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1 Supplementary Figures

Figure S1 - Difference, in %, between organic and conventional average yields in 2050 in the 
OAU scenario for the variant with 25% organic croplands,  expressed at  the regional  level  (8 
European  sub-regions)  and  at  the  level  of  14  GlobAgri  crop  groups.  Organic  crop  yields  were 
computed at the grid cell and specie level in GOANIM. Regional averages are area based weighted 
averages. The grey color indicates that a region does not produce the considered crop group. 



Figure S2 - Greenhouse gas emissions from agriculture in Europe, in milion tons CO2  equivalent per 
year, in the different scenarios, distinguished per emissions source and type of farming systems. Emissions 
from agriculture refer to emissions from crop and livestock production.  Those associated with livestock 
production  are  manure  management  and  enteric  fermentation,  the  other  being  associated  with  crop 
production. In the first panel, values for  the  OAU scenario are compared to 2010 and REF. In the other 
panels,  values  are  compared to  REF only.  In  the  PLANT scenario,  some emissions linked to  livestock 
production remain because conventional livestock products are still produced for export to foreign market
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Figure S3 -  Nitrogen (N) inputs to organic croplands simulated in GOANIM, in kg N per ha cropland, in 
the different scenarios for the variant with 25% organic croplands. These figures represent the share of N 
inputs effectively available for crop uptake (after deducing direct and indirect losses following application of 
organic fertilizers). N inputs were computed at the grid cell level in GOANIM. Here, the values are summed-up 
at the level of Europe. For each animal species, we assumed that the proportion of N in manure originating from 
permanent grasslands (which represents a net input to croplands, conversely to N in manure originating from 
temporary grasslands) is represented by the share of protein intake from permanent grasslands consumption 
relative to the total intake of proteins, retrieved from GOANIM output



Figure S4 - Average organic crop yields per crop group, in tons of dry matter (DM) per ha, in 
Europe in the different scenarios for the variant with 25% organic croplands. In the GOANIM 
model, crop yields are computed at the species level in each grid cell. In the figure, the yields are 
aggregated  at  the  European  scale  and  grouped  into  14  crop  groups  according  to  GlobAgri’s  
terminology (Table S11). Note that the average yields of other cereals and pulses include those of  
crops cultivated in mixed cropping, which is why yields are on average higher in the OAU scenario for 
these two groups, as mixed cropping is not practiced in this scenario (see the computation of mixed  
cropping, section S3.1.1.2)



1Reference unit used to aggregate livestock from various species and age as per convention, through coefficients 
established on the basis of feed requirement of each type of animal. https://ec.europa.eu/ 

Figure  S5 -  Panel  a).  Organic  livestock  density,  in  livestock  units1  (LU)  per  ha  of  agricultural  land,  and 
composition of livestock production, as simulated in GOANIM  in the different scenarios for the 25% organic 
variant.  Panels b) and c) illustrate the relative contributions of ruminant and monogastric to organic animal 
calorie production (b) and nitrogen from animal manure applied to organic croplands (c). In the GOANIM model, 
livestock numbers were calculated for each grid cell.  Here, the figures represent the European average. The PLANT 
scenario assumes no organic livestock production and is not represented in these figures. 

a. Organic livestock density and composition b. Relative share of animal food calories

c. Relative share of nitrogen from animal manure 
applied on organic croplands
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2 Supplementary results and discussion for the 75% and 
100% organic variants 

We simulated all  scenarios with 75% and 100% organic farming variants.  Our results show an 
acceleration in the demand for croplands in Europe when organic farming share exceeded 50% of 
croplands (Figure S6).

This acceleration can be explained by some main features of our approach: 
(i) The initial trade structure (product specific import ratios and export shares) is based on 

the 2010 observed situation, with conventional farming being predominant in Europe.
(ii) Export  market  shares  can  only  decrease  if  a  region  reaches  its  maximum available 

cropland area. This assumption was retain to explore how to expand organic farming in 
Europe without driving a shift in emissions to other regions. 

(iii) Since organic crop rotations constrain the relative share of each crop group in the total 
organic  cropland area,  increasing the  organic  area  of  a  particular  crop group means 
increasing the total organic cropland area 

(iv) The proportion of organic area within the total agricultural area (i.e. the organic share) is  
exogenous. This means that conventional production has less freedom to adjust when the 
share of organic farming is high. 

In 2010, Europe was a net exporter of wheat (51 Terra kcal net exports) and secondary cereals (17.7 
Tkcal).  Some sub-regions,  such as  South  Europe,  were  also  significant  exporters  of  fruits  and 
vegetables, while others, such as France, Eastern Europe, and Central Europe, were net exporters of 
oil crops.
When the simulated share of organic farming exceeds 50%, the limited proportion of these crops in 
organic crop rotations, combined with comparatively lower yields in organic farming, would lead 
Europeans regions to significantly increase their total cropland requirements in order to be able to 
produce enough quantities to supply both domestic and export markets. However, at a certain point, 
the maximum cultivable land constraint would become binding in Europe and export market shares 
would be reduced regardless. In the OAU, CIRC, and VEGET scenarios, this is primarily illustrated 
by oil crops (Figure S7).  In the DIV and PLANT scenarios, it would mostly be the low share of 
primary  cereals  in  organic  rotations  that  would  lead  to  the  additional  cropland  requirements. 
Furthermore, at 100% organic farming, the proportion of land allocated to fruits and vegetables 
would be insufficient to maintain export shares, regardless of the scenario.
It  is  important  to  note  that  the  decrease  in  export  market  shares  would not  always result  in  a 
deterioration of the European net export  balance.  For instance,  in CIRC and DIV, even though 
exports  volumes  of  oil  crops  would  not  be  maintained  in  the  100% organic  variants,  the  net 
balances would improve following a decreased demand for oilseed cakes for animal feed (Figure 
S8). Moreover,  in  all  scenarios,  Europe's  contribution  to  global  exports  of  pulses,  soybeans, 
secondary cereals, and roots and industrial crops would improve significantly (with the exception of 
OAU for roots).

Therefore, the results of the 75% and 100% organic farming scenarios lead us to conclude that the 
trade structure of Europe in 2010 is incompatible with organic farming rotations as presented in this 
study. The demand for croplands in these scenarios could be significantly reduced by simulating 
human diets and trade structure better suited to organic production. 



Figure S6 - Changes in cropland requirements in Europe (a), GHG emissions from agriculture + LUC 
in Europe (b), outside Europe (c), and globally (d) in each scenario compared to REF under the 25, 50,  
75 and 100 % organic variants. The difference is expressed in milion ha (a) or milion tons CO2 equivalent 
per year (b,c,d). In each panel, the absolute value for the REF scenario is indicated in red. 



Figure S7 - European exports of crops, in Terra kilocalories, in the five scenarios for organic farming 
under organic cropland shares varying from no expansion (no exp.) to 100%



Figure S8 -  European net exports of crops, in Terra kilocalories, in the five scenarios for organic 
farming under organic cropland shares varying from no expansion (no exp.) to 100%.  Net exports 
correspond to the sum of export minus the sum of imports.



3 Supplementary Methods

3.1  Parameterization of quantitative input data in the GOANIM 
Model

Figure S9 - Structure of the GOANIM model, represented by the boundaries, biomass and nitrogen flows 
considered in this work. Flows and variables were computed in each grid cell independently. Purple color is used to 
highlight output variables that are exchanged with GlobAgri. Adapted from Barbieri et al., (2021). BNF : Biological 
Nitrogen Fixation
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3.1.1 Organic crop production

3.1.1.1 Crop areas

GOANIM runs on fixed areas of cropland and permanent grassland. However, the composition of 

croplands varied depending on scenarios’ assumptions for organic crop production. 

