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A B S T R A C T

Reactive nitrogen (N) is a key agricultural input, essential for crop growth and production, but excess N in the
environment causes problems for human and ecological health. One of the most promising solutions for reducing
environmental impacts of excess N levels and feeding a growing population is to improve N efficiency of farming
systems i.e., increase the ratio of their N output to N input. Assessing promising solutions involves calculating N
efficiency, which is not trivial. For this reason, a free online tool was developed – the SyNE calculator, https://
www.nefficiencycalculator.fr/en/ – to allow farmers, farm advisors, researchers, and policy makers to calculate
three N-related indicators of farming systems: SyNE, an N efficiency indicator; SyNB, an N balance indicator; and
RNE, a relative N efficiency indicator. After entering information about a farming system, the SyNE calculator
produces two main outputs: first, values of the three indicators (SyNE, SyNB, and RNE) and those of related
variables (N inputs, N losses during production and transport of inputs, N outputs, and change in soil N); second,
a downloadable diagram showing these values. The main advantages of this tool are that it (i) simplifies N
indicator calculation, using the same scientific framework for all farming systems, and (ii) includes many re-
ference values that are difficult to obtain (e.g., N losses during production and transport of inputs). Furthermore,
this tool allows advanced users to modify the values and equations used to calculate the three N-related in-
dicators. The SyNE calculator is currently available for farms producing dairy cattle, beef cattle, and field crops;
in the near future, it will be available for farms producing pigs and broilers. If used, this online tool will con-
tribute to the development of N efficiency evaluation by farmers, farm advisors, and researchers, which may
result in improved agricultural N management practices.

1. Introduction

Anthropogenic disruption of the biogeochemical nitrogen (N) cycle
is one of the most pressing threats to the environment: the current level
of reactive N use is estimated at 240% of the planetary boundary
(Steffen et al., 2015). Agriculture is by far the main user of N, in the
forms of synthetic fertilizers and biological N fixation for food pro-
duction (de Vries et al., 2013). At the global scale, N efficiency (defined
as N output/N input) is 38% for crop production and approximately
10% for animal production (de Vries et al., 2013; Gerber et al., 2014).
To feed a growing population while reducing N burden on the en-
vironment, one of the most promising solutions is to improve N effi-
ciency in agriculture (Bodirsky et al., 2014; Sutton et al., 2013, 2011),
although this will not be sufficient alone to counteract the increase in N
losses due to increased food production (Bouwman et al., 2013; Regan
et al., 2016).

Decision aid tools are quite common in agriculture (see for example,
Rose et al., 2016): they help end users manage, understand, and share

knowledge about complex agricultural systems (Yost et al., 2011). For
farmers and farm advisors, decision aid tools facilitate farm manage-
ment by analyzing on-farm data and generating evidence-based re-
commendations (Rose et al., 2016). For researchers, decision aid tools
allow them to evaluate agronomic and environmental efficiency of
agricultural systems in order to build more sustainable ones
(Bockstaller et al., 1997). For policy makers, decision aid tools are of
particular interest to understand consequences of their decisions, which
are often long term and irreversible, and to present them in a trans-
parent way (Serrat-Capdevila et al., 2011). Decision aid tools may be
based on indicators which, by condensing scientific information, help to
simplify reality and make it accessible to decision makers (Girardin
et al., 1999).

N Balance and N Use Efficiency (NUE) are the two N indicators most
used at the farm scale (Langeveld et al., 2007; Rasmussen et al., 2017).
They have some significant limitations, however: farm gate system
boundaries are not large enough to assess farms with substantial N
inputs (Einarsson et al., 2018); change in soil N is usually not
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considered (Watson and Atkinson, 1999); manure N can be considered a
product or not, which is inconsistent (Godinot et al., 2014); and finally,
there is an arithmetic bias in the NUE indicator (Schröder et al., 2003;
see the “purchase-resale” bias of NUE, described below).

