N
N

N

HAL

open science

Designing innovative productive cropping systems with
quantified and ambitious environmental goals

Caroline Colnenne-David, Thierry Doré

» To cite this version:

Caroline Colnenne-David, Thierry Doré. Designing innovative productive cropping systems with quan-
tified and ambitious environmental goals. Renewable Agriculture and Food Systems, 2015, 30 (06),

pp-487-502. 10.1017/S1742170514000313 . hal-01354945

HAL Id: hal-01354945
https://agroparistech.hal.science/hal-01354945
Submitted on 7 Sep 2016

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://agroparistech.hal.science/hal-01354945
https://hal.archives-ouvertes.fr

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

doi:10.1017/S1742170514000313

Designing innovative productive cropping systems with quantified and ambitious

environmental goals

Colnenne-David CarolifeDoré Thierry

1INRA, UMR 211 Agronomie, 78850 Thiverval-Grigndfrance, e-mail:
caroline.colnenne@grignon.inra.fr

2 AgroParisTech, UMR 211 Agronomie, 78850 Thiver@Gilgnon,

thierry.dore@agroparistech.fr

Corresponding author: COLNENNE-DAVID Caroline

INRA, UMR 211 Agronomie, 78850 Thiverval-Grignorraice
Phone: (+33) 1.30.81.53.28

Fax: (+33) 1.30.81.54.25

e-mail: caroline.colnenne@grignon.inra.fr

France e-mail:



29

30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

49

50
51

Abstract

Agriculture must face a number of very pressingimmmental issues. We used the prototyping metbatksign three
innovative cropping systems, each satisfying thesmbitious goals simultaneously: (i) overcoming ajana
environmental constraint, which represents a maj@ak regarding objectives to be reached in curceopping

systems (differing between systems: a ban on afligdes but with chemical N fertilizer permittedzducing fossil
energy consumption by 50%; or decreasing greenhgase emissions by 50%), (i) meeting a wide range
environmental criteria, and (iii) maximizing yieldgiven the major constraint and environmental éevgA fourth

cropping system was designed, in which the enviemtal and yield targets were achieved with no magrstraint

(PHEP system). The performances of these innovatiwgping systems were compared to a conventigiséém in the
lle-de-France region. We used a three-step pratagymethod: (1) new cropping systems were desigmetthe basis of
scientific and expert knowledge, (2) these systemtopypes were assesseih tools and a modekx ante assessment)
adjusted to the set of constraints and target$) aptimization by an iterative process until thigecia were satisfied
and (3) evaluation in a long-term field experim@axtpost assessment), which is currently underway. We desonly

the first two steps here, together with the resoftthe prototypes assessment with tools and a mdtie pesticide,
energy and greenhouse gas constraints were fdlfildl these innovative systems satisfied environtakcriteria in

terms of nitrogen and phosphorus management, lstise, energy consumption and crop diversity.tR@pesticide-
free system, the soil organic matter indicator Veager than expected due to frequent plowing (eveny years) and
yields were 20 to 50% lower than for the PHEP systéepending on the crop considered. We focus iseuslsions on

the design methodology and the availability of stifec knowledge and tools for projects of this ¢éyp

Keywords

Innovative cropping systems, environmental gaadsnte assessment.
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I ntroduction

Agriculturalists are faced with challenges relattogrery pressing environmental and health issinet)ding the need
to decrease pesticide use. In many countries, leigdls of pesticides have frequently been foundvers, lakes and
groundwater? A second pressing environmental issue is the wropson of fossil fuel. Energy use has markedly
increased over the last decidend some scientists agree that oil availabiliiy aecline in the near futufeleading to

a sharp increase in oil priedn this context, new ways of optimizing or rechgienergy use have been propésed
Global warming is a third challenging environmeritgue facing agriculture. About 12% of global gieeuse gas
(GHG) emissions emanate from agricultural ldndsad this proportion is expected to rise in ther, due to increases
in the amount of land used for agricultural purgosad the intensification of agricultural practfceSarbon (C)
sequestration in the soil, through the return aipcresidues, root deposition and organic amendmemdy help to
decrease GHG emissidnsSustainable development is another pressing Istssiae. Sustainable agriculture must
satisfy environmental critedi& The harmful impact of agriculture on the envir@mncan be lessened by optimizing
fertilization (N, P) and increasing crop diversi@urrently pesticide use and energy consumptiorulshalso be
reduced? , and soil fertility should be maintained. Sinbe t11950s, alternative crop management systems lreae
proposed! and legislation and inspection services have ofiatt the use of inputs (pesticides, N fertilizadioFinally,
agricultural production must satisfy the food neefisa soaring world populatiéh Global agricultural production
currently feeds a population of approximately selb#ion. Current projections suggest that the wqubpulation will
have reached nine billion by 20%0The resulting increase in the need for land fauding will reduce the amount of
land available for agricultural purpog&sThe availability of arable land per capita diffgreatly between regionad.,
between China and South America), and major cra@ppiystems must take this scarcity into accounteybhave
suggested that feeding a population of this sidkbei possible only if agricultural systems changileng with human
eating habits.

Many studies in recent years have focused on tiegmnleand assessment of new cropping systems. New cr
management strategies have been proposed to deqesticide usé to decrease energy consumptfoor to enhance
C sequestration through crop management praétidésergy use and greenhouse gas emissions havecaleefated
and assessed for different syst&inat the cropping system level, long-term trialscahave been set up to investigate
the effects of different technical operations, sashN fertilization, on soil physical and chemipabpertie$® and on
soil biology®. Several studies have assessed the differencegdretorganic, integrated and conventional cropping
systems in terms of C sequestratipenergy efficiency and u&e profitability?® or productivity*. Some authors have
analyzed the impact of different degrees of tillageproductivity® or biological activity®. Others have focused on the

effect of cropping systems on biodiversityor have used life cycle assessment methods tgzanthe sustainability of
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various farming systerfs In most of these cases, new cropping systems designed by modifying a few agricultural
practices targeting a single goalg, no chemicals to be used in organic cropping systemgloughing to increase C
sequestration; more legumes in the rotation togedinergy consumption; and more inputs to enharafégbility),
without considering the other dimensions of sustdility. Despite the evidence that the future ofi@agture must
address a wide range of issues, no study has @eskigmovative cropping systems with specific andrditative
objectives covering a broad range of issues.