For the OAU scenario, we used gridded maps developed by Barbieri et al. (2019) to set the organic 

harvested area of each crop specie in GOANIM. These maps were based on conventional harvested 

area data for 61 crop species in the year 2000 from Monfreda et al., (2008), with modifications to 

account for observed differences between conventional and organic crop rotations (Barbieri et al., 

2017). We adapted the methodology of Barbieri et al., (2019) to generate harvested areas maps for 

the other scenarios. Our approach first involved defining crop rotations tailored to the options for 

organic crop production at the crop group level, based on a dataset gathering currently observed 

organic crop rotations. Subsequently, we allocated crop areas assuming that the spatial allocation 

would be representative of the temporal sequence. The methodology is summarized in Figure S10. 

Two crop rotations were defined for each option in order to be able to approximate the average 

frequencies observed in the dataset (Figure S11). We assumed that these rotations would be applied 

evenly across Europe.

Figure S10 -  Methodological framework for generating crop rotations and gridded maps of crop areas 
for each option
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The first step for generating maps involved adjusting the area data from Monfreda et al. (2008) at 

the crop group level. This was done by (i) reducing the area occupied by crop groups whose initial 

frequency (i.e., the fraction of area occupied by the group in conventional data), was higher than the 

target frequency for organic in the scenario; (ii) allocating the resulting freed-up area to crop groups 

whose target frequencies were higher than initial frequencies. The share of freed-up area allocated 

to each group was calculated based on their occurrences in the crop rotations. Fruits and vegetables 

and other crops areas were kept to their initial levels. 

Example:

Suppose a grid cell, which contains 200ha of primary cereals and 100ha of temporary grasslands 

in the initial situation. Now suppose that the organic crop rotation consists of 2/5 primary cereals,  

2/5 temporary grasslands and 1/5 pulses.

Primary cereals area is fixed to 2/5 *300 = 120ha, which means that 80ha become available. 

Temporary grasslands’ coefficient for allocation of the available area is (1−
0.33
0.4

)=0.175 . 

Pulses coefficient is 1 because they are not initially present in the grid cell. Therefore, the fraction 

of available area allocated to temporary grasslands is ( 0.175
1+0.175

)=0.15(12 ha) and the one 

allocated to pulses is (
1

1+0.175
)=0.85  (68 ha). After calculations, the grid cell contains 120 ha 

of primary cereals, 112 ha of temporary grasslands and 68 ha of pulses.



To account for the mixed cropping of secondary cereals and pulses, we defined two distinct crop 

groups: "cer2 mix" and "pulses mix." The area occupied by each of these crop group was calculated  

based on the frequency with which the group appeared in mixed cropping compared to its total 

occurrences in the entire crop rotation (whether as part of mixed cropping or as a sole crop). This 

method implies that, in some cases, the area of cer2 mix and pulses mix could be unequal, yet they 

are allegedly cultivated on the same plot. Therefore, we subsequently fixed the area of both groups 

to the lowest area of the two. Here note that mixed cropping leads to higher cropping intensity, 

Figure S11 -  Organic crop rotations according to the cropping systems options in our scenarios. 
We supposed that the two rotations defined for each option were equally represented across Europe.  
Main  crops  are  represented  with  squares,  at  the  crop  group  level  (Cer1:  primary  cereals,  Cer2: 
secondary cereals,  Oilcrop:  oilcrops ,  Root/Indus: root  and industrial  crops,  TP: temporary fodder 
crops, Pulse: pulses (inc. soy)). Cover crops are represented with circles (L: leguminous cover crops,  
otherwise non-leguminous).



which translates into greater harvested area in GOANIM (while the cultivated area remains the 

same). Similarly, when we assumed that temporary grasslands were sown under the preceding crop 

cover, or that a primary cereal was sown during the third year of temporary grassland (Figure S11), 

it increased cropping intensity. As a result, cropping intensity was +3% and +13% higher in the 

option ‘Priority to food crops’ and ‘Maximizing N autonomy’, respectively, compared to OAU. 

To allocate harvested area at the species level, we took a conservative approach and kept the species 

distribution within each crop group similar to the distribution observed for year 2000 in Monfreda 

et al. (2008). Some crop groups could be missing in some grid cells. To address this, we defined 14 

zones in Europe (with a horizontal zoning of 5°C latitude and a vertical zoning of Eastern and 

Western  Europe)  and assumed that  the  species  distribution was the  average  distribution of  the 

corresponding zone. Regarding mixed cropping of cereals and pulses, we did not assume a specific 

specie  composition.  Instead,  we  defined  an  “average  mix  cereal”  and  an  “average  mix  pulse” 

species based on the species mix already present in the grid cell. 

3.1.1.2 Maximum attainable organic crop yields

In GOANIM, organic crop yields are computed based on crop specific linear response curves to soil 

available N. However, a maximum attainable yield (that is, yield under no N limitation) is set for 

each specie. We retrieved the maximum organic yields for the year 2000 from Barbieri et al. (2021). 

Table S1 - Share of organic harvested area at the crop group level in each option for organic  
crop production. In OAU, the temporal sequence is unknown. The share of harvested areas at the 
crop group level have been calculated from gridded maps developed by Barbieri et al., (2019). In the 
other  scenarios,  the  share  of  harvested  areas  is  defined  on  the  basis  of  specific  crop  rotations 
developed for each option for organic crop production. 

Primary 
cereals

Secondary 
cereals

Pulses 
(inc.soy)

temporary 
fodders

Oilcrops
Roots and 
industrial 

crops

Fruits and 
vegetables

Other

OAU 0.23 0.17 0.10 0.34 0.06 0.03 0.06 0.01

Option Maximizing N 
autonomy

(CIRC, VEGET)
0.21 0.16 0.16 0.26 0.09 0.06 0.05 0.01

Option Priority to food 
crops

(DIV, PLANT)

0.13 0.22 0.17 0.18 0.15 0.08 0.06 0.01



These yields correspond to observed conventional yield, corrected to account for yield losses due to 

biotic stresses, but not for N limitation. Subsequently, we projected these attainable yields to the 

year 2050  (Table  S2). To do so, we calculated the variation between conventional yields at year 

2000 retrieved from FAOStat (1999-2001 average) and projected yields for 2050 from Tibi et al. 

(2020) at the crop group level, and multiplied the attainable organic yields at year 2000 with these 

coefficients. We  accounted  for  the  effects  of  mixed  cropping  on  grain  yields,  by  correcting 

maximum yields for ”cer mix” and ”pulses mix” on the basis of the relationship between the total  

yield of the intercrop and the mean yield of the corresponding sole crops described in Bedoussac et 

al. (2015), as :

Y IC = 0.95 ∗ Y SC + 0.08
With Y IC: the total grain yield of cereal/grain legume intercrops and YSC the mean sole crop grain 

yield, in kg.m-2.

Table S2 - Average maximum attainable organic yields in GOANIM in the OAU scenario (in tDM per  
ha, average of European grid cells), with variability illustrated with the standard deviation (no unit), and % 
changes between 2000 and 2050. 

