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Abstract 31 

Sustainable food systems face trade-offs between demands of low environmental pressures per 32 

unit area and requirements of increasing production. Organic farming has lower yields than 33 

conventional agriculture and requires the introduction of nitrogen (N) fixing legumes in crop 34 

rotations. Here we perform an integrated assessment of the feasibility of future food systems in 35 

terms of land and N availability and the potential for reducing greenhouse gas (GHG) emissions. 36 

Results show that switching to 100% organic farming without additional measures results in N 37 

deficiency. Dietary change towards a reduced share of animal products can aggravate N 38 

limitations, which can be overcome through the implementation of a combination of 39 

agroecological, circular economy and decarbonization strategies. These measures help to recycle 40 

and transfer N from grassland. A vegan diet from fully decarbonized conventional production 41 

performs similarly as the optimized organic scenario. Sustainable food systems hence require 42 

measures beyond the agricultural sector. 43 

 44 

Keywords: Nutrient cycling; Food systems; Organic farming; Human diets. 45 

 46 

  47 
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1. Introduction 48 

By 2050, close to 10 billion people will require access to healthy and sustainably produced food 49 

(Godfray et al., 2010; Willett et al., 2019). The global food system currently is responsible for 50 

~25% of global greenhouse gas (GHG) emissions (IPCC, 2014; IPCC, 2019). Already now, 51 

nitrogen (N) and phosphorus use exceed planetary boundaries by a factor of two (Steffen et al., 52 

2015). These environmental impacts of food production could aggravate further, if global demand 53 

for cropland and animal products continue to increase (O’Neill et al., 2018). It is estimated that 54 

GHG emissions, synthetic N fertilizer and mineral phosphorus fertilizer (which is a non-renewable 55 

resource, and its price has increasing following depletion and scarcity of phosphate rock) use 56 

related to the food system could increase by 50–90% in the absence of simultaneous 57 

developments of technological changes and other mitigation measures (Springmann et al., 2018), 58 

illustrating the massive challenges to improve the sustainability of food systems. A sustainable 59 

food system allows all humans a nutritionally adequate diet, sufficient availability of fertile land 60 

and nutrients, and ensures that future environmental detriments such as deforestation, 61 

biodiversity loss and GHG emissions are kept within planetary boundaries related to land demand 62 

and the biogeochemical cycle of phosphorus and N (Erb et al., 2016; Steffen et al., 2015; Theurl 63 

et al., 2020). 64 

Owing to systemic trade-offs in the land system, simultaneously achieving targets like GHG 65 

reduction, halting deforestation, minimizing biodiversity loss (Newbold et al., 2016; Pereira et al., 66 

2013), and limiting the current N-surplus to levels compatible with the planet’s safe operating 67 

space presents a daunting challenge. For instance, intensification of agriculture through closure 68 

of yield gaps has been found to be a promising strategy due to its area-sparing effect that allows 69 

for the restoration of natural habitats. It also reduces net emissions from agriculture and land-use 70 

change (Balmford et al., 2018; Lamb et al., 2016). However, intensification in most cases requires 71 

increasing amounts of nutrients, particularly reactive N. Expanded use of synthetic N fertilizers 72 

(Erisman et al., 2008; Lassaletta et al., 2014; Zhang et al., 2015) is associated with increased 73 

GHG emissions and contamination of water bodies (Bodirsky et al., 2014; Carlson et al., 2017; 74 

Galloway et al., 2008). Furthermore, intensification alone has not been regarded sufficient as a 75 

strategy to avoid cropland expansion. The increasing demand for food and an increasing share 76 

of animal products in diets (Bajželj et al., 2014) may require further production enhancement. 77 

Therefore, changes in human diet towards reduction of animal products, either in isolation or 78 

combined with a sustainable intensification of farming, have been described as viable ways to 79 

decrease GHG emissions and land demand (Foley et al., 2011; Mora et al., 2020; Poore and 80 

Nemecek, 2018; Tilman and Clark, 2014). 81 
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An alternative strategy for a sustainable food system is organic farming. It aims at reducing 82 

industrial inputs to agriculture, in particular in the form of synthetically produced pesticides and 83 

nitrogen. A keystone of organic farming is to ensure that N withdrawals from farmland is 84 

replenished from natural sources, by improving N cycling and including N-fixing legumes in crop 85 

rotations. However, crop yields per harvest event in organic agriculture are commonly found to 86 

be around 20% lower than in conventional farming systems (de Ponti et al., 2012; Seufert et al., 87 

2012), albeit with large regional heterogeneity depending on the ecosystem, region and 88 

management (Barbieri et al., 2019; Li et al., 2020; Seufert et al., 2012). In agroforestry systems 89 

herbaceous legume crops or weeds can fix N(Nair, 2011). In rotational systems where land is 90 

currently under bare fallow, legume cover crops can be introduced in the rotation. However, for 91 

most systems, organic farming usually requires rotational systems with unproductive periods of 92 

N-fixing legume/fallow between harvest events (Barbieri et al., 2019; Muller et al., 2017). In those 93 

cases, due to the area needed to make reactive N available via legume cultivation, total system 94 

area yields over the whole crop rotation are markedly lower. Thus, while per-hectare GHG 95 

emissions are lower compared to conventional systems, and higher benefits for ecosystem (Smith 96 

et al., 2020) and human health (Reganold and Wachter, 2016; Smith-Spangler et al., 2012) can 97 

be expected, exceeding land demand might annihilate these advantages (Connor, 2013, 2008; 98 

Meier et al., 2015; Reganold and Wachter, 2016). Changes in diets are therefore deemed 99 

necessary as accompanying measures for organic farming.  100 

There are few studies assessing the benefit-cost portfolio of organic farming, accompanied with 101 

changes in diets that consider the role of N in assessing and deciding between the alternative 102 

paths for a sustainable future.      Muller et al. (2017) and Barbieri et al. (2021) used N balance of 103 

organic farming and showed there is a deficit of N in full conversion to organic farming. They also 104 

concluded that it is small and can be overcome with some additional measures to ensure 105 

adequate N-supply on croplands, such as improved legume management, increased N use 106 

efficiency (NUE) and recycling of nutrients from various organic wastes. Nevertheless, the effect 107 

of agroecological is still missing in the literature.      108 

We here aim for comprehensively assessing various strategies for achieving a sustainable global 109 

food system in 2050, including organic farming. For this purpose, we combined a large range of 110 

variants of key components in the food system: area availability and demand, diets, yields in 111 

cropland and on grazing lands, and feed conversion ratios. We expanded the biophysical balance 112 

model BioBaM-GHG (Theurl et al., 2020) by comprehensively computing the N balance and GHG 113 

emissions. We explored the effects of strategies aimed at improving the N balance of organic 114 

farming, including (a) agroecological strategies for increasing N availability or efficiency of use, 115 
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(b) circular economy strategies, i.e. increased nutrient recovery and food waste reduction, and (c) 116 

decarbonization strategies through increased use of renewable energy.  117 

 118 

2. Methods 119 

In this paper, we extended the BioBaM modelling framework (Erb et al., 2016) to include nitrogen 120 

restriction in an integrated feasibility assessment of diets for 2050. In this section, we present an 121 

abridged description of the model. Then, we present the improvements included in the standard 122 

model, i.e. the carbon (C) and nitrogen (N) balance. With the C and N balances, we also 123 

calculated the direct greenhouse gases (GHG) emissions (i.e. emissions that occur on agricultural 124 

land). The indirect GHG emissions were considered using a life cycle assessment perspective 125 

based on Theurl et al. (2020). GHG emissions of synthetic N fertilizer production and agricultural 126 

operations thus include also indirect emissions.  Finally, we studied potential new sources of N 127 

