data were collected after

253  spring cultivation, first and second cut, and after the growing season. The
254  information collected included farm area, livestock numbers, milk yield,
255  purchased and sold livestock, number of grazing days on different areas,
256  amount and type of purchased concentrates, bedding material, fertilisers,
257  pesticides, and import and export of roughage and manure. Other

258 information, such as tillage operation and silage yields, was also registered.
259  Farmers also estimated the percentage of clover in grass-clover mixtures
260  before the first and second cuts. Photographs of grassland for which the
261  proportion of clover had been determined were used to improve estimates.
262  The farmers registered the number of animals within each group, grazing
263  area, and grazing period. Farmers reported whether the dairy cows were on
264  the grazing area day and night or only during daytime between milking

265  periods. Changes in stock for each calendar year were also recorded. Details
266  of seeds and medicines were excluded because of their low relevance to the
267  present study (Cederberg and Mattsson, 2000). The amount of atmospheric
268 N deposition was calculated by multiplying the regional average of annual

269  atmospheric N deposition (Aas et al., 2011), 2.94 kg N-ha, with the total
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area of the farm. Therefore, the atmospheric N deposition per weighted
dairy farm hectare (Table 2) was larger than the deposit in each area of
farmland. The process used to estimate N-fixation is explained later.
Production of N in milk and meat gain on free rangeland was calculated and
shown separately as input to the farm. Only one of the 20 farms had no
access to free rangeland.

In order to estimate the amount of purchased N, we used the declaration of
contents when available, or a standard nutrient content (NORS@K, 2001).
For concentrates, we used the specific formulations for the different
concentrates given by the Norwegian Agricultural Purchasing and
Marketing Cooperation. The average N concentration in farm silage was
estimated based on near infrared spectroscopy analysis of 12 silage samples
on each farm (three fields, two harvests, two years). The average values for
organic or conventional farms were used as the estimates for the N-content

in imported silage.

Table 1

Characteristics of the dairy farms

Standard Standard
Parameters Units? Conventional deviation Organic deviation
Number of farms n 10 10
Dairy farm area (DF); weighted® ha 31.1 19.6 36.5 26.3
Fully cultivated land ha 26.8 13.6 33.0 23.7
Surface-cultivated land ha 0.3 0.4 0.2 0.5
Native grassland ha 13.6 22.7 11.3 14.7
Estimated utilized dry matter (DM) yield DF  t DM-ha! 3.5 0.9 2.7 0.6

14
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289

290
291

Cows per farme¢

Live weight milking cow
Milk yield per milking cow
Milk delivered per DF area
Milk fat

Milk protein

Replacement rate

cows-farm-!
Kg

t ECM-cow™!
t ECM-hat
%

%

%

29.5
570

8.3
7.2
4.09
3.39
414

16.4
40

0.7
2.2
0.25
0.08
10.0

29.4
545

6.0
4.6
3.89
3.28
33.6

17.3
75

1.2
1.1
0.22
0.12
8.0

a Units of parameters are given. Numbers for participating farms are the means for average of calendar years 2010-

12 with standard deviation.

b Weighted area = Fully cultivated land + 0.6 Surface-cultivated land + 0.3 Native grassland

¢ The number of cows per year is defined as the number of cows per 365 days, independent of live weight.

Table 2

Energy demand for cattle and energy concentration in feed

Energy demand/day

Average daily weight

Energy content

gain
Norwegian Red conventional organic
FEm-(kg milk)®  FEm" kg-animal*! FEm-(kg DM)! FEm:(kg DM)*
milking cows?
maintenance 5.10°
milk yield [kg-day!] < 20 0.44b
20-30 0.45b
>30 0.47°
dry cows? 6.60°
calves < 6 month 2,220 0.6°
calves 6-12 month 3.85b 0.6°
bulls > 12 month 6.53b 0.9°
heifers 12-18 month 4.49b 0.6°
heifers > 18 month 5.38b 0.6°
On-farm roughage (average for group) 0.86¢ 0.83¢
Concentrates (average for group) 0.91d 0.88¢
Grazing farm area 0.90¢ 0.90¢
Grazing free rangeland 0.85¢ 0.85¢

15
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2 Values for 580 kg liveweight (Norwegian Red). To adjust for other liveweight, we multiplied the
demand of FEm-day by the average liveweight of cows on farm [kg] and divided this value by 580
[ka].

® Olesen et al., 1999.

¢ Calculated on feed samples from farm.

d Calculated on declaration from concentrates, purchased by a group.

¢ Based on results from earlier grazing trials and investigations in outlying fields (Gustav Fystro
personal communication).

fFEm is defined as the net energy of 1 kg barley and corresponds to 6.9 MJ.