Mean maximum organic 
yield 2050 (tDM.ha-1)

sdt Changes 2000-2050 (%)

Cereals 3.93 1.94 +25
Oilseeds 1.53 0.92 +39

Fruits and vegetables 4.35 6.94 +34
Grass-like forage 4.68 2.46 +25

Other forages 5.85 4.07 +10
Pulses 1.69 0.96 +8

Roots and Tuber 7.25 2.93 +35
Sugar plants and products 17.84 7.20 +52

Other plant products 0.49 0.85 +1

3.1.1.3 Cover crops

The  scenarios  CIRC,  DIV,  VEGET and  PLANT assume  that  cover  cropping  is  maximized  in 

organic cropping systems. We supposed that cover crops would be implemented between every 

main crop, except following fodders, roots or industrial crops. Cover crops consisted in mix of 

leguminous species, except when grown before or after a pulse or a mix of pulses and cereals (mix 

of  non-leguminous species).  In  GOANIM, leguminous cover  crops  are  entirely left  on field to 

maximize  N input,  whereas  non-leguminous  cover  crops  are  treated  as  any fodder  crop  (more 

details in Supplementary Material C:  Description of the models’ variables and equations). In the 

OAU scenario, we assumed no cover cropping for simplicity, as the temporal sequence of the crops 

is unknown. This is an evident simplification considering the current frequency of cover cropping in 

Europe, especially in the winter period (Fendrich et al., 2023). 



Area occupied by cover crops was calculated based on the area occupied by the preceding and 

following crop groups in each grid cell. In accordance with the method used for mixed cropping, we 

chose to use the smallest area of the two crop groups. The time available for implementing cover 

crops was computed by estimating the annual bare soil period. We used gridded data of planting and 

harvesting  months  of  main  crops  from  the  MIRCA 2000  dataset  (Portmann  et  al.,  2010) and 

supposed that the average of the bare soil months over a year for the preceding and following crops 

(that is, 12 minus the cropping period) represented the available time frame for implementing a  

cover  crop.  If  the  average  bare  soil  period  was  less  than  one  month,  cover  crops  were  not 

implemented in the grid cell.

We set the yields of the cover crops on the basis of yields of leguminous and non-leguminous cover  

crops mixtures from three experimental sites in France retrieved from Tribouillois et al. (2016) in kg 

per ha per degree day. To account for the variability in cover crops productivity across countries, we 

adopted the approach outlined by  Gaudaré et al.  (2023). We calculated the ratio of the country 

specific mean yield to the French mean yield for the most productive crop species between wheat 

and maize. We then applied this ratio to the French estimate of cover crops yields to obtain an 

estimate of cover crops yields in the respective country. DM content and N content of cover crops 

were  estimated as  the  average values  of  each specie  in  the  cover  crop mixture,  obtained from 

Feedipedia website1. N fixation of leguminous cover crops was calculated using the equation of 

Høgh-Jensen et al. (2004) (more details in Supplementary Material C: Description of the models’ 

variables and equations).

1  https://feedipedia.org/



Lastly, non-leguminous cover crops have been reported to reduce nitrate leaching  (Thapa et al., 

2018; Abdalla et al., 2019; Nouri et al., 2022). We considered this effect by correcting the fraction 

of  N  lost  via  leaching  in  GOANIM (in  grid  cells  where  leaching  occurs)  with  the  following 

calculation: Lcorr = (Fraccc ∗ 0.44 ∗ 0.24) + ((1 − Fraccc) ∗ 0.24)
Where Lcorr is the fraction of N lost via leaching (where leaching happens). Fraccc is the fraction of 

the grid cell area occupied by non-leguminous cover crops. 0.24 is the coefficient of N fraction lost 

through leaching from the Intergovernmental Panel on Climate Change (IPCC) (2019b). 0.44 is the 

fraction of N leaching that still occurs when cover crops are implemented (from Thapa et al. (2018) 

who found that non-leguminous cover crops reduce leaching by 56% compared with bare soils). We 

chose to use the values from Thapa et al. (2018) because they were the only ones providing generic 

values for non-leguminous cover crops.  

While there is a general agreement that non-leguminous cover crops reduce nitrate leaching, there is 

no consensus on a significant effect of leguminous cover crops (Thapa et al., 2018; Abdalla et al., 

2019; Nouri et al., 2022). For this reason, we assumed that only non-leguminous cover crops had an 

effect on leaching.

Figure S12 - Biological N Fixation (BNF) of leguminous cover crops, in kg N /ha, in two options 
for organic crop production : maximizing N autonomy (scenarios CIRC, VEGET) and priority to 
food crops (scenario DIV, PLANT). In the OAU scenario, we suppose that cover crops are not 
implemented. 

Maximizing N autonomy
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Priority to food crops
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3.1.2 Organic livestock production

GOANIM  considers  three  monogastric  production  types  (broilers,  laying  hens,  pigs)  and  five 

ruminant production types (dairy cattle, beef cattle, dairy sheep, meat-producing sheep and dairy 

goats). In this work, we considered different options for organic animal production systems for each 

scenario.

In GOANIM, the data were expressed at the level of one Standing Livestock Head (SLH). This unit  

is used to characterize livestock at the scale of the livestock system rather than at the individual 

level. Doing so, we accounted for feed consumption and N excretion on an annual time step, while 

considering  producing  and  non-producing  animals  (e.g.,  young  animals  kept  for  renewal).  For 

poultry meat systems, the values for one SLH consist in individual broilers values multiplied by the 

number of batches per year. For laying hens, individual performances were reported to one year by 

dividing 365 with the lifetime. For pig production, one SLH refers to one sow and her offspring 

over  one  year.  Lastly,  for  ruminant  systems,  one  SHL refers  to  the  breeding  female  and  her 

offspring in the CIRC, DIV and VEGET scenarios. In the OAU scenario, because data were derived 

from FAOStat, which do not distinguish livestock numbers per age class, one ruminant SLH refers 

Figure S13 -  Fraction of nitrogen (N) available after leaching (No unit) in the three options for organic crop 
production : Organic-as-usual (OAU), maximizing N autonomy (scenarios CIRC, VEGET) and priority to food 
crops (scenario DIV, PLANT) . Only grid cells where leaching occurs are represented. 0.76 is the average fraction after 
leaching losses according to the IPCC (2019b). (0.24 is the default fraction leached). More N is available after leaching in 
some grid cells because a correction of leaching losses by -44% was applied on the share of cropland areas covered by  
non-leguminous cover crops in these grid cells

Fraction N lost through leaching, in regions where leaching occur

Fraction N available after leaching (only gridcells where leaching occurs)

Maximizing N autonomyOAU Priority to food crops

Fraction available after leaching



to an average producing animal (Producing heads in the FAOStat database) accompanied by non-

producing animals (Stocks in the database). 

3.1.2.1 Performances and diets

We defined the performances of poultry (broilers and laying hens) and pig production systems on 

the basis of breeds or genetic types selected considered as adapted to each option's rationale (Tables 

S3 and S4), according to technical references and expert’s knowledge (Table S5).. 

For pig production, performances of growing-finishing pigs (feed conversion ratios and slaughter 

weights) were calculated using INRAPorc software (Dourmad et al., 2008; van Milgen et al., 2008), 

which is sensitive to feed composition. Animal diets were formulated using a linear optimization 

procedure that incorporated nutritional constraints, and specific objective functions tailored to each 

option (Denoual, 2022; Méda et al., 2023). One diet was formulated for each physiological stage. 

Synthetic amino acids were not used, as they are not authorised in organic agriculture. Except in 

OAU, the use of insects and food catering waste was considered feasible in 2050. Animal diets were 

defined by feed type, but the data were subsequently aggregated. The final input used in GOANIM 

consisted of the total energy and protein intake, along with the proportions derived from grains and 

grain co-products, forages, and crop residues.