The objective of our project was to design, by @tying®, innovative cropping systems meeting three quatiti
objectives: (i) to satisfy a major environmentahswaint, which represents a major break regardisjgctives to be
reached in current cropping systems (the banningesticide use, reducing fossil energy consumptiprb0%, or
reducing gas emissions by 50%,; (ii) to satisfyidewrange of environmental criteria with specificagtitative targets,
and (iii) to produce the maximum yield possibleagithe constraint and the environmental targets. ulfimate aim of
this work is to improve arable cropping system®uighout northern Europe. Prototyping was developednable
agronomists to design, test and improve more sugtlé cropping systerfs With this approach, newly designed
cropping systems could satisfy several of the issuentioned above and contributed to identify treakmesses of
cropping systems. System prototypes were assesiiedools and a modekx ante assessment), with discussion of
their potential performances, before their assessinea long-term fieldexperiment €x post assessment). We set up
this long-term field experiment in 2008, and itsuks will be published in due course. We focusehen the
prototyping and assessment of the cropping systertotypes. We discuss our results in terms of iatioe design
methodology, the innovation of agricultural praesicthe availability of suitable tools, models a&ndp management,

and the yields achievable.

1. Materials and methods

1.1. Design method
The method used for cropping system design waslo@séhe prototyping approa@i®3%32 which involves four major
steps:
(i) Defining and ranking the constraints and targets;
(i) Designing innovative cropping system prototypeshanbasis of current knowledge;
(iii) Assessments of cropping system prototypitk tools and models adapted for the constraintstargets used,
with improvement of the cropping systems (in tewhsotation or crop management aspects) by antitera

process, until satisfaction of the constraintsai@ement of results considered the best possibk;
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(iv) Assessment of the most promising cropping systamdidates in a long-term field trial. This practica

assessment is currently being carried out in a-tenm field experiment, initiated in 2008.

1.2. Constraints and targetsfor innovative cropping systems

Four different cropping systems with quantified stoaints {.e., conditions that had to be fulfilled), environmdrdaad
yield targets, were designed for the agricultumadditions and principal crops of northern FrandeedSe constraints and
targets were prioritized as follows: an environmaéigbnstraint had to be satisfied first; a setmfimnmental targets
then had to be attained, and finally, yield hadbéo maximized. The quantitative levels of the caists did not
correspond to any regulations and reflected a majeak to be reached in current cropping systentdugion of the
use of organic fertilizers (manure, compost, etebhich are currently not readily available to mgaymers in large

areas of Western Europe, was not permitted in éségd of the cropping systems.

1.2.1. The productive high environmental perfor mance cropping system (PHEP).

No major environmental constraint was placed or thopping system, which was designed to reachr@emwiental
targets. Eleven environmental indicators, accordimghe INDIGO® tool®, were used to assess the effects of the
cropping system on groundwater pollution (nitratel @esticides), crop diversity, energy use and cpadllity (organic
matter content and phosphorus concentration). Bahreenvironmental goals, all these environmentdicators,
calculated over an entire crop rotation sequenae,tt have values hightran 7 (graduated scale from 1 to*0T his

system was used as the reference system for cauparnwith the other three systems.

1.2.2. No-pesticide cropping system (No-Pest).

This cropping system was subject to a specific igidst constraint: no pesticide use was toleratagineusing
substances (e.g. acetic acid) at levels usuallgidered acceptable in organic cropping systems.eiewy inorganic
chemical fertilizers were allowed (these fertilgere not permitted in organic farming systems)s Bystem had to

achieve the same environmental targets as the RiIRing system.

1.2.3. Low energy cropping system (L-EN).
This cropping system was subjected to a speciferggnconstraint: it had to have fossil fuel constioplevels no
greater than half those of the PHEP cropping systemad to reach the same environmental targetheadPHEP

cropping system.

1.2.4. Low greenhouse gas emission cropping system (L-GHG).
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This cropping system was subject to a specific taim concerning greenhouse gas emissions: itsnjp@ise gas
emissions had to be no more than half those oPthEP cropping system by increasing carbon seqtiestia the soil

and decreasing /D emissions. It had to meet the same environméarigits as the PHEP cropping system.

For each cropping system, once the constraint lesoh Isatisfied and environmental targets had beacheel, the

combination of agricultural practices giving thgliest yields was retained.

1.3. Design of thefour innovative cropping systems

The innovative cropping systems were designed fpoilslished knowledge, quantitative data from fielgperiments
and individual or group expertise provided by stigts, extension service staff and farmers. Fohe&aopping system,
one prototype, consisting of the species in thatiart and the combination of agricultural practioeed, was designed.
If the constraints were not satisfied, the candidaas modified iteratively (changes to the cropshia rotation or
agronomic practices) until they were. At the begignof the process, a modification of a crop lecatmultitude of
changes; at the end, changes were only one atea When the constraints were satisfied, environai@atgets were
optimized by an iterative procedure until improvemnevas observed. Maximum achievable yields weren the
determined by experts knowledge or from trial ressufor the various cropping systems. The candidat@ping
systems selected for further assessment in a &igferiment were, those with the best performanneteims of
constraints, environmental targets and achievablds;

We carefully selected agronomic strategies fronvipres publications, to satisfy the given constrairExamples of
such strategies are presented in Table 1. Currewlkedge, based on conventional cropping systeatstdbe adapted
for innovative cropping systems, and it was neagssacombine strategies. Agronomic strategies viemeslated into
decision rules (as described by Debd®k meet the requirements of future cropping systand to cope with the

variability of weather and agronomic conditions.

1.4. Assessment with tools and a model and fine-tuning of innovative cropping system prototypes

During the design process, the cropping systenopeés were assessed with various tools and a mmdéetermine
the best ways to satisfy the set of constraints tamgets imposed. Direct and indirect non-renewadergy
consumption was assessed with the INDIGO® tooll(9). Direct energy consumption concerned the fuélicants
and electricity used to power farm machinery amdtors. Indirect energy consumption concerned tieegy used in
the manufacture, formulation, packaging and maamea of inputs, such as machinery, fertilizer ostip@es. The

energy outputs of the cropping systems were caledilas the gross energy content of the harvestatlipe. Energy
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consumption was calculated on a per hectare h@sigpnne of crop product and per calorie produogdr a complete
crop sequence.