(namely to improve organic scenarios) and also innovations that could potentially reduce GHG 128 

emissions of diets (e.g. decarbonization of synthetic N fertilizer production process).  129 

 130 

2.1. The BioBaM model  131 

The BioBaM model, which served as basis of this work, was proposed by Erb et al. (2009) and 132 

has since been used in a large array of applications (Erb et al., 2012; Haberl et al., 2013, 2011, 133 

2010). BioBaM is a biophysical model that calculates the balance between the supply and 134 

demand of biomass on a global scale, differentiating 11 regions and allowing for trade between 135 

regions. A scenario is feasible when global biomass demand is matched by supply by at least 136 

95% (considering a 5% uncertainty range; cropland constraints). A scenario is unfeasible if for a 137 

given level of maximum cropland expansion the global biomass production (in C and N) does not 138 

match  demand. There are two reasons why this may happen: in conventional production 139 

scenarios due to lack of area for food production, and in organic scenarios due to lack of area for 140 

food production or N fixation (after the inclusion of the N balance explained in section 2.2). In its 141 

current version BioBaM considers 11 primary commodities (listed in the Supplementary Table 142 

S1). All feasible scenarios in BioBaM must have zero-deforestation until the year 2050. This 143 

assumption is not a constraint built into the implementation of the model, but instead it is a 144 

constraint in the results. This means that scenarios where forestland decreases (measured as an 145 

increase in agricultural land) are calculated and discarded. The model was built using extensive 146 

and consistent databases on ecological and socioeconomic biomass flows and land use. The 147 

year 2000 was used as baseline and biophysical scenarios of the global agro-food system for 148 



6 
 

2050 were built based on 5 key parameters and according variants (human diet, origin of meat in 149 

human diets, livestock feed composition, crop yields and cropland area). The baseline year has 150 

no influence in the results for the year 2050, which can be evaluated without resorting to the 151 

baseline year (the year 2000 is only an optional comparison point). Our choice of the year 2000 152 

for comparison is more demanding on future food systems. As forest land globally decreased 153 

between 2000 and 2020 and GHG emissions increased in the same period, if we had chosen a 154 

more recent baseline year more scenarios would be feasible but those would be insufficient to at 155 

least revert to 2000 conditions. 156 

 157 

2.2. Model framework 158 

In this paper we extended the BioBaM model with a carbon (C) and nitrogen (N) mass balance 159 

model that enabled the assessment of the C and N budgets of each diet and updated the 160 

calculation method of greenhouse gas (GHG) emissions in BioBaM (a graphical representation 161 

of the C and N balances can be found in the SI file – Section 1.1, Figure S1). 162 

The C demand wa     s fully based on the biomass balance performed in the previous version of 163 

the BioBaM model. Biomass was converted into C flows using a factor of 0.5 kg C/kg dry matter. 164 

For the N balance, we built a parallel N balance. Biomass demand was converted into N 165 

requirements (considering the N content of the crops and that a fraction of the N inputs is not 166 

taken up by the plants), and the N supply was calculated (details in the sections below).  167 

For each scenario, we calculated the N balance, which is zero when demand and supply are 168 

exactly matched in a given region. There is an N surplus when supply exceeds demand and a 169 

deficit otherwise. Therefore, this extension of the BioBaM-GHG model considered both the role 170 

of N as a resource in the feasibility of diets and its role as a driver of environmental degradation 171 

(there is a surplus of N if the supply is higher than the actual N taken up in food products). In the 172 

model, we calculate both the N use and the N emissions to the environment (as an environmental 173 

impact). We considered all relevant N sources, namely mineral fertilizer, manure, biological N 174 

fixation (BNF) and atmospheric N deposition. N soil surplus was defined as all N that is used in 175 

croplands and grasslands but is not taken up by the plants or emitted as a GHG. Surplus N in 176 

ecosystems generates emissions to the atmosphere, soil and water (Zhang et al., 2015). 177 

We specifically distinguish two production systems, conventional and organic production, which 178 

typically correspond to two very distinct sources of N fertilization. We assumed that the sources 179 

of N fertilization in “conventional” production are mineral fertilizer, manure from livestock 180 

production (in scenarios that include animal products) and atmospheric N deposition; in “organic” 181 

production, all N fertilization must be biological (manure, BNF) or atmospheric N deposition. 182 
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The baseline assessment was carried out for the most likely scenarios for the future evolution of 183 

each relevant variable, without implementing particularly disruptive/innovative strategies for the 184 

improvement for food systems, applied to 2050 in comparison to 2000. Regarding production 185 

systems, we used conventional production assuming 4 cropland yield estimates for 2050: (1) crop 186 

yields in 2050 equal to crop yields in 2000 (2) three different scenarios for crop yields’ increase 187 

between 2000 and 2050 (considering that crop yields increase in 95% of the regions); and organic 188 

production, considering that crop yield is 80% of the conventional yields in 2050 and 25% of the 189 

area is used for biological nitrogen fixation (BNF) while the remaining area is used for cropland 190 

production, which is equivalent to a rotation of 3:1 (crop:legume). The crop types used are 191 

indicated in Section 1.3 of the SI file. Two different livestock diets, one with an increased fraction 192 

of roughage and another with an increased fraction of grain compared to the year 2000. Five 193 

potential cropland expansion scenarios, from no expansion compared to the year 2000 to 70% 194 

cropland expansion. In the dietary options, we considered a business-as-usual (BAU) diet, a 195 

balanced diet with meat where the fraction of animal products is corrected to a healthy level in 196 

comparison with the BAU diet (based on USDA and HHS, 2010), three vegetarian alternatives 197 

(lacto, ovo and ovo-lacto) and a vegan diet. All diets are described in the SI File (Table S2). In 198 

the diets with animal products, three different variants were considered, (1) keeping the current 199 

proportion of ruminant and monogastric products, (2) animal products exclusively from ruminants, 200 

(3) animal products exclusively from monogastric animals. 201 

To reduce the influence of uncertainty in the analysis, first we studied a multitude of scenarios in 202 

terms of dietary options, cropland expansion and yields, and the main conclusions are valid for 203 

all cases assessed. Then, we also considered a dietary choice and production system unfeasible 204 

only if the limitation in area or N was higher than 5% to accommodate for uncertainty in the data 205 

(Erb et al., 2016; Theurl et al., 2020). This analysis took an “extreme worlds” perspective for the 206 

food system of the future. The analysis was also oriented towards diets. We therefore considered 207 

full global conversion of each production system and dietary option separately. The food system 208 

in 2050 is more likely to be mixed, and therefore the analysis here should be understood as setting 209 

an option space for satisfying food demand. 210 

 211 

2.3. Nitrogen requirements and soil loss 212 

Biomass demand was calculated for each scenario in BioBaM as the sum of (a) demand of 213 

primary crops for food and feed from cropland and (b) roughage demand for the production of 214 

meat and milk from grassland. Cropland demand included 11 categories corresponding to primary 215 

commodities and 1 class of roughage from grassland. Here, we also assessed the N removal with 216 
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harvested crops, as any N removed from soil needs to, on the long run, be replenished with some 217 

kind of fertilizer or reactive N. For this purpose, we use the N content of each crop category (Table 218 