Table S3 - Quantitative data for parameterization of organic pig production in GOANIM. Production 
and feed requirements are indicated per one Standing Livestock Head (SLH), which is the reference unit for  
livestock production in GOANIM. One SLH refers to the reproductive sow and her offspring. The category 
‘other’ in animal diets refers to other feed sources not computed in GOANIM (additives, household food 
wastes, insects, and lactoserum). LFS : livestock farming systems. ME: metabolisable energy. CP : Crude 
protein.  

OAU CIRC DIV

LFS option Unchanged LFS minimize feed-food 

competition

LFS provide services to crops

Objective diet 

formulation

Minimize feed cost Minimize feed-food 

competition

Maximize the non-digestible 

protein fraction in feed

Genetic type cross-bred pigs of 

(Large White x 

Landrace) x Pietrain

Krškopolje pigs Krškopolje pigs

Productivity (kg 

carcass/SLH/year)

1987 1496 1497

Slaughter weight pigs 

(kg live weight)

121.5 160.7 160.8

Slaughter weight sow 

(kg live weight)

240 240 240

Renewal rate (%) 47 23 23

time spent on range 

(sows only) (%)

38 73 73

Animal diet grain-

coproducts - fodder – 

crop residues - other (%)

66-29-1-0-4 32-13-24-0-31 27-18-22-0-33

Energy 

requirements(ME MJ/ 

SLH / year)

106 781 99 856 103 869

Protein requirements (kg 

CP / SLH /year)

1350 1603 1593

 



Table S4 - Quantitative data for parameterization of organic poultry production in GOANIM. For egg 
production, production and diet are indicated per one SLH (Standing Livestock Head), which is the reference 
unit for livestock production in GOANIM. One SLH refers to the laying hen. For meat production, one SLH 
refer to one broiler multiplied by the number of batches per year. Here, for clarity, the data are given for one  
broiler.  The  category  ‘other’ in  animal  diets  refers  to  other  feed  sources  not  computed  in  GOANIM 
(additives,  household  food  wastes,  insects,  and  lactoserum).  LFS  :  livestock  farming  systems.  ME  : 
metabolisable energy. CP : Crude protein.

OAU CIRC DIV & VEGET

LFS option Unchanged LFS minimize feed-food 

competition

LFS provide services to crops

Objective of diet 

formulation

Minimize feed cost Minimize feed-food 

competition

Maximize the non-digestible 

protein fraction in feed

Eggs production systems OAU CIRC DIV & VEGET

Genetic type Lohman tradition Lohman tradition Lohman dual

Productivity (kg 

eggs/SLH/year)

13.6 13.6 10.9

Live weight (kg) 1.89 1.89 1.89

% time on range 25 25 25

Animal diet grain-

coproducts - fodder – 

crop residues - other (%)

42-48-0-0-11 22-58-0-0-20 44-27-0-0-29

Energy requirements 

(ME MJ/SLH/year)

435 506 410

Protein requirements (kg 

CP/SLH/year)

9 9 9

Meat production systems OAU CIRC DIV

Genetic type genetic strain “JA757N” genetic strain “JA757N” Lohman dual

Productivity (kg 

carcass/head)

1.564 1.564 1.625

Live weight (kg) 2.3 2.3 2.5

Batches / year 3.4 3.4 2.6

% time on range 25 25 25

Animal diet grain-

coproducts - fodder – 

crop residues - other (%)

55-42-0-0-3 30-48-0-0-22 15-54-9-0-22

Energy requirements 

(ME MJ/head)

83.6 92.1 117.3

Protein requirements (kg 

CP/head)

1.4 1.9 2.5



Table S5 - Technical references used to characterize animal performances, careers and diets 

Technical references

Pig production systems IFIP, 2013; Brossard et al., 2019; Candek-Potokar et al., 2019; 
Monteiro et al., 2019; García-Gudiño et al., 2020

Poultry production systems Guerder et al., 2009; I.D.M. Gangnat et al., 2020; Guyot et al., 
2022; ITAVI, 2022a, 2022b; Bonnefous et al., 2024; Ravon et al., 
2024

Ruminant production systems Iger-Centres-de-Gestion, 1989; INRA, 2007; Idele, 2012; Jousseins 
et al., 2014; Benoit & Veysset, 2021

To assess animal  performances and diets  in  ruminant  production systems,  we first  selected the 

breeds that are the best adapted to production goals in the three alternative scenarios for organic 

farming development  CIRC, DIV and VEGET (Tables  S6 and S7).  Different  breeds  were  also 

selected for lowland areas and upland areas (the boundary being set at 500 m altitude in GOANIM). 

In VEGET, there were no beef cattle and no meat-producing sheep. Animal live weight, energy and 

protein requirements, annual milk and meat productivity, and herd renewal rate were characterized 

according to technical references (Iger Centres de Gestion, 1989; Idele, 2012; Jousseins et al., 2014; 

Table S5) and expert’s knowledge. In accordance with the renewal rate of each ruminant type in 

each scenario, we calculated the productive lifespan of the animals and the proportion of adult 

animals  in  the  herd.  In  the OAU scenario,  we rather  used country specific  data  developed for 

previous modelling exercises using GOANIM (Gaudaré et al., 2023), aggregated at the European 

scale using gridded maps of livestock densities from Robinson et al., (2014). The approach involved 

characterizing the performances and diets composition of conventional systems based on FAOStat 

national  data  and  Herrero  et  al,  (2013),  respectively,  and  then  correct  them  to  account  for 

differences in organic systems described in the meta-analysis of Gaudaré et al., (2021).

For  CIRC,  DIV and VEGET,  diets  composition and the  types  of  feed resources  were  selected 

according to the rationale of each scenarios. For each ruminant type in each scenario, we therefore 

distinguished (in % of dry matter (DM)) the proportion of fodder,  grain, crop residues and co-

products. Co-products were soya cake (which provides nitrogen) and beet pulp (which provides 

energy) for dairy animals, or wheat bran for suckler animals. For fodder, we distinguished between 

grazed grass vs. hay and silage that constitute the core of animal diet during the grazing season vs. 

the winter feeding-period indoor. DM intakes were calculated for one livestock unit  (LU) from 

technical  references  (Idele  2012  for  cattle;  Jousseins  et  al.,  2014  for  small  ruminants),  and 

subsequently  multiplied  by  breed  LU  values.  The  LU  values  for  each  breed  were  calculated 

according to the methodology developed by Benoit & Veysset (2021). Lastly, the energy and protein 

content of the diets were calculated using energy and protein content of the feed resources selected 



for each scenario  (INRA, 2007), taking into account that the nutritive values of fodder resources 

vary throughout the year.  For the OAU scenario, the estimates of energy and protein requirement 

per day and kg live weight were retrieved from Barbieri et al. (2021).

Lastly,  meat  production  from  culling  animals  in  dairy  and  eggs  systems  was  considered  in 

GOANIM. The production of meat was estimated on the basis of animals live weights and renewal 

rates (Tables S4 and S6)

Table S6 - Quantitative data for parameterization of organic dairy systems in GOANIM.  Productivity 
and diets are expressed at the level of one Standing Livestock Head (SLH), which is the reference unit for  
livestock systems in GOANIM. One SLH refers to the dairy female and her offspring, except in the OAU 
scenario in which data are derived from FAOStat which do not distinguish age classes. Therefore, one SLH 
refers to one dairy female and the non-producing animals accompanying it. (L) refers to data specific to 
lowland  areas.  (U)  refers  to  data  specific  to  upland  areas.   LFS:  livestock  farming  systems.  ME  :  
metabolisable energy. CP : Crude protein.