C sequestration in the soil was assessed with€iRoth C 26.3 mod&land (ii) the SIMEOS® tool (v.2010) based on
the AMG model®. We used climatic data.€., monthly mean air temperature, monthly precipitatamd monthly open
pan evaporation) from a meteorological stationtedan Grignon (lle-de-France region, 30 km wesPafis). The soil
characteristics (plow layer, 0-30 cm) used to dsiraulations were as follows: clay content 20.6%khklensity 1.4,
initial C content 8 g/kg dry matter. The expectadizal yields were estimated from experimental ddti@ined under
the same conditions.¢., lle de France region) and adjusted by expert kadgé. These values were used to estimate
the expected annual dry matter production of r@md stubble, as described by Van Groenigen &t &lirect and
indirect GHG emissions were estimated with the Q@' databas&. We focused on two main greenhouse gases:
nitrous oxide (NO) and carbon dioxide (G Direct emissions included® emissions from N fertilizers, calculated
with Intergovernmental Panel on Climate Changefaients®, and the C@produced by the combustion of fossil fuels
by farm machinery; C@respired by soil organisms was not taken into actdu calculations. Indirect emissions
corresponded to the use of fossil energy in the ufs@ture and maintenance of farm inputs. GHG basn
sequestration plus GHG emissions) were determineer @eriods of 25 and 50 years, in accordance with
Intergovernmental Panel on Climate Change prop¥satsl current knowledge of C sequestration kinetiahe soil.

In this investigation, any GHG entering the sysismounted negatively whereas GHG leaving the ayssecounted
positively. Therefore, the overall balance is aifpas value if more greenhouse gases are emitted fequestered in

the system.

Environmental indicators, such as in the INDIGO®It¢v. 1.9), were used to assess the environmedifatts of
cropping system prototypes. Three indicators afgin effects provided information about ammoniéatiation,
nitrous oxide emissions into the air, and nitraaching into the groundwater. Four pesticide indicawere studied:
three providing information about pesticide volaétion, pesticide runoff and pesticide leaching igroundwater and
one taking the global effect of pesticides intocastt. The last four indicators used provided infation about crop
diversity, energy consumption, organic matter i@ foil, and phosphorus management. Each indicakesta value
between 1 (worst) and 10 (best). For rotations ofenthan five crops, the crop diversity indicat@swalculated from
the coefficients of Leteinturiét For example, values 0.5, 4.1 and 7.6 respectivigespond to a wheat monoculture,
a wheat-maize rotation and a wheat-sunflower-sgramey-maize rotation.

All these tools and the model were chosen on tlsestod their relevance for assessing complianch wdnstraints and
environmental targets. In a comparison of the perémce of nine soil organic C models, using diffém@atasets from

long-term experiments from different parts of therld, SmitH! found that the RothC model was among those that
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performed best. Bockstalf@ranalyzed four methods for assessing the sustéityadfi agricultural systems. They found
that the INDIGO® tool was the most relevant for ditions corresponding to those used here. Theds toal the
model have been regularly used in different coantrFor example, Roth C has been used by De If bind Cerri4,

and INDIGO® has been used by Bockstédfer

1.5 Current cropping system in the lle-de-France region

The current system in the lle-de-France region aefined on the basis of data collected in 2006 €41, the most
recent data available at the initiation of thisgraom. We defined the current cropping system imseof agronomic
practices and crop descriptions. This system whdatad by various experts (farmers, extensioniserstaff) with few
adjustments in terms of types and numbers of ciofghe rotation. This system was used as a referémcfurther

comparisons.

2. Reaults

2.1. Design methodology step

The systems were designed over a six-month pebgpdy panel of about 15 experts. For each innovatreg@ping
system, the first candidate characteristics wesethan the current cropping system in the lle-dsi&e region. The
system was then optimized through an iterative ggecwhich produced approximately 70 prototypedintbthe four
most promising candidates. These candidates camdsg to the prototypes satisfying the constraint a
environmental targets imposed and yielding the kesilts in the assessment. For example, for tHeFP$ystem, the
value of the crop diversity indicator was graduatigreased from 5 to 7 during the fine-tuning of thystem, with
simultaneous improvement of the values of the othdicators. The first prototype was based on a&&yrotation
(winter oilseed rape, winter barley and winter wheeurrently used in the lle-de-France regionth@ best prototype, a
winter legume and spring barley with a mustarditatop were gradually introduced, leading to thefang rotation:
winter field beans\icia faba), winter wheat, winter oilseed rape, winter whaad spring barley with a mustard catch

crop. In the design process, we began by detergihia crop rotation and then defined the crop memamt practices.

2.2. Description of theinnovative cropping system prototypes

For each cropping system, we present only the proshising prototype. The systems are first desdringerms of the
crop rotation, crop management practices and yaigets. We then present the results of the fisaéssment with
respect to constraints.€., pesticide use, energy consumption and greenhasemissions) and, finally, we evaluate

the systems in terms of environmental targets.crbp rotations and targeted yields are present@alites 2 and 3.
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2.2.1. The productive high environmental performance cropping system (PHEP)

The PHEP cropping system was designed with mulgpMronmental targets in mind and was based oifidil@ving
agronomic strategies: (i) to reduce pesticide ugejncreased crop diversity (four different cropstéad of the three
currently sown), (ii) to reduce the amount of Ndisexd indirect energy consumption, we includeceast one legume
in the rotation, (iii) to decrease nitrogen leachim catch crop was always sown before the spriogp and N
fertilization was forbidden during autumn and wimtév) to reduce direct energy consumption, plogvimas allowed
only once in the rotation, before the spring cre,to reduce pesticide use and crop loss duegects and diseases,
highly resistant varieties were used, together wiptimal sowing dates and densities and (vi) tbikt® or/and to
enrich the soil organic matter (SOM) content of $lod, crop residues were not removed. As the systad to satisfy
environmental targets requiring the use of fewguts, the target yields set were similar to thageently achieved

with low-input cropping systems in the lle-de-Framegion.

