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Abstract 

Global pork production has increased fourfold over the last 50 years and is expected to continue growing 

during the next three decades. This may have considerable implications for feed use, land requirements, 

and nitrogen emissions. To analyze the development of the pig production sector at the scale of world 

regions, we developed the IMAGE-Pig model to describe changes in feed demand, feed conversion ratios 

(FCRs), nitrogen use efficiency (NUE) and nitrogen excretion for backyard, intermediate and intensive 

systems during the past few decades as a basis to explore future scenarios. For each region and 

production system, total production, productive characteristics and dietary compositions were defined 

for the 1970–2005 period. The model shows that, despite the improvement of FCRs during the 1970–

2005 period has reduced the feed use per kg of product, total feed demand has increased by a factor of 

two (from 229 to 471 Tg DM) due to the growing pork production. The increase of nitrogen use efficiency 

was slower than the improvement of FCRs due to increasing protein content in the feed rations. As a 

result, total N excretion increased by more than a factor of two in the 1970–2005 period (from 4.6 to 

11.1 Tg N/y). For the period up to 2050, the Shared Socio-economic Pathways (SSPs) provide information 

on levels of human consumption, technical development and environmental awareness. The 

sustainability of pig production systems for the coming decades will be based not only on the expected 

efficiency improvements at the level of animal breeds, but also on four additional pillars: (i) use of 

alternative feed sources not competing with human food, (ii) reduction of the crude protein content in 

rations, (iii) the proper use of slurries as fertilizers through coupling of crop and livestock production and 

(iv) moderation of the human pork consumption.  
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Introduction 

The contribution of pigs and poultry to total livestock production has increased worldwide over the last 

50 years, driven by rising demand for livestock products, specialization, automation, production and 

trade of cheap feedstuffs, market liberalization, cheap energy and improved technologies in genetics and 

feeding strategies (Gerber et al. 2010). The global production of edible protein, in the form of nitrogen 

(N) from monogastric animals (pigs and poultry) increased from 1.1 to 6.8 Tg yr-1 between 1961 and 2013 

and their contribution to total animal source food from 30 to 53% in the same period (Lassaletta et al. 

2016). Pig production is expected to increase significantly during the next three decades (Alexandratos 

and Bruinsma 2012) (Supplementary material, SM-1). The increasing demand for pork is driven by 

population growth as well as the dietary transition towards more animal protein per capita (Lassaletta et 

al. 2014a, Bai et al. 2018).  

Pigs are produced in a variety of systems, ranging from backyard to intensive systems, with different 

levels of technical development and diverse feed sources, varying from local products and swill to 

internationally traded feed products (Macleod et al. 2013, 2017). Both small-scale and large-scale farms 

are important sources of food for consumers, but they often differ in terms of efficiency, output and 

resource consumption (Samberg et al. 2016; Herrero et al. 2017). In 2005, 34% of the global pig stock 

was kept in backyard systems and 54% in intensive systems, while intermediate systems (12%) were less 

frequent (Robinson et al. 2014).  

The increase in pork production has consequences for the use of natural resources. On the one hand, pig 

production systems have better feed conversion ratios (FCRs) and higher N use efficiency (NUE) than 

ruminants (Bouwman et al. 2005; Gerber et al. 2014; Hou et al. 2016), resulting in lower feed demand 

and lower N excretion per unit of product (Velthof et al. 2015). On the other hand, unlike ruminants, pigs 

cannot digest significant amounts of natural grasses and cellulosic crop fibrous residues, and their rations 

contain more food crop-based feedstuffs than those of ruminants, increasing feed–food competition 
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(Eisler et al. 2013). The recent growth of pig production has therefore induced a rapid increase in the 

feed demand, including cereals and oil crops (Foley et al. 2005; Lassaletta et al. 2014b; Wang et al. 2018).  

There are several environmental issues related to pork production along the production-supply chain 

(Winkler et al. 2016). Several N compounds are emitted to the air and soil and during the production of 

feed crops, animal production and manure management (Uwizeye et al. 2016). Another issue is related 

to agricultural land use, which is expanding globally, partially to produce the required amounts of feed 

for the increasing livestock sector (Doelman et al. 2018).  

The composition of feed rations is an important factor determining the sustainability of pig production 

due to 1) the requirement for substantial land surfaces for feed crop production (Uwizeye et al. 2016), 2) 

competing claims on food/feed by humans and livestock (Schader et al. 2016), and 3) the effect of 

various feed rations on the amount of N excreted, nitrous oxide and ammonia emitted, and nitrate 

leaching to groundwater (Sanchez-Martin et al. 2017; Sajeev et al. 2018). Lassaletta et al. (2016) 

estimated that feed demand of monogastric systems – measured in protein – is currently about one-

third of total crop production (not including grass). However, part of the feedstuff for livestock consists 

of nonedible products such as by-products from the food and bio-fuel industry and household swill 

(Mottet et al. 2017). In particular, the use of alternative feedstuffs can potentially reduce feed demand, 

avoid wastes and promote nutrient recycling. Currently, there is an increasing use of proteins from 

wastes or by-products of the food industry (Sánchez-Muros et al. 2014; Veldkamp and Bosch et al. 2015; 

Salemdeeb et al. 2017). At the same time, relevant improvements in feed efficiency may be achieved 

from feed technologies by reducing the crude protein (CP) content in diets and replacing it with synthetic 

amino acids (Apple et al. 2017), using additives such as prebiotics, probiotics and enzymes such as 

proteases (Martínez Álvarez et al. 2015; Hou et al. 2015), and genetic improvements using new 

technologies (Barrangou and Doudna 2016).  
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In addition to improved feeding practices, good health and herd management as well as proper manure 

management can reduce the environmental impact of pig production (Mottet et al. 2016). Indeed, 

improvements in the production performance of intensive systems during the last few decades have 

increased the efficiency at both the animal and herd levels, resulting in important feed savings (e.g., Bai 

et al. 2014; Harchaoui and Chatzimpiros 2017). Moreover, manure management systems vary between 

systems and also within intensive systems (Willems et al. 2016), and the growing intensive pork 

production causes a rapid increase of manure production, which adds to the need to improve manure 

management. One of the problems in many countries is a geographical concentration of pork 

production, which results in limited cropland without the possibility to recycle all manure produced, 

creating a local shortage of available land for efficient recycling of manure as a fertilizer (Strokal et al. 

2016; Willems et al. 2016).  

Thus, the potentially different trajectories that the pig sector will follow during the coming decades 

concerning total production, management and feed composition will have a substantial effect on the 

sustainability of the global agro-food system. Recent papers have explored potential future 

developments considering the livestock sector as a key component for the future sustainability of the 

whole system (e.g., Davis and D’ Odorico 2015; Frank et al. 2018; Bai et al. 2018; Springman et al. 2018). 

Some of these studies (van Vuuren et al. 2017; Doelman et al. 2018) have examined the response of the 

system to the storylines of the five Shared Socioeconomic Pathways (SSPs, Riahi et al. 2017), which 

represent possible future demographic and economic development trajectories towards alternative 

future human societies (O’Neill et al. 2017). The objective of this article is to analyze the global and 

regional development of the pig production sector including effects of feed rations, feed demand, 

nutrient use efficiency and excretion during the past few decades (1970–2005) as a basis to explore 

future changes (2050). To explore the development in the coming decades, we use alternative scenarios 
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for demand and production of pork in 2050 following the SSP storylines, as inputs into a new module 

(IMAGE-Pig) developed for the IMAGE 3.0 integrated assessment model (Stehfest et al. 2014).  

2. Methods 

2.1 IMAGE and the pig module (IMAGE-Pig) 

IMAGE 3.0 is an integrated assessment modeling framework that simulates the interactions between 

human activities and the environment to explore long-term global environmental change and policy 

options in the areas of climate, land and sustainable development (Stehfest et al. 2014). Economic and 

demographic development for 26 regions drive human activities such as energy and food production 

(SM-1). Food demand and trade come from the MAGNET model (Woltjer and Kuiper 2014). To assess the 

impacts of food production and wastewater discharge, IMAGE includes the Global Nutrient Model 

(GNM), which describes the global N and P flows, including agricultural fertilizer and manure 

management and the fate of nutrients in the atmosphere and hydrosphere (Beusen et al. 2016). In 

livestock production systems, IMAGE distinguishes five animal categories (dairy, beef, pigs, poultry and 

small ruminants) and two production systems (mixed and industrial, and pastoral) (Bouwman et al. 

2005). Feed demand, efficiency and nutrient excretion are calculated per year and per animal class and 

system.  

IMAGE-Pig provides a detailed representation of pig production distinguishing three systems based on 

their production intensity and technology: backyard, intermediate and intensive. Backyard systems are 

partially enclosed, devoted to subsistence or local markets and their feed rations include a large share of 

swill and on-farm available feedstuffs. Intermediate systems are partially enclosed and they are market-

oriented with an intermediate level of capital input using on-farm and off-farm feedstuffs and in some 

cases internationally traded feedstuffs. Intensive systems are fully enclosed, market-oriented and 
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typically have a high level of capital input, and rations are made up of off-farm purchased feedstuffs 

from within the country or imported from abroad (Macleod et al. 2013). 

IMAGE-Pig has four submodules (the Meat Module, Herd Module, Energy Module and Nutrient 

Retention Module, Fig. 1 and SM-1). The model uses 35 input parameters (two production parameters, 

16 production performance parameters and 17 parameters for feedstuffs) and 78 constants (see 

supplementary material for a detailed description of the model and its parameterization). IMAGE-Pig is 

parameterized per region, system and year. The pig module of IMAGE was programmed in FORTRAN, 

post-processing analyses were performed in R (R-Core Team 2014). 

 

Fig. 1. Structure of the IMAGE-Pig model for IMAGE 3.0. 