S4 in the SI file).  219 

It is, however, not sufficient to supply fertilizer as withdrawn with the harvest. N requirements were 220 

calculated using N production curves (i.e. N yield measured as kg N output/ha as a function of 221 

the N inputs measured in kg N input/ha). N production curves are used to calculate N output as 222 

function of the applied N, typically they are assumed to follow a Michaelis-Menten relationship  223 

(e.g., see Bodirsky and Müller (2014)). In our case, N yields are known (𝑌) and assumed constant, 224 

we inverted the calculation to obtain the N requirements (𝐹) as a function of the theorical 225 

maximum yield (𝑌𝑚𝑎𝑥), according to 226 

 
𝐹 =

𝑌𝑚𝑎𝑥 ∙ 𝑌
𝑌𝑚𝑎𝑥−𝑌

∙ 𝐴𝑟𝑒𝑞 ∙ (1) 

where 𝐴𝑟𝑒𝑞 is the area required, as calculated in the BioBaM model. 227 

The N production curves have a hyperbolic shape and therefore N use efficiency, the return in 228 

the harvested matter of any N applied, decreases as the yield increases (diminishing marginal 229 

returns). At the same time, as also shown by Eq. (1), N that was not used by the plants is the 230 

difference between N input and N output is excess N, which is lost to the environment. Because 231 

N inputs increase at a proportionally higher relative rate than yields, the equation implies that an 232 

increase of N input also increases the fraction of N lost to soil. Production curves for cropland 233 

were obtained from Mueller et al. (2017), and N production curves for grasslands were obtained 234 

from Niedertscheider et al. (2016). 235 

 236 

2.4. Nitrogen supply 237 

Manure used in croplands was calculated in the livestock sub-model of the BioBaM-GHG model 238 

proposed by Theurl et al. (2020). Atmospheric N deposition was calculated by multiplying the 239 

required area by the deposition rate in the year 2000 and 2050 from Dentener (2006). Here, as a 240 

simplification, we assumed that atmospheric nitrogen deposition varies in space and time. The 241 

rate of deposition is a function of the region of the World and its different between the year 2000 242 

and 2050.  243 

For conventional production, mineral fertilizer used was calculated by subtracting manure and 244 

atmospheric N deposition from 𝐹 (calculated using Eq. (1)). We considered that there is no limit 245 

to mineral fertilizer production, and hence conventional production is never limited by N. In a 246 

scenario with higher N requirements, the extra requirements are supplied by extra portions of 247 

mineral fertilizer production – with excess N eventually being released to the environment. 248 
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In organic production, mineral fertilizer is replaced by BNF. BNF is limited by BNF rate and the 249 

area allocated for it. In each region, the total BNF (𝑇𝐵𝑁𝐹) was calculated by multiplying the total 250 

available area (𝐴𝑎𝑣𝑎𝑖𝑙 – obtained from the cropland expansion scenarios in BioBaM) and the 251 

fraction of the area reserve for BNF (𝐹𝐵𝑁𝐹) and the BNF rate (𝐵𝑁𝐹𝑟𝑎𝑡𝑒). In the baseline 252 

assessment, 𝐹𝐵𝑁𝐹 was 25%, but we changed the regional length of rotations in the optimization 253 

of N availability when we tested strategies for improving food systems. The BNF rate was 254 

estimated based on Herridge et al. (2008). It is calculated using the yield (𝑌), harvest index (𝐻𝐼), 255 

root to shoot ratio (𝑅𝑆), nitrogen content (𝑁𝐶), and percentage of plant N derived from N2 fixation 256 

(%𝑁𝑑𝑓𝑎) 257 

 𝑇𝐵𝑁𝐹 = 𝐵𝑁𝐹𝑟𝑎𝑡𝑒 ∙ 𝐴𝑟𝑒𝑎𝑎𝑣𝑎𝑖𝑙 ∙ 𝐹𝐵𝑁𝐹 = [𝑌 ∙ (
1

𝐻𝐼
) ∙ (𝑅𝑆 + 1) ∙ 𝑁𝐶 ∙ %𝑁𝑑𝑓𝑎] ∙

𝐴𝑟𝑒𝑎𝑎𝑣𝑎𝑖𝑙 ∙ 𝐹𝐵𝑁𝐹. 
(2) 

Finally, the N requirements and potential N supply (sum of manure, TBNF and atmospheric N 258 

deposition) were compared. If the N required was equal or lower than the N supply, total N used 259 

was calculated by multiplying the potential N supply by the ratio between N requirement and 260 

potential N supply. If N requirement was higher than potential N supply, all the N available is used, 261 

and the non-supplied N was supplied by another region of the world  with surplus N unused to 262 

supply local production. A scenario is not N limited if there is at least one feasible (non-limited in 263 

N) distribution of food production in the World after using this procedure, i.e. global N requirement 264 

is lower than the potential global N supply. 265 

 266 

2.5. Carbon and nitrogen inputs/outputs 267 

Above- and belowground plant litter and manure are the main flows of C and N into the soil organic 268 

pools. C/N ratios (Chen et al., 2003) were applied to calculate both C and N excretion of manure. 269 

Animal excretion can be used as organic N fertilizer promoting the closure of N cycle (van Zanten 270 

et al., 2016; Van Zanten et al., 2018). For example, Van Zanten et al. (2018) demonstrated that 271 

livestock raised under the circular economy approach could provide a considerable amount of 272 

human daily protein without animals consuming      any human-edible biomass.  273 

For the soil N pool, the inputs are N fertilization (synthetic and organic), N from atmospheric 274 

deposition, N captured in root nodules by rhizobia and/or free-living N-fixing microorganisms and, 275 

in grazing areas only, excreta decomposition. The outputs of the N pool are the amounts of N 276 

taken up by plants determined in the plant balance, plus atmospheric emissions of N2O and NH3 277 

from soils and N leaching. The N emission in the form of N2O, resulting from 278 

nitrification/denitrification processes was calculated using the Williams et al. (1992) method, which 279 

uses empirical parameters adapted to land use types. The direct and indirect N2O emissions due 280 
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to fertilizer application (synthetic and/or organic fertilizer) were estimated using the IPCC (2006) 281 

method. The NH3 emissions from soil due to fertilizer application were estimated using the 282 

EMEP/EEA (2019) Tier 1 approach. We considered only one soil pool (including organic and 283 

inorganic pools). Inorganic C was excluded due to its small interaction with the organic pool that 284 

generates the most important N and GHG emissions (Lugato et al., 2018). 285 

Plant residues (litter and belowground biomass) can either enter the soil organic pool or lead to 286 

an emission to the atmosphere of C (as CO2) and N (as N2O) due to the organic decomposition 287 

and nitrification/denitrification processes. The C emissions from litter were calculated neglecting 288 

the change in C:N ratio of the litter due to N2O emissions. Emissions from burning residues were 289 

also included (IPCC, 2006). 290 

The livestock C and N balances were based on the metabolic activity of monogastric (pigs, 291 

poultry) and ruminants (bovine, caprine and ovine). C and N accumulation in livestock were 292 

calculated based on the intake (grain, crop residues and roughage) and outputs (meat, milk and 293 

eggs). C emissions (as CO2 and CH4) and N emissions (as N2O and NH3) from livestock 294 

production and manure management were also considered using the IPCC (2006) Tier 2. 295 

 296 

2.6. Strategies to increase the sustainability of food system 297 

Here, we considered three types of improvements possible: agroecological improvements, 298 

circular economy and decarbonization strategies. In the agroecological strategies, we considered 299 

improvements of NUE (Lassaletta et al., 2016), improvement of the feed conversion efficiency of 300 

livestock production (Herrero et al., 2016) and biological N fixation (BNF) in combination with 301 

optimization of crop rotation in organic production. Circular economy strategies included the 302 

performance of strategies such as reduction of food waste (Muller et al., 2017; Springmann et al., 303 