Three new indicators were developed to address these limitations
(Godinot et al., 2015, 2014). In brief, SyNE (System N Efficiency) es-
timates N efficiency of a farming system i.e., the extent to which N
inputs of a farming system are converted into N outputs. SyNE improves
NUE (Aarts et al., 1992) in several ways:

• It corrects the “purchase-resale” bias of NUE (i.e., the fact that
mathematically, a farming system relying on external inputs has a
higher NUE than a self-sufficient one (all else being equal)).

• It considers N losses during production and transport of inputs
(based on principles of life-cycle assessment (LCA)).

• It considers changes in soil N, unlike NUE, which assumes that soil N
content does not vary.

Since performances of a farming system rely not only on N effi-
ciency but also on N losses it generates, SyNE must be used along with
SyNB (System N Balance), which estimates potential N losses in a
farming system (i.e., the sum of N inputs, N losses during production
and transport of inputs, and change in soil N, minus N outputs). Finally,
since animals have lower N efficiency than crops, current N efficiency
indicators cannot compare farming systems with different types of
production. To address this issue, RNE (Relative N Efficiency) expresses
N efficiency relative to that attainable by crop and animal products.

These three new indicators were subjected to a validation phase, as
recommended by Girardin et al. (1999). According to Bockstaller and
Girardin (2003), an indicator can be validated in three ways:

• “Design validation” evaluates whether the indicator is built on rig-
orous science. We posit that publication of the development and
application of indicators in international peer-reviewed journals is a
good guarantee of their scientific quality. Godinot et al. (2015,
2014) have done so, discussing their added value. Moreover, several
recent publications have highlighted advantages of using compre-
hensive N efficiency indicators that include N losses occurring out-
side farm boundaries (Bodirsky et al., 2014; Mu et al., 2016; Sutton
et al., 2013; Uwizeye et al., 2016).

• “Output validation” evaluates the soundness of outputs by com-
paring them to measures or outputs of other indicators; comparison
of these three indicators and other existing indicators for 27

European Union (EU) Member States showed that estimates of the
former were consistent with existing knowledge about agriculture of
the Member States (Godinot et al., 2016).

• “End-use validation” addresses implementation of the indicator as a
decision aid tool, whether it is used, and how. N Balance and similar
variants have been used by farmers, farm advisors, researchers, and
decision makers for several decades to assess N pressure on the
environment (Oenema et al., 2003). In contrast, NUE, although
available for at least 25 years (e.g., Aarts et al., 1992), is still almost
only used by researchers, although some decision makers are willing
to use it (Eurostat, 2017).

If we want end users to use these new indicators, we need to show
their utility as decision aid tools, and facilitate their implementation. To
this end, we developed the online calculator described here.

2. Overall description of the SyNE calculator

The source code of the SyNE calculator was written using HyperText
Markup Language (HTML), Cascading Style Sheets (CSS), JavaScript,
PHP, and Structured Query Language (SQL). The first three languages
are used to create multimedia and interactive web pages, while PHP
and SQL are used to manage data stored in a MySQL database and to
run calculations with these data. Input data and calculated results are
stored in the MySQL database.

The SyNE calculator is available online, free of charge, at https://
www.nefficiencycalculator.fr/en/. End users need to create an account
(using name, e-mail address, and password) to store their data securely
on our institution's servers. By default, the ability for end users to
modify parameters is limited but can be extended on request; since each
account has a copy of the default parameter set, validated by the de-
signers of the SyNE calculator, parameter changes by an end user affect
only that user's data and calculations.