The historical input parameters come from statistical data in FAOSTAT (FAO, 2017) and several other 

sources. Some parameters were obtained from MacLeod et al. (2013) for the year 2005. Some 

modifications of these parameters were based on an extensive literature review (see Methods and SM-
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1), and following a number of assumptions and rules (see SM-1). For example, assumptions to transform 

available data for specific regions not equivalent to the IMAGE region definition, parameterization of 

years other than the base year 2005 (namely 1970, 1990, 2015 and 2050), or to determine parameters 

not included in Macleod et al. (2013). The model calculates animal stocks, feed demand per feedstuff, 

efficiency indicators and N excretion per system, region and year. The key parameters for demand, 

system type, farm productivity and feed use that were adapted for the historical representation and for 

the scenario construction were: total production, fraction of the production for each system, carcass 

weight, average daily growth of fatteners, litter size (number of piglets per litter), litters per sow and 

year, and feed rations. Other parameters were slightly different depending on the region and system, 

but for this study they were assumed to be constant for the historical years and scenarios. Since the 

sector is evolving rapidly, we use performance parameters updated to 2015 for the present moment. 

2.2 The four submodules 

The meat module estimates the amount of meat (kg of carcass per year) produced per system (backyard, 

intermediate and intensive) and IMAGE region by multiplying the total carcass weight (CW) produced per 

year and region (AGRPRODAN, based on FAO and IMAGE calculations) by the proportion of meat 

produced at each system and region (FRPROD, see SM-1 for a complete description of the equations). 

To obtain FRPROD per year and region, we used the pig density maps per system as provided in Geo-Wiki 

for 2005 (Robinson et al. 2014). The total number of heads per region was corrected to fit FAOSTAT 

stocks per IMAGE region. Next, IMAGE-Pig is run iteratively to arrive at similar stock numbers. For the 

historical construction, we assumed the amount of backyard production to be stable within each region 

for the whole period. This is consistent with the structural change described by Steinfeld et al. (2006) 

which calls for a stagnation of backyard production systems during the last decades in favour of more 

intensive systems. For most world regions (e.g., Latin America, East Asia) the industrialization of pig 
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production occurred after 1990; in Europe, the USA and Australia this transition mainly took place in the 

1980s (Cameron 2000; Schneider et al. 2011; Bai et al. 2014).  

The herd module calculates the stocks and the off-take rates. This module describes the functioning of 

the herd considering 11 different cohorts including fatteners, sows, boars and gilts at different stages 

(see SM-1). CW from FAOSTAT was used to estimate the number of animals slaughtered per year, region 

and system to determine the number of animals needed to achieve a specific meat production level 

(AGRPRODAN) within each cohort. Since CW from FAOSTAT is a weighted average of the CW from 

different systems, several rules (see SM-1) were used to determine CW for the three systems and 26 

IMAGE regions. Key parameters such as litter size (Fig. 2) and the number of litters/sow/year for 

different regions, and productive systems were derived from a comprehensive literature review (Lañada 

et al. 1999; Kunavongkrit and Heard 2000; Wabacha et al. 2004; Chimonyo et al. 2006; Kumaresan et al. 

2007; Nakai 2008; Phengsavanh et al. 2010; Hoste 2011; Bai et al. 2014; AHDB 2016). 
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Fig. 2. Box plot representation of a) global average daily 
weight gain (ADG) and b) litter size (piglets per litter) used to 
parameterize historical years and 2050 projections per system 
in the 26 IMAGE regions. In b) the values for the backyard 
system are depicted by black dots. 

The energy module calculates the total energy requirement per year, cohort, system and region. 

Following the IPCC (2006) approach, the energy requirement for each cohort (h) of the herd was 

determined according to recommendations by Noblet et al. (1990), NRC (2012) and FEDNA (2013) 

considering the needs for lactation (MEl), gestation (MEp), growth (MEg) and thermoregulation (MEt) 

and using information on period length (days) and weight gain (kg) per cohort (see SM-1). The inputs 

needed for this module include animal weight, weight gain, time period within each cohort, and housing 

temperature. Average daily weight gain (ADG, Fig. 2) for fattening animals and other parameters were 
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obtained from the literature (Cole et al. 1994; Pérez 1997; Wabacha et al. 2004; Lemke et al. 2006; 

Simongiovanni et al. 2009; Phengsavanh et al. 2010; Averos et al. 2012; Vincek et al. 2012; Agostini et al. 

2014; Bai et al. 2014; BPEX 2014; Riedel et al. 2014; Douglas et al. 2015).  

The N module estimates the N retained, the total N excretion, the excretion rates (kg N/head/year, at 

the herd level) and N use efficiency (NUE). This module calculates the N retained in growth (Ng), milk 

production (Nm) and pregnancy (Np), the total N input in the diet by cohort (see SM-1). N excretion per 

cohort (        ) is calculated as the difference between N intake (        ) and N retention (     ). 

2.3 The feed rations 

The feed rations were formulated considering 17 feedstuffs that include feeds competing with human 

food (namely, temperate cereals, rice, maize, tropical cereals, pulses, roots and tubers, oil crops and 

others) and materials and by-products that are not edible by humans (including brans, distiller’s dried 

grains with solubles (DDGS), forage, molasses, swill, animal-source feed, swill-industrial/household 

residues, synthetic amino acids and other residues). Two nutritional attributes are considered for each 

feedstuff: 1) energy content expressed as metabolizable energy (ME) for pigs (MJ/kg dry matter [DM]); 

2) crude protein content (CP content as a percentage of DM). Specific ME contents for pigs and protein 

content of each feedstuff were obtained from Feedipedia.org and Sauvant et al. (2004). The categories 

considered include several crop groups (e.g., temperate cereals can be wheat, barley and oats). We 

weight-averaged the nutrient content based on the contribution of each feedstuff per category (e.g., 

barley use in the cereals category) to feed uses provided in the FAOSTAT Food Balance Sheets for the 

base year (2005). These nutritional attributes are provided in SM-1. The energy and N content of the 

final rations is calculated considering the composition of the feedstuffs and the energy and protein 

content of each ingredient. Total dry matter ingestion was calculated by dividing the total energy 

demand by the energy content of the ration. 
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The feed rations for 2005 were defined for intensive systems as follows: 

i) We assumed diets as proposed by MacLeod et al. (2013) adapted to IMAGE feed categories 

as a baseline for all regions, except for the China+ region where information from Bai et al. 

(2014) was used.  

ii) We used the composition of the feed availability provided in the Food Balance Sheets, 

adjusted to the IMAGE regions to modify the rations according to the availability of each 

group (particularly grains) of feed for each of the 26 IMAGE regions.  

iii) Subsequently, recommendations from Meisinger (2010), NRC (2012) and FEDNA (2013) were 

followed to keep feed ingredients within recommended ranges for all regions.  

iv) Finally, DDGS were introduced for the USA and Canada following Meisinger (2010), Stein and 

Shurson (2008) and Mackenzie et al. (2016). 

Rations were modified for previous years according to variations in historical FAO feed allocation and the 

gradual increasing share of oil crops (mainly soy products) over the years. For backyard systems, swill, 

residues and fibrous products were considered as the basis for pig feed for all regions based on a 

literature review (Saadullah and Saad 2000, Lemke et al. 2006, Kjos et al. 2010; Phengsavanh et al. 2010, 

zu Ermgassen et al. 2016). Data on feed allocation by FAOSTAT was also used to define the inclusion of 

other ingredients. Rations and performance for backyard production were considered to be constant 

from 1970 onwards, assuming that increased demand for pork will cause a transition to intermediate 

and intensive systems rather than an improvement of backyard systems. Finally, intermediate systems’ 

rations were calculated as an average between intensive and backyard rations for all regions (See 

dataset SM-2).  
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2.4 Parameterization for 2050 for the five SSPs 

The five SSPs include contrasting population growth, wealth, environmental concerns, policy, 

technological development and dietary preferences, and have recently been equipped with IMAGE 3.0 

(Van Vuuren et al. 2017; Doelman et al. 2018). SSP1 represents the “green growth” paradigm scenario 

with low population growth, high agricultural efficiency (crops and livestock) and high environmental 

awareness. SSP2 represents the middle of the road scenario, while SSP3 represents a fragmented world 

with technological stagnation and a large population. SSP4 describes an unequal world with regions 

evolving according to contrasting pathways, based on SSP1, SSP2 or SSP3. Finally, SSP5 is a world where 

economic development is based on fossil fuels, technological improvements are rapid and environmental 

awareness is low (Table 1). The region-specific development of food consumption patterns (including 

meat consumption) was based on a GDP increase per region using the MAGNET model (Doelman et al. 

2018). IMAGE-Pig was parameterized for 2050 following the spirit of these storylines (Table 1). In SSP1 

there is a general reduction of the per-capita pork demand in industrialized countries and a moderate 

increase in the rest of the world. There is a general improvement of the farm performance of intensive 

systems and a preference for replacing soybean and other human edible feed crops by non-human 

edible feeds. SSP5 is similar to SSP1 for farm performance, but the per-capita consumption is high and no 

preference for non-human edible crops is considered. SSP2 intermediate lies between SSP1 and SSP5 in 

terms of productivity and pork consumption. Productivity improvement in SSP3 stagnates and per capita 

consumption is high, particularly in industrialized countries.  

The input parameters used for the scenarios for 2050 in intensive systems were based on two criteria: 

firstly, the technical upper limits were considered to be achieved for all parameters and secondly, 

different evolution pathways for regions were defined, leading to a convergence towards a high 

productivity scenario in all regions. Similar to historical years, the parameterization of backyard systems 
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assumes constant values. Performance of intermediate systems was expected to improve parallel to 

intensive evolution maintaining the current distance.  

Litter size is assumed not to exceed 15 piglets per sow and partum. Considering the need of nursing sows 

due to the limited number of nipples (around 13–14 today), we assumed that it is not technical-

economically feasible to increase this value over the average value of 15 (Ocepek et al. 2017). Regarding 

the number of litters per sow and per year, an upper limit of 2.4 was assumed (Ocepek et al. 2017). This 

was based on the interval between each partum comprising the gestation (115 days), lactation (around 

28 days) and post-lactation anestrus anoestrum (minimum 4-5 days) periods yielding 2.47 litters per sow 

(Soede et al. 2012). However, we assumed that under practical conditions a value of 2.4 is more 

plausible. We assume a limit of 1000 g/day of weight gain during the whole fattening period. Such values 

have recently been achieved in some cases for industrialized regions (e.g., the USA and Western Europe). 

Lower values for upper limits for litter size and weight gain were taken for SSP2, leading to modest 

improvements compared to SSP1 and SSP5. All parameters for SSP3 are fixed at the current levels. 

Several assumptions were made to regionalize this trend (see SM-1). 