2.2.2. The no-pesticide cropping system (No-Pest)

Pesticide use was prohibited in the “No-Pest” croppsystem. Therefore, this cropping system wasgded as
follows: (i) to break the cycles of some commonl-borne pathogens, we used a long rotation inclydirrange of
species (five different crops), with the alternsdaving of host and non-host plants, (ii) to redweed emergence from
year to year, we sowed species with different sgvdates in spring and in winter successively, {diYdecrease pest
and disease pressure and damage, we used highlitants/arieties and species mixtures, and excludeds highly
susceptible to some enemies but with few non-chainsiclutions, such as oilseed rape or potatoes) ffe rotation
(iv) to increase the competitiveness of the crofh wéspect to weeds, we sowed species with ramdtggrowth, such
as hemp and triticale, (v) to maximize weed emergdrefore sowing, we used the stale seed-bed tpahn{vi) to
reduce weed emergence after sowing, plowing wasedaout before each spring crop and (vii) we addpowing
densities to make it possible to use mechanicatlimgetechniques and to decrease pathogen propagstie used the
following approaches to reach environmental targ@}sto reduce nitrate leaching, catch crops wakgays sown
before spring crops and the spreading of nitrogetilizer was allowed only in the spring, (ii) tectease direct and
indirect energy consumption, we decreased the nuofhglowing events and N fertilization was caldeth according
to yield objectives, and (iii) to stabilize SOMpgrresidues were not removed. Yield targets waneldhan those for
the PHEP cropping system, because no pesticides weexdd. However, they were higher than those aetligvorganic
systems because chemical fertilizers were allowesleasing flexibility in the management of croprogen nutrition.

For the integration of these features, in accordamith current knowledge of pest and disease pressn the lle-de-



270  France region, experts suggested yield potent#s Bwer than those for the PHEP system for cermadis25% lower
271  for field beans.

272

273  2.2.3.Low energy cropping system (L-EN)

274  The L-EN cropping system was designed, to have ehnfmwer energy consumption than the PHEP croppysgem,
275 as follows: (i) to reduce indirect fuel consumptidue to N fertilization, we included as many legsnas possible in
276 the rotation (field beans as a main crop, clovea aatch crop, and a white clover-winter wheat mi}, and we used
277  species or varieties with high N use efficieney( oats*®) and forms of mineral N fertilizers requiring lessergy for
278 their manufacture, (ii) to decrease direct fuel stonption, we omitted plowing, which is a very resedintensive
279  operation, and used a direct drilling system, diidwe decreased the amounts of mineral fertiligdr P, K) applied,
280 implying a decrease in target yields. We also desigthe L-EN cropping system along the same lisetha PHEP
281 system, to achieve environmental targets for crivpreiity, length of rotation, date of nitrogen spdang, and catch
282  crop sowing. Target yields were 20% lower thantfier PHEP cropping system, except for field beans.

283

284  2.2.4. L ow greenhouse gas emission cropping system (L-GHG)

285 The L-GHG cropping system was designed to decrgesnhouse gas emissions by increasing C seqi@stiatthe
286  soil and decreasing&) emissions.

287  C sequestration in the soil was increased by (uting as many cereals as possible in the rotatmrensure the
288  production of large amounts of residuds.( maize, winter wheat, winter barley or triticalgji) maintaining
289  continuous soil cover to increase the amounts géwic residues .., cover or catch crops were always sown between
290 main crops, and volunteers were left to grow aft@vest), (iii) targeting high yields for the maind catch crops, to
291 ensure the production of large amounts of residaes, (iv) excluding moldboard plowing, which incsea C
292  mineralization.

293 N0 emissions were reduced by (i) decreasing the atmwfuN fertilizer required at rotation sc&leand consequently
294  direct emissions of dD, by sowing legumes in the rotation (main and lcatops), (i) improving and optimizing N
295 fertilization practices according to climatic cotigits, through the use of appropriate decisionsrul@ prevent
296  applications in conditions favoring,® emissions, and (iii) sowing species with taprdotseduce soil compaction and
297 N0 emissions.

298 The L-GHG cropping system was also designed aacgrtth the same principles as the PHEP system, dohre
299 environmental targets for crop diversity, lengthrofation, pesticide use, date of N spreading, @atdh crop sowing.

300 Target yields were considered to be a compromisedsn the production of large amounts of C residiies high
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yields) and the decrease inM emissionsi(e., low N fertilization). Experts thought that potemtidaelds would be

similar to those achieved by the PHEP croppingesyst

2.2.5. The current cropping system in the lle-de-France region

This system is based on a cereal crop rotatiorh) fie cereal crops over a six-year rotation (Tabjeln order to
secure high yields, the agronomic practices wertli®ns: regular plowings, four times over a 6-yeatation. The
amounts of N fertilizer exceed crop requirementsptevent yield shortfalls in the event of unfavmeaclimatic

conditions or unexpected nitrogen losses. Pesticatel growth regulators were used liberally to pnévdiseases,

weeds, pests and lodging (3 to 5 pesticides eveay)y

3. Cropping system prototypes assessments with tools and a model

3.1. Constraint assessment

3.1.1. Pesticide constraint in the No-Pest cropping system

This constraint was achieved by not applying paitiin the No-Pest cropping system.

3.1.2. Energy constraint in the L-EN cropping system

Mean total fossil energy consumption (direct ardiriect energy), calculated over a single rotativas 4517 MJ ha
year! for the L-EN system and 8826 MJhgear? for the PHEP system (Figure 1). Chemicals, ineigdV fertilizers,
the largest component, accounted for 1271 M3 year® (43% of total indirect energy consumption) in thé&N
system and 4345 MJ fAgear! (95% of total indirect energy consumption) in fidEP system. The use of machinery
for tillage, fertilization, harvesting, sowing acdop protection was the only component of direargp consumption
that was nearly halved in the L-EN system (2976Hd3 year* and 4228 MJ hayear* for the L-EN and the PHEP
systems, respectively). The difference betweereth@e systems can be accounted for by the absdritage and the
use of less N fertilizer in the L-EN cropping syste

When expressed in MJ ha the total fossil energy in the L-EN system is 4B%er than that in the PHEP system
(Table 4). However, if expressed in MY the energy performance of the L-EN system is fofive. difference between
the PHEP and the L-EN systems of only 24% in tefrtotal fossil energy per tonne of produce), beeathe target

yield is about 20% lower. A similar reduction ineegy use (about 29%) was observed for the caloulati kJ kcaf.

3.1.3. The greenhouse gas constraint in the L-GHG cropping system
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C sequestration was assessed for the optimizedtppes of the PHEP and the L-GHG systems, for tkamsoil
organic matter content in the lle de France relo6%). Both the Roth C model and the SIMEOS® peldicted that
C would be sequestered throughout the study peiriodh the start, in both cropping systems. The égglvalues were
obtained with the L-GHG system over a 50-year mkrior both assessment tools (Table 5). For bostesys, total C
sequestration was higher during the first 25-yeaiqal than during the second 25-year period. Whenessed in t
COr-eq hat, C sequestration values were systematically hightr the Roth C model than with the SIMEOS® tool.
Nevertheless, after 25 and 50 years, the diffeebetwveen the L-GHG and the PHEP systems calcukithdhe Roth
C model and the SIMEOS® tool were similar if theuks were expressed in relative values.