  OAU CIRC DIV & VEGET

LFS option Unchanged LFS minimize feed-

food competition

LFS provide services to 

crops

Dairy cattle OAU CIRC DIV & VEGET

Breed NA Simmental (U) Brune des Alpes (U)

Jersey (L)

Annual productivity (kg 

milk/SLH/yr)

5817 4642 4126 (U) 

4642 (L)

Liveweight (kg) 471 750 650 (U)

430 (L)

Ratio total LU / producing 

LU

1.5 1.5 1.5

Renewal rate (%) 30 25 25

% time on pasture 25 62 60 (U)

70 (L)

Animal diet: grain-

coproducts-fodder-crop 

residues (%)

14-0-80-6 0-10-85-5 5-5-90-0

Energy requirement (MJ 

ME / SLH /year)

 76 599      102 200   91 126 (U)

81 809 (L)

Protein requirement (kg 

CP / SLH / year)

1216 1364 1173 (U)

1068 (L)

Dairy sheep OAU CIRC DIV & VEGET

Breed NA Thones & Marthod (U) Thones & Marthod (U)



Annual productivity (kg 

milk/SLH/yr)

209 156 156

Live weight (kg) 34 60 60

Ratio total LU / producing 

LU

1.15 1.15 1.15

Renewal rate (%) 30 25 25

% time on pasture 74 62 62

Animal diet: grain-

coproducts-fodder-crop 

residues (%)

11-0-89-0 0-10-85-5 5-5-85-5

Energy requirement (MJ 

ME / SLH /year)

6975 9 733 10 172

Protein requirement (kg 

CP / SLH / year)

142 132 133

Dairy goats OAU CIRC DIV & VEGET

Breed NA Chèvre des Fossés (L) Chèvre des Fossés (L)

Annual productivity (kg 

milk/SLH/yr)

266 218 218

Live weight (kg) 19 35 35

Ratio total LU / producing 

LU

1.15 1.15 1.15

Renewal rate (%) 30 25 25

% time on pasture 74 50 50

Animal diet: grain-

coproducts-fodder-crop 

residues (%)

11-0-89-0 0-10-90-0 5-5-90-0

Energy requirement (MJ 

ME / SLH /year)

4 193 6673 6684

Protein requirement (kg 

CP / SLH / year)

86 90 86

Table S7 -  Quantitative data for parameterization of organic ruminant meat systems in GOANIM. 
Productivity  and diets  are  expressed  at  the  level  of  one  Standing Livestock  Head (SLH),  which  is  the 
reference unit for livestock systems in GOANIM. One SLH refers to the breeding female and her offspring,  
except in the OAU scenario in which data are derived from FAOStat which do not distinguish age classes. 
Therefore,  one  SLH  refers  to  one  producing  (slaughtered)  animal  and  the  non-producing  animals 
accompanying it. (L) refers to data specific to lowland areas. LFS : livestock farming systems. (U) refers to 
data specific to upland areas.  ME : metabolisable energy. CP : Crude protein.

  OAU CIRC DIV 

LFS option Unchanged LFS minimize feed-food LFS provide 



competition services to crops

Beef cattle OAU CIRC DIV 

Breed NA Aubrac (U)

Angus (L)

Aubrac (U)

Annual productivity (kg 

carcass/SLH/yr)

272 165 (U) 

178 (L)

126.5

Live weight (kg) 490 650 (U and L) 650

Ratio total LU / producing LU 1.3 1.8 1.8

Renewal rate (%) 25 18 25

% time on pasture 46 65 (U)

78 (L)

80

Animal diet: grain-coproducts-

fodder-crop residues (%)

7-0-93-0 0-10-90-0 (U)

0-0-90-10 (L)

0-0-100-0

Energy requirement (MJ ME / 

SLH /year)

47 981   88 456 (U) 

81 044 (L)

79 508 

Protein requirement (kg CP / SLH 

/ year)

755 1194 (U)

1091 (L)

1018

Meat-producing sheep OAU CIRC DIV 

Breed Arles Merino (U)

Charmoise (L)

Charmoise (L)

Annual productivity (kg 

carcass/SLH)

15 15.5 (U)

17 (L)

17

Live weight (kg) 30 55 (U)

60 (L)

60

Ratio total LU / producing LU 1.3 1.4 1.4

Renewal rate (%) 25 18 (U) 

25 (L)

25

% time on pasture 84 90 (U)

87 (L)

87

Animal diet: grain-coproducts-

fodder-crop residues (%)

12-0-88-0 0-0-100-0 (U)

0-0-85-15 (L)

0-0-85-15

Energy requirement (MJ ME / 

SLH /year)

8 059 6 175 (U) 

7 184 (L)

7 184

Protein requirement (kg CP / SLH 

/ year)

143 79 (U) 

97 (L)

97



3.1.2.2 Nitrogen excretion rates

We calculated the annual N excretion rates with a mass-balance approach, as the difference between 

the total feed N intake and the N retained in animal products (milk, eggs) and body weight, at the 

level of one SLH to include N intake and N excretion of non-producing animals. Table S8 shows 

the  N content  data  used  to  calculate  N in  body weight  and animal  products.  Considering  that  

GOANIM may allocate excess protein to meet the energy requirements of livestock, N intakes and 

excretion rates were corrected after one run in GOANIM to account for  the surplus of protein 

consumed (Figure S14). GOANIM was run a second time with the corrected excretion rates to 

obtain the final results.

To  estimate  the  share  of  N  available  for  application  on  cropland  soils,  we  assumed  that  the 

proportion of  animal  manure  excreted outside  buildings  was proportional  to  the  time spent  on 

pasture (defined on the basis of the length of the grazing season) or free-range. The remaining 

fraction  (i.e.  excreted  indoor)  was  supposed  to  be  available  for  application  on  croplands  after 

deducing  N2O and  N2 losses  from manure  management,  calculated  following  the  IPCC Tier  1 

guidelines  (IPCC,  2019a). For  ruminants,  we split  the  manure  excreted during grazing periods 

between permanent  grasslands and temporary pastures (included in croplands).  In the first  run, 

performed to calibrate surplus protein intake and correct N excretion rates, the allocation between 

temporary and permanent pastures was based on their respective areas at the grid cell level. In the 

second run,  the  allocation  was  based on the  relative  share  of  DM intake  from permanent  and 

temporary fodders, as simulated in GOANIM for each specie in the first run. 

Table S8 - Nitrogen content of the livestock products and body weight used to calculate excretion rates. 
For pig production, the reported value was used for sows and piglets. N content of growing-finishing pigs 
was computed on the INRAporc software (Dourmad et al., 2008; van Milgen et al., 2008)

[N] in body weight 
(kgN.kg-1)

[N] in milk or eggs 
(kgN.kg-1)

Source

Broilers 0.0293 ITAVI, 2013

Laying hens 0.0184
Pigs 0.0256 Experts communication

Dairy cattle 0.024 0.00528 Public Health England, 2002; Arvalis, 
2020

Dairy sheep 0.024 0.00864

Dairy goats 0.024 0.00496

Beef cattle 0.029 Arvalis 2020

Meat-producing sheep 0.029



Figure S14 - Nitrogen (N) excretion rate per Standing Livestock Head (SLH) / year.  The grey bars 
represent the values before recalibration of N intake based on surplus protein consumed (same value for all 
grid cells). The orange bars represent the average values of European grid cells and standard deviations after 
recalibration. (U): upland values, (L): lowland values.
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3.2 Parameterization of quantitative input data for permanent 
grasslands in the GOANIM and GlobAgri-CLINOrg models

In this work, we define permanent grasslands using the definition from Global Land Cover-SHARE 

(GLC-SHARE) database (Latham et al., 2014), as: 

“… any geographic area dominated by natural herbaceous plants (grasslands, prairies, steppes and 

savannahs) with a cover of 10% or more, irrespective of different human and/or animal activities, such 

as: grazing, selective fire management etc. Woody plants (trees and/or shrubs) can be present assuming 

their cover is less than 10%” 

This choice was motivated by the need to distinguish grasslands from other land types (e.g., shrub 

covered areas) in order to calculate changes in soil and vegetation carbon stocks induced by land-

use changes.