Future rations vary depending on the expected impacts of breeding, nutrition technologies and 

consumer demands. Breeding technologies aim at improving nutrient use efficiency (Kyriazakis, 2011; 

Patience et al., 2015), while nutrition research focuses on providing nutrients to animals more efficiently, 

for example by using enzymes (Zijlstra et al. 2010). Under SSP1, improvements in animal efficiency and 

nutrient re-use would reduce the use of oil crops as protein sources. These could be partly replaced by 

alternative protein sources such as food processing residues from the food industry (Fig. 3). Adding feed 

enzymes to improve nutrient utilization would be a standard practice under SSP1, SSP2 and SSP5. The 

use of enzymes (Habte-Tsion et al. 2018) and technological treatments (Schedle 2018) in brans and other 

ingredients have already demonstrated relevant improvements in energy use by monogastric animals. 

The use of enzymes will make it possible to feed animals larger shares of by-products mostly considered 
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under the “brans,” “swill-industrial/household” and “molasses” categories (Zijlstra et al. 2010; Kiarie et 

al. 2013). Consequently, the ME values of this alternative feed are assumed to be 20% higher than 

current ones (Ugwuanyi 2016; Jinno et al. 2018). In addition, improvements in digestive performance 

would increase ME by 10% for the other feed ingredients (except synthetic amino acids). Following these 

principles, a weighted average of the ME increase was calculated and applied to the final ME of the 

ration. 

 

Fig. 3. a) Feed rations for feedstuffs (grouped into seven large categories) and 
b) energy content (MJ of metabolizable energy/kg DM) and percent of crude 
protein (CP) content for historical years and projections for 2050 according to 
the SSP scenarios for intensive systems in Western Europe. 

 

2.5 Validation and sensitivity analysis 

IMAGE-Pig was calibrated for the base year (2005) and then validated with pig stocks from FAOSTAT. Pig 

stocks were aggregated to the level of the 26 IMAGE regions. The Nash–Sutcliffe model efficiency 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

15 
 

coefficient was calculated to compare FAOSTAT and IMAGE estimates for all years from 1970 to 2016. 

For all other parameters there are no globally and regionally consistent data for validation. The 

plausibility of the IMAGE-Pig was therefore based on literature comparisons. The sensitivity of the pig 

module was investigated using Latin Hypercube Sampling (LHS) for 57 model variables and constants. 

With this technique, samples are taken within a range determined for each parameter to compute a 

range of model outputs. The standardized regression coefficient (SRC) was calculated to show the 

contribution of each input parameter to the variance of the model outputs.  

3. Results 

3.1 Production 

In all five SSPs pig meat production is expected to increase rapidly in the 2010–2050 period (99 Tg of CW 

in 2010 (Fig. 4). The maximum increase was calculated for SSP5 (207 Tg of CW in 2050) due to population 

growth from 6.5 to 8.6 billion people between 2005 and 2050 and the increasing per capita consumption 

(from 15.5 kg in 2010 to 24 kg/cap/year in 2050). Lower growth in pork demand is projected for SSP1 

(126 Tg of CW in 2050), mainly associated with the slow population growth (8.5 billion people in 2050), 

and a slight decrease in global average pork consumption, which is the combined effect of a decrease in 

consumption in “industrialized” countries and an increase in pork consumption in developing regions.  
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Fig. 4. Trajectories for global pig production and global feed requirements of pig production systems for 
the five SSPs (a, c); and pork production and feed demand for the SSP2 scenario for backyard, 
intermediate and intensive systems (b, d). 

In 2005, 47% of global pig production was concentrated in China, 19% in Western Europe and 10% in the 

USA. The share of Chinese production is projected to increase to 52–58% of world production in 2050. In 

2005 19% of total pork production corresponded to backyard systems, 24% to intermediate and 57% to 

intensive systems. Backyard systems are important only in Africa and Southeast Asia. In 2050 the 

contribution of backyard and intermediate systems is projected to decrease in all scenarios, with a range 

of 10–13% for backyard production. The production in intermediate systems in 2050 ranged from 13% to 

15%. Consequently, the production in intensive systems in 2050 exceeds 70% of the total in all scenarios.  

3.2 Feed use 

The calculated feed demand has doubled during the last three decades from 226 Tg DM in 1970 to 471 

Tg DM in 2005 (Table 2). Compared to the 2005 level, this demand is expected to increase in all SSPs with 

the exception of SSP1 (461 Tg DM). The maximum increase (34%) was estimated for SSP5 (752 Tg DM). 

Due to the lower feed conversion ratio of the backyard systems (associated with lower performance and 
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diets including more swill; see section 3.4) the feed demand of pigs in 2005 accounted for 32% of total 

feed use, while pig production was 20% of global production. In all SSPs the feed intake of backyard and 

intermediate systems stagnates. 

In 2005, pigs consumed 144 Tg DM of cereal grains globally, with 17% maize and 12% temperate cereals 

such as wheat and barley. Between 1970 and 2005, the proportion of oil crops such as soybean and 

rapeseed increased twofold from 12 Tg to 48 Tg DM, equivalent to 3.6 Tg N and accounting for 27% of 

total protein produced in soybean production worldwide. Feed use by pigs was concentrated in China 

(39%) and Western Europe (25%), because these two regions reared more than 65% of the global pig 

production (Fig. 5). In SSP2, SSP3 and SSP5, the demand for oil crops is expected to increase to 63, 83 

and 75 Tg DM, respectively. Only in SSP1 is a significant reduction of the oil crop demand projected (14 

Tg DM). In SSP1 some regions, such as Europe and the USA, oil crops would be replaced by alternative 

protein sources such as processed food residues and new sources of protein, together with the 

generalization of the use of synthetic amino acids. Higher ME together with lower protein content is 

typical for SSP1 rations. In contrast, in SSP5 proportionally higher protein contents are projected, which 

is related to the intensive use of protein-rich ingredients such as oil crops.   
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Fig. 5. Use of oil crops in some key regions, and use of non-human edible food 
in Western Europe.  

The category of feedstuffs from household residues (swill) and by-products from the food industry 

accounted for a significant share of the total feed supply; from 33% in 1970 to 38% in 2005 (Fig. 6). In 

2005, 77% of these residues were used for pig production in China (141 Tg DM), not only in backyard or 

intermediate systems but also in intensive systems (Bai et al. 2014). In intensive systems, and with the 

exception of China, household and industrial residues did not account for more than 5% in any region in 

2005. This characteristic was maintained in all the SSPs, except for SSP1 where better processing and re-

use of residues was projected (Fig. 5). The use of synthetic amino acids is generalized in all the SSPs 

except for SSP3.   
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3.3 Feed conversion ratios 

The simulated amount of feed (expressed in kg DM) needed to produce 1 kg of carcass weight (feed 

conversion ratio, FCR) has steadily decreased (improved) for intensive systems over the last 35 years. 

The global weighted average FCR for all systems improved from 6.3 to 4.7 kg DM feed · kg product-1 

(kg·kg-1) (Fig. 6). In the backyard systems, the global FCR remains constant at 8.3 kg·kg-1 (range, 7.2–18.6 

kg·kg-1 for 26 IMAGE regions) while in intermediate systems the FCR declined from 6.9 to 4.8 kg·kg-1 (4.2–

9 kg·kg-1 for 26 world regions) and in intensive systems from 4.8 to 3.6 kg·kg-1 (3.5–4.4 kg·kg-1 for 26 world 

regions). The global total feed use was reduced by 25% because of these efficiency improvements during 

the last 35 years. In some regions, impacts are greater, for example, in Western Europe, where total feed 

use decreased by 35% due to FCR improvements in the 1970–2005 period. 

 

Fig. 6. Trajectories of conversion ratios (FCRs) aggregated for all systems at the global scale and for intensive 
systems in China, Western Europe and the USA for 1970–2050 for the five SSP scenarios. 

With constant FCRs in SSP3 there is no increase, while in SSP1, SSP2 and SSP5 the declining FCRs will 

cause a major reduction of feed use (Fig. 6). FCR improvements lead to a reduction in total feed use that 
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ranged from 94 to 160 Tg DM (for SSP2 and SSP5, respectively). The share of feed from alternative feed 

sources (including industrial and household residues, synthetic amino acids, brans, molasses and other 

residues) was 14% in 2005. This share is expected to increase rapidly, particularly in SSP1 where it is 

projected to increase to 35% of the total feed use. 

3.4 N use efficiency and N excretion 

The weighted average NUE at the herd level calculated by IMAGE-Pig (NUE, expressed as the percentage 

of the N supplied in the feed that is N retained in the carcass) of the world pig production systems only 

slightly increased from 14.8% in 1970 to 16.5% in 2005 (Fig. 7). Intensive systems have a better NUE in 

2005 (23% world average) for some regions, but the increase over the last 35 years (1970–2005) 

estimated with IMAGE-Pig is moderate; the increase of NUE during the 1970–2005 period was only 

modest (Fig. 8), while the FCR was clearly improved (Fig. 6). This is due to the overall increasing use of 

protein-rich feedstuffs (Fig. 5). Improved rations with lower protein content will significantly increase 

NUE at similar FCRs in 2050. This is especially true for SSP1 for 2050 with NUE values of all the regions 

>30%, while in SSP5 NUEs are lower even with FCR values similar to those in SSP1 (Figs. 6–8).  
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Fig. 7. Nitrogen use efficiency (NUE) at the herd level for all 
the systems (calculated as the percentage of N retained in 
the carcass per N input in the feed) for the historical and to 
2050 for the five SSPs scenarios. 

The estimated excretion rates are diverse. IMAGE-Pig predicted that the increase in the excretion rates 

of the intensive systems for most of the regions has been substantial over the last 35 years (see 

complete results in SM-1). For example, excretion rates in Western Europe in intensive systems 

increased from 6.9 in 1970 to 12.5 kg N/head/year in 2005 (at the herd level). Improved farm 

performance together with lower protein contents of rations in the SSP1 scenario lead to a decline of the 

excretion rates from to 8.5 kg N/head/year in 2050, while in SSP5 there is only a slight decline to 11.5 kg 

N/head/year. Total global N excretion by pigs increased from 4.6 Tg N in 1970 to 11.1 Tg N in 2005 (Fig. 