Direct and indirect greenhouse gas emissions wadoellated with the GES'TIM database, over one rotaperiod, for
the L-GHG and the PHEP cropping systems (Figur#/2an total greenhouse gas emissions were 1104k hat
year! and 1273 kg C@eq ha' year! for the L-GHG and the PHEP cropping systems, msmdy. Direct and indirect
greenhouse gas emissions accounted for similaroptiops of total emissions: 48% and 52% for digrelenhouse gas
emissions for the L-GHG and PHEP systems, respdygti¢Table 6). Chemical fertilizers caused bothedirand
indirect greenhouse gas emissions. They repres@é#dand 73% of total greenhouse gas emissionthéot-GHG
and the PHEP systems, respectively. Soil cultivataccounting for 19% and 23% of total greenhows® gmissions
for the L-GHG and the PHEP systems, respectivebs the second most important component of thesesems.
When results were expressed per ha, total greealgasemissions were 13% lower in the L-GHG systen in the
PHEP system. When expressed per tonne of prodoedatger decrease (22%) may be accounted for éitgher
yields, calculated at rotation scale, of the L-G&iGtem than of the PHEP system.

In terms of the overall balance of GHG emissionab(€s 7-8), GHG values were negative for the L-G$yStem,
except for the 50-year period with the SIMEOS® td%dl GHG balance values were lower for the L-GH¢&tem than
for the PHEP system. The difference in GHG baldmesveen the two systems increased over time, arsdgneater
with the Roth C model, which gave decreases in @mtission of 51% for the 25-year period and 76%lier50-year

period.

3.2. Assessment of environmental targets

The results of assessments of environmental tavgétsthe INDIGO® tool are shown in Figure 3. Fdfr @ptimized
cropping systems, all 11 indicators had valuestdéast 7 i.e., environmental criteria were satisfied), except thoe
organic matter indicator for the No-Pest croppipgtesm (OMI = 5.7). The large number of species @rban three in
each rotation) and the small quantities of pestigidprayed on crops (0 to 2 pesticides used ppj,die systematic
restitution of residues and the optimization datie and fertilization managemeng( the small number of ploughing

operations, optimizing P and N fertilization in rtes of both the amounts applied and the timing gdliaptions),
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resulted in high values for the indicators for cdipersity, pesticide use, soil organic matter, ggtwrus, nitrogen and
fossil fuel, respectively.

The low value of the organic matter indicator foe tNo-Pest cropping system (5.7) could be accouotebly both the
large number of plowing operations (alternate ygaracouraging mineralization, and the lower yigldsulting in

smaller amounts of C residues.

4. Discussion

4.1. Design and assessment of innovative cropping systems

The main challenge of this study was to designwatige cropping systems. Our approach is originahe multiplicity
of purposes assigned to these systaras éssociation of one major constraint with environtakand yield targets). In
most previous studies, these issues have beerzadatgparately. For example, Zenthand Geflantf studied energy
efficiency, whereas Nemec&kused life cycle assessment methods to evaluat@oemental criteria, Nowacki
studied profitability, and Chikows studied new cropping systems with a lower relianoepesticides. However,
several other studies are currently investigatiggtesn sustainability including assessments of sdvdifferent
criterig’?, or numerous environmental parameterdn our project, we combined one major constraivith
environmental and yield targets, reflecting the tifurictionality of agriculture. Furthermore, themas a clear,
particular hierarchy throughout the design procésanost published experiments, environmental cgusaces are
assessed only during the assessment of technisaVations in the trials, or environmental goalsseXxut are not
guantified at the start of the study. In our wasétisfying the major constraints and the precisérenmental targets
were major aims, which became the conditions detgngn yield, with target yields set as high as flssunder the
conditions concerned. In addition, the clear d&fni of the constraintif., reducing energy consumption or GHG
emissions by 50%) and the environmental targie¢s paving a value of at least 7 for all INDIGO envineental
indicators) was also original. The quantitativeelsvof the constraints did not correspond to agylaions {.e., these
constraints reflected a major break with the retipiha). However these innovative cropping systemasewconsidered
as research tools which enabled to identify thetmalevant agronomic practices combinations whichla be used in
more restrictive legislative contexts. The levelntifications of the constraints and environmetdagets were very
useful during the design process which requiredutations.

Before the assessment of the prototypes in a lerg-field trial, candidate systems were assessednaproved in an
iterative process until the constraints were datisfand environmental performance with respectaigets was
optimized. This theoretical process of improventead rarely been reported in previous studies. Gngpgystems are

usually assessed or compared in systeefined on the basis of the main standardized cleniatics, essentially



394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425

relating to one major aspeetg., organicversus conventional systerfs®*24 no-tillageversus conventional tillage>s,

or integratedversus conventional systerfs®® Quantitative data for environmental critéfjayield®” or economic
performanceé®>® were therefore recorded in experiments. The resiflthese comparisons can be used to compare the
impact of different systems, but not to identifyysadlutions for their improvement. Even though iotive reasoning can
bring about some conclusions in regards to geneiatiples,another round of conception and evaluation is regyi
to strengthen cropping systems. Our prototypingr@ggh is totally different. Innovative systems wassessed by
modeling until they satisfied specific constraiatal were optimized in terms of specific environraétdrgets. A field
trial was then set up to determine whether eacth®fselected prototypes could satisfy its multipdastraints and
targets. In this case, the various environmentgleta were included in the agricultural stratedresn the start of the
design process, facilitating identification of tweaknesses of the system and making it possibeapose solutions
for improvement before undertaking field trials.téxfthe assessment of these innovative croppingmgsin a field
trial, their costs and economic performances wél dalculated in different economic scenarios, ttemheine the
likelihood of their being adopted by farmers.

Our approach required a large panel of experteitsists, farmers, and extension service staff)esigh and to support
prototypes throughout the design procéss, from the first to the last candidates). This waseassary because (i) the
best crop management system may not correspondysimpghe sum of individual agricultural practicdsjt may
instead involve a set of agronomic strategies &ed interactions, and (ii) a breadth of agro-egadal knowledge is
required to identify sets of agricultural ruleselik to be responsive to such strict constraintsemdronmental targets.
Moreover, this approach provided a more realistewwvof cropping systems, making the adoption of pineposed
innovations more likeR?. However, the field trial assessment step is atiolutely necessary because some innovative
agronomic practices, not currently used in croppiygtems, have never been evaluated by experts.