2018) and the closure of nutrient cycles through use of organic municipal solid waste and 304 

wastewater treatment plant (municipal and human waste) sludges as fertilizer. Finally, we 305 

assessed the effects of a “decarbonization strategy” (Springmann et al., 2018) where in 2050 306 

mineral N fertilizer production (in conventional farming) has zero GHG emissions due to the 307 

elimination of N2O emissions during production through the use of catalysts and the replacement 308 

of fossil fuels with renewable energy and methane biogas from manure management. For details 309 

on data and the implementation of improvement strategies, see section 1.5 in the SI file.  310 

Here, we considered multiple agroecological strategies for improving food systems. These 311 

practices are drawn from the field of agroecology, which is a wider holistic approach that uses a 312 

variety of agroecological practices and also refers to other aspects of food production besides 313 

agronomic factors that were not considered in this study. The first agroecological strategy 314 
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considered here was the improvement of NUE of crop production, obtained by a higher theoretical 315 

maximum yield (𝑌𝑚𝑎𝑥) for the year 2050. Data was obtained from Lassaletta et al. (2016). For the 316 

improvement of livestock production efficiency, we considered that the feed conversion ratios 317 

(FCRs) in the different world regions were improved to the level of the region with lower FCR     s, 318 

according the used FCR in the model (based on Bouwman et al. (2005) – statistical approach 319 

based on FAO data). Finally, we considered an improvement of BNF rate in combination with 320 

optimization of crop rotation in organic production. For this, we considered a doubling in the BNF 321 

rate in relation with the baseline assessment (baseline BNF rate is ~70 kg N ha-1). Regarding the 322 

optimization of crop rotation, first, we increase the fraction of time with legumes in rotations from 323 

25% to 50%. Second, with this change, we calculate the potential N available globally and 324 

compare it with N demand in each scenario. If potential available N is lower than N demand, the 325 

scenario is limited by N as there would be no global distribution of production that would ensure 326 

sufficient N to respond to food demand. Otherwise the scenario is non-limited by N and there is 327 

at least one way of distributing food production globally that is feasible. Third, in the non-limited 328 

scenarios we optimized the rotation, i.e. changed the fraction of legumes in the rotation in all 329 

regions. All cases were assessed for possible limitations in terms of availability of land. In the 330 

regions that are limited in N, the fraction of legumes in the rotation was increased up to a 331 

maximum level of 75% of legumes, using all land available (note that this is always possible, 332 

because this increase in legume fraction does not change the total amount of land used). Food 333 

production in those regions is therefore reduced (down to the maximum that can be produced 334 

with the N available in the region) and moved to the regions with available N. The fraction of 335 

legumes in the rotation in those regions was then reduced in order to produce more food, 336 

compensating for the extra food demand from the limited regions. 337 

In the circular economy strategies, the first measure studied was an elimination of food waste 338 

during agricultural production at the farm level. We did not consider reductions of wasted food 339 

during transportation, retail and consumption. This was due to the fact that the second measure 340 

was the development of new sources of N fertilizer from organic municipal and human waste as 341 

organic fertilizer. If we considered reductions in food waste at retail or consumer stages, organic 342 

residues would decrease and they would be no longer available for producing N. The total 343 

municipal and human waste production per region was calculated using the World Bank projection 344 

of municipal solid waste generation for the year 2050 and the organic fraction of municipal solid 345 

waste (World Bank, 2018) (in Supplementary Table S2). 346 

For decarbonization strategies, we considered the use of alternative production processes or 347 

energy sources (e.g. use of renewable energy) in the Haber–Bosch process. i.e. substitution of 348 
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fossil fuels with renewable energy. As a simplification, we assumed that the GHG emissions of 349 

the renewable energy used will be zero in the year 2050. The impact of renewable energy 350 

production is very low compared with other energy sources, and in the future, the GHG emissions 351 

of energy consumption can be even lower as result of expanded electrification and technological 352 

developments (e.g. carbon storage technology). We also assessed the potential for reducing 353 

GHG emissions by using CH4 from manure management to produce biogas. Using biogas leads 354 

to oxidation of CH4 to CO2 and consequently reduces global warming potential (as the global 355 

warming potential of CH4 is 34 kg CO2e/kg CH4 with carbon feedbacks and for CO2 it is 1 kg 356 

CO2e/kg CO2) (Holm-Nielsen et al., 2009; Nasir et al., 2012).; The avoided CO2 impacts from 357 

replacing natural gas with biogas were neglected because they represent a 1 for 1 substitution in 358 

CO2 from natural gas, and hence have a comparative effect of only 1/12. However, we considered 359 

additional CH4 emissions due to leakages of 2.4% of the CH4 produced (Scheutz and 360 

Fredenslund, 2019). Further, we also considered that N2O emissions that usually occur during 361 

manure management are avoided (equal to zero) when manure is used for biogas production 362 

(Scherson et al., 2014). This strategy improves the GHG balance of the global food system without 363 

affecting the feasibility of organic farming due to area or N availability. Methane is converted to 364 

CO2 during manure management and treatment, and manure is used in cropland, meaning that 365 

the N is conserved. 366 

Table 1 describes the individually modelled strategies and the production systems affected by 367 

them. Details about the implementation of these strategies can be found in the Methods section. 368 

 369 

Table 1. Description of the strategies considered in this study. BNF – Biological nitrogen fixation, GHG 370 
– Greenhouse gases, N – Nitrogen, NUE – Nitrogen use efficiency.  371 

Type of 
improvement 
strategies 

Individual strategies Description 
Affected production 
types 

Agroecological  

Improvement of NUE 
Reduction of N requirements 
per unit of area of cropland 
and grassland 

Both (conventional and 
organic) 

Improvement of livestock 
production efficiency 

Reduction of cropland and 
grassland use for animal feed 
and reduction of enteric 
fermentation emissions and 
animal excretion 

Both (conventional and 
organic) 

Improvement of BNF rate 
and optimization of crop 
rotation 

Increase of total fixed N and 
supplied for cropland 
production 

Only organic 
production 

Circular 
economy 

Reduction of food waste 
during production to zero 

Reduction of food demand that 
reduces required cropland 
production  

Both (conventional and 
organic) 
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Use of all organic 
municipal solid waste 
municipal and human 
waste as fertilizer 

Additional source of fertilizer 
that increases of total N 
available for cropland 
production 

Both (conventional and 
organic) 

Decarbonization 

Decarbonization of 
mineral fertilizer 
production and 
elimination of N2O 
emissions  

Elimination of GHG emissions 
from fertilizer production  

Only conventional 
production 

Production and use of 
methane from manure 
management 

Reduction of GHG emissions 
due conversion of CH4 to CO2 
through combustion 

Both (conventional and 
organic) 

