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Abstract

Reactive nitrogen (N) flows (all forms of N except N.) are greatly increasing worldwide.
This is mainly due to the ever larger use of inorganic N fertilizers used to sustain the growing
food production. N flows have major impacts on water, air and soil quality as well as on
biodiversity and human health. Reconciling the objectives of feeding the world and preserving
the environment is a great challenge for agriculture. One of the main ways to increase food
production while reducing its detrimental effects is to increase the efficiency of N use.

N use efficiency (NUE) is a commonly used indicator to estimate efficiency of N use at the
farm scale. It is defined as the ratio of farm N outputs to N inputs. However, it has some
inconsistencies and biases, which raises questions about its reliability for assessing N efficiency
of farming systems. As a consequence, we propose a new indicator, called system nitrogen
efficiency (SyNE), which is based on NUE and improves upon it in several ways. First, life
cycle inventory references are used to estimate N emissions linked to the production of inputs
outside the farm. Second, net N flows are calculated by subtracting inputs and outputs of the
same product in the farming system. Third, manure is not considered an end product, unlike
crop and animal products. Finally, the annual change in N in soil organic matter is estimated.
SyNE therefore expresses the efficiency of a farming system in transforming N inputs into
desired agricultural products. It takes into account all sources of N, including the annual change
in soil N stock as well as N losses occurring during the production and transport of inputs.

To test the relevance of this new indicator, 38 mixed farms were surveyed in Brittany, France,
and their NUE and SyNE were calculated and compared. Sensitivity analysis was performed to
estimate the contribution of each variable to both indicators. We demonstrate SyNE is a useful
indicator for comparing the N efficiency of different farming systems. We discuss its use in
combination with System N Balance (SyNB), a N loss indicator at the system scale. The
combination of both indicators gives a more reliable estimate of the productive efficiency and
potential environmental impacts of N in various farming systems.
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1. Introduction
1.1. The challenge of nitrogen efficiency

The great increase in reactive nitrogen (N) flows (all forms of N except N2) on the Earth is
mainly due to the production of N fertilizer through the Haber-Bosch process (Galloway et al.,
2008; Smil, 1999; Sutton and Reis, 2011). Inorganic N fertilizers have a major influence on
food production: Smil (2002) estimated that 40% of the world population depends on them for
their food, a proportion that is still growing. However, this disturbance of the N cycle due to
human production of reactive N causes negative impacts on water, air and soil quality as well
as on biodiversity and human health (Sutton et al., 2011). These negative impacts imply the
need to design and implement mitigation measures to ensure human well-being and agricultural
sustainability.

To this end, improving N efficiency in animal and crop production is one main goal identified
by recent studies on nutrient flows (Foley et al., 2011; Galloway et al., 2008; Sutton et al., 2011).
N efficiency can be defined as the extent to which N inputs are converted into N outputs.

1.2. Why a new N indicator at the farm-level?

The farming system is defined here as “an organized decision-making unit comprising the farm
household, cropping and livestock systems, that transform land, capital and labor into useful
products that can be consumed or sold” (Fresco and Westphal, 1988). It is a pertinent level at
which to study N use in agriculture and its fate. Indeed, it is the level at which many farmers’
decisions occur (Halberg et al., 1995; Sutton et al., 2011) and regulations can be implemented
(e.g. EU Nitrate Directive 91/676/EEC). Currently, two N indicators are widely used to assess
N use at the farm level: farm-gate balance (FGB) and N use efficiency (NUE) (Halberg, 1999).
FGB is calculated as the difference between N imported into the farm (N inputs) and N exported
from the farm (N outputs; Equation 1). A positive result is called nitrogen surplus (NS).

FGB = N inputs — N outputs (1)

When applied to a farm considered as a black box, FGB assesses potential N losses from the
farm (Halberg et al., 1995; Jarvis, 2001; Vellinga et al., 2011). It is also a tool for assessing
environmental regulations and policies (OECD and EUROSTAT, 2007; Ondersteijn et al.,
2002; Schroder and Neeteson, 2008). According to UNECE (2012), FGB is a useful tool for
optimizing N management at the farm level. However, FGB is an environmental indicator that
is not related to production. Moreover, it gives only rough indications about how to improve N
management.

NUE has been applied at the farm level for over 20 years (Aarts et al., 1992) and is based on
the same components as FGB:

NUE = N outputs / N inputs (2)



NUE was identified as a key indicator to achieve better nutrient use (Sutton et al., 2013), and
therefore it is a tool to increase the efficiency of N use in agriculture. It expresses the link
between agricultural production (animal products, crops) and associated resource consumption.
NUE is thus a meaningful indicator for farmers, who can assess how well they convert inputs
to outputs. However, it has several limitations:

1.

Inputs and outputs used to calculate NUE differ among authors (Watson et al., 2002).
This is particularly true for inputs whose estimation is complex or uncertain, such as
symbiotic N fixation, atmospheric N deposition or changes in soil organic matter (SOM)
stocks. Not considering all inputs and outputs does not satisfy the fundamental law of
mass conservation, which is the main requirement for calculating NUE.

When NUE is calculated at the farm level, it excludes losses due to producing inputs,
such as NOg3" leached during the production of feed crops outside the farm, N2O lost
during fertilizer synthesis and NOx emitted during transport. Up to 40% of nitrate (NO3")
emissions and 50% of N2O emissions of agricultural production are therefore not
considered in NUE since they occur outside the farm (Cederberg and Mattsson, 2000).
Not taking these losses into account is equivalent to considering that input production
is 100% N efficient. Consequently, it is always more efficient to buy inputs rather than
produce them on-farm, which favors farms with greater reliance on external inputs.
Mathematically, NUE increases when the same value is added to both numerator and
denominator; therefore, a “purchase-resale” management of N inputs and outputs
increases it. For example, a farm that buys 10 kg N per ha of agricultural area (AA)
more feed than another farm and sells 10 kg N ha AA™* more crops has a higher NUE
(Figure Erreur ! 1l n'y a pas de texte répondant a ce style dans ce document..1). This
leads to the questionable conclusion that relying on external inputs is more efficient than
being self-sufficient (Schrdder et al., 2003). Consequently, specialized crop or animal
farms have a higher NUE than mixed farms (Schroder et al., 2003); however, many
studies argue that mixed farming systems have lower N losses and higher NUE than
specialized farms (Oomen et al., 1998; Wilkins, 2008)

NUE does not distinguish among outputs: by definition (Equation 2), 1 kg of N output
as manure is equivalent to 1 kg of N output as animal or crop products. By considering
that all N outputs have the same quality, NUE expresses the efficiency of minimizing N
losses, not of producing agricultural products.