During the design process, about 15 experts atteimtiividual sessions or group meetings, to provdewledge
unavailable from published work. The definitionanbp rotations and agronomic practices took abounsnths, and a
further 18 months were required for the writingtod decision rules. Published studies involvinggteprocesses have
differed considerably in the number of experts Imgd and the time spent by individual experts, delreg on the

availability of the experts and the difficultiescemintered in achieving the goals assigned to syB8téin

4.2. Achievement of multiple constraint and targets

For all innovative systems, the constraints wetesfead with no consequences for other environmecwanponents,
except for the organic matter indicator of the NestPsystem. In this case, regular tillage combinih the restitution
of only small amounts of organic matter had an esk/effect on soil environmental characteristioglifator value for

soil organic matter of 5.7, according to the INDI®@ool). Within this system, it did not appear te possible to



426  satisfy both the constraint and this environmetdeget with the available non-chemical techniquespiest control.
427  Moreover, this was only possible with the availaigiehniques by reducing yield targets with respethose of current
428 regional systems (Agrest: Nevertheless, progress in integrated pest mamageis being made, and new techniques
429  may make it possible to improve environmental aiettyperformances. In the design of the L-EN system managed
430 various agricultural processes, decreasing botbctienergy consumption (due to tillage, for exainpled indirect
431 energy consumption (due to the use of minerallitests). We halved fossil energy consumption byagyedecreasing
432 N fertilizer inputs, which was associated with &@@ield loss. However, the energy performance efltfEN system
433 was expressed relative to that of the PHEP sysidtich also had a relatively low level of fossil Fs®nsumption with
434  respect to current practices in lle-de-France. fbha&l energy consumption of the L-EN system wasual3s% that of
435 the current system in lle-de-France (Agré&$tevhen energy was expressed in MJ [i@able 4). For both the L-GHG
436 and the PHEP systems, decreases in pesticide alane into account by considering the maximum acti&vyields to
437 Dbe similar to those of current low-input systems lie-de-France (Agrestd, and much lower than those of
438 conventional systems in the region (Agré3teAchievable yields for the L-GHG and the PHEPteys were
439 considered to be 13% and 21% lower, respectivéigin tthose of the current system in lle-de-Francewever,
440 considering all the innovative systems togethendtild appear to be possible to satisfy such amidtconstraints and
441  environmental targets at the expense of only relbtismall yield losses.

442  Available knowledge and current techniques sugdettat it would not be possible to overcome allstoaints in a
443  single cropping system, because the agronomicipeactised in one innovative system were incompatiith the
444  constraints imposed on others. Plowing, one oftbst effective practices against weeds used ilNth@est system, is
445  incompatible with large decrease in fossil energysumption and the increase in C sequestratioreaetiiwith the L-
446 EN and L-GHG systems, respectively. The large deseén N fertilizer levels of the L-EN system ist mompatible
447  with the achievable yields defined for the PHEP #relL-GHG systems. Winter wheat sowing was delageavoid
448  pest pressure in the No-Pest system, whereas ibreagiht forward in the direct drilling condition$ the L-EN and
449  the L-GHG systems. This pattern was already evideming the design of the L-GHG systeire( GHG emission
450 processes were managed in hierarchical order). eCpiesitly, the development of a system without peeits, with
451  ambitious constraints in terms of GHG emissions fasgil fuel use, and with other environmental gield targets,
452  will require further progress in agronomic knowled@or example, a better understanding of thedntims between
453 cash and cover crops in terms of cooperative antpetitive effects might allow the introduction ofieing cover crop
454  during cash crop growth in the L-GHG systénirhe field trial assessment again proves esseittiglain a better
455  understanding of these interactions.

456

457  4.3. Improving the design process
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In the design of the L-GHG system, we had to rdmekgecondary objectives (C sequestration had #nhanced first,
and then MO emissions had to be reduced) to satisfy the Gbi@teaint. In this case, several practices hadtesffen
both processes involved: no-tillage increased Q@esgation in the soil but increasedMemissions; ample N fertilizer
applications were required to obtain high yieldsl,athus, abundant C residues, but this also gestnaiore NO
emissions. We decided to promote C sequestraterguse MO emission assessments were highly uncertain dtieeto
lack of published data about® emissions, for field bean residues for examf ), and the variability of results
due to differences in soil and climatic conditi®hievertheless, knowledge about the effects of girgpsystems on
N2O emissions is increasing, and it should be passibimprove the adjustment of cropping systenthénfuture.

The cropping systems assessment required toolsmemitls adapted to the set of objectives and coaméerno use
during the iterative optimization process. Someragmations were used, due to the lack of datathn L-GHG
system, the coefficient defined by the Intergovesntal Panel on Climate Chandggedf 1) was used to calculate.®
release from the amount of N applied, rather thsingudifferent values for different soil and clintatondition$3.
There were also uncertainties in the assessmebtsefjuestration. The two simulations provided simiinks for the
PHEP and the L-GHG systems, but the SIMEOS® tod|the Roth C model gave different quantitative ltssine
difference between these tools relates to tillhgehe SIMEOS® tool, mineralization mechanismshia tilled layer are
modified by tillagé®. In the Roth C model, tillage is taken into acdowmly indirectly, through the C inputs to the soil
from crop biomass, which are affected by tillagagtice4®. Further uncertainties arise from the lack of rbmmass
data. Furthermore, these tools partially take adoount changes in soil organic matter contentchvgreatly influence
N transformation mechanisms in the soil. Anyway thfference in the values generated by these malajgested
that neither may accurately predict actual perfartea of these contrasting cropping systems. If gingp systems
assessment is to be considered relevant, it muke mae of tools that are regularly updated, incigdi(i) “new”
machinery, such as harrows, hoes or direct-sowitig dvith adjustable parameters in terms of enecgpsumption
and GHG emissions, and (ii) new more forms of patgs or fertilizers. It may also be useful to ioyg systems
assessments with crop models, but many parametrsavailable for marginal crops (such as hemitagj, for crop
mixtures €.9., cereal and legume combinations), or species nastused as catch cropsgy(, the association of spring
oats, mustard and clover).