 372 

Here, we considered a “snapshot” of the food system in the year 2050. With this assumption, we 373 

removed all transient emissions or sinks from C and N mass balances, namely carbon 374 

sequestration. Further, C sequestration in soil and biomass is not a permanent sink and can be 375 

transformed into a C source with land use changes in the food systems. 376 

3. Results 377 

3.1. Full scale conversion to organic farming without additional measures 378 

Full conversion to organic farming by 2050, under future scenarios of yield and efficiency without 379 

additional measures would be infeasible for any dietary choice due to N deficits (Figure 1). While 380 

all conventional production scenarios show a minimum N surplus comparable to the year 2000, 381 

with maxima ranging      up to 120 Tg N yr-1 (1 Tg = 1012g = 1 million metric tons), the deficit of 382 

organic farming scenarios ranks between 37 – 93 Tg N yr-1. In general, scenarios with increased 383 

conventional crop yields are associated with larger N surplus      because NUE marginally declines 384 

with increasing yield levels, and therefore each additional unit of N used by the crops to grow 385 

increases the N applied and lost to ecosystems (Lassaletta et al., 2016; Mueller et al., 2017). For 386 

organic farming, N limitations are smaller in diets that involve non-meat animal products (lacto 387 

and ovo-lacto diets), which is due to the additional availability of livestock N in the production 388 

system. In these scenarios, N contained in biomass from grassland is transferred to cropland via 389 

livestock manure. The vegan and ovo diet use less area than diets that include milk and meat, as 390 

farmland for ruminant feed production is unnecessary. Those two diets, however, are associated 391 

with the largest N deficits of all scenarios (~80-93 Tg N yr-1). Diets with meat have higher N deficits 392 

than lacto or ovo-lacto diets.      393 

 The difference between scenarios involving products from ruminants and monogastrics are small 394 

because of two opposite effects. On the one hand, ruminants require more agricultural area 395 

(cropland and grassland) and  are less efficient in converting inputs into products than 396 

monogastric animals. On the other hand, despite the lower feed demand of monogastric animals, 397 
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they consume mostly crops and therefore require more cropland area. Ruminants consume 398 

mostly crop residues/by-products from food manufacturing and graze and therefore do not 399 

contribute as much to increasing cropland demand, requiring grazing land instead. For example, 400 

considering FAO 2050 yields, a cropland expansion of 11%, “grain” variant of animal feedstuff 401 

composition, and BAU diet, and comparing the source of the animal products in diet between only 402 

ruminant products with only monogastric products, the first requires about 5,900 Mha where only 403 

about 1,850 Mha are cropland, and the second requires about 1,800 Mha but about 90% of the 404 

agricultural area required is cropland. 405 

Organic production systems are, in consequence of lower yields, more limited than conventional 406 

production systems, and always require substantial cropland expansion (70% in the meat diets 407 

and 11% in the non-meat diets, results shown in Figure S3 in the SI file). This additional cropland 408 

demand is both caused by lower harvest yields and the integration of N-fixing legumes within the 409 

crop rotation. Total GHG emissions of diets that use organic farming are also higher than 410 

emissions in 2000, except for diets relying on non-meat or monogastric animal products. GHG 411 

emissions are reduced in those diets due the avoidance of enteric fermentation emissions and 412 

due to the reduction of cropland use for feed production, while at the same time reaping the 413 

benefits of N fertilization from non-ruminant manure when compared to vegan alternatives. In 414 

general, the maximum GHG emissions of organic farming, associated with diets containing meat, 415 

are smaller than the maximum emissions from corresponding conventional systems. Organic 416 

scenarios have lower GHG emissions than conventional production scenarios because GHG 417 

emissions from BNF are lower than total GHG emissions of synthetic fertilizer (production plus 418 

application). GHG emissions from BNF are due to the decomposition of biomass. Part of the N 419 

incorporated in aboveground biomass is left on the soil, causing direct N2O emissions similar to 420 

emissions from crop residues left on the field. Nevertheless, organic scenarios require more area 421 

for BNF, which leads to more total soil N2O emissions. In diets that include meat (BAU and 422 

balanced meat diets), organic scenarios have lower GHG emissions due to the N fertilizer from 423 
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manure, but in diets without meat, due to the lower quantity of manure, organic scenarios have 424 

higher GHG emissions. 425 

 426 

Figure 1. Effect of conversion to conventional production (with projected yield and year 2000 yields) 427 
and conversion to organic farming without additional measures on N surplus/deficits, GHG 428 
emissions and used farmland (cropland plus grassland) in the year 2050. Among the five cropland 429 
expansion variants and two livestock feed variants, only the scenario with lowest cropland use is shown (all 430 
scenarios with higher cropland expansion are feasible as well), GHG emissions and N surplus/deficit 431 
(surpluses are located in the top half of the graph and deficits in the lower half, and where N surplus is 432 
considered the potential for N pollution; scenarios with N deficit are not viable; the optimal value for N 433 
surplus/deficit is 0). The size of the circles indicates the used farmland. The starting point is the Year 2000, 434 
represented as a green dot. 435 

 436 

3.2. Impact of additional measures in the organic food production system 437 

So far we showed that organic farming is infeasible without additional measures. However,      a      438 

bundle of additional measures exist to be tested if      diets based on organic farming could be 439 

rendered feasible.  440 

If all innovations applicable to organic farming were implemented, organic farming would not only 441 

have more N at its disposal than needed, but also greatly reduce GHG emissions and farmland 442 
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used compared to 2000 (Figure 2). The feasibility of organic farming in terms of N constraints is 443 

aided by the presence of some animal products in the diet. A moderate amount of animal products 444 

in the diet can help the N budget. This is particularly true of the ovo-lacto diet, which is the most 445 

efficient in providing sufficient N while minimizing N surplus (15 Tg N yr-1). This diet involves non-446 

ruminants (the “ovo” component) fed on crops, thus requiring more N than vegan diets. However, 447 

the effect is counteracted by ruminants (the “lacto” component), which transferring N from 448 

grassland to cropland via manure, reducing the need of additional land for biological N fixation. 449 

The two effects are complementary and produce the most well-balanced diet in terms of N use. 450 

Vegan and lacto diets minimize land use (~1,600 Mha yr-1), while the vegan diet is the one with 451 

the lowest GHG emissions possible (1.9 Gt CO2e yr-1). 452 

N limitations in organic farming can only be overcome through the joint implementation of 453 

agroecological innovations (Figure 2). Under organic farming, all diets with ruminant products 454 

result in increased farmland area demand in relation to 2000 due to the need for area set aside 455 

for BNF. Nevertheless, GHG emissions are lower in all diets than in 2000, which means that 456 

conversion to organic with all improvements is capable of overcompensating for the increased 457 

demand for food from a growing population with lower emissions per unit of food produced. The 458 

application of any agroecological innovation in isolation is insufficient to overcome the N limitation 459 

in organic farming. Results are shown for each individual innovation in Figure 2 and in detail in 460 

SI. Improving NUE has the largest individual contribution and, on average, is capable of 461 

decreasing 52% of the global N deficit. 462 

Circular economy strategies reduce the N surplus generated by the application of agroecological 463 

improvement measures because reducing food waste and using N from wastes reduces the area 464 

required for cropland production and its N2O emissions from soil.. These strategies can reduce 465 

organic N deficits by about 17%. Used land and GHG are not significantly affected (Figure 2). The 466 

decarbonization strategy applicable to organic farming, use of biogas from manure management, 467 

only affects diets including animal products. GHG emissions reductions are the largest (on 468 

average 4% - 8%) in monogastric systems because they produce more managed manure than 469 

ruminants per head. The highest reduction is in the BAU diet with monogastric products (11%). 470 

 471 



17 
 

 472 

Figure 2. Effect of different strategies on used land (a), GHG emissions (b) and N surplus/deficit (c). 473 
Results for the baseline are displayed as orange dots. ’Baseline’ is the analysis conducted for full 474 
conversion to organic farming by 2050, under future scenarios of yield and efficiency without additional 475 
measures. The results for improvement strategies are represented with green dots. In each subplot, the 476 
vertical dashed line represents the value for the year 2000. BNF – Biological nitrogen fixation, GHG – 477 
Greenhouse gases, LE – Livestock efficiency, N – Nitrogen, NUE – Nitrogen use efficiency. 478 