NUE is based on the assumption that SOM content does not vary at an annual scale
(Schrader et al., 2003; Watson and Atkinson, 1999), which simplifies calculations. This
can result, however, in unsustainable management of soil fertility if N uptake by crops
relies on mineralized (and therefore decreasing) SOM or in overestimation of N losses
if part of the unaccounted N flows is stored as SOM.



Case 1: farm depends more on external feed NUE =(40+10)/ (40 + 160) = 0.25
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Figure Erreur ! Il n'y a pas de texte répondant a ce style dans ce document..1. The “purchase resale”
bias of the nitrogen use efficiency (NUE) indicator

Arrows represent N inputs and outputs in kg N per ha of agricultural area. The dashed box represents
the farm perimeter. NUE is calculated according to equation 1.

The aim of the present study was to develop and test a new indicator, called system nitrogen
efficiency (SyNE), which addresses these limitations to improve estimation of N efficiency at
the farm level.

2. Material and Methods
2.1. Farm survey data used for indicators calculation

Thirty-eight mixed dairy-crop farms in southeastern Brittany, France, were surveyed in spring
2012 to collect information about their N inputs, N outputs and internal N flows. Farmers were
asked about crop areas and yields, herd composition, sales of animal products and crops, feed
and fertilizer purchases, manure management, and all other information related to N flows in
the farming system for the calendar year 2011. Mean values were preferred over exact values
to better estimate average N balance. From these data, NUE was calculated for each farm and,
step-by-step, converted to SyNE and compared to NUE.

2.2. Development of the SyNE indicator

2.2.1. Contribution of the life cycle assessment approach to setting system boundaries

To account for all N losses due to the production and transport of inputs (i.e. “indirect” losses),
system boundaries of the farm were enlarged compared to NUE (Figure Erreur ! Il n'y a pas
de texte répondant a ce style dans ce document..2) according to the principles of agricultural
life cycle assessment (LCA), i.e. “from cradle to farm gate” (Cederberg and Mattsson, 2000).



As a consequence, N losses (kg N ha AA™) during the production of inputs were included in
calculations of SyNE.
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Figure Erreur ! Il n'y a pas de texte répondant a ce style dans ce document..2. Perimeter of NUE and
SyNE

The dashed-line box represents the perimeter used to calculate NUE. The solid-line box represents the
perimeter used to calculate SyNE. Bold black items are specific to SyNE. Arrows represent flows of N.
HP, high-protein; LP, low-protein; Astock, change in stock; Inorg., inorganic; Biol., biological; Atm.,
atmospheric.



Table Erreur ! Il n'y a pas de texte répondant a ce style dans ce document..1. Reference values used
for N contents, indirect (i.e., outside of farm) N losses and N fixation of inputs and outputs

Product %DM2 Indirect iy

content® N losses
Alfalfa, dried 91 29.3 2.1°> kg N Mg DM!
Alfalfa, N fixation 32.0¢ kg N fixed Mg DM-?
Alfalfa, seed 87d 38.2d 18.1° kg N Mg DM+
Ammonium nitrate 100 335.0 8.2¢ kg N Mg DM
Ammonium sulfate 100 260.0 0.4¢ kg N Mg DM
Animals, live 24.0f 101.1°> kg N Mg liveweight*
Barley, grain 87 18.9 10.3° kg N Mg DM
Barley, seed 879 18.99 10.3¢ kg N Mg DM+t
Concentrate compound, 41% protein 8gh 74.5 21.1» kg N Mg DM1
Concentrate compound, 18% protein 879 33.1 46.3> kg N Mg DM1
Maize gluten feed 88 34.7 1155 kg N Mg DM
Diammonium phosphate 100 180.0 0.6 kg N Mg DM!
Fuel 19.0 1.4¢ kgNm3
Grass, hay 85 15.0i 6.1° kg N Mg DM
Grass, seed 879 18.99 8.2¢ kg N Mg DM
Linseed meal 91 55.0 30.9° kg N Mg DM
Maize, grain 86 15.0 11.4* kg N Mg DM
Maize, seed 86k 15.0k 45.1¢ kg N Mg DM?
Maize, silage 33 11.2 4.3¢ kg N Mg DM?
Manure, chicken 15.0i kg N Mg fresh weight!
Manure, dairy cow 5.5i kg N Mg fresh weight?
Milk 5.2 kg N Mg FPCM!
Miscanthus, stems only 85! 1.6 kg N Mg DM?
Oats, grain and seed 88m 17.6m 11.4° kg N Mg DM
Oilseed rape grain 92 334 kg N Mg DM
Oilseed rape seed 92m 33.4m 29.5¢ kg N Mg DM?
Pea, N fixation 32.0" kg N fixed Mg DM-!
Pea, grain 87 38.2 21.2¢ kg N Mg DM+
Pea, seed 87m 38.2m 18.1¢ kg N Mg DM
Rapeseed meal 89 61.3 8.0° kg N Mg DM
Red clover, N fixation 28.0° kg N fixed Mg DM-?
Sewage sludge 3.5-17.0° kg N m-3
Slurry, average pig prod. 3.5 kg N m-3
Soybean meal 88 82.9 9.0° kg N Mg DM
Soybean meal, formaldehyde treated, )
419 protein 8gh 74.5 10.9° kg N Mg DM
Triticale, grain and seed 87m 18.7m 9.7 kg N Mg DM
Urea 99 460.0 2.4¢ kg N Mg DM
Urea — ammonium nitrate 390.0 9.7° kg Nm=3
Wheat, grain 87 20.2 10.1° kg N Mg DM+
Wheat, seed 8g7m 20.2m 16.0° kg N Mg DM
Wheat, straw 91 6.7 2.0 kg N Mg DMt
White clover, N fixation 38.0° kg N fixed Mg DM-1