9). In 2005 50% of global pig N excretion was concentrated in the China region. The projected global 

excretion in SSP1 for 2050 is 8.6 Tg N, which is a decline from 2005 despite the global production 

increase. This decline of excretion is not projected in the other SSPs. The highest excretion by pigs in 

2050 is projected for SSP3 (16.5 Tg N/year) and SSP5 (15.8 Tg N/year).  
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Fig. 8. The relationship between the feed conversion ratio (FCR) and nitrogen use efficiency (NUE) for the 26 
IMAGE regions for intensive systems for 1970, 1990, 2005 and 2050 for the five SSP scenarios. The size of the 
dots indicates the crude protein content of the ration (percentage of DM). 
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Fig. 9. Scenario-specific total N excreted in pig production systems and uniform distribution over the regional 
croplands; 25% of ammonia has been discounted assuming volatilization in pig housing and manure storage. 

Only in the SSP1 scenario do we see a decline in the global amount of N from pig excretion (Fig. 9). To 

evaluate the magnitude of the challenge for sustainable manure management, we estimated the amount 

of N available used as fertilizer in the hypothetical case that it is evenly spread on croplands. The total 

excretion was corrected subtracting 25% ammonia losses due to volatilization in animal houses and 

storage systems. The available N for spreading on croplands in Western Europe has increased twofold 

from 11 kg N/ha/year in 1970 to 22 kg N/ha/year in 2005. Using the cropland areas projected by the 

IMAGE model, in SSP1 the available manure N in Western Europe will decline to 13 kg N/ha/year in 2050, 

while in the other scenarios it will stabilize after 2005. The pig manure availability for spreading in 

croplands in other world regions is small compared to that in Europe (Fig. 9). In the case of China, there 

is a much greater potential for recycling pig manure. In 2005 there is 40 kg N/ha/year in pig manure 

available for spreading in Chinese croplands, accounting for a six-fold increase compared to 1970 values 
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(Fig. 9). IMAGE-Pig projects a slight decline to 46.9 kg N/ha/year for SSP1 when compared to the current 

situation and larger increases for the other SSP scenarios (approx. 60 kgN/ha/year).  

3.5 Validation and sensitivity analysis 

The Nash-Sutcliffe model efficiency (values always exceeding 0.9) indicates good agreement between the 

pig stocks simulated with IMAGE-Pig and those from FAOSTAT for the 1990–2015 period (Fig. 10). For the 

1980–1990 period the model efficiency is satisfactory (>0.75). Prediction levels for the 1970–1980 period 

are lower but still acceptable (range, 0.56–0.7).   

 

Fig. 10. Nash–Sutcliffe model efficiency for comparison of 
pig stocks from IMAGE-Pig predictions and FAOSTAT 
estimates for the 1970–2016 period, every year n=26 IMAGE 
regions. 

The model sensitivity analysis using Latin Hypercube Sampling (LHS) revealed that the inputs associated 

with production (AGRPRODAN, and CW), together with the distribution of production over the three 

systems (FRPROD), are the most important parameters determining the main outputs such as feed 

demand, excretion and stocks (see SM-1). ADG is the next most influential input. We performed a second 

sensitivity analysis maintaining AGRPRODAN, FRPROD, and Carcass Yield constant at each region in order 

to explore the sensitivity of the model to specific productivity parameters within each system. In this 
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case again ADG proved to be important, as well as the parameter litters/sow/year. Litter size is less 

important, but its influence on FCR values is considerable in some regions (see SM-3). 

4. Discussion 

The IMAGE-Pig module calculates feed demand, feed efficiency and N excretion of global pig production 

systems for 26 regions and three systems. The results are within the range of other global and regional 

estimations. The model estimates of pig stocks for the 1985–2015 historical period are in good 

agreement with the statistics. IMAGE-Pig compares well with a number of studies from the literature for 

a range of outputs. The production per system as estimated by IMAGE-Pig at the global scale (19% 

backyard, 24% intermediate and 57% intensive) agrees with findings of Macleod et al. (2013) (21%, 19% 

and 60%, respectively) for the year 2005. The IMAGE-Pig result for feed consumption for 2000 and 2010 

(451 and 506 Tg DM, respectively) is lower, but within the range of global estimates by Herrero et al. 

(2013) (537 Tg DM for 2000) and Mottet et al. (2017) (556 Tg DM for 2010). The model FCRs at the global 

scale for the year 2005 (8.3, 4.3 and 3.6 for backyard, intermediate and intensive systems, respectively) 

are similar to those estimated by Macleod et al. (2013) (median FCRs, 8.2, 4.5, 3.6 kg kg-1, respectively). 

The regional results of IMAGE-Pig for Western Europe (3.4 kg kg-1 in 2010 for intensive), the USA (3.4 in 

kg kg-1   in 2005 for intensive) and China (5.0 in 2010 for all the systems) are also consistent with other 

regional averages provided in other studies, namely 3.8 kg kg-1   in the EU 27 for intensive systems in 

2010 (Huo et al. 2016), 3.6 kg kg-1 in the USA for intensive systems in 2005 (Peters et al. 2014) and 5.0 kg 

kg-1 in China for all the systems in 2005 (Bai et al. 2014). Macleod et al. (2013) provide a range of NUE 

values of 14–18%, 20–25% and 22–35% NUE for backyard, intermediate and intensive systems in 2005, 

respectively, where IMAGE-Pig estimates 7–18%, 13-24% and 23–40% (expressed as N in the live weight 

per N intake). Bai et al. (2014) estimated NUE at the herd level (also expressed as N retained in live 

weight per N input) for the total Chinese pig production system to increase from 18% to 19%, 23% and 

21% for 1970, 1990, 2000 and 2010, respectively. This finding is similar to IMAGE-Pig estimates of 16%, 
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18%, 19% and 21% for 1970, 1990, 2000 and 2010, respectively. Total excretion values agree with 

Sheldrik et al. (2003) estimations of 10.4 TgN in 1996 (10.1 TgN by IMAGE-Pig). Excretion rates are also 

within the range of the average EU-28 values (Pierer et al. 2016). Thus, IMAGE-Pig demonstrates that it is 

a useful tool in itself to evaluate the global and regional environmental impacts of pig production 

systems. Moreover, given the large implications of the pig sector in terms of land use and emissions, a 

good representation in the IMAGE framework of this sector is crucial as a relevant component of agro-

food systems. 

The results show that today the influence of pig production on the global agro-food system is very 

important due to the large amount of human edible crops used as feed, as well as the large amount of 

nutrients excreted by animals in manure. The demand for food crops for feed is expected to persist and 

to increase in the coming decades, particularly in China, Europe, and the USA, but also in South America 

and Southeast Asia. The expected increase in the feed demand in most of the scenarios will increase the 

competition for land (Doelman et al. 2018), potentially contributing to land grabbing problems (Suweis 

et al. 2016) as well as the growth of deforestation. The increase in the use of new fertilizers for 

producing feed (Mogollon et al. 2018) would also produce more emissions of reactive nitrogen 

compounds at the cropping system level (Garnier et al. 2019). These problems would be exacerbated if 

the increase in crop yields per hectare stagnates (Grassinni et al. 2013). 

 Current developments in science and policy to design future sustainable agro-food systems require a 

deep understanding of the functioning and potential development of the pig production sector. In 2005, 

feed demand (expressed as DM) was equivalent to 14% of crop production considering that a large part 

of the feed has a direct or indirect origin in crop production (feed crops and household and food industry 

residues) (Table 2). While the total feed demand will increase in all the scenarios between now and 2050 

(with the exception of SSP1), the proportion of feed to the total crop production is projected to decrease 
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by 11–12% due to significant increases in crop production estimated for each SSP scenario by the IMAGE 

model (van Vuuren et al. 2017; Doelman et al. 2018). If expressed as N the share is higher, since in 2005 

pig feed contained 15 Tg N, which is equivalent to 19% N in harvested crops (directly used or as swill or 

food industry residues). This figure is consistent with the top-down estimate by Lassaletta et al. (2016). 

IMAGE-Pig results show how increases of FCR have consistently reduced feed demand per unit of pork in 

past decades. Between 1970 and 2005, the increase in efficiency has reduced the global amount of feed 

by 178 Tg of DM, which is 37% of the feed use in 2005. However, the improvements resulting in a higher 

FCR were not sufficient to compensate the increase in global pork production and the associated 

increase in global feed demand (Bai et al. 2014; Davis et al. 2015; Lassaletta et al. 2016). Due to the rapid 

changes in technology and management in the pig sector (e.g. the precision livestock farming, Tullo et al. 

2019), further FCR increases during the coming decades can result in lower feed demand per kg of 

product, as demonstrated in SSP1 and SSP5. These improvements are slightly lower than those 

estimated for the previous decades because pork production is approaching zootechnical potential 

production limits, and because of increasing limits due to the animal welfare requirements of biological 

limitations (e.g., biological limit of 2.5 litters/sow/year). Therefore, efficiency improvements are leveling 

off and they may not be sufficient to reduce the pressure on the global agro-food system induced by the 

increasing global demand for pork (Davis et al. 2017). Only in SSP1 there is a slight reduction of the feed 

demand expected by 2050, which is associated with moderation of human meat consumption together 

with efficiency improvements in production. The principles of this storyline are comparable to the 

sustainable scenario proposed by Springmann et al. (2018) seeking to avoid trespassing the planetary 

boundaries by 2050. 

Direct consumption of maize and oil crops (most in the form of soybean meal) by pig systems accounted 

for 12% of global maize and 25% of global soybean production in 2005 (FAO, 2017). Feed demand is 
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projected to double between now and 2050 in the SSP3 and SSP5 scenarios. This projected increase is a 

concern because, since 1995, the increasing feed demand has led to environmental impacts in feed-

exporting countries (Lassaletta et al. 2014b; Oita et al. 2016) such as deforestation, biodiversity loss and 

water and air pollution: deforestation and forest degradation resulting from expanding soybean 

production in South America (Leip et al. 2015; Caro et al. 2018), or air and water pollution in soybean-

corn production areas in the USA (Paulot and Jacob, 2013). For pig-producing countries relying on 

imported feed, the geographical concentration of pig production faces limitations to spreading and 

efficient use of manures in nearby cropping systems (Billen et al. 2018; Wang et al. 2018) due to the high 

costs of manure transport and application in other regions (Willems et al. 2018; van Grinsven et al. 