 479 

3.3. Is fully optimized organic production more sustainable than conventional 480 

farming? 481 

Fully optimized organic production, i.e. after implementation of all improvement strategies, is 482 

associated with less GHG emissions and a lower N surplus than conventional production, 483 

regardless of dietary choices, but it uses more farmland due to the need of land set aside for BNF 484 

for scenarios without ruminants, including vegan and vegetarian scenarios (Figure 3, comparing 485 

“baseline conventional” and “organic with improvement strategies”). Analysing the same dietary 486 

options studied for organic farming, but now for conventional farming (full results shown in SI file 487 
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– Section 2), showed that, when yields are expected to grow, the area used for food production 488 

is smaller. Higher yields in conventional systems, as for organic systems, save land for natural 489 

restoration but generate higher GHG emissions and N surplus due to the greatly reduced NUE. 490 

Conventional production can be optimized through the same strategies as the ones applied for 491 

organic farming described previously. This results in a reduced mineral fertilizer demand and thus 492 

reduced GHG emissions from upstream energy requirements of fertilizer production. The 493 

agroecological strategies that influence conventional production are the improvements of NUE 494 

and FCRs. Circular economy and decarbonization strategies also apply, where for the latter we 495 

also considered additionally the full decarbonization of N mineral fertilizer production through use 496 

of renewable energy. Results show that, if yields are higher in 2050 than in 2000, then all diets 497 

produced conventionally spare much more land for nature than organic (Figure 3 comparing 498 

conventional and organic with improvement strategies). Due to our assumption that BNF occurs 499 

in a fraction of the required land for food production, organic scenarios, even if yields increase 500 

significantly, require additional land for biological N fixation and therefore, despite improvements, 501 

are still relatively worse than conventional farming in this regard. Organic production would, 502 

however, have similar or slightly lower N surpluses and GHG emissions than optimized 503 

conventional production for comparable diets. 504 

If, however, we assume an alternative future where conventional yields remain at the level in the 505 

year 2000 (low-intensity optimized conventional farming), conventional production improves its 506 

performance over more intensive farming (i.e. with increased use of fertilizers and yields). The 507 

vegan diet with conventional production systems in particular shows a better performance in terms 508 

of GHG emissions, N surplus and land demand compared to any diet combined with organic 509 

production (Figure 3, comparing “conventional with improvement strategies and stabilized yields” 510 

and “organic with improvement strategies”).  511 

The significance of these differences, however, is difficult to interpret given the inherent 512 

uncertainty of the data. The conventional production vegan diet uses 40% less farmland 513 

(conventional: 914 Mha; organic: 1551 Mha), is responsible for 30% less GHG emissions 514 

(conventional: 1.4 Gt CO2e yr-1; organic: 2.0 Gt CO2e yr-1) and has a surplus 5% lower than the 515 

best diet produced using organic farming (conventional: 14.4 Tg N yr-1; organic: 15.1 Tg N yr-1), 516 

i.e. the diet that minimized the impacts of organic farming in each dimension. To put these 517 

numbers in context, in 2050 the conventional vegan diet and the ovo-lacto organic use      70/55% 518 

less farmland, are responsible for 80/50% less GHG emissions and have an N surplus 50/45% 519 

lower than the diet with the production mix and the food demand of the year 2000 (also 520 

represented in Figure 3), despite a growing food demand. Both production systems and multiple 521 
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diets produced according to each of them have the capacity to significantly decrease the 522 

environmental burdens of food production in the future.  523 

Overall, there is no combination of diet variant and production variant that is significantly better 524 

than all the others in all indicators (land used, GHG emissions and N surplus). An improved vegan 525 

diet with increased conventional yields is the alternative that maximizes spared land for nature, 526 

but it has a higher N surplus than the organic ovo-lacto diet. The vegan diet from conventional 527 

production with stabilized yields uses more farmland and minimizes GHG emissions, but also has 528 

the same N surplus as the organic ovo-lacto diet. Organic production in diets, particular 529 

vegetarian, is in general a good option for reducing N surpluses, but it requires using more land 530 

than their conventional counterparts. Such diets are also better aligned with the current view on 531 

healthy diets, which include limited amounts of animal products (Godfray et al., 2010; Willett et 532 

al., 2019). 533 
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534 

 535 

Figure 3. Comparison of production systems on the performance of diets on used land (a), GHG 536 
emissions (b) and N surplus (c). In each subplot, the vertical dashed line represents the value for the 537 
year 2000. 538 

4. Discussion and conclusion 539 

Our results highlight the trade-offs in the food system between diets, land use, GHG emissions 540 

and the N balance. The main question related to future sustainable food systems should therefore 541 

be if and how these trade-offs can be mitigated. 542 
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An often-voiced suggestion for feeding a growing population is to close crop yield gaps (Foley et 543 

al., 2011; Lamb et al., 2016). Our results showed that this option, taken to its attainable maximum, 544 

would save area for natural restoration but would also increase GHG emissions and N surplus 545 

(Erb et al., 2016; Theurl et al., 2020). Maintaining crop yields at current levels would generate 546 

less GHG emissions and N surpluses due to higher NUE but it would also require more farmland. 547 

Another frequent suggestion for improving the food system is dietary change (Bajželj et al., 2014; 548 

Erb et al., 2016; Springmann et al., 2018; Theurl et al., 2020; Tilman and Clark, 2014). Dietary 549 

changes are particularly suited to alleviate some of the trade-offs by enlarging the option space 550 

(Erb et al., 2016; Theurl et al., 2020) and reduce GHG emissions. However, as we show here, 551 

any switch between ideal-types of diets carries new trade-offs. Less animal products reduces 552 

GHG emissions due to less CH4 from enteric fermentation, but it also reduces an important source 553 

of N in the food system, i.e. N in animal manure, that must be compensated for. Ultimately, 554 

universal adoption of some diets such as veganism, while beneficial in some respects, can also 555 

create other problems such as that of the N balance, as previously observed by Theurl et al. 556 

(2020).  557 

Besides the trade-off of organic farming, which is a reduced per-area pressure with increased 558 

area demand (Balmford et al., 2018; Smith et al., 2020), we find an additional, virulent trade-off. 559 

The strategy to keep area demand at bay by reducing the share of animal products in diets 560 

(Barbieri et al., 2019; Muller et al., 2017) results in an N deficit of the production system that 561 

cannot be closed within rotational systems. We calculate a deficit of 9 kg N (ha.yr)-1 for the ovo-562 

lacto diet, similar to the result by Mueller et al. (3-7 kg N (ha.yr)-1). Our results are also inline with 563 

Barbieri et al. (2021) considering organic production without improvement strategies. We found a 564 

N deficit of about 75 Tg N in BAU scenario and Barbieri et al. (2021) estimated about 36 Tg N. 565 

With improvement strategies, our results showed that organic farming is not N limited, but Barbieri 566 

et al. (2021) is still limited. Notice that Barbieri et al. did not consider the improvement of NUE, 567 

which is one of the most important strategies to overcome N limitation in organic farming. The 568 

difference between the two estimations can be attributed to different assumptions of crop yields, 569 

and different rates of food waste generation. A detailed comparison of our study with the literature 570 

(including the studies cited here and others) was performed in this work, and is shown in the 571 