FPCM: Fat and Protein Corrected Milk; 2 Dry matter (DM) percentages and N contents are taken from
INRA et al. (2013) unless specified; P UMR 1069 SAS, unpublished results; ¢ Thiébeau et al., 2004; ¢
based on pea seed value; ¢ Nemecek and Kégi, 2007; fBassanino et al., 2007; 9 based on barley grain
value; "based on soybean meal value; ' reactive N created by atmospheric combustion; i CORPEN,
1988; kbased on maize grain value; ' Monti et al., 2008; ™ seed based on grain value; " Mahieu et al.,
2009; °Rasmussen et al., 2012; P 38-farm sample from this study.
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For our 38 mixed farms sample, emissions of all forms of reactive N to soil, water and air during
the production and transport of inputs were converted to kg N and expressed as kg N per Mg of
product DM (Table Erreur ! Il n'y a pas de texte répondant a ce style dans ce document..1).
National data were used for most crops and feeds; for seeds and fertilizers, data were taken
from a Swiss inventory (Nemecek and Kagi, 2007). Soybean meals from South and Central-
West regions of Brazil were used to represent the mix used in France. N losses of meals and
maize gluten feed were allocated according to the economic values of co-products. We chose
not to include indirect N losses due to manure production. N losses during excretion and storage
of manure were assigned to the farm producing manure.

In order to avoid double counting of indirect losses, we calculated net input (see section 2.2.2.)

and only accounted for net indirect losses relative to net input production, as follows:

Net indirect losses = net input / total input * indirect losses

2.2.2. Avoiding the “purchase-resale” bias by calculating net input/output

To correct the “purchase-resale” bias of NUE (Figure Erreur ! I n'y a pas de texte répondant
a ce style dans ce document..1), we calculated net input or net output when similar products
(Table Erreur ! Il n'y a pas de texte répondant a ce style dans ce document..2) were both
entering and going out of the same farm. Net flows of similar products were calculated as:

Net flow =input - change in stock - output

If net flow is positive, it is considered a net input. If net flow is negative, its absolute value is
considered a net output.

Some authors working on specialized dairy farms used a different method: they calculated net
feed input (i.e. feed input minus crop output) (Aarts et al., 2000; Halberg et al., 1995), which
was usually positive but can be negative (Dalgaard et al., 2012). However, in mixed farming
systems, where crops can represent a large percentage of farm activities, it is not meaningful to
express crop output as a negative feed input (i.e. crops are not necessarily produced for animal
feed). Therefore, we express the net feed/crop balance as net input or net output where necessary.
Moreover, two categories each were distinguished for feed and crops based on crude protein
content (crude protein > or < 15% DM). This prevents subtracting produced wheat from
purchased soybean, since the former cannot replace the latter. We used the same reasoning for
milk and animals, but we made a different choice for manure and soil N stock variation (see
Sections 2.2.3. and 2.2.4.).



Table Erreur ! Il n'y a pas de texte répondant a ce style dans ce document..2. Inputs and outputs
considered deductible when calculating net flows

Input category

Output category

Animals
Milk powder; whey; other milk byproducts

High-protein feed?: oilseed grains, meal and
cake; legume grains; pure legume forage (silage,
hay, dried); forage rape and kale; dried distillers
grain, cereal gluten feed and meal, wheat bran;
vinasses; animal byproducts (meat, blood, bones,
fish meal, etc.); amino acids; ammonia; urea

Low-protein feed® cereal grains and all
byproducts not mentioned as high-protein feed;
all forages not mentioned as high-protein feed;
sugar beet, sugarcane and its byproducts; potato
and its byproducts; oils and fat; starch; straw

Manure, compost, sewage sludge, other organic

Animals
Milk
High-protein crops: oilseed grains; legume

grains; pure legume forage (silage, hay, dried);
forage rape and kale

Low protein crops: cereal grains; all forages not
mentioned as high-protein crops; sugar beet and
sugarcane; potato, straw; fruits and vegetables;
all crops not mentioned as high-protein crops

Manure, compost, other organic fertilizers

fertilizers

a High- and low-protein feeds have crude protein contents > and < 15% DM, respectively

2.2.3. Considering only end products

Defining the status (i.e. utility) of outputs is important for calculating SyNE. In this paper, we
wanted to design an indicator that can estimate the efficiency with which inputs are transformed
into end products. We define end products as the final outcome of agricultural production,
intended for human use. This mainly includes food, fiber, biofuel and other non-food products.
Some authors suggest excluding manure output from the N efficiency calculation, as it is not
an end product for human use (Aarts et al., 2000; Dalgaard et al., 2012; Simon et al., 2000).
However, the status of manure varies from a waste to eliminate (excess nutrients in most
intensive livestock regions) to a highly valuable resource (organic fertilizer in intensive crop
regions with low SOM). Therefore, when manure output exceeds manure input, we represent it
as a negative net input instead of a positive net output. Manure export is therefore considered
to offset a given farm’s inorganic fertilizer input.

2.2.4. Accounting for changes in stocks

The steady state assumption for SOM is not valid in many regions, including Brittany
(Lemercier et al., 2006).

For our 38 mixed farms sample, we used AMG, a simulation model requiring few data, to
simulate soil carbon dynamics (Andriulo et al., 1999; Saffih-Hdadi and Mary, 2008). AMG
distinguishes two pools of SOM: the active pool and the stable pool, which the model never
modifies. The active pool is mineralized at a rate of k% per year. At the same time, it is also
enriched by crop residues, manure and organic fertilizers, at the rate of k1% per year, depending
on the humification potential of each input. The difference between mineralization and
humification gives the annual net change in SOM (kg N ha™?).

We used AMG model parameters given by Saffih-Hdadi and Mary (2008) with a constant C:N
ratio of 10 for organic matter to predict the change in soil N. Initial SOM content, texture and
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limestone content were taken from the French database of soil analyses (GIS Sol, 2013) at the
canton level (French administrative unit, mean size 140 km?). Mean soil temperature was
obtained from the closest meteorological station of INRA, located in Rennes, Brittany, France.
Crop distribution in 2011 was considered to represent the average situation for all farms
surveyed. Crop yields, surface areas and the fate of crop residues were used to estimate the
amount of C returned to the soil by crops (Boiffin et al., 1986). For permanent grasslands, we
assumed that roots returned 5 Mg DM ha year! (Nguyen, 2003) and that above-ground
biomass returned 20% of grassland yield (Vertes and Mary, 2007). For temporary grass leys,
we used the same values but subtracted 5 Mg DM ha! (equivalent to 200 kg N ha') once in the
lifetime of the ley to account for organic matter mineralization after ley destruction (Vertés et
al., 2007). The amounts of C and N added to the soil in manure applications were also estimated.
Soil N stock variation is not an end product for human use. Similar to manure (see Section
2.2.3.), it was always considered a net input, be it positive or negative. An increase in soil N
stock was therefore considered to offset a given farm’s organic fertilizer input.