2018). As a result, manure is in many cases applied locally at rates that exceed crop needs, such as in 

certain areas of Spain (Peñuelas et al. 2009; Lassaletta et al. 2012), France (Le Noé et al. 2017) and the 

Netherlands (Willems et al. 2016). Manure may even be directly discharged to water bodies, as in some 

areas of China (Gu et al. 2015; Liu et al. 2018).  

Pig N excretion was equivalent to 18% of the synthetic N fertilizer used in the agricultural sector in 2005 

(92.9 Tg N, IFADATA). Overapplication of manure to crops, however, causes disproportional air and 

water pollution, also causing a decrease in NUE at the overall crop-livestock system level (Bai et al. 

2014). Our scenario results indicate that in 2050 a considerable amount – 8.6 to 16.5 Tg N/year – will 

have to be properly managed to utilize the fertilizer potential, while avoiding environmental problems. 

The development of more integrated spatial outlays of feed-livestock systems therefore is an important 

strategy in the upcoming decades to boost nutrient recycling and improve sustainability of pig systems 

(van Grinsven et al. 2015; Garnier et al. 2016; Garret et al. 2017; Liu et al. 2017; Billen et al. 2019). How 

to configure territories reconnecting crops and livestock systems to improve system efficiency is a 

relevant object of research that involves a high level of governance and the contribution of all 

stakeholders (Billen et al. 2019; van Grinsven et al. 2018). 
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The contrast between SSP1 and SSP5 in 2050, with a similar FCR but very different NUEs, shows how 

important balanced rations with reduced crude protein content are in reducing total N excretion and 

increasing herd NUE. Furthermore, the projected widespread increase of alternative feedstuffs not 

competing with human food (in terms of land or products) will reduce the global demand for feed crops. 

Using swill in industrial systems would have reduced land requirements by 20 million ha in 2010, of 

which 90% corresponded to soybean (Uwiyeze et al. 2018). As shown in SSP1, more than 30% of the 

ration could come from alternative feed sources, but it will be a challenge to use the full potential of 

residues from the food industry, retail and processed food wastes. Zu Ergmassen et al. (2016) estimated 

that in Europe 11 Tg DM of food waste could be recycled as feed in 2015 (namely, 4.5, 0.5, 1.2 and 4.2 

from manufacturing, retail, catering and household wastes, respectively). In SSP1 a demand of 8.4 Tg DM 

of alternative feeds is estimated in Western Europe, indicating that this transition is feasible. Finding 

alternative sources of protein has become an urgent objective, because of biodiversity loss caused by 

expanding soybean production in feedstuff-producing countries. Apart from ongoing projects to develop 

recycled sources of protein, it may be expected that ambitions for a circular economy and bio-based 

industries will enhance protein recycling in the near future.  

The reduction of per capita demand for pork, as considered in several regions in the SSP1 scenario, is the 

most effective way to reduce the environmental impacts of feed and pork production. Transitions of the 

agro-food system should consider not only supply-side solutions at the farm and crop-livestock system 

level, but also demand-side changes, necessary to achieve sustainability (Westhoek et al. 2014; Billen et 

al. 2015; Bodirsky et al. 2015; Lamb et al. 2017; Springman et al. 2018). For example, Frank et al. (2018) 

estimated that in 2050 equivalent amounts of greenhouse gas mitigation potential of the agro-food 

system can come from technological, structural and consumption measures. This conclusion agrees with 

our findings for pig systems in SSP5, where in spite of efficiency increases, the projected increase in pork 

production will lead to increasing feed use and N excretion (structural changes including recirculation 
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and re-use of alternative feeds), while the consumption transitions assumed in SSP1 will lead to more 

sustainable production. Finally, we acknowledge that we did not account for several important aspects, 

such as the future demand for increased animal welfare, the effect of crop and livestock disconnection, 

the effect of climate change, barriers to change and the influence of poultry production (IMAGE-Poultry, 

in prep.) and other non-food sectors such as biofuels. These aspects will be considered in future 

modeling efforts. 

Conclusions  

The general improvement of feed conversion efficiency (FCR) in pig production systems from 1970 to 

2005 has significantly reduced feed consumption per kg of carcass. However, the significant increase in 

the pork demand caused steady growth of >100% of the global feed consumption during that period. By 

2050, only in the “green growth paradigm” scenario (SSP1) including measures on both the supply (farm 

performance and improved rations) and demand sides (moderate diets), the global feed demand is 

projected to stagnate. In SSP5, also with improved FCR, a substantial rise in the pork demand could 

increase the demand for feed by approximately 50%. The total N excretion almost tripled in the 1970–

2005 period. FCR improvements could not counteract the increase of pork production and the change in 

feed ration composition with more crude protein. By 2050, the excretion could rise 50% in SSP5, whereas 

it is projected to be reduced in SSP1. The use of alternative feeds in combination with lower crude 

protein contents through improved feeding strategies and genetics are essential to decrease feed/food 

competition and reduce N excretion, while increasing NUE. Apart from structural and technological 

changes, human diets play a crucial role in determining total pork production, feed use and N losses to 

the environment associated with feed and pork production and manure management. Thus, the 

sustainability of pig production systems for the coming decades will rely not only on the expected 

efficiency improvements at the herd level, but also on four additional pillars: an increased use of 
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alternative feed sources, reduced crude protein content in the rations, the proper use of pig manure as 

fertilizer through crop-livestock reconnection, and finally the moderation of the human demand for pork. 

Acknowledgements 

L. Lassaletta was funded by the PBL Netherlands Environmental Assessment Agency and by a Ramon y 

Cajal research contract from the Spanish Ministry of the Economy and Competitiveness co-founded by 

European Commission ERDF (RYC-2016-20269). L Lassaletta also acknowledges the support of the 

“Programa Propio” from Universidad Politécnica de Madrid. The authors are grateful to the reviewers for 

their constructive comments.  

 

References 

AHDB. 2016. Agriculture and Horticulture Development Board. 2014 pig cost of production in selected 
countries. Warwickshire, UK. 

Agostini, P.S., Fahey, A.G., Manzanilla, E.G., O’Doherty, J.V., de Blas, C and Gasa, J. (2014). Management 
factors affecting mortality, feed intake and feed conversion ratio of grow-finishing pigs. Animal 8, 
1312-1318. https://10.1017/S1751731113001912  

Alexandratos L, Bruinsma J. World agriculture towards 2030/2050 The 2012 Revision. In: FAO, editor. ESA 
Working paper No. 12-13, Roma, 2012.  

Apple, J.K., Maxwell, C. V, Bass, B.E., Yancey, J.W.S., Payne, R.L., Thomson, J., 2017. Effects of reducing 
dietary crude protein levels and replacement with crystalline amino acids on growth performance, 
carcass composition, and fresh pork quality of finishing pigs fed ractopamine hydrochloride. J. 
Anim. Sci. 95, 4971–4985. https://doi.org/10.2527/jas2017.1818 

Averos, X., Brossard, L., Dourmad, J.Y., de Greef, K.H., Edwards, S.A., Meunier-Salaun, M.C., 2012. Meta-
analysis on the effects of the physical environment, animal traits, feeder and feed characteristics 
on the feeding behaviour and performance of growing-finishing pigs. Animal 6, 1275–1289. 
https://doi.org/10.1017/s1751731112000328  

Bai, Z.H., Ma, L., Qin, W., Chen, Q., Oenema, O., Zhang, F.S., 2014. Changes in Pig Production in China and 
Their Effects on Nitrogen and Phosphorus Use and Losses. Environ. Sci. Technol. 48, 12742–12749. 
https://doi.org/10.1021/es502160v  

Bai, Z., Lee, M.R.F., Ma, L., Ledgard, S., Oenema, O., Velthof, G.L., Ma, W., Guo, M., Zhao, Z., Wei, S., Li, 
S., Liu, X., Havlík, P., Luo, J., Hu, C., Zhang, F., 2018. Global environmental costs of China’s thirst for 
milk. Glob. Chang. Biol. 24, 2198–2211. https://doi.org/10.1111/gcb.14047  

Barrangou, R., Doudna, J.A., 2016. Applications of CRISPR technologies in research and beyond. Nature 
Biotechnology 34, 933. doi: https://10.1038/nbt.3659 

Beusen, A.H.W., Bouwman, A.F., Van Beek, L.P.H., Mogollón, J.M., Middelburg, J.J., 2016. Global riverine 
N and P transport to ocean increased during the 20th century despite increased retention along 
the aquatic continuum. Biogeosciences 13, 2441–2451. https://doi.org/10.5194/bg-13-2441-2016  

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

32 
 

Billen, G., Lassaletta, L., Garnier, J., 2015. A vast range of opportunities for feeding the world in 2050: 
Trade-off between diet, N contamination and international trade. Environ. Res. Lett. 10. 
https://doi.org/10.1088/1748-9326/10/2/025001 

Billen, G., Le Noë, J., Garnier, J., 2018. Two contrasted future scenarios for the French agro-food system. 
Sci. Total Environ. 637–638, 695–705. https://doi.org/10.1016/j.scitotenv.2018.05.043  

Billen, G., Lassaletta, L., Garnier, J., Le Noë, J., Aguilera, E., Sanz-Cobeña, A., 2019. Opening to Distant 
Markets or Local Reconnection of Agro-Food Systems? Environmental Consequences at Regional 
and Global Scales. Agroecosystem Divers. 391–413. https://doi.org/10.1016/B978-0-12-811050-
8.00025-X 

Bodirsky, B.L., Popp, A., Lotze-Campen, H., Dietrich, J.P., Rolinski, S., Weindl, I., Schmitz, C., Müller, C., 
Bonsch, M., Humpenöder, F., Biewald, A., Stevanovic, M., 2014. Reactive nitrogen requirements to 
feed the world in 2050 and potential to mitigate nitrogen pollution. Nat Commun 5. 
https://doi.org/10.1038/ncomms4858  

Bouwman, A.F., Van der Hoek, K.W., Eickhout, B., Soenario, I., 2005. Exploring changes in world ruminant 
production systems. Agric. Syst. 84, 121–153. http://dx.doi.org/10.1016/j.agsy.2004.05.006. 

BPEX. 2014. 2013 Pig cost of production in selected countries. Ed.: AHDB: Agriculture and Horticulture 
Development Board. UK. 29 pp 

Cameron, R.D.A., 2000. A review of the industrialisation of pig production worldwide with particular 
reference to the Asian region. Animal Health and Area-wide Integration, Brisbane, p. 61. 