2.1.5 Nitrogen fixation and atmospheric deposition

The BNF on harvested and grazed farm area was calculated as follows:

BNF = (DMtac + DMgg) x Cl % x N % x Prix %, (1)
where
DMrac total above-ground DM [Kkg] is estimated as the harvested

yield multiplied by 1.4. The harvested yield is estimated from
the assumed feed demand for the production of milk and
meat gain on the dairy farm. We assumed that the intake
corresponded to the calculated feed demand. The feed
demand from harvested roughage was calculated as total
energy demand minus the energy taken up from purchased
feed, grazing on free rangeland and on-farm and assuming
40% losses from harvest to feed uptake. Further description is
given by Koesling (2017).

DMgac below-ground DM = DMrac % 0.5 [kg]. This value is in line

with the IPCC (Paustian et al., 2006)
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Cl% percentage of clover in grass-clover yield

N % 3 % N-content, according to Hagh-Jensen et al. (2004) and in
line with the findings of Hansen et al. (2014).

Prix % 95 %. Percentage of N in plants calculated using BNF. We
used a high value (Hggh-Jensen et al., 2004), because the
farms with a higher proportion of clover had a low

fertilisation rate.

As the calculation of BNF is based on different assumptions and
information from the farms, it has an inherent degree of uncertainty. To
investigate if there were still significant differences in N-surpluses between
conventional and organic farms (Table 4) if the values for BNF were 20 %
lower or higher, all results were recalculated and new t-tests were
conducted. Lower values for N-fixation did slightly increase the difference
in N-surpluses between conventional and organic farms. When the
estimated N-fixation was increased by 20%, difference in N-surplus per ha

DF were reduced from a significant level of below 0.001 to below 0.01.

2.2 Statistics

The factors contributing most to N-surplus and the correlations among them
were determined by calculating the correlation matrices for 60 variables
describing the farm, dairy herd, and plant production. The results were used

to preselect variables used in regression analysis, and the most interesting
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variables for inclusion in the model were selected in a stepwise manner by
using forward regression. For statistical analysis and for t-tests, R? software
was used in combination with RStudio®.

For descriptive statistics, such as means and standard deviations, and
production of figures, Microsoft® Excel® 2013 was used.

To analyse the independent variables that influenced N-surpluses and the
correlations among them, correlation matrices were calculated. The
variables tested (n = 80) represent general information about the farms (area
and number of animals), the number of working hours, economic results,
dairy production, plant production, imports, calculated N-surpluses, and
numbers in relation to the dairy farm and dairy system. The variables were
selected based on the results in the literature. The correlation matrices were
used to preselect the variables for regression to identify key variables
influencing the N-surpluses calculated on N-purchase and all N-inputs

response variables for each farm.

3 Results

3.1 Expanding from the dairy farm scale to the dairy system scale
Although the average farm area of the conventional and organic farms was
approximately the same (ca. 60 ha), there were large variations within each

of the two modes of production. On average, however, conventional farms

2 R®, version 3.2.4; www.r-project.org
3 RStudio®, version 0.99.893; www.rstudio.com
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used more off-farm area (approximately 48 % of the DF area) than did the
organic farms (approximately 40 %; Table 3). We used the proportion of
energy in the feed obtained from grazing on free rangeland as a proxy for
cultivated land that would have been needed if a farm did not have any
access to free rangeland. The averages for the two groups were comparable,
at 6 % and 8 % for conventional and organic farms, respectively (Table 3).
There was however, a large variation among the farms in each group.
Because of the slightly lower stocking rate on organic farms (Table 3) and
lower milk yield per cow (Table 1), the milk yield per area of organic DF
was only 64 % of that achieved on conventional farms. However, taking
into consideration the area of the entire dairy system improved the
performance of the organic farms to 76 % of the milk yield per area
obtained on conventional farms. Therefore, compared with conventional
farms, organic production needed 62 % more on-farm land, to produce a
litre of milk, but only 36 % more dairy system (DS) land. Again, however,
the variation within the two groups was very large (Table 3).

On all farms, there were an N-surplus per hectare (Table 4, Fig. 2). The
calculated surpluses were, nevertheless, significantly lower on organic dairy

farms than on conventional farms.