Other changes in N stocks include those in feed, harvested crops, manure, inorganic fertilizer,
seeds and livestock. Stock variations can be important from one year to another and should
therefore be considered. However farmers usually do not increase their stocks over several years.
As this information was not available in our one-year survey, we assumed no changes in any of
these N stocks, like Leip et al. (2011b), who considered that fertilizer purchases equaled
fertilizer applications when using three-year averaged data.

2.2.5. SyNE equation
SyNE (unitless) equals net N outputs divided by net N inputs:

Y netoutputs

SyNE= . — .
Ynetinputs+ X netindirectlosses - ANsoil

(3)

Like SyNE, FGB was modified using the same hypotheses for inputs and outputs into an
indicator of system N balance (SyNB) to consider the entire farming system perimeter:

SyNB = Znet inputs + Znet indirect losses — ANsoil — Znet outputs 4)
SyNB is expressed in kg N ha AA™.

2.3. Estimating N inputs and outputs for the 38 farms sample

The following N inputs were estimated: inorganic fertilizers, feed and litter, biological N
fixation (BNF), imported manure, atmospheric deposition, non-symbiotic fixation, seeds, and
petroleum products. Inorganic fertilizer quantities were converted to N using their N contents
(from farm surveys). Feed and litter N inputs were estimated from the mean annual quantities
bought and sold (farm surveys) and their N contents (Table Erreur! Il n'y a pas de texte
répondant a ce style dans ce document..1). BNF was estimated as:

BNF = area x yieldpm x % legumepm X Nfixed
where area (ha) is the surface with legume crops; yieldom (Mg DM hal) is harvested dry matter
(DM) including legume and non-legume crops; %legumepwm is the percentage of legume in the
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harvested DM; and Nrixed (kg N Mg DM?) is the amount of N derived from fixation per Mg of
harvested legume DM. Areas and yields were obtained from the farm surveys, while percentage
of legume at harvest was set at 100% for alfalfa, 20% for permanent grasslands (Agreste, 2010)
and 20% for cereal-legume mixed crops. In mixed grass-clover leys, the percentage of clover
was estimated following the protocol of Vertes and Simon (1991). Manure N was estimated
using farm data when available or mean N content if not (Table Erreur ! Il n'y a pas de texte
répondant a ce style dans ce document..1). Wet and dry atmospheric deposition was set at 15
kg N ha’l, representative of this part of Brittany (Ruiz et al., 2002). Non-symbiotic N fixation
by free-living soil microorganisms was set at a constant value of 5 kg N ha™* (Smil, 1999). Seed
N was approximated, assuming that all crops and grass leys were seeded with purchased seed,
using mean French seed densities for 2011 (FAO, 2014). A constant value of 150 L ha* of fuel
was used to estimate input and consumption of petroleum products, based on a national average
of 790 mixed dairy-crop farms (Bordet et al., 2010). Direct N emissions due to fuel combustion
were estimated at 19 g N L™ from LCA references (Spriensma, 2004). No farmer in the surveys
regularly bought animals; we thus set animal input at 0 kg N for all farms.

N outputs consisted of animals, crops, milk and exported manure. Animal and crop N outputs
were estimated from the mean annual quantities sold (farm surveys) and their N contents (Table
Erreur ! 11 n'y a pas de texte répondant a ce style dans ce document..1). Milk N output was
expressed as fat-and-protein-corrected milk (FPCM), following the methodology of the Food
and Agriculture Organization of the United Nations (FAO, 2010). Exported manure N was
estimated using farm data when available or mean N content if not (Table Erreur ! Il n'y a pas
de texte répondant a ce style dans ce document..1).

2.4. Statistical analysis and sensitivity analyses

Descriptive statistics and sensitivity analyses were performed with R software (R Core Team,
2014). The latter were performed to estimate the influence of input variables on indicators of N
efficiency (NUE and SyNE).

To test a wider range of values than that in our sample, a virtual sample of 1000 mixed farms
was generated. Each variable was described with a distribution, a mean and a range (Table
Erreur ! 11 n'y a pas de texte répondant a ce style dans ce document..3). Distributions were
determined from the 38-farm sample. Means were calculated from regional data (DRAAF
Bretagne, 2011; Tirard, 2011). Mean changes in soil N stocks were calculated for all cantons in
Brittany (GIS Sol, 2013).Mean feed inputs were estimated using national data from Rouillé et
al. (2008). Ranges were defined to cover the extreme values observed in the 38 farm sample
and other mixed dairy-crop farms in Brittany. No information was found about the distribution
and range of atmospheric deposition, non-symbiotic fixation and fuel emissions. Fixed values
described in chapter 2.3. were used for all farms. Therefore, as these parameters do not vary,
they do not appear in the sensitivity analysis. From this description of variables, the virtual
sample was created using the method described by Helton and Davis (2003). Random values
were generated for each input variable with the Latin Hypercube Sampling method. Rank
correlations from the 38 surveyed farms were used to correlate variables in the new virtual
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sample. The resulting sample therefore had the same correlations as the 38 surveyed farms but
a larger size and a broader range to better represent mixed-farm diversity.