Supplementary file S1, section 2.5 and in particular Table S11. 572 

Because the high potential of organic farming to reduce GHG emissions, even if area or N 573 

availability are limiting factors, it is worth exploring ways to surpass these shortcomings. A 574 

strategy could be to allow for some level of mineral N fertilization – at levels about 40% of current 575 

average uses. Such strategies would, however, not comply with the current standards of organic 576 
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farming and thus present challenges of good practice and governance (Muller et al., 2017) and 577 

not abate the problem of increased area demand. Additionally, this strategy would fail to fully 578 

avoid GHG emissions, even if mineral fertilizer is produced in fully decarbonized industrial 579 

systems, due to the N2O emissions related to N application. It should be noted that organic 580 

production requires more area for BNF, which leads to extra soil N2O emissions that can 581 

compensate for the lower emissions per unit area from BNF. 582 

Our study demonstrates the necessity of integrated and multi-dimensional approaches to meet 583 

the challenges of the global food system. There are options that render organic farming feasible 584 

in terms of land and N availability while minimizing GHG emissions and sparing farmland. These 585 

options require a combination of ambitious agroecological innovations, circular economy and 586 

decarbonization strategies. No individual measure alone is sufficient to overcome the N gap.  The 587 

implementation of these strategies presents formidable technical, managerial as well as 588 

governance challenges, as discussed below.  589 

Improvement of NUE is frequently suggested as one plausible solution to reduce N surplus (soil 590 

and GHG emissions) (Lassaletta et al., 2016; Mogollón et al., 2018; Mueller et al., 2017; Zhang 591 

et al., 2015). In short, improvement of NUE requires the so-called fertilization with the right rate, 592 

with the right timing, in the right form and right placement (Bowles et al., 2018; Zhang et al., 2015). 593 

The implementation of the concept varies geographically. In some regions, large gains can 594 

sometimes be obtained without further technological developments. Regions such as Africa or 595 

Central Asia have low crop yield due to low N applications and depletion of N soil reserves. In 596 

these regions, both crop yields and NUE could be improved together through an increased rate 597 

of application of N fertilizer (mineral or organic) and improved management (Mueller et al., 2014; 598 

Sutton et al., 2013). Other locations in East and South Asia, Europe and North America use 599 

excessive N fertilizers generating N surpluses, may require widespread technological 600 

improvements such as slow-release fertilizers, nitrification and urease inhibitors or fertigation to 601 

increase NUE without reducing crop yields (Zhang et al., 2015). Research into precision 602 

fertilization is likely to yield results by 2050 and the practical implementation of those practices 603 

could strongly assist organic systems to better use N (Zhang et al., 2015). 604 

In organic systems, the application of precision farming principles regarding N management is a 605 

challenge on its own. Organic fertilizer application rates can be micromanaged, but the main 606 

contributor to the N balance is BNF, particularly for diets with less animal products that target 607 

GHG emissions reductions. Fine-tuning BNF is possible in two main ways: through increase of 608 

BNF rates, and through adjustment of the duration of crop-legume rotations. Other alternatives 609 

were not considered, namely modelling BNF in productive legume systems and/or intercropping 610 
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legumes. Regarding the use of productive legumes for BNF, this would reduce the BNF per unit 611 

of area and at the same time reduce the cropland area demand due to the legumes produced in 612 

areas used for BNF. These are two opposite effects and therefore likely to have a null effect on 613 

the balance. Intercropping legumes would be an win-win solution, contributing to BNF in 614 

productive cropland area and avoiding further area for BNF. However, data to model intercropping 615 

legumes systems at global level is, to our knowledge, not available. 616 

Doubling of the BNF rate in relation to the present average regional rates is described as plausible 617 

and within the range of variation found in the literature (Collino et al., 2015; Herridge et al., 2008; 618 

Muller et al., 2017). The maximum regional BNF rate assumed in this paper, about 360 kg N/ha, 619 

is similar to the maximum rate observed by Herridge et al. (2008). Such a doubling of the rate 620 

would require the selection of N-fixing species (and/or associations of species) and precision 621 

farming (Herridge et al., 2008; Keyser and Li, 1992). The potential of BNF to increase is highly 622 

dependent on the location (Herridge et al., 2008; Lassaletta et al., 2014), which makes improving 623 

BNF rate in all regions of the World an ambitious target, as the most promising experiences are 624 

restricted to specific locations (e.g. South America) (Herridge et al., 2008; Lassaletta et al., 2014). 625 

In general, fodder crops and pastures based on legumes with rhizobium typically have the 626 

maximum rates of BNF (Herridge et al., 2008). The use of those plant types with high potential 627 

for N fixation in rotations, selected from a pool of native species in each region, is the most 628 

promising alternative for achieving rates of BNF close to the one used in this study. 629 

Adjusting durations of rotations is a necessary complement to increased BNF (Barbieri et al., 630 

2019, 2017). Rotations with longer periods of unproductive legume farming, supply more N to the 631 

soil for future crop production. Getting the correct and necessary amount is the work of precision 632 

farming, as it requires striking the right balance. Very long rotations typically result, on a global 633 

scale, in farmland limitations due to low area devoted at any given time to food production. Very 634 

short rotations result in N limitation. The optimum duration of the rotation should be defined 635 

regionally in order to match supply and demand of N that maximizes food production up until the 636 

total food demand of the region (Barbieri et al., 2019). 637 

There is a vast literature that discusses the implications of closing yield gaps for cropland 638 

production (Kanter et al., 2016; Mueller et al., 2012) but, surprisingly, strategies that aim at 639 

increasing of livestock efficiency are much less studied. We find that increasing the efficiency of 640 

livestock production is key for reducing land requirements, GHG emissions and N surplus 641 

(Herrero et al., 2016, 2013). The most direct way to close livestock yield gaps, used in this study, 642 

is to reduce FCRs for all livestock types and feed used. We operationalized this idea by assuming 643 

that we can have FCRs for each region of the world equal to the global minimum FCR. Achieving 644 
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this target in all regions of the world would require the selection and territorial expansion of breeds 645 

that add more weight per unit of feed, adjusting age at slaughter to avoid feeding livestock once 646 

growth decelerates, careful design of livestock diets including new ingredients and better feed 647 

quality, among others factors (Steinfeld et al., 2010; Herrero et al., 2016; Thornton and Herrero, 648 

2010). It is important to note that these new feeds may have higher environmental impacts than 649 

currently used feeds (Wilfart et al., 2016). However, owing to its large potentials, further research 650 

is necessary to understand the challenges and opportunities of improving FCRs at a regional level 651 

and mitigate adverse effects of raising FCRs on animal welfare.  652 

Circular economy strategies, such as waste reduction and N harnessing from municipal waste, 653 

require either the development of an appropriate financial/institutional infrastructure through 654 

restructuring of food production and distribution networks, and even new legislation or industry 655 

standards. Even in the medium/high income countries, reducing food waste during production to 656 

zero by 2050 may be unrealistic as it implies a long institutional conversation between producers, 657 

retailers and consumers, plus new distribution chains of fresh products as well as reclaim of 658 

wasted/spoiled products that can be reused in the food industry or refed into the system for new 659 

food production (Gustavsson et al., 2011; Parfitt et al., 2010). In low income countries, food waste 660 

is mainly connected to financial, managerial and technical limitations (Gustavsson et al., 2011). 661 

Previous studies concluded that reducing food waste has a limited effect of GHG emissions and 662 

N use (Springmann et al., 2018), similarly to what we found. Using municipal and human waste 663 

as fertilizer raises sanitary concerns and heavy metal contamination of the soil that may present 664 

barriers towards the application of these technologies (Hargreaves et al., 2008; Kominko et al., 665 