Table 3

19
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Total area and indicators of dairy farm (DF) and of the whole dairy system (DS)

Standard Standard
Parameters Units? Conventional  deviation Organic deviation
Dairy farm area (DF); weighted ha 31.1 19.6 36.5 26.3
Dairy system area (DS) ha 60.5 36.8 62.8 48.0
Share DF area of DS % 52.1 8.5 60.4 6.3
Share off-farm area (OF) for bought % 44.0 79 98.2 6.3
concentrates of DS
Share OF for bought roughages of DS % 2.4 3.2 9.7 6.1
Share OF for bought animals of DS % 1.5 1.8 1.7 2.9
§hare of energy lfptake on free rangeland % 5.9 39 81 8.2
in relation to entire feed uptake
DF Stocking rate cows-ha'l 0.95 0.35 0.81 0.17
DS Stocking rate cows-ha'l 0.48 0.09 0.53 0.12
Output (milk and meat gain) on DF kg N-ha1 DF 42.5 12.1 26.4 5.7
Equivalent of milkb for N-produce on DFP kg-hal DF 8,203 2,466 5,095 1,151
Equivalent of milk for N-produce on DS kg-hal DS 4,095 654 3,033 538
DF Area per kg milk-equivalent® m2-kg1 DF 1.3 0.5 2.1 0.5
DS Area per kg milk-equivalentb m2-kg1 DF 2.5 0.5 3.4 0.6

a Units of parameters are given. Numbers for participating farms are means for the average of calendar years 2010-
12 with standard deviation.

b Calculating the equivalent for N-produce as kg milk, using Norwegian full-cream milk, sold with 3.9 % fat and 3.3 %
protein (Norwegian Food Safety Authority, 2015).

3.2 Nitrogen surplus on DF

The N-surplus per hectare was, on average, 4.5 times larger on conventional
farms than on organic farms for purchased N, and 2.5 times larger for total
N-input, in which N from BNF, atmospheric deposition, and produce on
free rangeland were included (Table 4). The lower value for the latter was
mainly because of the higher N-fixation by clover on organic farms than on
conventional farms. For both conventional and organic farms, a close

correlation was noted between N-input at the farm level and the N-surplus
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per hectare (Fig. 3). The input from N-fertilizer was the main factor
contributing to the increased N-surplus per hectare on conventional farms.
Although the surplus per unit N in produce (delivered milk and meat
produce) showed less difference between conventional and organic farms
than the surplus per hectare because of the higher production on
conventional farms, the difference was still significant. The surplus per kg N
produce in sold milk and meat gain at the farm level for purchased N (con
5.3+ 0.9 kg N-hal, org 3.4 + 1.2 kg N-ha) and total N-input (con 6.3 + 0.9
kg N-hal, org 4.2 + 1.2 kg N-ha*) was, on average, 1.55 times and 1.51
times larger, respectively, on conventional farms than on organic farms
(Table 4).

Among all inputs, the proportion of purchased inputs was 88 % on the
conventional farms and 59 % for organic farms (Table 4). Fertiliser
accounted for the largest proportion (56 %) of the purchased N-input on
conventional farms. Concentrates represented a significant proportion of the
nitrogen input, with an average amount of 93 + 36 kg N-ha™ DF and 48 + 11

kg N-ha'* DF on conventional and organic farms, respectively.

Table 4

Amount of nitrogen per dairy farm (DF) hectare in annual inputs and outputs

Conventional Organic
Index and formula average std.dev. average std.dev. t-test?
N-inputs [kg N-hat DF]

21



N-purchase dairy farm (DF)

Concentrates
Roughage
Fertiliser
Imported manure

Bought animals

Sawdust and straw
Biological N-fixation
Atmospheric N-deposition
Free rangeland, N in milk, and meat gain