The SyNE calculator computes the three N-related indicators (SyNE,
SyNB, RNE) for a farming system (i.e., the combination of productive
activities at the farm level (Le Gal et al., 2010)). To calculate the three
indicators, end users enter data describing (i) main characteristics of a
farming system (e.g., arable land area, types of production, main soil
characteristics), (ii) crop production (e.g., crop areas, yields, seeding
rates, crop residue management), (iii) animal production (e.g., numbers
of animals, types of animal housing, lengths of grazing periods), (iv)
purchases of animal feed, inorganic fertilizer, and manure, and (v) sales
of animal and crop products (Fig. 1). About 15 min are required to enter

Fig. 1. Examples of two user-accessible forms for entering
data in the SyNE calculator. Form (a) allows end users to
enter data for a new farming system (e.g., arable land area
(UAA), types of production, main soil characteristics). Form
(b) allows end users to enter data for purchased nitrogen
(N) fertilizers. In this example, purchased N fertilizer is
ammonium nitrate: default values are set for three fields –
dry matter (DM) content, N content, and indirect N losses
(i.e., those during production and transport of inputs) – but
end users can change them.
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values for one farming system. End users can duplicate input data of
each farming system, which allows them to store (and then use) input
data corresponding to many individual years. Also it allows them to test
virtually changes to a particular farming system without losing the
original data.

N inputs, N losses during production and transport of inputs, and N
outputs are then calculated, using the data previously entered and re-
ference values for N contents, N fixation rates, etc. (end users can easily
change these values). Reference values are those described in Godinot
et al. (2015, 2014). Change in soil N is calculated using equations from
AMG, a model that simulates soil carbon (C) dynamics (Andriulo et al.,
1999). C:N ratios for crops, animal manure, and soil organic matter are
used to convert amounts of C into amounts of N.

For each farming system, the SyNE calculator produces two main
outputs that can be downloaded: (i) a comma-delimited file containing
farm input data and calculator results (i.e., net N inputs, net N losses
during production and transport of inputs, net N outputs, change in soil
N, SyNE, SyNB, and RNE) and (ii) a diagram with these values. Net
inputs, net losses during production and transport of inputs, and net
outputs correct the “purchase-resale” bias of NUE and are explained in
Godinot et al. (2014).

The SyNE calculator was tested using farm data described by
Godinot et al. (2014): 38 mixed dairy-crop farming systems in south-
eastern Brittany, France, surveyed in spring 2012. The information
collected included 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. The data are available in
Carof and Godinot (submitted). The test involved a simple comparison
of the values obtained by the SyNE calculator vs. those obtained by the
original Excel® spreadsheet used by Godinot et al. (2014).

3. Examples of results

Values of N inputs, indirect N losses, N outputs, change in soil N,
SyNE, SyNB, and RNE for the 38 farming systems were calculated using
the SyNE calculator. Since results produced by the SyNE calculator
were identical to those produced by the original Excel® spreadsheet, we
considered the calculations, and therefore the source code, of the SyNE
calculator to be valid.

Graphing RNE vs. SyNE (Fig. 2) highlights the utility of using them
together. Crop-oriented farming systems tend to have higher SyNE than
animal-oriented farming systems, but within each category, some
farming systems are closer to their potential efficiency given their
specific product mix. It is thus a useful tool to assess the leeway for
increasing N efficiency of farming systems. It also allows for more re-
levant comparisons of mixed farming systems that produce different
proportions of crops and livestock.

We illustrate application of the calculator using one of the 38
farming systems as an example: a system with 57.55 ha on silt loam soil
that produced 413 359 L of fat-and-protein-corrected milk from 55
Holstein Friesian dairy cows. Its cattle feeding system was based on
forages produced on-farm (temporary grasslands for grazing and har-
vesting, stored as hay and silage; alfalfa and maize for harvesting,
stored as silage) and purchased feed (grass hay, N-rich pelleted feed,
wheat straw). Dairy cows were housed on a fully-slatted concrete floor,
while other cattle classes (dairy heifers, calves) were housed on straw
bedding. Cropping systems included temporary grassland (grass only,
grass and legumes), maize, winter wheat, and alfalfa; winter wheat was
the only crop grown as a cash crop. Purchased inorganic fertilizers were
ammonium nitrate, 14-10-20 fertilizer, 13-30-0 fertilizer, and 20-20-0
fertilizer. Some of the manure produced by dairy cows was transferred
to another farming system, while some chicken manure was purchased.
The diagram of the farming system's N flows generated by the calcu-
lator (Fig. 3) helps end users understand the importance of N flows that
are usually ignored by other indicators, such as indirect N losses caused