Grasslands areas in 2010 were retrieved from GAEZ-4  (Fischer, 2021), based on the GLC-Share 

database (Latham et al., 2014). For consistency between GOANIM and GlobAgri, we calculated 

permanent grasslands yields at the grid cell level (for GOANIM) and then aggregated the results at 

the level of GlobAgri regions (weighted average based on grid cell areas). Biomass production was 

estimated by combining remote sensing estimates of Net Primary Production (NPP)  (Zhao et al., 

2011) with the fraction of each grid cell occupied by the land use ‘Grassland’ in GAEZ-4. To derive 

biomass production in tDM we considered an above ground fraction of 60% (Fetzel et al., 2017) 

and a 50% carbon content  (Haberl et al., 2007). To project the yields to 2050, we used regional 

coefficients of grass yield variation between 2010 and 2050 from Tibi et al. (2020) (Concentration 

pathway RCP 6.0, no CO2 fertilization effect). 

Lastly, we ensured that permanent grasslands exploitation by livestock remained within sustainable 

limits  by setting a  maximum grazing intensity  threshold retrieved from  Erb et  al.  (2016). This 

threshold was set to 70% in area where NPP was above 200gC.m -2.yr-2  and 40% otherwise (Table 

S9). 



Table S9 -  Regional yields of permanent grasslands , in tons dry matter per ha, in 2010 and 2050 
under assumption of maximum sustainable grazing threshold

2010 tDM/ha sustainable grazing 2050 tDM/ha sustainable grazing

France 6.52 6.31

Germany 4.23 4.15

United Kingdom 5.19 5.09

Poland 3.10 2.99

South Europe 3.79 3.62

East Europe 3.07 2.92

Central Europe 3.76 3.63

Rest of Europe 5.02 4.94

Canada, USA 2.22 2.16

Brazil, Argentina 3.35 3.27

Rest of America 4.76 4.60

Former Soviet Union 1.60 1.57

China 1.92 1.89

India 1.54 1.50

Rest of Asia 2.50 2.45

Near and Middle East 1.51 1.51

North Africa 1.51 1.48

West Africa 0.85 0.82

ECS Africa 2.44 2.35

Oceania 2.10 2.01

Rest of the World 1.40 1.37



3.3 Breakdown of regions in the GlobAgri-CLINOrg model 

Table S10 - Region breakdown

GlobAgri regions Composition 
European regions
France France
Germany Germany
United Kingdom United Kingdom
Poland Poland
South Europe Croatia, Spain, Greece, Italy, Portugal, Slovenia, Albania, Bosnia and Herzegovina, the 

Republic of  Macedonia,  Montenegro, Andorra,  Cyprus,  Malta,  Monaco,  San Marino, 
Gibraltar, Holy See.

East Europe Serbia, Bulgaria, Hungary, Romania
Central Europe Switzerland, Austria, Czech Republic, Slovakia
Rest of Europe Norway; Denmark, Sweden; Finland, Estonia, Ireland, Latvia, Liechtenstein, Lithuania, 

Netherlands, Belgium, Luxembourg
Non-European regions
Canada, USA Canada, USA
Brazil, Argentina Brazil, Argentina
Rest of America Antigua and Barbuda, Bahamas, Barbados, Bermuda, Bolivia (Plurinational State of), 

Aruba,  Belize,  Cayman  Islands,  Chile,  Colombia,  Costa  Rica,  Cuba,  Dominica,  
Dominican  Republic,  Ecuador,  El  Salvador,  Grenada,  Guatemala,  Guyana,  Haiti,  
Honduras,  Jamaica,  Mexico,  Montserrat,  Netherlands  Antilles,  Nicaragua,  Panama, 
Paraguay, Peru, Puerto Rico, Saint Kitts and Nevis, Saint Lucia, Saint Vincent and the 
Grenadines,  Suriname,  Trinidad  and  Tobago,  Turks  and  Caicos  Islands,  Uruguay, 
Venezuela (Bolivarian Republic of), British Virgin Islands, United States Virgin Islands,  
Anguilla, Falkland Islands (Malvinas), French Guiana, Guadeloupe, Martinique

Former Soviet Union Armenia,  Azerbaijan,  Belarus,  Georgia,  Kazakhstan,  Kyrgyzstan,  Russian Federation, 
Tajikistan, Turkmenistan, Ukraine, Uzbekistan

China China
India India
Rest of Asia Afghanistan, Bangladesh, Bhutan, British Indian Ocean Territory, Brunei Darussalam, 

Myanmar, Sri Lanka, Cook Islands, Indonesia, Japan, Cambodia, Democratic People's 
Republic of Korea, Republic of Korea, Lao People's Democratic Republic, Malaysia, 
Maldives,  Mongolia,  Nepal,  Pakistan,  Philippines,  Timor-Leste,  Singapore,  Thailand, 
Viet Nam

Near and Middle East Israel, Jordan, Lebanon, Syrian Arab Republic, Occupied Palestinian Territory, Bahrain, 
Iran (Islamic Republic of), Iraq, Kuwait, Oman, Qatar, Saudi Arabia, Turkey, United 
Arab Emirates, Yemen, Western Sahara

North Africa Algeria, Egypt, Libya, Morocco, Tunisia
West Africa Cabo  Verde,  Benin,  Gambia,  Guinea-Bissau,  Guinea,  Côte  d'Ivoire,  Mali,  Niger, 

Senegal, Togo, Burkina Faso, Ghana, Liberia, Nigeria, Sierra Leone
ECS Africa (East, Central and 
South)

Angola,  Botswana,  Burundi,  Cameroon,  Central  African  Republic,  Chad,  Comoros, 
Congo,  Equatorial  Guinea,  Djibouti,  Gabon,  Kenya,  Lesotho,  Madagascar,  Malawi, 
Mauritanie,  Mauritius,  Mozambique,  Namibia,  Eritrea,  Zimbabwe,  Rwanda,  Saint 
Helena, Ascension and Tristan da Cunha, Sao Tome and Principe, Seychelles, Somalia, 
South Africa, Swaziland, United Republic of Tanzania, Uganda, Ethiopia, Democratic 
Republic of the Congo, Zambia, Mayotte, Sudan, South Sudan

Oceania American  Samoa,  Australia,  Solomon  Islands,  Christmas  Island,  Cocos  (Keeling) 
Islands, Fiji, French Polynesia, Kiribati, Guam, Marshall Islands, Micronesia (Federated 
States  of),  Nauru,  New  Caledonia,  Vanuatu,  New  Zealand,  Niue,  Norfolk  Island,  
Northern Mariana Islands, Papua New Guinea, Pitcairn Islands, Palau, Tokelau, Tonga, 
Tuvalu, Wake Island, Wallis and Futuna Islands, Samoa

Rest of the world French Southern and Antarctic Territories, Iceland, Republic of Moldova, Faroe Islands, 
Greenland,  Saint  Pierre  and  Miquelon,  Channel  Islands,  Svalbard  and  Jan  Mayen 
Islands, Isle of Man



3.4 Parameterization of quantitative input data in the GlobAgri-
CLINOrg model

3.4.1 Organic production data 

We used the  following GOANIM outputs,  aggregated at  the  regional  level  and at  the  level  of 

GlobAgri’s crop and animal products groups, as inputs for running GlobAgri-CLINOrg: (i) organic 

crop yields (tDM.ha-1 in GOANIM, converted to t.ha-1 using species-specific DM coefficients 

from Barbieri et al., (2021), except for forages, which are expressed in tDM.ha-1 in GlobAgri). 