Caro, D., Davis, S.J., Kebreab, E., Mitloehner, F., 2018. Land-use change emissions from soybean feed 
embodied in Brazilian pork and poultry meat. J. Clean. Prod. 172, 2646–2654. 
https://doi.org/10.1016/j.jclepro.2017.11.146  

Chimonyo, M., Dzama, K., Bhebhe, E., 2006. Genetic determination of individual birth weight, litter 
weight and litter size in Mukota pigs. Livest. Sci. 105, 69–77. 
https://doi.org/10.1016/j.livsci.2006.04.034  

Cole, D.J.A., Wiseman, J., Varley, M.A., 1994. Principles of pig science. Nottingham University Press. 

Davis, K.F., D’Odorico, P., 2015. Livestock intensification and the influence of dietary change: A calorie-
based assessment of competition for crop production. Sci. Total Environ. 538, 817–823. 
http://dx.doi.org/10.1016/j.scitotenv.2015.08.126 

Davis, K.F., Rulli, M.C., Seveso, A., D’Odorico, P., 2017. Increased food production and reduced water use 
through optimized crop distribution. Nat. Geosci. https://doi.org/10.1038/s41561-017-0004-5 

van Vuuren, D.P., Stehfest, E., Gernaat, D.E.H.J., Doelman, J.C., van den Berg, M., Harmsen, M., de Boer, 
H.S., Bouwman, L.F., Daioglou, V., Edelenbosch, O.Y., Girod, B., Kram, T., Lassaletta, L., Lucas, P.L., 
van Meijl, H., Müller, C., van Ruijven, B.J., van der Sluis, S., Tabeau, A., 2017. Energy, land-use and 
greenhouse gas emissions trajectories under a green growth paradigm. Glob. Environ. Chang. 42, 
237–250. http://dx.doi.org/10.1016/j.gloenvcha.2016.05.008 

Douglas, S.L., Szyszka, O., Stoddart, K., Edwards, S.A., Kyriazakis, I., 2015. Animal and management 
factors influencing grower and finisher pig performance and efficiency in European systems: a 
meta-analysis. Animal FirstView, 1–11. https://doi.org/doi:10.1017/S1751731115000269  

Eisler, M.C., Michael R. F. Lee  Graeme B. Martin, John Beddington, Jennifer A. J. Dungait, Henry 
Greathead, Jianxin Liu, Stephen Mathew, Helen Miller, Tom Misselbrook, Phil Murray, Valil K. 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

33 
 

Vinod, Robert Van Saun& Michael Winter, J.F.T., 2014. Agriculture: Steps to sustainable livestock. 
Nature 507, 32–34. 

FAO 2017 FAOSTAT Database Collections (Rome: Food and Agriculture Organization of the United 
Nations) (http://faostat.fao.org/) 

FEDNA. 2013. Fundación Española para el Desarrollo de la Nutrición Animal. Necesidades nutricionales 
para ganado porcino: Normas FEDNA (2ª Ed). 

Feedipedia - Animal Feed Resources Information System - INRA CIRAD AFZ and FAO: 
https://www.feedipedia.org/  

Foley, J.A., De Fries, R., Asner, G.P., Barford, C., Bonana, G., Carpenter, S.R., Stuart Chapin, F., Coes, M.T., 
Daily, G.C., Gibbd, H.K., Helkowski, J.H., Holloway, T., Howard, E.A., Kucharik, C.J., Monfreda, C., 
Patz, J.A., Prentice, C., Ramankutty, N., Snyder, P.K., 2005. Global consequences of land use. 
Science 309, 570–574.  

Frank, S., Beach, R., Havlík, P., Valin, H., Herrero, M., Mosnier, A., Hasegawa, T., Creason, J., Ragnauth, S., 
Obersteiner, M., 2018. Structural change as a key component for agricultural non-CO2 mitigation 
efforts. Nat. Commun. 9, 1060. https://doi.org/10.1038/s41467-018-03489-1  

Garnier, J., Anglade, J., Benoit, M., Billen, G., Puech, T., Ramarson, A., Passy, P., Silvestre, M., Lassaletta, 
Garnier, J., Anglade, J., Benoit, M., Billen, G., Puech, T., Ramarson, A., Passy, P., Silvestre, M., 
Lassaletta, L., Trommenschlager, J.-M., Schott, C., Tallec, G., 2016. Reconnecting crop and cattle 
farming to reduce nitrogen losses to river water of an intensive agricultural catchment (Seine 
basin, France): Past, present and future. Environ. Sci. Policy 63. 
https://doi.org/10.1016/j.envsci.2016.04.019 

Garnier, J., Le Noë, J., Marescaux, A., Sanz-Cobena, A., Lassaletta, L., Silvestre, M., Thieu, V., Billen, G., 
2019. Long-term changes in greenhouse gas emissions from French agriculture and livestock 
(1852–2014): From traditional agriculture to conventional intensive systems. Sci. Total Environ. 
https://doi.org/10.1016/J.SCITOTENV.2019.01.048 

Garrett, R., Niles, M., Gil, J., Dy, P., Reis, J., Valentim, J., 2017. Policies for Reintegrating Crop and 
Livestock Systems: A Comparative Analysis. Sustainability 9, 473.  

Gerber, P.J., Vellinga, T. V, Steinfeld, H., 2010. Issues and options in addressing the environmental 
consequences of livestock sector’s growth. Meat Sci. 84, 244–247. 
http://dx.doi.org/10.1016/j.meatsci.2009.10.016  

Gerber, P.J., Uwizeye, A., Schulte, R.P.O., Opio, C.I., de Boer, I.J.M., 2014. Nutrient use efficiency: a 
valuable approach to benchmark the sustainability of nutrient use in global livestock production? 
Curr. Opin. Environ. Sustain. 9–10, 122–130. http://dx.doi.org/10.1016/j.cosust.2014.09.007 

Grassini, P., Eskridge, K.M., Cassman, K.G., 2013. Distinguishing between yield advances and yield 
plateaus in historical crop production trends. Nat. Commun. 4. https://doi.org/2918 
10.1038/ncomms3918 

Gu, B., Ju, X., Chang, J., Ge, Y., Vitousek, P.M., 2015. Integrated reactive nitrogen budgets and future 
trends in China. Proc. Natl. Acad. Sci. https://doi.org/10.1073/pnas.1510211112  

Habte-Tsion, H.-M., Rossi, W., 2018. Perspectives of nonstarch polysaccharide enzymes in nutrition. 
Enzym. Hum. Anim. Nutr. 239–254. https://doi.org/10.1016/B978-0-12-805419-2.00011-3  

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

34 
 

Harchaoui, S., Chatzimpiros, P., 2017. Reconstructing production efficiency, land use and trade for 
livestock systems in historical perspective. The case of France, 1961–2010. Land use policy 67, 
378–386. https://doi.org/10.1016/j.landusepol.2017.05.028 

Herrero, M., Havlík, P., Valin, H., Notenbaert, A., Rufino, M.C., Thornton, P.K., Blümmel, M., Weiss, F., 
Grace, D., Obersteiner, M., 2013. Biomass use, production, feed efficiencies, and greenhouse gas 
emissions from global livestock systems. Proc. Natl. Acad. Sci. 
https://doi.org/10.1073/pnas.1308149110 

Herrero, M., Thornton, P.K., Power, B., Bogard, J.R., Remans, R., Fritz, S., Gerber, J.S., Nelson, G., See, L., 
Waha, K., Watson, R.A., West, P.C., Samberg, L.H., van de Steeg, J., Stephenson, E., van Wijk, M., 
Havlík, P., 2017. Farming and the geography of nutrient production for human use: a 
transdisciplinary analysis. Lancet Planet. Heal. 1, e33–e42. https://doi.org/10.1016/S2542-
5196(17)30007-4 

Hoste, R. 2011. Produktiekosten van varkens; Resultaten van InterPIG over 2009. LEI-rapport 2011-2012. 
Den Haag, The Netherlands. 

Hou, Y., Bai, Z., Lesschen, J.P., Staritsky, I.G., Sikirica, N., Ma, L., Velthof, G.L., Oenema, O., 2016. Feed use 
and nitrogen excretion of livestock in EU-27. Agric. Ecosyst. Environ. 218, 232–244. 
http://dx.doi.org/10.1016/j.agee.2015.11.025 

Hou, C., Zeng, X., Yang, F., Liu, H., Qiao, S., 2015. Study and use of the probiotic Lactobacillus reuteri in 
pigs: a review. J. Anim. Sci. Biotechnol. 6, 14. https://doi.org/10.1186/s40104-015-0014-3  

IPCC 2006, 2006 IPCC Guidelines for National Greenhouse Gas Inventories, Prepared by the National 
Greenhouse Gas Inventories Programme, Eggleston H.S., Buendia L., Miwa K., Ngara T. and Tanabe 
K. (eds). IGES, Japan 

Jinno, C., He, Y., Morash, D., McNamara, E., Zicari, S., King, A., Stein, H.H., Liu, Y., 2018. Enzymatic 
digestion turns food waste into feed for growing pigs. Anim. Feed Sci. Technol. 242, 48–58. 
https://doi.org/10.1016/J.ANIFEEDSCI.2018.05.006 

Kiarie, E., Romero, L.F., Nyachoti, C.M., 2013. The role of added feed enzymes in promoting gut health in 
swine and poultry. Nutr. Res. Rev. 26, 71–88. https://doi.org/10.1017/s0954422413000048  

Kjos, N.P., Øverland, M., Fauske, A.K., Sørum, H., 2010. Feeding chicory inulin to entire male pigs during 
the last period before slaughter reduces skatole in digesta and backfat. Livest. Sci. 134, 143–145. 
https://doi.org/10.1016/J.LIVSCI.2010.06.120 

Kumaresan, A., Bujarbaruah, K.M., Pathak, K.A., Chhetri, B., Das, S.K., Das, A., Ahmed, S.K., 2007. 
Performance of pigs reared under traditional tribal low input production system and chemical 
composition of non-conventional tropical plants used as pig feed. Livest. Sci. 107, 294–298. 
https://doi.org/10.1016/j.livsci.2006.12.007. 

Kunavongkrit, A., Heard, T.W., 2000. Pig reproduction in South East Asia. Animal Reproduction Science 
60–61, 527-533. 