by input production and transport, and changes in soil N content. On
this farming system, for instance, indirect N losses, which are usually
not estimated by farmers, exceeded the N content of the animal (i.e.,
meat) output.

4. Discussion

4.1. Novelty of the SyNE calculator

Some user-friendly tools already exist to calculate the usual in-
dicators NUE and N Balance (see for example, Evans et al., 2016;
Wheeler et al., 2006). To our knowledge, the SyNE calculator is the first
one that computes SyNE, SyNB, and RNE, three new N-related in-
dicators that provide higher quality information about N efficiency and
N losses than NUE and N Balance (Godinot et al., 2015, 2014).

Furthermore, the SyNE calculator helps resolve the lack of decision
aid tools for environmental management of N at the farm scale, as
identified by Meynard et al. (2002). For this purpose, it would be of
particular interest to use it with a decision aid tool for single-field N
management; this approach would improve N management of farming
systems both in the field and on the farm, avoiding contrary scale-de-
pendent effects of N management.

4.2. Design method for the SyNE calculator

Bockstaller et al. (2009) and Rose et al. (2016) developed lists of
criteria to consider when designing indicator-based tools. The SyNE
calculator meets some of them, as described below.

It addresses only one environmental issue (i.e., in-depth analysis of
N use in agriculture) but does so for a variety of farming systems (dairy
cattle, beef cattle, field crops). One current limitation is that it does not
address other major farming systems, such as those producing pigs or

Fig. 2. Comparison between Relative Nitrogen Efficiency (RNE) (unitless) and System
Nitrogen Efficiency (SyNE) (unitless) for 38 mixed crop and dairy farms in Brittany. Farm
data come from Godinot et al. (2014) and are available in Carof and Godinot (submitted).
Diagonal lines represent relationships between RNE and SyNE for specialized farming
systems with 100% RNE, equal to potential efficiency for a given product (Godinot et al.,
2015). Orange crosses represent farming systems producing> 50% of their nitrogen (N)
outputs as animal products, while blue circles represent those producing> 50% of their
N outputs as crops. Three outliers with RNE > 1 are not shown.
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broilers.
The SyNE calculator is freely available for use after online regis-

tration and, in the interest of transparency, all data used to calculate the
three indicators are available in the tool (e.g., Table 1). Only advanced
end users, however, can access the entire dataset, so as not to dis-
courage novice end users by providing them with more information
than they need.

One of the main weaknesses of the SyNE calculator is that it was not
designed according to a participatory approach, because it was devel-
oped outside of a research project, during individual work time of the
authors. A participatory approach to the design of a decision aid tool
allows designers to consider expectations of end users more precisely

and to identify situations in which the tool will be used (Cerf et al.,
2012; Prost et al., 2012). This lack of considering end users during the
design process complicates assessment of the SyNE calculator according
to user-dependent criteria such as user qualifications, the need for ex-
ternal support, user-friendliness, time requirements, and the quality of
the results provided (currently, a downloadable data table and dia-
gram). We plan to survey end users of the calculator to expand its limits
and understand how they use it. Interested end users will be involved in
the improvement phase.

4.3. Intended use of the SyNE calculator

Although the SyNE calculator was not designed according to a
participatory approach, we did consider its intended use. It is intended
to be used by various target audiences: farmers, farm advisors, re-
searchers, and policy makers.

4.3.1. The SyNE calculator for farmers and farm advisors
One advantage of this tool for farmers and farm advisors is that it

includes many reference values that are difficult to obtain, in particular
those for indirect N losses (obtained from life cycle inventory data)
(Table 1).