Several economic and social aspects were not tadtenaccount during this design process, which $ecuon the
cropping system rather than the farm scale. Negk$ls, we excluded some crops that are not growarhyers in lle-
de-France due to the lack of a market.(with low economic performances), but we includedeos for which the
market is poorly developed in this aregg(, lucerne and hemp). We did not take the organimatiofarm work into
account either, although the identification andrgifigation of pest pressures in the field, to éese pesticide use, is

known to be time-consuming. From a technical pofntiew, we assumed that all farms owned the sjgeaifichinery
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used in the innovative systems, such as directrgpwills or mechanical weeding tools. For all thesasons, further
investigations of the most relevant innovative giog systems identified in a field trial assessmamt needed, to

forecast their possible application in an area.

4.4. Toward field assessment of the innovative cropping system prototypes

The innovative systems prototypes designed here Wwased on different hypotheses about soil andatdireffects,
because the true impact on crops and soil are umkniéor example we assumed that agricultural prastand climatic
conditions would not affect crop emergence. In conditions, crops are not affected by direct drijlibecause this
technique is widely used in France (http://agrimdtde-conservation.com/). However, conservatilbegé and mulch
tillage practices remain largely empfficand additional knowledge is required for the mitation of these techniques,
to make it possible to achieve good results in $eahsowing management and target yields. We adsamaed that
rainfall would provide enough water throughout tyear in northern France to allow catch crop andnm@aop
emergence, but this may no longer be the case i€limate changes radically. We assumed that neiilitedp would
appear with certain practices, allowing inputs ¢oréduced. In the L-GHG system, the practice ofifgacrop residues
on the soil should decrease weed emergence, mékpuagsible to decrease the amount of herbicidel,used the
absence of plowing should lead to the maintenancenarease in size of ground beetle populationskinga
molluscicide use unnecessary. The achievable yakldetermined on the basis of several assumpfioiise L-GHG
system, we promoted C sequestration, which is highpendent on cereal yields and difficult to eatenin the case of
no-tillage systems, because the presence of exeessiounts of crop residues may decrease emergemeehemical
properties of the soil associated with differeliagie practices are also poorly characteriZdd this system, the effects
on water availability of sowing cover crops eveway also should be analyzed. In the L-EN system,ntixture of
winter wheat and white clover might also decreaseea vyields. In the No-Pest system, yields werfineéd by
approximation to organic systems, in which no mahdertilizers are permitted. In this system, lat@ter cereal
sowing might lead to higher levels of damping-aifigplant death during winter, decreasing yielda greater extent
than anticipated. These are just a few of the taceies remaining about the real performance efdystems we have
devised. For these reasons, the field assessmehesd system prototypes, which is currently beiagied out (the
experiment started in 2008), is absolutely necgssar

Finally, it should be stressed that approachesisftype could be used in many agronomic situatianth a diversity
of challenges, provided that sufficient knowledgeavailable for the development of innovative stgéds. In our

opinion, this approach meets the need express€oley'* to “search for practical solutions” for a cultiedtplanet.
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701 Tables
702 Table 1: Examples of published agronomic strategigsassociated practices for achieving specifidsyo
Specific goal Agronomic management strategies Example of agronomic practices

Toreduce pesticide use:
(Munier-Jolairt® ; Aubertot®,
Chikowo™)

To avoid the coincidence of the pest,
disease and weed contamination peri
and sensitive stages of crop
development

Modification of sowing date, earlier for oilseed
bdape, later for winter wheat

To reduce the density of pests

Use of mechanieabiimg
Use ofTrichogramma parasitoid wasps against
Ostrinia nubilalis on maize

To reduce the impacts of pests, disea
and weeds on crops

sd¥ecrease in sowing density and N fertilization to
decrease shoot biomass
Choice of varieties with the highest resistance
Maximization of competition against weeds, by
sowing winter oilseed rape very early (mid-Augu
in the lle-de-France region)

1°2)
—~+

To decrease the pool of pathogenic
fungi in the soil, diseases and weeds

Lengthening of the crop rotation

Sowing of a wide range of crops, to decrease the
pool of fungi in the soil

Maximization of the use of stale seed beds to
increase weed emergence before sowing

h

To maintain beneficial insects

Shallow plowingtaintain populations of carabi
beetles (slug predators)

Toreducefossil fuel energy
use: (Tonitta®®; Deicke?,
Nemeckeff; XueLi®,
Gelfand?®)

Direct energy:

To decrease the use of the most powg
consuming farm machinery

Indirect energy:

To decrease chemical N fertilization

Reducing or eliminating the use of deep plowing
)r-

Introduction of large numbers of legumes and
species with the highest N use efficiency into the
crop rotation

Toenhance C sequestration in
the soil:

(Arrouays; Freibauef’;
Mosier?, Beheydt’; Smith;
Lehugefd)

To decrease organic matter
mineralization

Avoidance of plowing, replaced by direct drilling
(conversion to no-tillage practices)

To allow high levels of C accumulation,Sowing of maize and cereals in rotation

depending on the nature of the crop
residues

Toreduce N20 emissions:
(Rochetté? Pelstef?)

To decrease anaerobic conditions, to
decrease denitrification mechanisms
To decrease the amount of available
mineral N in the soil

Decreasing compaction and soil moisture conten
without deep tillage

Optimization of N fertilization, according to sall
nitrogen content

Increasing the N use efficiency of crops

To decrease nitrogen leaching

To decrease soil nitrate content duringg Sowing of catch crops

autumn and winter

Sowing of oilseed rape after legumes
Banning of N fertilization during autumn and
winter
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705 Table 2: Crop rotations of the innovative croppsiygtems designed, and a current cropping systefinedeby experts

706 on the basis of data from the lle-de-France refict006 (Agrestéd)

Cropping system Crop rotation

Productive high environmental performangeéWinter field bean - Winter wheat - Winter oilseesbe - Winter
(PHEP) wheat — (with mustard as a catch crop) - Springgar

Without pesticide (No-Pest) Triticale — (speciextonie as a catch crop) Maize — Winter wheat
— (species mixture as a catch crop) Spring fielmhbeWinter whea

- (species mixture as a catch crop) - Hemp

Low energy use: (L-EN) Winter field bean - Winteheat - Winter oil flax - Winter wheat

white clover mixture — (white clover as a catchpjr8pring oat

Low greenhouse gas emissions (L-GHG). Tritical&es(-sensitive species mixture as a catch cropring
field bean - Winter oilseed rape (volunteers) -nWi wheat —
(legumes as a cover crop) - Winter barley — (legaatemixture as

catch crop) Maize

lle-de-France (IdF) Winter oilseed rape — Wintereah— Winter barley — Maize

Winter wheat - Winter wheat
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709 Table 3: Targeted yields (t Bafor different species sown in the innovative @i systems and comparison with
710 current yields. Cropping systems: PHEP (produdtiiggn environmental performance), No-Pest (no piesticse), L-