Sum N-inputs DF

N-surplus on off-farm area purchased
feed

N-surplus animal prod. on off-farm area

Sum N-inputs DS

N-Produce
Delivered milk and private use
Meat gain

Sum N produce (milk and meat gain)
Net produce without production free
rangeland

Other export

Manure export
Slaughter waste

Sum other export

N-surplus per hectare

N-surplus, purchased N-inputs DF

N-surplus, all N-inputs on DF

N-surplus, all N-inputs DS

N-surplus per produce

log
Iy
Ic
la

IpF=Sla+ Ip+ Ic+ 1a

In

Ips =1Ipr+1Ig+ In

Prmiik
Pmeat = Weight gain x 0.53

P = Pumilk + Pmeat

nP=P-1I4

Oa
O» = Weight gain x 0.47
0

By=1s-P-0

Bpr=1Ipr-P-0

Bps=1Ips-P-0
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234.54 67.72 68.61 19.06
93.14 36.19 47.79 11.28
6.18 9.18 11.34 7.10
131.14 33.01 3.29 9.88
2.87 8.60 4.51 7.27
0.57 0.68 0.49 0.84
0.65 0.95 1.19 1.44
26.55 22.73 42.97 17.93
3.75 0.71 3.58 0.50
1.62 1.48 1.35 1.67
266.47 92.64 116.51 39.15
39.16 16.15 17.65 4.57
1.88 2.25 1.07 1.84
307.51 81.42 135.23 27.22
[kg N-ha1 DF]
38.47 11.35 23.74 5.86
4.03 1.18 2.66 0.51
42.50 12.12 26.40 5.66
40.88 11.54 25.05 6.52
0.23 0.68 0.00 0.00
3.58 1.04 2.36 0.45
3.80 1.27 2.36 0.45
[kg N-ha-! DF]
191.81 58.13 42.21 17.78
220.16 55.72 87.75 25.47
[kg N-hat DS]
130.47 17.12 62.31 14.64
[kg N-(kg N)1]

* %

* %

* % %k

* %

* %

* %

* %k

n.s.

* %

k% k

* % %k

kkk



412
413
414
415
416

417

418

419

420

421

422

423

424

425

426
427
428

N-surplus, all N-inputs DF per N-produce  Spr = Bpr/ P 5.33 0.90 3.45 1.21 ok
N-surplus, all N-inputs DS per N-produce  Sps = Bps/ P 6.28 0.93 4.16 1.21 *Ax
N-efficiencies (kg N-(kg N)]

N-efficiency purchase DF Ewa=P [/ (la- Oa) 0.18 0.04 0.39 0.09 ok
N-efficiency DF Epr=P [ (Ipr- Oa) 0.16 0.02 0.24 0.06 *k
N-efficiency DS Eps =P / (Ips- Oa) 0.14 0.02 0.20 0.04 *hx
N-input per kg N-produce (kg N-(kg N)"]

N-intensity on purchase DF Na=(la-0q) / P 5.67 111 2.65 0.74 ok
N-intensity on all inputs DF Npr = (Ipr- Oa) / P 6.42 0.91 4.55 1.22 o
N-intensity on all inputs DS Nbps = (Ips- Oq) /| P 7.38 0.97 5.26 1.21 Rk

Average values and standard deviations are shown for the groups of conventional
and organic farms. For surpluses per hectare (B), surpluses per produce (S), and N-
efficiencies (N), the formulas are given.

significant at level *** < 0.001; ** < 0.01; * < 0.05

3.3 Nitrogen surplus per hectare on the different dairy farm areas
The fully cultivated area and the native grassland on farms were fertilized
very differently. The N-input for fully cultivated land was considerably
higher than that on the native grassland (Table 5). Since only a part of the
N-input was utilized, the N-surplus for fully cultivated land was also
considerably higher than that for native grassland. All the average estimated
surpluses for fully cultivated land presented in Table 5 are higher than those

for the dairy farm area in Table 4.

Table 5
Estimated amount of annual nitrogen inputs and outputs per hectare on different

cartographic dairy farm areas
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429
430
431
432
433

Conventional Organic
Index and formulab average std.dev. average std.dev. t-test?
[kg N-hacartographic area]
N-purchase dairy farm (DF) I = i I
a~ an
n=a

Fully cultivated land 272 118 76 25 Hkx
Native grassland 21 15 16 15 n.s
Biological N-fixation Ip
Fully cultivated land 28 24 47 20 n.s
Native grassland 0 0 0 0 n.s
Atmospheric N-deposition Ic
Equal for all land 3 0 3 0 n.s
N-Produce (milk and meat gain) P = Pk + Pmeat [kg N-halcartographic area]
Fully cultivated land 46 16 27 9 =
Native grassland 11 6 9 9 n.s
N-surplus [kg N-halcartographic area]
Surplus, purchased N-inputs DF By=1a-P-0
Fully cultivated land 225 103 49 22 *EK
Native grassland 12 117 7 7 n.s
Surplus, all N-inputs on DF Bpr=1Ipr-P-0
Fully cultivated land 252 95 96 30 Hokk
Native grassland 14 10 10 7 n.s

Average values and standard deviations are shown for the groups of conventional

and organic farms.