Note that forage crops yield in GlobAgri correspond to the simulated yield in GOANIM minus the 

fraction recycled back to the field (since this fraction cannot be used as feed); (ii) N input from 

livestock  manure  to  organic  croplands  (tN.ha-1);  (iii)  composition  of  the  organic  livestock 

population; and (iv) organic livestock feed-to-output ratios (kg feed ingredient per kg of animal  

product).  Crop rotations were explicitly considered in organic cropping systems by allocating a 

share of the total harvested organic area to the different crop groups (Supplementary Material C: 

Figure S15 - Framework in the GlobAgri-CLINOrg model to achieve equilibrium between resources and uses 
for each product, in each region. Purple color is used to highlight variables that are exchanged with GOANIM. Red 
color is used to highlight the model’s feedback on regional export shares and import ratios  (i.e. export shares and 
import ratios are endogenously adjusted, when necessary, to meet constraints on maximum cultivable area, organic 
crop rotations, and requirement for nitrogen from organic livestock manure). CI : cropping intensity. Adapted from 
Forslund et al. (2023)

Legend: exogenous variables (yellow), exogenous variables from GOANIM (purple),  endogenous variables (green), endogenous feedback on trade structure (dashed) 
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Description  of  the  models’ variables  and equations).  These  shares  are  given in  Table  S1.  The 

correspondence of crop and animal products between the two models is provided in Table S11.

Table S11 -  Correspondence between GlobAgri and GOANIM plant and animal products

GlobAgri product Corresponding GOANIM products
Plant products
Wheat Wheat
Maize Maize (grain)
Rice Rice
Other cereals Barley, buckwheat, millet, oats, rye, sorghum, triticale, Cer2 mix

Sugar plant and products Sugar beet, sugar cane
Fruits and vegetables Apple, banana, cabbage, fruit nes, grape, mango, onion, orange, plantain, tomato, 

vegetable nes, watermelon

Pulses Bean, broadbean, chickpea, cowpea, lentil, pea, pigeonpea, pulse nes, pulses mix

Roots and tubers Cassava, potato, sweetpotato, yam
Rape and mustard seeds Rapeseed
Soyabeans Soybean
Sunflower seeds Sunflower seed
Other oil crops Coconut, groundnut, linseed, sesame
Fibers Cotton, rubber
Other plant products Cashew, cocoa, coffee, tea, tobacco
Grass Grass from permanent grasslands
Grass-like forages Clover, grass nes, mixedgrass
Other forages Alfalfa fornes, legume nes, maize (fodder), oilseed forages, vetch
Animal products
Dairy Cow milk, sheep milk, goat milk
Eggs Eggs
Pork meat Pork meat
Poultry meat Poultry meat
Bovine meat Beef meat
Small ruminant meat Sheep meat

3.4.2 Other input data

For most input data, we used the data developed in previous modelling exercises with GlobAgri to 

parameterize GlobAgri-CLINOrg. More specifically,  we used data from the reference scenario in 

the European Chemical  Pesticide Free-Agriculture in 2050 foresight  (Mora et  al.,  2023) for  (i) 

conventional agriculture in Europe and outside Europe, (ii) maximum cultivable areas in 2050, (iii)  

population  growth,  (iv)  human  diets. Here,  we  provide  a  brief  summary  of  these  data  and 

underlying assumptions. They are described in detail in Tibi et al. (2020) and Mora et al. (2023). 

The initial equilibrium of GlobAgri was calibrated for year 2010 based on FAOStat data (2009-2011 

average). 

Change in total food consumption between 2010 and 2050 in each region results from both change 

in population and change in food diets. Population in 2050 is the median projection of the United 

Nations World Population Prospect (UN, 2017) (+40% between 2010 and 2050 at the global level, 

but stagnation in Europe). Data for human diets were retrieved from Mora et al. (2023), in which 

the authors built upon FAO business-as-usual (BAU) projections (FAO, 2018) to compute regional 

BAU diets and Eat lancet diets to compute regional flexitarian, vegetarian and vegan diets. The 



composition of the diets variants for Europe is given in  Figure S16 (average of European sub-

regions). Outside Europe, we assumed that diets follow the BAU option in every scenario. 

Figure S16 - Average European diets in the different options for human diets, in kcal per person per day. 
The reported values include wastes at the household level. BAU : buisiness-as-usual (current trends diets). Source 
: Mora et al. (2023). 

Conventional crop and livestock parameters are also unchanged across scenarios both within and 

outside Europe. Crop yields projection are those of the ‘low’ variant described in Tibi et al. (2020), 

which combined effects of climate changes (RCP 6.0 climate scenario with no fertilization from 

CO2  (Makowski et al., 2020)), with moderate technological advancements assumption from FAO 

(2018). 

For maximum cropland areas in each region in 2050, we used the variant  ‘without forests and 

shrubs’ from Mora et al. (2023) (Table S12). Regional potentially cultivable areas in 2050 include 

croplands, grasslands and fallows with a projected suitability index > 40% (moderately suitable) 

under a RCP 6.0 climate scenario in GAEZ-v4 database. Note that this does not mean that our 

scenarios are “zero deforestation” scenarios : unlike croplands, permanent grasslands can expand on 

shrublands and forests. 
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Table S12 - Regional cropland areas in the initial situation (2010) and maximum cultivable areas in 
2050 , in 1000ha. Source: Mora et al. (2023).

Croplands 2010 

(1000ha)

Cultivable lands without forests & shrubs in 

2050 (1000ha)

France 19 292 30 674

Germany 12 088 19 946

United Kingdom 6 072 16 152

Poland 11 715 16 966

South Europe 35 972 37 753

East Europe 20 260 27 002

Central Europe 6 517 8 354

Rest of Europe 15 175 36 834

Europe 127 091 193 681

Canada, USA 193 234 415 280

Brazil, Argentina 116 143 206 917

Rest of America 68 767 152 857

Former Soviet Union 201 947 352 168

China 122 537 157 215

India 169 442 178 835

Rest of Asia 171 957 155 680

Near and Middle East 57 183 41 158

North Africa 28 283 12 457

West Africa 98 490 130 050

ECS Africa 134 134 354 146

Oceania 47 919 68 245

Rest of World 2 273 2 671

World 1 539 400 2 421 360



3.5 Calculation of greenhouse gas emissions from agriculture
This  section  describes  the  calculations  of  GHG  emissions  from  agriculture  (that  is,  crop  and 

livestock production). 

We followed Tier 1 guidelines from the IPCC. When our calculations include default parameters or 

emissions  factors  from  the  IPCC,  the  same  defaults  values  are  applied  to  both  organic  and 

conventional systems, unless we specify otherwise.

All emissions calculated in N2O-N were converted in N2O using molar mass ratio of (44/28). All 

N2O and CH4 emissions were converted to CO2 equivalent (CO2eq) using GWP100 potential of 265 

and 28, respectively (IPCC, 2013).

3.5.1 N2O emissions from animal manure management, application and left on 
pasture 

For each livestock specie, N excretion rates were computed on the basis of an input-output balance 

between  N  intake  and  N  retained  in  live  weight  and  in  animal  products  (milk  or  eggs).  The 

procedure included non-producing animals, as described in section S3.1.2.