2018). However, there is evidence that a safe utilization of these resources can be ensured with 666 

development and implementation of comprehensive industry standards (Hargreaves et al., 2008). 667 

The use of municipal and human waste as fertilizer can reduce both waste generation of food and 668 

GHG emissions with already existing technology (Bogdanov et al., 2019; Holm-Nielsen et al., 669 

2009).  670 

The decarbonization measures require involvement of additional actors. Biogas production from 671 

manure already exists in small/medium scale (Bataille et al., 2018; Holm-Nielsen et al., 2009; 672 

Lechtenböhmer et al., 2016) and the challenge is finding the correct financial incentives or 673 

restructuring of the energy sector for global spread of those technologies. Here, we considered 674 

only the oxidation of CH4 into CO2 and excluded extra CH4 that can be obtained in manure 675 

biodigesters due to lack of data for global assessment. The CH4 production rate in biodigesters is 676 

highly variable, depending among others on the mixing system and microorganisms involved 677 

(Koniuszewska et al., 2020).  678 
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From all options assessed in our study and after all improvements are implemented, the 679 

advantages of organic farming are maximized in diets with some level of animal products. Animals 680 

can be fed with co-products, biomass from marginal land and food waste, which has high 681 

nutritional value. Despite its visible effect, we made here several simplifications that curtailed the 682 

positive contributions of animals to the food system, namely: (1) improvements of BNF were 683 

applied to cropland rotations only and not to pasture land, (2) we assumed that animals did not 684 

graze legumes in rotations – grazing animals introduced during rotations return almost all N to 685 

the soil, which makes the rotation more efficient as the legumes are used for feed and still 686 

introduce N into the soil, and (3) in the vegetarian lacto and ovo-lacto diets only milk is consumed 687 

and not meat. Global conversion to vegetarian diets would decrease demand for meat to zero but 688 

dairy systems would continue to necessarily co-produce steers and old cows, and eggs could be 689 

produced through non-food feedstuff. Here, meat from retired laying hens and dairy systems was 690 

assumed to be lost. In reality this meat could supply a fraction of the demand for food using 691 

“demitarian” or “flexitarian” diets. If we considered those extra animal protein, they would fulfill 692 

some of the demand without needing additional inputs and therefore reduce used land, GHG 693 

emissions and N surplus of vegetarian diets. A scenario that considered those dairy and hen co-694 

products could perform as well as the vegan diet. Further, in this work, fixed shares of animal 695 

products in human diets were considered with fixed ruminant/monogastric ratios. However, this 696 

may lead to regional inefficiencies of resource use.  697 

The vegan diet when combined with improved conventional production performs best in terms of 698 

reducing GHG emissions, sparing land and minimizing N surplus. However, this option and the 699 

best performing vegetarian diets combined with organic farming show a similar performance. With 700 

this regard, it is important to note that our assessment is strictly limited in scope. For instance, 701 

health risks, such as those of inappropriate implementation of diets have not been assessed. For 702 

instance, vegetarian and vegan diets have a higher risk for developing vitamin B12 deficiency 703 

(Pawlak et al., 2014), or a low intake of calcium and vitamin D (Schüpbach et al., 2017).  704 

The effect of synthetic fertilizers and pesticides on human health were outside the scope of this 705 

work. Nevertheless, there is evidence that organically produced products, with lower/no use of 706 

pesticides and synthetic fertilizers, have higher concentrations of antioxidants and other 707 

compounds, and lower incidence of severe diseases (e.g. cancer, neurological disorders and 708 

diabetes) (Barański et al., 2014; Rani et al., 2021; Silva Pinto et al., 2020; Smith-Spangler et al., 709 

2012). Manufacturing pesticides also generates GHG emissions that were not considered in this 710 

study. However, their emissions are significantly lower than all other GHG emissions included 711 
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(Audsley et al., 2009). Pesticides additionally contribute to degradation of soil quality, among other 712 

environmental issues (Rani et al., 2021; Silva Pinto et al., 2020).  713 

In this work, we did not conduct  a formal uncertainty analysis. Theoretically it would be possible 714 

to consider for example an uncertainty range for the most important variables/parameters, e.g. 715 

nitrogen content and nitrogen response, combined with a Monte Carlo approach. Plausible ranges 716 

of variation would have to be found for critical values and a probability distribution would have to 717 

be used – and those may vary among food products. This analysis would likely not affect the 718 

general results for comparison between scenarios given the “extreme worlds” approach used in 719 

this work. However, follow-up work should strive for incorporating uncertainty as that would 720 

enable, for example, understating when differences in performance between scenarios is 721 

statistically significant. 722 

The policy aim of no deforestation for the future leads to a significantly higher number of scenarios 723 

that are unfeasible (e.g. scenarios with diets rich in meat). The use of the year 2000 for the 724 

baseline was more demanding of the future, as we compared 2050 to a year with more forest 725 

areas. Compared to 2020, this means that we expect some afforestation in 2050. Therefore, if we 726 

had used 2020 for the baseline year we could have ended up with some additional feasible 727 

scenarios, but those scenarios are on the verge of being infeasible and therefore are never the 728 

focus of our paper, which aimed to find transformative changes of food systems. 729 

This study also demonstrates the effect of some of the measures proposed in the “Farm to Fork” 730 

strategy of the European Green Deal (European Commission, 2020). The target to reduce excess 731 

of nutrients (reducing nutrient losses and use of fertilizers) were addressed in this paper through 732 

both agroecological and decarbonization strategies, mainly the improvement of NUE and 733 

decarbonization of synthetic fertilizer production. These strategies showed that a reduction of 734 

more than 50% of GHG emissions due to lower emissions from N fertilizer production. In terms of 735 

N surplus, a reduction of more than 70% can also be obtained at global level. Farm to fork 736 

strategies also envision 25% of total farmland in the European Union being used for that organic 737 

production by the year 2030, which makes the development and application of the strategies 738 

studied here urgent. 739 

Finally, we conclude that options for a sustainable global food system exist. Even while facing 740 

rising populations and food demand, it is possible to devise a food system where land can be 741 

spared for nature, emissions of GHG are substantially reduced and N losses into ecosystems are 742 

minimized. However, our results show that no single measure could achieve this goal. Organic 743 

farming without additional measures results in N deficits. Dietary changes are not a panacea – 744 

due to their trade-offs regarding the N balance. Thus, dietary change is an important, but not a 745 
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sufficient precondition for a sustainable food system transition. On top of this, other formidable 746 

challenges prevail: improvements of BNF or NUE are likely to require technological innovations 747 

and their fast deployment. An implementation of N collecting schemes is tedious and itself 748 

associated with many difficulties and trade-offs, in particular in regions that do not have easy 749 

access to resources such as technology and knowledge, including monitoring. A decarbonization 750 

of the energy systems similarly requires massive social and political efforts. On top of this, only 751 

the combination of measures regarding N management and the decarbonization of the energy 752 

systems can alleviate the pressures from the food system, as no individual solution will be 753 

sufficient. We thus conclude that there is a pressing need to move forward from simple 754 

comparative assessments of diets or between the advantages and disadvantages of conventional 755 

and organic farming. Improving the global food system requires taking into account system level 756 

effects and feedbacks and move towards the implementation of improvements such as the ones 757 

studied here. Such an effort will require massive restructuring of the food system, as well as 758 

technological improvement and deployment of decarbonizing technologies outside the agri-food 759 

sector. This is the result of a biophysical analysis of preconditions and constraints. Understanding 760 

the impacts of social dimension that facilitate or hinder such a transition is a considerable next 761 

challenge for science and research. 762 
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