Kyriazakis, I., 2011. Opportunities to improve nutrient efficiency in pigs and poultry through breeding. 
Animal 5, 821–832. https://doi.org/10.1017/s1751731110002545  

Lamb, A., Green, R., Bateman, I., Broadmeadow, M., Bruce, T., Burney, J., Carey, P., Chadwick, D., Crane, 
E., Field, R., Goulding, K., Griffiths, H., Hastings, A., Kasoar, T., Kindred, D., Phalan, B., Pickett, J., 
Smith, P., Wall, E., zu Ermgassen, E.K.H.J., Balmford, A., 2016. The potential for land sparing to 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

35 
 

offset greenhouse gas emissions from agriculture. Nat. Clim. Chang. 6, 488–492. 
https://doi.org/10.1038/nclimate2910  

Lañada, E.B., Lee, J.-A.L.M., More, S.J., Taveros, A.A., Cotiw-an, B.S., 1999. The reproductive performance 
of sows raised by smallholder farmers in the Philippines. Preventive Veterinary Medicine 41, 171-
186. 

Lassaletta, L., Romero, E., Billen, G., Garnier, J., García-Gómez, H., Rovira, J. V, 2012. Spatialized N 
budgets in a large agricultural Mediterranean watershed: high loading and low transfer. 
Biogeosciences 9, 57–70. https://doi.org/10.5194/bg-9-57-2012 

Lassaletta, L., Billen, G., Romero, E., Garnier, J., Aguilera, E., 2014a. How changes in diet and trade 
patterns have shaped the N cycle at the national scale: Spain (1961–2009). Reg. Environ. Chang. 
14, 785–797. https://doi.org/10.1007/s10113-013-0536-1  

Lassaletta, L., Billen, G., Grizzetti, B., Garnier, J., Leach, A.M., Galloway, J.N., 2014. Food and feed trade as 
a driver in the global nitrogen cycle: 50-year trends. Biogeochemistry 118, 225–241. 
https://doi.org/10.1007/s10533-013-9923-4  

Lassaletta, L., Billen, G., Garnier, J., Bouwman, L., Velazquez, E., Mueller, N.D., Gerber, J.S., 2016. 
Nitrogen use in the global food system: past trends and future trajectories of agronomic 
performance, pollution, trade, and dietary demand. Environ. Res. Lett. 11, 095007. 
https://doi.org/10.1088/1748-9326/11/9/095007. 

Le Noë, J., Billen, G., Garnier, J., 2017. How the structure of agro-food systems shapes nitrogen, 
phosphorus, and carbon fluxes: The generalized representation of agro-food system applied at the 
regional scale in France. Sci. Total Environ. 586, 42–55. 
https://doi.org/10.1016/j.scitotenv.2017.02.040. 

Leip, A., Billen, G., Garnier, J., Grizzetti, B., Lassaletta, L., Reis, S., Simpson, D., Sutton, M.A., De Vries, W., 
Weiss, F., Westhoek, H., 2015. Impacts of European livestock production: Nitrogen, sulphur, 
phosphorus and greenhouse gas emissions, land-use, water eutrophication and biodiversity. 
Environ. Res. Lett. 10. https://doi.org/10.1088/1748-9326/10/11/115004. 

Lemke, U., Kaufmann, B., Thuy, L.T., Emrich, K., Valle Zárate, A., 2006. Evaluation of smallholder pig 
production systems in North Vietnam: Pig production management and pig performances. Livest. 
Sci. 105, 229–243. http://dx.doi.org/10.1016/j.livsci.2006.06.012 

Liu, Q., Wang, J., Bai, Z., Ma, L., Oenema, O., 2017. Global animal production and nitrogen and 
phosphorus flows. Soil Res. 55, 451–462. https://doi.org/10.1071/SR17031 

Liu, X., Beusen, A.H.W., Van Beek, L.P.H., Mogollón, J.M., Ran, X., Bouwman, A.F., 2018. Exploring 
spatiotemporal changes of the Yangtze River (Changjiang) nitrogen and phosphorus sources, 
retention and export to the East China Sea and Yellow Sea. Water Res. 142, 246–255. 
https://doi.org/10.1016/J.WATRES.2018.06.006  

MacLeod, M., Gerber, P., Mottet, A., Tempio, G., Falcucci, A., Opio, C., Vellinga, T., Henderson, B., & 
Steinfeld, H., 2013. Greenhouse gas emissions from pig and chicken supply chains – A global life 
cycle assessment. In: FAO (Ed.), Rome, p. 196. 

MacLeod, M.J., Vellinga, T., Opio, C., Falcucci, A., Tempio, G., Henderson, B., Makkar, H., Mottet, A., 
Robinson, T., Steinfeld, H., Gerber, P.J., 2018. Invited review: A position on the Global Livestock 
Environmental Assessment Model (GLEAM). animal 12, 383–397. 
https://doi.org/10.1017/S1751731117001847 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

36 
 

Martínez-Alvarez, O., Chamorro, S., Brenes, A., 2015. Protein hydrolysates from animal processing by-
products as a source of bioactive molecules with interest in animal feeding: A review. Food Res. 
Int. 73, 204–212. https://doi.org/10.1016/j.foodres.2015.04.005. 

Meisinger, D.J., 2010.National swine nutrition guide tables on nutrient recommendations, ingredient 

composition, and use rates. Pork Center of Excellence, US. 

Mogollón, J.M., Lassaletta, L., Beusen, A.H.W., Van Grinsven, H.J.M., Westhoek, H., Bouwman, A.F., 2018. 
Assessing future reactive nitrogen inputs into global croplands based on the shared socioeconomic 
pathways. Environ. Res. Lett. 13. https://doi.org/10.1088/1748-9326/aab212 

Mottet, A., Henderson, B., Opio, C., Falcucci, A., Tempio, G., Silvestri, S., Chesterman, S., Gerber, P.J., 
2016. Climate change mitigation and productivity gains in livestock supply chains: insights from 
regional case studies. Reg. Environ. Chang. 1–13. https://doi.org/10.1007/s10113-016-0986-3 

Mottet, A., de Haan, C., Falcucci, A., Tempio, G., Opio, C., Gerber, P., 2017. Livestock: On our plates or 
eating at our table? A new analysis of the feed/food debate. Glob. Food Sec. 14, 1–8. 
https://doi.org/http://dx.doi.org/10.1016/j.gfs.2017.01.001 

Nakai, S. 2008. Reproductive performance analysis of native pig smallholders in the hillside of northern 
Thailand. Tropical Animal Health and Production 40, 561-566. 

Noblet, J., Dourmad, J.Y and Etienne, M. 1990. Energy utilization in pregnant and lactating sows: 
Modeling of energy requirements. Journal of Animal Science 6, 562-572. 

NRC. 2012. National Research Council. Nutrient Requirements of Swine: Eleventh Revised Edition. 
Washington, DC: The National Academies Press.  

Oita, A., Malik, A., Kanemoto, K., Geschke, A., Nishijima, S., Lenzen, M., 2016. Substantial nitrogen Oita, 
A., Malik, A., Kanemoto, K., Geschke, A., Nishijima, S., Lenzen, M., 2016. Substantial nitrogen 
pollution embedded in international trade. Nat. Geosci 9, 111–115. 
https://doi.org/10.1038/ngeo2635 

Ocepek, M., Newberry, R.C. and Andersen, I.L., 2017. Trade-offs between litter size and offspring fitness 
in domestic pigs subjected to different genetic selection pressures. Appl. Anim. Behav. Sci., 193, 7-
14. https://doi.org/10.1016/j.applanim.2017.03.008 

O’Neill, B.C., Kriegler, E., Ebi, K.L., Kemp-Benedict, E., Riahi, K., Rothman, D.S., van Ruijven, B.J., van 
Vuuren, D.P., Birkmann, J., Kok, K., Levy, M., Solecki, W., 2017. The roads ahead: Narratives for 
shared socioeconomic pathways describing world futures in the 21st century. Glob. Environ. 
Chang. 42, 169–180. https://doi.org/10.1016/J.GLOENVCHA.2015.01.004. 

Patience, J.F., Rossoni-Serão, M.C., Gutiérrez, N.A., 2015. A review of feed efficiency in swine: biology 
and application. J. Anim. Sci. Biotechnol. 6, 33. https://doi.org/10.1186/s40104-015-0031-2  

Paulot, F., Jacob, D.J., 2013. Hidden Cost of U.S. Agricultural Exports: Particulate Matter from Ammonia 
Emissions. Environ. Sci. Technol. 48, 903–908. https://doi.org/10.1021/es4034793 

Penuelas, J., Sardans, J., Alcaniz, J.M., Poch, J.M., 2009. Increased eutrophication and nutrient 
imbalances in the agricultural soil of NE Catalonia, Spain. Journal of Environmental Biology 30, 
841-846. 

Pérez, R. 1997. Feeding pigs in the tropics. In: Pérez R. (ed) Animal production and health papers 132. 
FAO. Rome. 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

37 
 

Phengsavanh, P., Ogle, B., Stür, W., Frankow-Lindberdg, B.E. and Lindberg, J.E. 2010. Feeding and 
performance of pigs in smallholder production systems in Northern Lao PDR. Tropical Animal 
Health and Production 42, 1627-1633. 