2 significant at level *** < 0.001; ** < 0.01; *< 0.05

®indexes and formulas are given in Table 4

24



434

435

436

437

438

439

440

441

442

443

444

445
446

3.4 Nitrogen surplus on DS

The ratio of all N-inputs/N in produce was 7.4 and 5.3 for conventional and

for organic farms. High inputs on the organic farms is mainly because of the

higher N-fixation by clover and use of concentrates. The N-surplus per

hectare was higher on the dairy farms than on the off-farm areas, because

off-farm area is mainly on farms without animals, where N-inputs are

generally lower than found on the dairy farms. The contribution of the off-

farm N-surplus to the total N-surplus on DS was not significantly different

between the two modes of production, and was, on average, only 14 % and

15 % for conventional and organic production, respectively.
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Fig. 2. Nitrogen amount by input per kilogram N in produce (milk and meat gain,
left axis) on conventional (con) and organic (org) farms. The legend shows the
inputs and their grouping. The farms are sorted by increasing total N-input per kg
N in produce. Beneath the table, the annual milk yield per cow for each farm is

shown as metric ton ECM-cow-year. (For indices and calculations, see Table 4.)

Organic farms had milk yields of between 3.0 and 8.4 metric ton ECM-cow
L.year? (Fig. 3). The conventional farm with the lowest ratio N-input/N-
produce (3.5) had a milk yield above the average and an N-fixation per
hectare (63 kg N-ha* DF), which was more than twice the average of that
on conventional farms (27 kg N-ha* DF), and used the lowest amount of
fertiliser (75 kg N-ha* DF) among the conventional farms. Some farms
utilised more feed from free rangeland. This N-input from free rangeland
contributed to the N-produce without increasing N-purchased.

Increased N-input in the dairy system (Ips) increased N-output of the
delivered milk and meat gain (P) on conventional farms (R? = 0.77; Fig. 3).
On conventional farms, the amounts of all N-inputs (Ips) and N-purchase
(1) were found to be highly correlated (. = (0.97 Ips) - 22.80; R? = 0.89).
For both conventional and organic farms, a significant trend of increased N-
surplus per hectare (balance) with increasing N-inputs (Ior) was noted.
However, no correlation was found between increased N-inputs (Ips) and N-

surplus per unit of N-produce for the dairy system (Sps).
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Fig. 3. Nitrogen in produce (milk and meat gain), N-purchase (left axis), and N-
surplus per produce for the dairy system (Sps; right vertical axis) versus the total

N-input per hectare on the dairy farms. con: conventional; org: organic.

The average N-surplus per unit of N-produce (Sps) on the conventional

farms, was approximately 1.5 of that on the organic farms (Table 4).

3.5 Variables influencing N-surpluses

The N-surpluses per unit of N-produce on dairy farm (Eq. 2) and dairy
system level (Eq. 3) could be described by four variables in a regression for
all 20 farms: imported fertiliser (lac), BNF (Ip), imported feed (laa + lab), and

the produce (P) of milk and meat gain for both farm and system level. The
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negative sign for produce of milk and meat indicates that an increased

production per area in lower N-surpluses in produce.

Sor = 4.941 + 0.031-1ac + 0.034-lp + 0.029-(laa + lab) — 0.175-P )
R2=0.91, P < 0.001
Sbs = 5.624 + 0.032-lc + 0.033-1p + 0.033-(laa + lan) — 0.182:P (3)

R?2=0.91, P <0.001

There were only small differences in the effect of the different variables
between DF and DS; however, intercept for DS was higher than that for DF.
This difference can be attributed to differences in N-input, which in DS, in
contrast to DF, also includes the N-surplus from production of imported
feed and bought animals.

For the group of conventional farms, a high coefficient of determination was

obtained, owing only N in fertilizers (lac) and N in produce (Eq. (4) and (5)).

SoF = 5.561 + 0.0211ac — 0.069-P 4)
R2 = 0.87, P < 0.001
Sbs = 5.954 + 0.024-1 — 0.066:P (5)

R?2=0.86, P < 0.01
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On organic farms, The N-surpluses per unit of N-produce were mainly
influenced by BNF (ly), imported feed (laa + lab) and N in produce (Eq. (6)

and (7)).

Sor =2.751 + 0.044-1p + 0.098-(laa + lan) — 0.260-P (6)
R?=0.95, P < 0.001
Sps = 3.554 + 0.0411p + 0.103-(laa + lap) — 0.271-P (7)

R2=0.95, P <0.001

On conventional farms, the N-surplus per unit of N-produce (Sps) decreased

with increasing milk yield per cow (Fig. 4; R? = 0.44, P < 0.01), whereas on

organic farms, the Sps was not influenced by the milk yield.
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Fig. 4. Nitrogen surplus per unit of produce (Sps, vertical axis) versus annual milk
yield per cow (metric ton ECM-cow-year?) for conventional and organic farms: the
average for each group with linear regression for conventional farms. (For indices

and calculations, see Table 2)