Farmers using the SyNE calculator may pay particular attention to
RNE, since it compares their farming systems' SyNE to maximum values
of SyNE that can be attained by farming systems producing a similar
combination of products (Godinot et al., 2015).

In farm support groups, farm advisors and farmers can also compare
the RNE of members' farming systems, but they may pay particular
attention to SyNE and SyNB, which compare the farming systems' N
efficiency (SyNE) and potential for N pollution (SyNB). Using SyNE and
SyNB values, group members may identify farming systems' strengths
and weaknesses and think about management strategies that could
modify N fluxes to increase SyNE and decrease SyNB (Fig. 4). These
strategies could be tested virtually using the SyNE calculator.

4.3.2. The SyNE calculator for researchers and policy makers
Like farmers and farm advisors, researchers may be interested in a

tool that simplifies calculation of N indicators. This is especially true for
multicriteria assessment of farming systems, in which calculation of
multiple indicators can be a long and complex task requiring a wide

Fig. 3. Example of a diagram produced by the SyNE cal-
culator, showing net nitrogen (N) inputs, net indirect N
losses, net N outputs, change in soil N, and the three N-
related indicators (System N Efficiency, SyNE; System N
Balance, SyNB; Relative N Efficiency, RNE) computed by
the calculator. All values are expressed in kg N, except for
SyNE and RNE, which are unitless, and for SyNB, which is
expressed in kg N ha−1. Net inputs, net indirect losses, and
net outputs are explained in Godinot et al. (2014).

Table 1
List of default dry matter (DM) and nitrogen (N) contents of animal feeds in the SyNE
calculator, including indirect N losses from production and transport of purchased feeds.
End users can edit these values and add new feeds for their farming systems.

Feed DM content
(%)

N content
(kg N Mg
DM−1)

Indirect N losses
(kg N Mg DM−1)

Oat grain 88.0 17.6 11.4
Wheat grain 87.0 20.2 10.1
Barley grain 87.0 18.9 10.3
Triticale grain 87.0 18.7 9.7
Oilseed rape grain 92.0 33.4 29.5
Pea grain 87.0 38.2 21.2
Maize grain 86.0 15.0 11.4
Maize silage 33.0 11.2 4.3
Maize gluten feed 88.0 34.7 11.5
Grass hay 85.0 15.0 6.1
Wheat straw 91.0 6.7 2.0
Rapeseed meal 89.0 61.3 8.0
Linseed meal 91.0 55.0 30.9
Soybean meal 88.0 82.9 9.0
Soybean meal,

formaldehyde treated
88.0 74.5 10.9

Concentrate compound
(41% protein)

88.0 74.5 21.1

Concentrate compound
(18% protein)

87.0 33.1 46.3

Dried alfalfa 91.0 29.3 2.1
Urea 99.0 460.0 2.4
Milk powder 100.0 36.0 1.0
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variety of expert knowledge. For instance, the tool can easily calculate
indirect N losses, which would otherwise require LCA methods. The tool
can also calculate change in soil N easily, and while the method chosen
for doing so has some limitations (Godinot et al., 2014), we argue that
considering change in soil N improves the accuracy of results.

The RNE indicator also allows farming systems with different types
of production to be compared. It is particularly useful for comparing
integrated crop-livestock farming systems. The SyNE of farming systems
producing different proportions of animal and crop products is not
sufficient to identify those with the best N management practices
(Fig. 2), since farming systems producing more crops tend to be more
efficient than farming systems producing more milk and meat. Com-
bined use of SyNE and RNE allows farming systems' efficiency to be
assessed as a function of their specific product mix. Finally, the tool
follows a single assessment method, which allows research results to be
compared.