Table Erreur ! Il n'y a pas de texte répondant a ce style dans ce document..3. Distribution, mean and
range hypotheses of input and output variables to calculate N use efficiency (NUE) and system
N efficiency (SyNE) indicators in a virtual sample of 1000 mixed farms (kg N per ha agricultural
area per year)

Variable Distribution Mean Range
Fertilizer input normal 55.002 + 100%
Indirect fertilizer input normal 1.22 + 100%

BNF gamma 25.002 0,122

HP feed input normal 24.93b + 100%
Indirect HP feed input normal 6.43 + 100%
Manure input gamma 13.002 0;82

LP feed input gamma 7.30P -100% ; +200%
Indirect LP feed input gamma 2.45 -100% ; +200%
Seed input normal 0.91¢ +50%

Indirect seed input normal 1.16 + 50%

Change in soil N lognormal 0.10d -168 ; 30

LP crop output normal 28.29¢ + 100%

Milk output lognormal 23.96¢ -50% ; +100%
Animal output lognormal 5.30¢ -50% ; +100%
HP crop output gamma 2.38¢ 0;42

Manure output exponential 2.002 0;15

aTirard, 2011; ® Rouillé et al., 2008; ¢ DRAAF Bretagne, 2011; 4 GIS Sol, 2013
BNF: biological N fixation; HP: high-protein; LP: low-protein

Global sensitivity analysis techniques generally assume parameter independence (Xu and
Gertner, 2008), but since our study focused on N flows inside a farming system, many N input
and output variables were strongly correlated. The method proposed by Xu and Gertner (2008)
was used, since it can consider correlated variables. We decomposed the contribution of each
variable to the variance in efficiency into “uncorrelated” and “correlated” (with all other
variables) portions. The uncorrelated contribution to variance is the effect of only the variable
under consideration on efficiency. The correlated contribution is the effect of only the
correlations between the variable under consideration and all others on efficiency. This
decomposition of variance into correlated and uncorrelated contributions gives a better
understanding on the influence of each variable on efficiency than only total contribution to
variance.
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3. Results
3.1. Sensitivity analysis of 1000 virtual farms

The decomposition of variance into correlated and uncorrelated contributions identified three
groups of variables (Figure Erreur ! Il n'y a pas de texte répondant a ce style dans ce
document..3). Influential variables, such as low-protein crop output, BNF, high-protein crop
output and change in soil N stock, had a moderate-to-high uncorrelated contribution to variance
as well as a strong positive correlated effect. Potentially influential variables, such as fertilizer
input, milk output and manure input, had a significant uncorrelated effect but a negative
correlated effect which reduced their total contribution to variance. All other variables had
lesser influence, characterized by a small uncorrelated effect or only a correlated effect.
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Figure Erreur! Il n'y a pas de texte répondant a ce style dans ce document..3. Sensitivity of N
efficiency indicators NUE (A) and SyNE (B) to farm input (in) and output (out) variables, divided
into correlated (light) and uncorrelated (dark) contributions

12



Sensitivity indices (SI) are ranked by decreasing effect on total variance and expressed as a proportion
of total variance in NUE or SyNE. Total sensitivity is greater than 1 due to correlation effects. BNF:
biological N fixation; HP: high-protein; LP: low-protein.
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The most influential variable on overall sensitivity of NUE was low-protein crop output,
whereas it was soil N change for SyNE. Low-protein crop output was an influential variable for
NUE and SyNE. Mean change in soil N stock was close to zero but had the largest range of all
variables (198 kg N ha AA-1), thus explaining its contribution to variance in SyNE. Although
it was an influential variable for both indicators, BNF had a higher contribution to NUE
variance than to SyNE variance. Due to its calculation method, SyNE had smaller net N outputs
and larger net N inputs than NUE. Therefore, the contribution of inputs was smaller for SyNE
than for NUE. High protein crop output had a great influence on NUE but a much smaller
influence on SyNE. The calculation of net high protein output decreased its influence on the
SyNE indicator. The uncorrelated influence of fertilizer and manure input as well as milk output
was important on NUE, but it was significantly reduced by negative correlations. For SyNE,
there were only very small negative correlations for fertilizer input and milk output.

The influence of low protein feed input was essentially due to its negative correlation with low
protein crop output. Seeds correlated effect was mostly due to their high correlation with low
protein crop output. Indirect losses were all very much correlated with their relative inputs, as
illustrated by their small uncorrelated effect.

3.2. Characteristics of the 38 mixed farms surveyed

Table Erreur! 1l n'y a pas de texte répondant a ce style dans ce document..4 shows an
important diversity of farms in the sample. One farm was much larger than the others, four were
organic and three practiced zero-grazing for lactating cows. The percentage of forage and cash
crops in the AA differed greatly between farms.

Table Erreur ! Il n'y a pas de texte répondant a ce style dans ce document..4. Main characteristics of
the 38 mixed dairy-crop farms surveyed in 2012 in southeastern Brittany, France

Variable Mean (SD) Minimum Maximum
Livestock units (LU) 103.3 (48.8) 44.6 300.4
Lactating cows 69.8 (34.3) 30.0 197.0
FPCMa per cow (kg cow? year?) 8680 (1154) 5126 10,961
FPCM?2 sold (kg year?) 596,456 (286,080) 246,001 1,669,098
Agricultural area (AA, ha) 108.3 (59.5) 47.2 367.0
Forage area (% AA) 67% (15%) 27% 93%
Stocking rate (LU ha forage™) 1.5(0.3) 1.1 2.6

a FCPM: fat-and-protein-corrected milk

Table Erreur ! 11 n'y a pas de texte répondant a ce style dans ce document..5 shows N inputs,
N outputs and indirect N losses for the 38 mixed farms surveyed. Inorganic fertilizer was the
main N input, which is consistent with other studies of dairy farms (Aarts et al., 2000; Bleken
et al., 2005; Gourley et al., 2012; Simon et al., 2000). Its large variability is explained by the
inclusion of four organic farms in the farm sample. BNF was the second largest input, also due
to the farms sampled: all farms included alfalfa and/or clover in their forage area. Feed was also
a major input; its mean value became greater than BNF when indirect N losses were taken into
14



account. Nearly all of feed N input (95%) was composed of high-protein feed, mainly soybean
meal (39%), concentrate compound (28%) and rapeseed meal (24%). Half of the farms bought
low-protein materials, mostly as wheat straw. Due to a lack of information, it was not possible
to distinguish between forage straw and straw used for bedding; therefore all straw was
considered low-protein feed. Sixteen percent of farms bought hay or forage maize and 8% cereal
grains. Over 70% of farms also imported organic fertilizers, mostly as pig slurry and chicken
manure. Due to a moderate mean stocking rate (1.5 LU ha* fodder area), manure production
was below the legal limit of 170 kg organic N ha AA™* (European Union Nitrate Directive) for
all farms, thus allowing for manure import rather than inorganic fertilizer purchase.