4 Discussion

Analysing the nitrogen utilisation on 20 dairy farms in regard to the dairy
farm and the entire dairy system area, we found within each of the two
groups of farms a high variation of production and nitrogen utilisation.
Despite this, it is possible to make general statements (albeit simplifications)
on the benefits of conventional and organic modes of production.
Conventional farms were found to have a higher production of milk and

meat per farm, which is in line with the results of a study by Ponti et al.
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530  (2012) in Northern Europe. When comparing milk production per area, we
531  found that identifying the area used for the calculation, i.e., dairy farm or
532  dairy system area, is important, which is a point also highlighted by

533  Thomassen et al. (2008) and Marton et al. (2016). On organic farms, the
534  produce related to dairy farm area corresponded to 5,100 + 1,200 kg

535  milk-ha* (Table 3), which is 64 % of the amount produced on conventional
536  farms (8,200 + 2500 kg-ha* DF).

537  When the entire area of the DS used for feed production is considered, the
538  production on organic farms corresponded to 3,000 + 50 kg-ha* DS, or 76
539 % of that on conventional farms (4,100 + 700 kg-ha* DS; Table 3). This
540 indicates that including the area of the entire DS is important when

541  comparing area productivity. Having said this, however, the data obtained
542  for off-farm yields tend to be more uncertain than those obtained for dairy
543  farm yields. In regard of embodied energy, Koesling (2017) found that
544  grazing reduced the overall use of energy, but for nitrogen, no such

545  connection could be found.

546 4.1 N-surpluses of DF

547  Although there is international interest in increased milk production on an
548  area basis, such an increase is often associated with a risk of decreasing N-
549  recovery and increasing N-losses (Stott and Gourley, 2016). It is therefore
550  not surprising that the higher production on conventional farms in this study

551  can be attributed to the larger amounts of purchased N, which resulted in
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higher N-surpluses per hectare farm area and per unit produced, than on
organic farms (Table 4). Such high N-surpluses are found to represent high
costs for society (Sutton et al., 2011). Feeding a high proportion of
concentrates and importing most of the protein-rich ingredients have
contributed to Norway’s ranking among the top 10 worldwide net importers
of N per capita (Oita et al., 2016, supplementary material).

In addition to the fact that high N-surpluses are responsible for the
significant emissions of reactive N, the excessive use of N-fertilizers also
needs to be constrained for other reasons. Producing N-fertilizers requires
energy, and the purchase of N-fertilizers has a significant impact on the total
energy use on conventional farms (Koesling, 2017). Nitrous oxide (N20) is
not only emitted from fertilized fields but also from the production of N-
fertilizers (Nemecek and Kagi, 2007).

On conventional farms, the input of N-fertiliser was shown to be highly
positively correlated with increased N-surplus on the dairy farm scale
(Table 4). Surprisingly, regression analysis showed no significant positive
effect of increased use of N-fertiliser on the estimated DM yield per DF
area. This finding and the high N-surplus per ha and per produced unit
raises the question as to whether many conventional farmers not only use
purchased N-fertilisers to increase yields, but also as an insurance to grant
high yields (Sheriff, 2005; @gaard, 2014). Different strategies to improve

nitrogen utilisation are presented by Godinot et al. (2014), among which is
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the extensification strategy, which by reducing the system N-surplus is
comparable to the organic farms surveyed in the present study. Owing to the
high N-surplus on many conventional dairy farms, improving the utilization
of N-fertiliser while increasing milk production, could be a solution to
reduce the N-surplus and improving net profit on farms (Mihailescu et al.,
2015). In this regard, improved utilisation of the manure produced on-farm
can be an important strategy to reduce the requirement for purchased N-
fertilizer.

The organic farms surveyed in the present study were shown to use
purchased inputs more efficiently than the conventional farms. This is
because fertilization on organic farms in mainly facilitated by biological N-
fixation in grass—clover leys rather than by purchased N-fertilizer. Thus, the
N-import of organic farms consists mainly of feed, which has a higher
trophic level than fertilizer, and thus appears to be more efficient (Bleken et
al., 2005). An increase in roughage yields through improved utilisation of
the farms own manure and biologically fixed nitrogen on organic farms
could decrease the needs for feed import.

Our results for the N-efficiencies (Eor) of conventional (0.16 + 0.02) and
organic (0.24 £ 0.06) DFs are comparable with those reported by Cederberg
and Mattsson (2000) and Dalgaard et al. (1998) in Denmark. Cederberg and
Mattsson (2000) calculated an N-surplus of 198 kg N-ha* for conventional

dairy farms and 65 kg N-ha™* for organic dairy farms. This is a little lower
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than that found in our study (Bpr: 220 and 88 kg N-ha™* for conventional
and organic dairy farms, respectively; Table 4). In contrast, compared with
the present study, Godinot et al. (2014) found that conventional mixed dairy
farms in France had on average a considerably higher N-efficiency (0.36 +
0.09) based on net N inputs and outputs and lower farm (122 + 31) and
system N-surpluses per hectare (142 + 34).