To estimate the share of animal manure that was excreted on pasture/free range in conventional 

systems, we used regional default  values from the IPCC (2019a, Tables 10.A.6 to 10.A.9).  For 

organic systems, we assumed that the share of manure excreted on pasture or free range was equal 

to the share of the time spent outdoor defined in each scenario (Tables S3-S7). The remaining 

fraction was distributed among different  manure  management  systems,  also  according to  IPCC 

default values (Tables 10.A.6 to 10.A.9). For organic laying hens, litter was assumed to be the only 

system for  indoor  manure  management.  We  considered  that  all  N  excreted  indoor,  minus  the 

fraction  lost  during  manure  management,  was  collected  and  applied  on  agricultural  soils.  We 

considered no exchanges of animal manure between organic and conventional farms.

We used IPCC default emissions factors, in kg N2O -N.kg N-1, to calculate direct emissions from 

manure left on pasture, application, and manure management (Table 10.21 in  IPCC (2019a) and 

Table 11.1 in IPCC (2019b)). We accounted for differences between wet and dry climates and used 

specific  emissions  factor  for  each  type  of  manure  management  system.  We calculated  indirect 

emissions using default values provided in Table 11.3 in  IPCC (2019b) for N volatilization and 

redeposition and N leaching, expressed in kg N2O –N (kg NH3–N + NOX–N volatilized)-1 and kg 

N2O -N.kg N-1, respectively. We used default values for leaching and volatilization fractions (Tables 

10.22 and 11.3), except for leaching fraction of manure applied to organic croplands which was 

corrected to account for non-leguminous cover crops soil cover. 



3.5.2 N2O emissions from plant material recycled on croplands

In organic systems, plant materials applied or left on croplands included crop residues and biomass 

from cover crops and forage crops used as green manure. The amount of N retrieved from these 

sources was computed by GOANIM. In conventional systems, only crop residues were considered. 

The fraction of crop residues returned to soils in conventional systems was retrieved from Barbieri 

et al. (2021). Direct N2O losses were computed using IPCC defaults emissions factors (in kg N2O 

-N.kg N-1),  distinguishing wet  and dry climate (Table 11.1 in  IPCC (2019b)).  For conventional 

systems, we used default fractions for N leaching, and the associated emission factor (Table 11.3 in 

IPCC (2019b)).  For  organic  systems,  the  fraction  lost  through  leaching  depended  on  the  crop 

rotation option. 

3.5.3 N2O emissions from synthetic fertilizers application

For conventional systems, the amount of N from synthetic fertilizers was computed in order to 

balance croplands N budget at the regional level. With: Nsynth(r) = (Nharvest(r) + Nloss(r)) – (Nfert,ani(r) + Nfix(r) + Ndep(r))
Where Nsynth(r) stands for N input from synthetic fertilizers in region r, Nharvest(r) for N harvested in 

crops and crop residues,  Nfert,ani(r)   for N from livestock manure application,  Nfix(r)  for N from 

legumes BNF and free  cyanobacteria  fixation,  Ndep(r)  for  N from atmospheric  deposition,  and Nloss(r) for N lost to the environment, as gaseous N2O, N2, NH3 or NO3
- leaching.

The total amount of N applied on soils was then:Ntot(r) = Nsynth(r) / (1 – kloss(r))
With kloss, the loss coefficient, calculated as:kloss(r) = Fgas(r) + Fleach(r) + Dirloss(r)
Where Fgas is the fraction lost via volatilization, Fleach is the fraction lost via leaching and Dirloss 

are direct gaseous losses following synthetic fertilizers application (in in kg N2O -N.kg N-1, 0.005 

or 0.016 in dry and wet climates, respectively). Emissions factors and default values for fraction lost 

through volatilization and leaching were retrieved from Table 11.1 and 11.3 in IPCC guidelines 

(IPCC, 2019b).  

3.5.4 CH4 from enteric fermentation 



We estimated CH4 from enteric fermentation based on animal live weight (LW) and IPCC Tier 1 

default emissions factor (in kg CH4 per head)  (IPCC, 2019a). As suggested in the guidelines, we 

adapted the default emissions factor (EFdefault) by scaling with live weight ratios raised to the 0.75 

power. Thus, the adapted emission factor (EF) is as follows: 

EF = EFdefault * (LW/LWdefault)0.75
We accounted  for  the  entire  livestock population  by  adding CH4 from non-producing  animals, 

calculated following the same procedure, and corrected using the number of non-producing animals 

per producing animals in LU equivalent (Ratio total LU / producing LU). Table S13 reports the default 

values for emissions factors and associated default live weight used in this work. Live weights and 

coefficients of non-producing animals for organic production systems are available in Tables S3-S7.

3.5.5 CH4 from manure management 

CH4 emissions from manure management and storage were defined based on default emission factor 

from Table 10.14 in IPCC guidelines (in g CH4 per kg volatile solid (VS) excretion) (IPCC, 2019a). 

VS excretion rate were calculated using IPCC default values for VS excretion rate (in KG vs (1000 

kg animal mass)-1 day-1). 

3.5.6 Paddy rice (CH4) and crop residues burning (N2O and CH4)

To calculate emissions from paddy rice cultivation and crop residues burning, we used regional 

emission  coefficients  retrieved  from  Mora  et  al.,  (2023).  These  coefficients  are  derived  from 

FAOStat emissions data. We used the same coefficients for organic and conventional systems. There 

are evidences suggesting that emissions from paddy rice are higher in organic systems (Seufert & 

Ramankutty, 2017). However, these evidences are very limited and we considered that, given the 

small contribution of these emissions on GHG emissions from agriculture in our calculations, this 

simplification would not affect the overall results. 



Table S13 - Default  emission factors for enteric fermentation used in this work (in kg CH4/head), 
retrieved from IPCC (2019a) at the scale of large world regions. The numbers in parentheses represent 
the default live weight associated with the emission factor for each animal in the IPCC tables (IPCC, 2019a). 
Note that for dairy organic cattle, we used the value for Eastern Europe because the milk productivity (5000 
kg/head) was closest to our assumptions. Broilers and laying hens are not associated with emissions from 
enteric fermentation. EEU : Eastern Europe. WEU: Western Europe. NAM : North America. IND : Indian 
sub-continent. LAC : Latin America. MEA : Middle East. OCE : Oceania

EEU WEU NAM Africa Asia IND LAC MEA OCE

Dairy 

cattle

Mature 

animals

93 

(550)

126 

(600)

138 

(650)

High 

productivity 

86 (250)

High 

productivity 

96 (485)

High 

productivity  

70 (350)

High 

productivity  

103 (520)

High 

productivity  

94 (510)

93 (488)

Low 

productivity 

66 (270)

Low 

productivity 

71 (355)

Low 

productivity  

74 (265)

Low 

productivity 

78 (500)

Low 

productivity  

62 (270)

Non mature 

animals 

(calves on 

forages)

46 

(180)

32 

(230)

59 

(215)
31 (82) 26 (90) 29 (72) 39 (160) 46 (115) 43 (185)

Beef 

cattle

Mature 

animals

65 

(600)

81 

(600)

98 

(820)
79 (540) 72 (501) 53 (309) 81 (582) 75 (519) 64 (467)

Non mature 

animals 

(calves on 

forages)

46 

(180)

32 

(230)

59 

(215)
31 (82) 26 (90) 29 (72) 39 (160) 46 (115) 43 (185)

Sheep

Liveweight 

> 40
9 (40)

Liveweight 

< 40
5 (31)

Goats

Liveweight 

> 50
9 (50)

Liveweight 

< 50
5 (28)

Pigs

Liveweight 

> 72
1.5 (72)

Liveweight 

< 72
1 (52)
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