Mean milk output was 29.8 kg N ha AA™ and the main output for 16 farms (42%). Low-protein
crops were the largest mean output (35.0 kg N ha AA™), showing the importance of crop
production in the farm sample. Only three out of 38 farms (8%) sold no crops. Low-protein
crops represented 85% of crop N outputs, and winter wheat represented 82% of low-protein
crops sold. Oilseed rape represented 85% of high-protein crops.

Table Erreur ! lln'y a pas de texte répondant a ce style dans ce document..5. Mean, standard deviation
(SD), minimum and maximum N inputs and outputs calculated for 38 mixed dairy-crop farms
surveyed in southeastern Brittany, France (kg N per ha agricultural area)

N flow Indirect input N losses

Mean (SD) Minimum  Maximum Mean (SD) Minimum Maximum

Inputs

Inorg. fertilizer 70.1(36.1) 0.0 138.8 1.6 (0.8) 0.0 3.4
BNF 44.8 (25.3) 14.6 115.8 n/a n/a n/a
High-protein feed 37.7 (20.2) 0.0 93.2 9.7 (9.4) 0.0 45.7
Manure 20.0 (17.2) 0.0 59.4 n/a n/a n/a
Atm. deposition? 15.0 (0.0) 15.0 15.0 n/a n/a n/a
Soil N fixation? 5.0 (0.0) 5.0 5.0 n/a n/a n/a
Fuel? 2.8 (0.0) 2.8 2.8 0.2 (0.0) 0.2 0.2
Low-protein feed 2.3(3.2 0.0 12.2 0.8 (1.0) 0.0 3.9
Seeds 0.9 (0.2) 0.3 1.4 1.1 (0.3) 0.3 1.5
Animals 0.0 0.0 0.0 0.0 0.0 0.0
Outputs

Low-protein crops 35.0 (19.6) 0.0 83.2

Milk 29.8 (6.5) 19.3 42.1

High-protein crops 6.1 (9.4) 0.0 40.7

Animals 4.5 (1.3) 25 8.0

Manure 1.2 (3.2) 0.0 12.0

Changes in stocks

Soil N -8.8(11.9)  -26.8 26.3

Other stocks 0.0 0.0 0.0
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a constant value (see Section 2.3 for detail); n/a: not applicable; Inorg., inorganic; BNF: biological N
fixation; Atm., atmospheric.

Milk, crops, and animals equaled 48, 45 and 8% of net N outputs, respectively. All farms but
three (92%) sold more low-protein crops than the low-protein feed they bought, resulting in a
net N output of low-protein crops. On the other hand, the net N input of high-protein feed was
positive in all farms. The distinction between high- and low-protein feed and crops clearly
showed that the surveyed farms, though growing alfalfa and grass-clover leys, still depended
on imported high-protein feeds. They produced nearly all of their forage, and most sold large
amounts of low-protein crops such as cereals. Six farms exported cattle manure, but five of
them imported other organic fertilizers, mostly pig slurry or chicken manure.

Net indirect N losses due to production and transport of inputs represented 11.4 kg N ha AA™
(5% of total inputs). Indirect N losses due to high-protein feeds were by far the largest at the
farm level, generating 9.7 kg N ha AA™L, equivalent to 26% of the N input of high-protein feed.
Indirect N losses from seed production, although small, were greater than the N content of seeds.
Finally, the mean change in soil N stock predicted by AMG was -8.8 kg N ha AA™L; it increased
for seven farms and decreased > 20 kg N ha AA for eight farms. For five farms (including the
four organic farms), the decrease in soil N stock represented > 10% of their total N inputs. The
mean decrease in soil N stock for the 38 farms was very close to the median decrease in the
same cantons over the last 20 years (GIS Sol, 2013).

3.3. From calculation of NUE to SyNE

The mean NUE of the 38 surveyed farms was 0.39 (range = 0.24-0.69; Table Erreur ! Il n'y a
pas de texte répondant a ce style dans ce document..6). These results are in line with values
from the literature (Hristov et al., 2006; Powell et al., 2010; Simon et al., 2000), but higher than
studies about specialized dairy farms (Gourley et al., 2012; Nevens et al., 2006; Simon et al.,
2000).

Table Erreur ! Il n'y a pas de texte répondant a ce style dans ce document..6. Contribution of each
modification of the indicators N use efficiency (NUE) to system N efficiency (SyNE), and farm-
gate balance (FGB) to system N balance (SyNB), to mean changes in the indicators for 38 mixed
dairy-crop farms surveyed in Brittany, France

Mean (SD) Minimum Maximum Mean change

NUE 0.39 (0.10) 0.24 0.69

with net indirect N losses 0.36 (0.09) 0.22 0.65 -5%
with net N inputs/outputs 0.36 (0.09) 0.20 0.65 -6%
with manure as input 0.38 (0.10) 0.19 0.69 -1%
with change in soil N 0.37 (0.10) 0.21 0.65 -4%
SyNE 0.33 (0.09) 0.18 0.58 -15%
FGB 122 (31) 58 202

with change in soil N 131 (30) 55 191 +7%
with net indirect N losses 133 (34) 68 214 +9%
SyNB 142 (34) 69 238 +17%
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Efficiency indicators are unitless; balances in kg N ha agricultural area; SD: standard deviation

Table Erreur ! Il n'y a pas de texte répondant a ce style dans ce document..6 shows the
results of including, step-by-step, the conceptual improvements that transform NUE into SyNE.
Considering indirect N losses from production and transport of inputs resulted in a decrease in
N efficiency for all farms (mean = 5%). Differences were visible between farms that bought
processed feed and those that bought simpler crop-based feed. For example, after including
indirect N losses of feed production, the NUE of 0.29 and 0.27 for farms F10 and F14 resulted
in N use efficiencies of 0.28 (soybean meal) and 0.22 (concentrate compound), respectively.
Calculating net input and net output resulted in a mean 6% decrease in N efficiency
(Table Erreur ! Il n'y a pas de texte répondant a ce style dans ce document..6). Many farms
bought feed inputs and sold similar crop output, artificially increasing their NUE compared to
farms producing their own concentrate. For example, since farm F17 did not sell high-protein
crops, its N efficiency did not change when net input/output was taken into account (NUE and
N net efficiency = 0.55). In contrast, because farm F11 bought and sold large amounts of high-
protein feed, its NUE decreased from 0.55 to an N efficiency of 0.45.