For the production on a farm, yields depend on sufficient N-inputs. Since N-
surpluses are calculated as kg N-surplus per kg N-produce, low N-inputs
will result in low N-intensities and might be perceived as environmentally
beneficial. The same problem arises when calculating efficiencies. To
overcome this problem, including the production per area (White, 2016) in
addition to intensities or efficiencies is important with respect to address
environmental issues.

Further, to achieve an overall reduction in N-surplus on their dairy farms,
some farmers ensure a balanced fodder composition (energy and protein) to
create optimal conditions for good animal health, improve the N-utilisation
of their farm manure, reduce losses from field to feed, improve soil
drainage, and reduce soil compaction. These are all factors that can affect N-
utilisation, but because of lack of data could not be included in the statistical
analyses in the present investigation. Because all farms are in the same

geographical region, the variation in farm management is likely to be more
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important than variation in soil type and climate for the variation in
estimated N-utilisation at the farm level.

As indicated by van Middelaar et al. (Van Middelaar et al., 2013), it is not
only important to include both farm and off-farm levels, but also to
differentiate different farm areas with different plant products and
fertilisation schemes, as for example in the study by Verloop et al. (2006).
In the present study (Table 5), we found that there were large differences for
both N-inputs and -outputs as well as for N-surpluses between the two
major types of on-farm area, with the largest differences being observed on
conventional farms. Since surpluses for the entire dairy farm can
underestimate the potential for N leaching for the areas with the highest N-
intensity, we recommend that N-surpluses should be separately calculated
for different farm areas, when there are variations in the N-intensity on

different areas on a farm and the focus is on local environmental effects.

4.2 N-surplus of DS

We found that inclusion of the N-surplus derived from producing feed and
heifers off-farm made little difference to our calculations of the N-surplus
per produced unit and the N-efficiency (Results 3.3 and Table 4). According
to the findings of Nadeau et al. (2007), a cow needs approximately 3.3 kg N
from feed to produce 1 kg N in milk. Thus, N-input/N-produce ratios above
and below 3.3 for the entire dairy farm represent mainly the utilisation of N

in feed production on the dairy farm and utilisation of N on off-farm area.
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On conventional farms, feed production with a high N-surplus (Bps) and a
high proportion of imported N-fertiliser results in higher N-surpluses on
thea dairy farm area. In this study, for the conventional farms with high N-
intensities, the import of concentrates produced with a relatively low N-
surplus resulted in lower calculated N- surpluses per unit N-produce for the
DS. Growing soybeans in Brazil and maize in France resulted, for example,
in an N-surplus of 27 kg N-ha® and 108 kg N-ha®, respectively (Nemecek
etal., 2011). These N-surpluses are low compared to the average N-surplus
for total N inputs in the dairy system found for the conventional farms in the
present study (Table 4). Although the N-surpluses on off-farm areas are low,
the import of (ingredients for) concentrates increases the dairy farm N-
surpluses on both conventional and organic farms. Nemecek et al. (2011)
suggest that modelling simplifications and uncertainty need to be considered
when data are used. Better data on the production of ingredients for
imported feed, separately for conventional and organic production, would
allow further in-depth analyses and enable the selection of feed components
with lower off-farm N-surplus.

However, N-intensities that are too low can be detrimental. In stockless
organic farms that export cereals or roughage, a negative N-balance is
possible, resulting in a large risk of future decreased soil fertility, if the
system persists. To our knowledge, apart from the studies of Godinot et al.

(2014) and Bleken et al. (2005), there have been no studies that have

36



661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

discussed or evaluated N-surplus on off-farm area for imported feed.
Although the amounts of the different inputs have often been presented,
their influence on the total surplus per produced unit in the dairy system has
not been discussed.

Another important aspect of the DS is the effect of the entire dairy system
area, including both on-farm and off-farm area, needed for milk production.
The importance off including off-farm area has, for example, been
underlined by Thomassen et al. (2008) and Kristensen et al. (2011). In the
present study, we found that for conventional farms, the area required to
produce the equivalent of 1 L of milk nearly doubles to 2.5 m? when dairy
system area is considered rather than the dairy farm area. This value is
higher than the range (1.1-2.0 m? per kg milk) presented in a review by
Vries and de Boer (2010), for Sweden, the Netherlands, and the United
Kingdom. On the organic farms surveyed in the present study, the area
demand increased by 62 % to 3.4 m?. For the Netherlands, Thomassen et al.
(2008) found a considerably lower area demand, but comparable
relationships between dairy farm and dairy system area and between
conventional and organic production. For dairy farms in Denmark,
Kristensen et al. (2011) reported a considerably lower proportion of off-

farm area, particularly on organic farms.
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Expanding from the dairy farm to dairy system level, to include the effect of
off-farm area, depends on a comparison of the utilisation of nitrogen on the

dairy farm area and the off-farm area.