711 EN (low energy use), L-GHG (low greenhouse gas siois) and IdF (current system in lle-de-Francéorgg

Cropping systems PHEP No-Pest L-EN L-GHG IdF
/ Crops (t ha) Mean from
1998 to 2007
(Agreste)
Spring barley 6.2 - - -
Winter barley - 4.6 - 6.6 6.6
Spring field bean - 4.7 - 4.7
Winter field bean 3.4 - 3.4
Hemp - 8 - -
Maize - 7.3 - 9.1 9.1
Winter oil flax - - 1.8 -
Winter oilseed rape 3.1 - - 3.1 3.4
Triticale - 4.2 - 6.1
Winter wheat 7.9 5.5 6.3 7.9 8.0

712
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714  Table 4: Comparisons of total fossil energy constionp expressed in MJ HaMJ t* and kJ jCal (INDIGO® tool,
715 v.1.9), between cropping systems. Cropping syst&HEEP (productive high environmental performantefEN (low

716 energy use) and IdF (current system in lle-de-Feargion).

Total fossil energy Total fossil energy Total fossil energy
consumption (MJ hj consumption (MJ?%) consumption (kJ kC&)
L-EN - PHEP -49% -24% -29%
PHEP
PHEP - IdF -31% -21% -30%
IdF
L-EN - IdF -65% -40% -50%
IdF
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718 Table 5: C sequestration (t @&q ha') simulated over 25-year and 50-year periods ferdifferent cropping systems
719  with the ROTH C model (V.26-3) and the SIMEOS® t¢2010), for mean soil organic matter content ia He-de-
720  France region (1.6%. SOM = 123.3 t £y ha'). Cropping systems: PHEP (productive high envirental

721 performance), L-GHG (low greenhouse gas emissiang)ldF (current system in lle-de-France region).

C sequestration (t G@q ha!) Assessment period Assessment period
25 years 50 years
Cropping systems Tool or model
PHEP SIMEOS® tool 15.1 19.7
PHEP ROTH C model 85.2 116.0
L-GHG SIMEOS® tool 32.0 40.5
L-GHG ROTH C model 102.9 147.8
IdF SIMEOS® tool 17.4 221
IdF ROTH C model 87.1 129.2
(L-GHG — PHEP)
PHEP SOC SIMEOS® tool 12% 15%
(L-GHG — PHEP)
PHEP SOC ROTH C model 9% 13%
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723 Table 6: Comparison of total simulated greenhouseeamissions, expressed in t £ ha' and t CQ-eqt’, between
724  cropping systems. Cropping systems: PHEP (prodeidtigh environmental performance), L-GHG (low gtemuse

725 gas emissions) and IdF (current system in lle-deée region).

Total greenhouse gas Total greenhouse gas
emissions (t C@eq ha) emissions (t Ceeq tY)
L-GHG - PHEP -13% -22%
PHEP

PHEP - IdF -46% -32%
IdF

L-GHG - IdF -53% -47%
IdF
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732

Table 7: Greenhouse gas balances (t-€@hat), for different cropping systems, determined wite SIMEOS® tool
(2010) and the ROTH C model (V.26-3), for a currentl in the lle-de-France region (SOM = 1.6%) ahe
GES'TIM®¥ database, for 25-year and 50-year periods. The Gai@hce is positive when the amount of carbontethit
in greenhouse gases exceeds that sequestered.ir@ragptems: PHEP (productive high environmentalgomance),

L-GHG (low greenhouse gas emissions) and IdF (otiggstem in lle-de-France region).

Greenhouse gas balances (@@ ha), Assessment period Assessment period
25 years 50 years
Cropping system Tool or model
PHEP SIMEOS® tool 16.7 44.0
PHEP ROTH C model -53.4 -52.3
L-GHG SIMEOS® tool -4.4 14.4
L-GHG ROTH C model -75.3 -92.6
IdF SIMEOS® tool 41.9 96.4
IdF ROTH C model -39.7 -10.8
L-GHG — PHEP SIMEOS® tool -21.1 -29.3
L-GHG — PHEP ROTH C model -21.9 -40.3




733 Table 8: Greenhouse gas balance ratio of the \@doapping systems, expressed in t,@Q hal , simulated with the

734 ROTH C (V.26-3) model over two different periodss(and 50 years). Cropping systems: PHEP (produdtigh
735  environmental performance), L-GHG (low greenhouse @missions) and IdF (current system in lle-de¢gaegion).
GHG balance: 25 years GHG balance: 50 years
L-GHG / PHEP 1.51 1.76
PHEP /IdF 1.39 4.95
L-GHG / IdF 2.10 8.72
736
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738 Figures

739  Figure 1: Cropping system prototypes assessmeiit @ES'TIM database: Mean total fossil energy comgion
740  (expressed in MJ Hayear') calculated over one rotation period for the défe cropping systems, and total fossil
741  energy consumption for each crop of the varioupgirg systems (i.e.: indirect energy — d.e.: diewrgy - w: winter
742 - s: spring). Cropping systems: PHEP (productivghtenvironmental performance), L-EN (low energy)umed IdF
743  (current system in lle-de-France region).
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745  Figure 2: Cropping system prototypes assessmetit GES'TIM database: Mean total greenhouse gas iemsss
746  (expressed in kg Cfeq ha' year!) calculated over one rotation period for the défe cropping systems, and total
747 greenhouse gas emissions for each crop of theusadmpping systems (i.ghg: indirect greenhouse-gaghg: direct
748  greenhouse gas- w: winter - s: spring). Croppirgjesys: PHEP (productive high environmental perforced, L-GHG

749  (low greenhouse gas emissions) and IdF (curremgsyis lle-de-France region).
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Figure 3: Environmental criteria assessment of diferent cropping system prototypes with the IN@I® tool

751
752  (v.1.9). Cropping systems: PHEP (productive highviremmental performance), L-GHG (low greenhouse gas
753 emissions), L-EN (low energy), No-Pest (No pestsjdand IdF (current system in lle-de-France régibtinimum
754  values to satisfy environmental targets.
Crop diversity
= 2T - . Organic matter in the soil

Ammonia volatilization
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