Considering only end products as outputs (i.e. manure considered only as an input) decreased
N efficiency by 1%. The N use efficiencies of the six farms that exported manure decreased,
including that of the one farm (F6) that exported more manure than it imported (from 0.28 to
0.20).

Accounting for a change in soil N stock increased N efficiency for seven farms, in which crop
rotations increased soil N stocks. Mean N efficiency of the 38 farms, however, was 4% lower
than NUE. When considering a change in soil N stock, the NUE of 0.46 and 0.44 for farms F27
and F35 changed to N use efficiencies of 0.48 and 0.40, respectively.

SyNE is the result of these four modifications in calculating N efficiency. Mean SyNE of the
38 surveyed farms was 0.33 (range = 0.18-0.58) (Table Erreur ! Il n'y a pas de texte répondant
a ce style dans ce document..6), 15% lower than mean NUE. Farms F24 and F35 illustrate the
irregular relation between NUE and SyNE (Figure Erreur ! Il n'y a pas de texte répondant a
ce style dans ce document..4). Farm F24, which bought soybean meal, sold wheat, did not
export manure, and had a slight increase in soil N stock, had a NUE of 0.40 decrease to a SyNE
of 0.38. In contrast, farm F35, which had high indirect N losses due to large purchases of
concentrate compounds and a large decrease in soil N stock, had a NUE of 0.44 decrease to a
SyNE of 0.33.
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Figure Erreur! Il n'y a pas de texte répondant a ce style dans ce document..4. Comparison of NUE
and SyNE for 38 mixed dairy-crop farms in Brittany, France
Farms are ranked by decreasing NUE.

Similarly, SyNB, which included net indirect N losses and change in soil N stock, was higher
than FGB for all farms but two (mean = 142 kg N ha AA™, 17% higher) (Table Erreur ! Il n'y
a pas de texte répondant a ce style dans ce document..6).
Net indirect losses represented 9% of SyNB and were the largest source of increase from FGB
to SyNB.

3.4. Relation between SyNE and SyNB

Ondersteijn et al. (2002) showed a mathematical link between NUE and FGB, which is also
true for SYNE and SyNB. Using equations 3 and 4, SyNE can be expressed as a function of
SyNB and either N input or output, which shows the non-linear relation between SyNE and
SyNB (Figure Erreur ! 11 n'y a pas de texte répondant a ce style dans ce document..5). The
38 surveyed farms produced a mean net N output of 68 kg N ha (range = 28-109 kg N hal).

4. Discussion
4.1. Changing the meaning of N efficiency

NUE expresses the efficiency of a farm in using N inputs to produce outputs, regardless of their
status. Under this definition, manure does not differ from other products; it can be controlled
and exported. Moreover, NUE does not consider soil N variations. It therefore does not consider
all sources and sinks of N in the farming system. In contrast, SyNE is intended to estimate the
ability of a farming system to convert all N inputs into end products for humans, which explains
why SyNE is 15% lower than NUE. Similarly, SyNB does not represent local pollution potential,
but the pollution potential of the whole farming system, including its inputs production. This
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more integrated approach is similar to the calculation of the N footprint (Chatzimpiros and

Barles, 2013; Leach et al., 2012).
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Figure Erreur ! Il n'y a pas de texte répondant a ce style dans ce document..5. Relationship between
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SyNE (unitless) and SyNB (kg N ha) for 38 mixed dairy-crop farms in Brittany, France

Curves represent isolines of constant maximum, minimum and mean net N output. Dashed arrows show
ineffective strategies to increase SyNE (intensification) or reduce SyNB (extensification). Solid arrows

show more sensible strategies to increase SyNE and/or reduce SyNB.

4.2. Benefits of SyNE
Our paper illustrated that SyNE is an improvement of NUE:

Enlarging the perimeter to include input production and transport gives a more precise
estimation of global N efficiency and losses. It also helps to take into account pollution
transfers that can occur when externalizing the production of inputs such as feed or
replacement animals.

Calculating net inputs and net outputs corrects an important mathematical bias in NUE.
This allows more relevant comparisons between externally dependent and more
autonomous farming systems, as well as between mixed and specialized farming
systems.

Revising the definition of outputs to exclude manure better expresses the efficiency of
a farming system in transforming inputs into end products.

Sensitivity analysis showed that calculating change in soil N stock is necessary to
account for soil N mining or storage, as it is the most influential variable on SyNE
variance. It also gives a more precise estimate of the potential to lose N from the farming
system, when included in SyNB calculation.
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SyNE was tested on mixed farms to ensure its generality; these complex farms associate animal
and crop production, and have a wide diversity of inputs. The indicator developed should
therefore be usable for all types of farms, with or without livestock.

4.3. Methodological issues and limits of SyNE

4.3.1. Estimation of change in soil N stock

The change in soil N stock was predicted with a simple model. It was used mainly to
demonstrate the importance of systematically considering this major component of the N cycle
when evaluating efficiency. The sensitivity analysis, based on a much wider range of change in
soil N stock than that of the 38-farm sample, showed that change in soil N stock is the variable
that most influences SyNE, illustrating the need to take it into account.

In addition, initial SOM content was the main parameter that influenced model predictions of
change in soil N stock (data not shown). Therefore, farms with initially high SOM contents
often had decreasing soil N stocks, and farms with low initial SOM contents were more likely
to have increasing soil N stocks. Although this is consistent with observed dynamics of SOM
(Kétterer and Andrén, 1999; Lemercier et al., 2006), it means that this variable cannot be used
for a straightforward comparison of SOM management between farms in different locations.
SOM dynamics are complex multifactor phenomena. Only few parameters were considered in
this model (e.g. soil structure, tillage, precipitation and drainage were ignored). Although its
predictions agreed with trends observed in the region (Lemercier et al., 2006), they present a
high uncertainty.

Many tools are used to assess SOM dynamics, from physical measures to local references or
the use of models. The model that was used in this paper was chosen for its moderate data
requirement. However, depending on the available information and context, other tools could
be used. Therefore, the international comparisons of SyNE results will need to consider this
possible methodological discrepancy.