4.3 Effect of milk yield on N-surplus

Increased production of milk per cow has previously been found to be
positively correlated with better N-efficiency and thus lower N-surplus
(Bersting et al., 2003; Kristensen et al., 2015; Nadeau et al., 2007). This
effect was also shown for conventional farms (Fig. 4) in the present study.
There appears to be at least two reasons for the reduced N-surplus
associated with increased milk yield on conventional farms. First, the share
of feed needed for a cow’s metabolism per litre of milk produced decreases
with increasing milk yield. Second, imported concentrates are produced
with lower N-surplus than for roughage produced on the farm.

Unlike conventional farms, milk yield did not affect the N-surplus on
organic farms, regardless of whether milk yield was 3.000 or 8.300 kg
ECM-cow.year?. Further investigations are needed to explore the reason

for this finding.

4.4 Effect of free rangeland

We estimated that an average of 5.9 % of the entire feed demand for
conventional farms and 8.1 % for organic farms is provided by free
rangeland. On the organic farm with the longest annual grazing period on

free rangeland, we estimated the energy uptake to be 27.0 % of the entire
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energy demand. Without free rangeland, more cultivated or off-farm area

would have to be used to produce the same amount of milk and meat.

4.5 Representativeness

Ten of the 13 dairy farms certified for organic production in Mgre og
Romsdal County participated in the current study. Thus, the organic farms
surveyed in this study can be considered as representative of organic dairy
farming in the county. The proportion of conventional dairy farms included
in the study is rather small relative to the total number of such farms in the
region. However, since the farms differed in the size of agricultural area,
number of dairy cows, and use of N-fertiliser per hectare, we expected them
to show representative variation of that found on conventional farms in the

region.

5 Conclusions

Despite a high variation within each of the two groups of farms and also
some overlapping in the range of variables generally considered important
for a high production level, as the milk yield per cattle and the use of
concentrate feed, there was a clear indication that the conventional mode of
production generally provided substantially higher milk and meat yield (+
61 %) per ha of dairy farm area than the organic mode of production. This
advantage of the conventional mode of farming was less, though still

conspicuous when also the land area off-farm used for the production of
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purchased feed and live animals was included (+ 35 % vyield/total DS area,
compared to organic management).

On the other hand, the organic management mode was more efficient in
term of nitrogen utilisation, and thus environmentally had a lower risk of
nitrogen pollution, whichever indicator was used to measure it. Measured
relative to the land area of the whole system, the average surplus in the
conventional mode of management was double that of the organic systems.
However, the real disadvantage of the conventional systems in terms of risk
for leaching and GHG emissions is found on the fully cultivated area of the
dairy farms, where the average surplus was about 250 kg N/ha for
conventional farms and just less than 100 kg N/ha on the organic farms.
For N surplus per unit of N-produce (N in milk and meat), the conventional
mode of production was still generally less N efficient than the organic
ones, with a 50 % larger nitrogen surplus at the whole system level, where
also the production of bought feed was included.

The relative differences between the two mode of production were large,
and thus robust indicators of the main tendencies, in spite of uncertainties
connected to the estimates of both biological nitrogen fixation and of N
surplus related to feed (and some live animals) produced off-farm.

Both conventional and organic farms used a high share of imported feed,
though the variation was large in both groups. Also the milk yield per cow

was high, but with large variations, in both systems. Ultimately the input of

40



746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

N-fertilizer appeared to be the major cause of the main differences in
productivity level and N-efficiency between the mode of management,
while other management choices and local resources has certainly plaid an
important role in the variation within both groups of farms.

Although both the dairy farm and the off-farm area are components of the
dairy system, the present study has revealed that there are substantial
differences within the different areas of this system. For the off-farm area, it
is important to be aware that feed is delivered without any re-allocation of
manure from the dairy farm. For the farm area, the fully-cultivated area has
higher N-intensity and N-surplus than native grassland.

When the area on a farm is diverse with regards to yields and N-surpluses,
we recommend that separate N-balances are calculated for fields of
comparable intensity; otherwise, a high N-surplus and the potential for
losses on fields with high N-intensity can be underestimated by calculating

average data for the entire farm.
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