The tool is freely available for use after registration, which will help
develop a community of users who can improve default data and pro-
vide the tool with new references. A future database of farming systems
could also lead to collective work identifying the most efficient farming
systems or practices, and could thus be a trigger to develop new re-
search projects on the topic.

Agricultural policy makers could also benefit from these system
indicators: the system boundaries chosen, from production of inputs to
the farm gate, avoid possible pollution swapping between system
components (e.g., related to imported feedstuffs replacing local pro-
duction), which is not visible with farm-scale indicators. These
boundaries are well suited for defining policies that encourage more
sustainable use of N in farming systems.

The utility of these indicators at the national scale was shown for 27
EU Member States (Godinot et al., 2016); thus, the tool could also be
used to assess N efficiency at regional or national scales. However,
when estimating change in soil N, the tool considers only one type of
soil. At larger scales, another calculation method for change in soil N
would be necessary for better results.

Our tool is complementary with N footprint tool (Leach et al., 2012;
www.n-print.org), which aims to sensitize consumers and institutions
about the N losses related to their actions. It thus focuses on food and
energy from their production to their consumption by end users. In
contrast, our N efficiency tool is designed for farmers, farm advisors and
agricultural policy makers. Its perimeter is thus more focused on farm
activities. We defined our system boundaries in the same manner as
those of most agricultural life cycle analyses: “from cradle to farm gate”
(i.e., from the production of inputs entering the farm to the products
leaving the farm (Clark and Tilman, 2017)). Despite these differences in
target audience and study perimeter, both tools have strong similarities.
They consider all N flows from the cradle to a targeted user, and they
aggregate all N flows in a single indicator rather than expressing im-
pacts of various N compounds on water, air and soil compartments.
Both tools also share weaknesses due to using average and estimated
input data, and having uncertainty in results. These are, of course,
important limitations of both N footprint and N efficiency calculators. It
is important to remember, however, that their main objective is not to
predict N losses or N efficiency with great accuracy, but to raise
awareness about N management and help the targeted audience adopt
more sustainable consumption practices (for consumers using the N
footprint) or production practices (for farmers using N efficiency).

5. Conclusion

The SyNE calculator presented here is currently available for
farming systems producing dairy cattle, beef cattle, and field crops. In
the near future, it will also be available for farming systems producing
pigs and broilers. In collaboration with future users, we want to in-
crease the amount of data available (e.g., more crops, more livestock
feeds) and increase accuracy of the data already available. This tool is
of interest because it can (i) be used by farmers and farm advisors to
assess and improve N management practices, (ii) support the scientific
community in developing more sustainable farming systems, and (iii)
help make N efficiency indicators a common assessment tool for

Fig. 4. Relationship between System Nitrogen Efficiency
(SyNE) (unitless) and System Nitrogen Balance (SyNB) (kg
nitrogen (N) ha−1) for 5 mixed dairy-crop farms in a fictive
farm support group. A farm advisor could identify sub-
group A, whose strategy is to decrease SyNB without de-
creasing SyNE. For instance, farms 4 and 5 could adopt
some management practices of farm 3 (e.g., decrease fer-
tilizer use, decrease change in soil N). Another sub-group
(B) could be identified whose strategy is to increase SyNE
without decreasing SyNB. For instance, farm 3 could adopt
some management practices of farms 1 and 2 (e.g., increase
crop production while using fewer fertilizers and more le-
gumes to fix N). Net N inputs, net indirect N losses, net N
outputs, change in soil N, SyNE, and SyNB are computed by
the calculator using data described by Godinot et al. (2014)
and available in Carof and Godinot (submitted). Net inputs,
net indirect losses, and net outputs are explained in Godinot
et al. (2014).
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agricultural policy makers. By sensitizing the agricultural sector to the
challenge of N efficiency, it complements other indicators such as the N
footprint. Like the N footprint calculator, it is also possible to enlarge
the study perimeter and use the SyNE calculator at regional or national
scales, which could be a more appropriate scale for policy makers.
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