4.3.2. Status of outputs

We defined manure as a byproduct of animal production and not as an end product since humans
cannot use it directly (it was considered as a fertilizer and subtracted from inputs). Still, when
used to produce biogas, manure generates an end product (energy) and should therefore be
considered as an output, similar to energy crops.

Regarding forage crops, Sutton et al. (2013) argue that they are not an end product used by
humans but an intermediate product intended to produce meat and milk. Nevertheless, we
decided not to distinguish forage crops from other crops, because production of both manure
(for biogas) and forage crops (for animal production) raise the question of the use of outputs. A
large fraction of wheat, maize, and barley are transformed into animal feed and therefore
comparable to forages not directly used by humans. It is therefore of crucial importance to
define the goal of SyNE to make pertinent choices about the outputs considered. In our paper,
intended products were considered end products: forage is an intended product, whereas manure
is a by-product of meat and milk production.
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4.3.3. Farming system perimeter

The indirect N losses considered in this study were expressed per ha of AA of the farm that
received the inputs. In LCA, however, impacts per ha usually include the external area, both
agricultural and industrial, on which inputs were produced (Basset-Mens and van der Werf,
2005; Cederberg and Mattsson, 2000). We chose to express N losses only per ha of AA of the
farm receiving the inputs since it was a more straightforward unit to compare the intensity of N
fluxes in mixed dairy and crop farming systems. This choice had no impact on NUE and SyNE
since they are unitless, but it had an effect on SyNB, overestimating local N losses because the
indirect N losses happened elsewhere. Expressing SyNB per ha of area inside and outside the
farm would have “diluted” local N losses over the external area that did not receive the local
inputs. In the same manner, it would have been necessary to consider the external area needed
for manure spreading for the six farms exporting manure. It is important, however, to keep in
mind that indirect N losses represented on average 9% of SyNB for the 38 farms surveyed.
Expressing N fluxes per unit of product could be a better option in soil-less farming systems or
systems with only one output.

4.3.4. Representativeness of farm sample

As seen in the sensitivity analysis (see Section 3.1.), some variables had a high uncorrelated
contribution to variance but a smaller total contribution, due to a negative correlated
contribution. It is possible that with other farming systems and practices, correlations would
change, making these variables much more influential. Fertilizer and manure input in particular
could play a much more influential role in other farming systems.

Manure export was very uncommon in our sample, only occurring in six farms. This is due to
the relatively moderate stocking of dairy cattle in Brittany and the high percentage of grazed
grass in the forage area, leading to manure amounts that farmers can easily handle on their own
AA. In other livestock systems such as concentrated animal feeding operations, this
modification of N efficiency is likely to have much larger impacts. Spears et al. (2003) reported
that manure output can reach 43% of total N output in large dairy farms in the USA.

4.3.5. Increased data requirements and uncertainty issues

The main limitation of SyNE compared to NUE is its greater need for data. It needs not only N
values for inputs and outputs but also LCA references to estimate indirect production losses.
We proposed some LCA references in Table Erreur ! Il n'y a pas de texte répondant a ce style
dans ce document..1. These data are rather conservative. It is thus very unlikely that they
resulted in an overestimation of N losses due to input production. Uncertainty of LCA data
could not be estimated. However, the use of conservative LCA values guarantees that even with
a high uncertainty, including input production losses improved the indicator compared to
ignoring them.

Data for soil N dynamics estimation vary depending on the method. The soil model we used
required soil and temperature data available from farmers or public databases. These data, as
well as the model itself, increased the uncertainty of the efficiency indicator. We suggest that
the use of a less biased efficiency indicator justifies this additional data collection and increased
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uncertainty. However, this highlights the need to quantify the uncertainty of soil model
predictions and to estimate the overall uncertainty of the SyNE indicator. This would also be
necessary for NUE, as important uncertainty issues are associated with the estimation of some
variables such as biological N fixation.

4.4. Combining SyNE and SyNB for better N management

Nevens et al. (2006) chose to express eco-efficiency as the output:NS ratio. Eco-efficiency and
SyNE are related indicators, the former expressing products as a function of N surplus and the
latter as a function of inputs. We thought it more relevant to relate output to input, since this
concept was more tangible for farmers. Ondersteijn et al. (2003) have shown that environmental
impacts of dairy farms in the Netherlands are not strongly related to farmer strategies but to
financial performance. SyNE thus seems more operational than eco-efficiency to evaluate
modifications of farming systems on N efficiency.

We therefore developed complementary indicators: SyNE expressing the ability of a farming
system to transform N inputs into end products and SyNB reflecting the potential for total N
losses from the farming system. For a given net output, increasing SyNE reduces SyNB (Figure
Erreur ! Il n'y a pas de texte répondant a ce style dans ce document..5); however, this
relation does not hold when productivity changes. It is possible to increase SyNE and SyNB
simultaneously by intensifying production per ha or decreasing them simultaneously by
decreasing production per ha (dotted arrows, Figure Erreur ! Il n'y a pas de texte répondant
a ce style dans ce document..5).
More sensible strategies to improve N management depend on the initial situation (solid arrows,
Figure Erreur ! 1l n'y a pas de texte répondant a ce style dans ce document..5). For an
objective of productive and cleaner agriculture, it seems straightforward that farmers with high
SyNB should focus on reducing it. In contrast, farmers with low SyNB and SyNE could work
on increasing productivity. The combination of SyNE and SyNB is particularly useful for
evaluating the strategies of farmers with average efficiencies and output, since they have to find
ways to reduce SyNB without decreasing output. Therefore, using these two complementary
indicators can help balance production and environmental impacts, which is one of the main
challenges of today’s agriculture (Foley et al., 2011).

5. Conclusion

SyNE offers some important improvements to the existing N efficiency indicator, NUE.
It gives sound information about the ability of a farming system to transform inputs into end
outputs for human consumption. However, its calculation requires a larger amount of data than
NUE, and modeling is necessary to estimate change in soil N in absence of local references.
Soil N change is also the most influential variable on SyNE in our 38 dairy farms sample.
Uncertainty analysis could give a useful insight in which variables need to be estimated with
more confidence.

22



Combined with SyNB, SyNE should help in evaluating efficiency-improvement scenarios that
reduce potential N losses. It could therefore be a useful tool to help produce more food with
less pollution, which is one of the main challenges of modern agriculture.
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