Pierer, M., Amon, B., Winiwarter, W., 2016. Adapting feeding methods for less nitrogen pollution from 
pig and dairy cattle farming: abatement costs and uncertainties. Nutr. Cycl. Agroecosystems 104, 
201–220. https://doi.org/10.1007/s10705-016-9767-0  

Riahi, K., van Vuuren, D.P., Kriegler, E., Edmonds, J., O’Neill, B.C., Fujimori, S., Bauer, N., Calvin, K., 
Dellink, R., Fricko, O., Lutz, W., Popp, A., Cuaresma, J.C., Samir, K.C., Leimbach, M., Jiang, L., Kram, 
T., Rao, S., Emmerling, J., Ebi, K., Hasegawa, T., Havlik, P., Humpenoeder, F., da Silva, L.A., Smith, 
S., Stehfest, E., Bosetti, V., Eom, J., Gernaat, D., Masui, T., Rogelj, J., Strefler, J., Drouet, L., Krey, V., 
Luderer, G., Harmsen, M., Takahashi, K., Baumstark, L., Doelman, J.C., Kainuma, M., Klimont, Z., 
Marangoni, G., Lotze-Campen, H., Obersteiner, M., Tabeau, A., Tavoni, M., 2017. The Shared 
Socioeconomic Pathways and their energy, land use, and greenhouse gas emissions implications: 
An overview. Glob. Environ. Chang. POLICY Dimens. 42, 153–168. 
https://doi.org/10.1016/j.gloenvcha.2016.05.009  

Riedel, S., Schiborra, A., Hülsebusch, C., Schlecht, E., 2014. The productivity of traditional smallholder pig 
production and possible improvement strategies in Xishuangbanna, South Western China. Livest. 
Sci. 160, 151–162. https://doi.org/10.1016/j.livsci.2013.11.009  

Robinson, T.P., Wint, G.R.W., Conchedda, G., Van Boeckel, T.P., Ercoli, V., Palamara, E., Cinardi, G., 
D’Aietti, L., Hay, S.I., Gilbert, M., 2014. Mapping the Global Distribution of Livestock. PLoS One 9. 
https://doi.org/10.1371/journal.pone.0096084 

R-Core Team (2014). R: A language and environment for statistical computing. R Foundation for 
Statistical Computing, Vienna, Austria.   URL: http://www.R-project.org/. 

Saadullah and Saad 2000. Monogastric Animal Production Systems in Small Farms in Tropical Countries - 
Review - Asian-Australas J Anim Sci. 2000;13(3):401-412. 

Sajeev, E.P.M., Amon, B., Ammon, C., Zollitsch, W., Winiwarter, W., 2018. Evaluating the potential of 
dietary crude protein manipulation in reducing ammonia emissions from cattle and pig manure: A 
meta-analysis. Nutr. Cycl. Agroecosystems 110, 161–175. https://doi.org/10.1007/s10705-017-
9893-3 

Salemdeeb, R., zu Ermgassen, E.K.H.J., Kim, M.H., Balmford, A., Al-Tabbaa, A., 2017. Environmental and 
health impacts of using food waste as animal feed: a comparative analysis of food waste 
management options. J. Clean. Prod. 140, 871–880. https://doi.org/10.1016/j.jclepro.2016.05.049 

Samberg, L.H., Gerber, J.S., Ramankutty, N., Herrero, M., West, P.C., 2016. Subnational distribution of 
average farm size and smallholder contributions to global food production. Environmental 
Research Letters 11, 124010. 

Sanchez-Martín, L., Beccaccia, A., De Blas, C., Sanz-Cobena, A., García-Rebollar, P., Estellés, F., Marsden, 
K.A., Chadwick, D.R., Vallejo, A., 2017. Diet management to effectively abate N2O emissions from 
surface applied pig slurry. Agric. Ecosyst. Environ. 239, 1–11. 
https://doi.org/10.1016/j.agee.2016.12.007  

Sánchez-Muros, M.-J., Barroso, F.G., Manzano-Agugliaro, F., 2014. Insect meal as renewable source of 
food for animal feeding: a review. J. Clean. Prod. 65, 16–27. 
https://doi.org/10.1016/j.jclepro.2013.11.068 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

38 
 

Sauvant, S., Jean-Marc Perez, J., Gilles Tran, G., 2004. Tables of composition and nutritional value of feed 
materials.  Pigs, poultry, cattle, sheep, goats, rabbits, horses and fish. Wageningen Academic 
Publishers & Institut National de la Recherche Agronomique, INRA, Wageningen. 

Schader, C., Muller, A., Scialabba, N.E.-H., Hecht, J., Isensee, A., Erb, K.-H., Smith, P., Makkar, H.P.S., 
Klocke, P., Leiber, F., Schwegler, P., Stolze, M., Niggli, U., 2015. Impacts of feeding less food-
competing feedstuffs to livestock on global food system sustainability. J. R. Soc. Interface 12. 
https://doi.org/10.1098/rsif.2015.0891 

Schedle, K., 2016. Sustainable pig and poultry nutrition by improvement of nutrient utilisation–A review. 
Die Bodenkultur: Journal of Land Management, Food and Environment, 67(1), pp.45-60. 

Schneider, M., 2011. Feeding  China’s Pigs Implications for the Environment, China’s  Smallholder 
Farmers and Food Security. Institute For Agriculture And Trade Policy. 

Sheldrick, W., Syers, J.K., Lingard, J., 2003. Contribution of livestock excreta to nutrient balances. 
Nutrient Cycling in Agroecosystems 66, 119-131. 

Simongiovanni, A., Corrent, E. and Primot, Y. 2009. SID Trp:Lys requirement for piglets determined by 
meta-analysis. Ajinomoto SAS information, 34. 

Soede, N.M., Langendijk, P. and Kemp, B., 2011. Reproductive cycles in pigs. Anim. Reprod. Sci. 124, 251-

258. https://doi.org/10.1016/j.anireprosci.2011.02.025 

Springmann, M., Clark, M., Mason-D’Croz, D., Wiebe, K., Bodirsky, B.L., Lassaletta, L., de Vries, W., 
Vermeulen, S.J., Herrero, M., Carlson, K.M., Jonell, M., Troell, M., DeClerck, F., Gordon, L.J., Zurayk, 
R., Scarborough, P., Rayner, M., Loken, B., Fanzo, J., Godfray, H.C.J., Tilman, D., Rockström, J., 
Willett, W., 2018. Options for keeping the food system within environmental limits. Nature. 
https://doi.org/10.1038/s41586-018-0594-0  

Stein, H.H., Shurson, G.C., 2009. The use and application of distillers dried grains with solubles in swine 
diets. J. Anim. Sci. 87, 1292–1303. https://doi.org/10.2527/jas.2008-1290  

Steinfeld, H., Gerber, P., Wassenaar, T., Castel, V., Rosales, M., and de Haan, C.,2006. Livestock’s long 
shadow: environmental issues and options. Food and Agriculture Organization of the United 
Nations. Rome. 

Strokal, M., Ma, L., Bai, Z., Luan, S., Kroeze, C., Oenema, O., Velthof, G., Zhang, F., 2016. Alarming 
nutrient pollution of Chinese rivers as a result of agricultural transitions. Environ. Res. Lett. 11, 
24014.  

Stehfest, E., Van Vuuren, D., Kram, T., Bouwman, L., Alkemade, R., Bakkenes, M., Biemans, H., Bouwman, 
A., Den Elzen, M., Janse, J., Lucas, P., Van Minnen, J., Müller, C., Prins, A., 2014. Integrated 
Assessment of Global Environmental Change with IMAGE 3.0. Model Description and Policy 
Applications. Netherlands Environmental Assessment Agency, The Hague.  

Suweis, S., Carr, J.A., Maritan, A., Rinaldo, A., D’Odorico, P., 2015. Resilience and reactivity of global food 
security. Proc. Natl. Acad. Sci. 112, 6902–6907. https://doi.org/10.1073/pnas.1507366112 

Tullo, E., Finzi, A., Guarino, M., 2019. Review: Environmental impact of livestock farming and Precision 
Livestock Farming as a mitigation strategy. Sci. Total Environ. 650, 2751–2760. 
https://doi.org/10.1016/J.SCITOTENV.2018.10.018 

Ugwuanyi, J.O., 2016. Enzymes for Nutritional Enrichment of Agro-Residues as Livestock Feed. Agro-
Industrial Wastes as Feed. Enzym. Prod. 233–260. https://doi.org/10.1016/B978-0-12-802392-
1.00010-1 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

39 
 

Uwizeye, A., Gerber, P.J., Schulte, R.P.O., de Boer, I.J.M., 2016. A comprehensive framework to assess 
the sustainability of nutrient use in global livestock supply chains. J. Clean. Prod. 129, 647–658. 
https://doi.org/10.1016/j.jclepro.2016.03.108  

Uwizeye, A., Gerber, P.J., Opio, C.I., Falcucci, A., Tempio, G., Teilllard, F., Steinfeld, H., Schulte, R.P.O., de 
Boer, I.J.M., 2018 The role of globalizing livestock supply chains in the disruption of global nitrogen 
cycles. American Geophysical Union (AGU) Fall Meeting 2018. GC21B-04. 
https://agu.confex.com/agu/fm18/meetingapp.cgi/Paper/406813 

Veldkamp, T., Bosch, G., 2015. Insects: a protein-rich feed ingredient in pig and poultry diets. Anim. 
Front. 5, 45–50. https://doi.org/10.2527/af.2015-0019 

Velthof, G.L., Hou, Y., Oenema, O., 2015. Nitrogen excretion factors of livestock in the European Union: a 
review. J. Sci. Food Agric. 95, 3004–3014. https://doi.org/10.1002/jsfa.7248 

Vincek, D., Sabo, K., Kusec, G., Kralik, G., Durkin, I and Scitovski, R. 2012. Modeling of pig growth by S-
function – least absolute deviation approach for parameter estimation. Archiv fur Tierzucht 55, 
364-374 

Wabacha, J.K., Maribei, J.M., Mulei, C.M., Kyule, M.N., Zessin, K.H., Oluoch-Kosura, W., 2004. Health and 
production measures for smallholder pig production in Kikuyu Division, central Kenya. Preventive 
Veterinary Medicine 63, 197-210 

Wang, J., Liu, Q., Hou, Y., Qin, W., Lesschen, J.P., Zhang, F., Oenema, O., 2018. International trade of 
animal feed: its relationships with livestock density and N and P balances at country level. Nutr. 
Cycl. Agroecosystems 110, 197–211. https://doi.org/10.1007/s10705-017-9885-3 

Willems, J., van Grinsven, H.J.M., Jacobsen, B.H., Jensen, T., Dalgaard, T., Westhoek, H., Kristensen, I.S., 
2016. Why Danish pig farms have far more land and pigs than Dutch farms? Implications for feed 
supply, manure recycling and production costs. Agric. Syst. 144, 122–132. 
https://doi.org/http://dx.doi.org/10.1016/j.agsy.2016.02.002  

Winkler, T., Schopf, K., Aschemann, R., Winiwarter, W., 2016. From farm to fork – A life cycle assessment 
of fresh Austrian pork. J. Clean. Prod. 116, 80–89. https://doi.org/10.1016/j.jclepro.2016.01.005 

Woltjer, G.B. and M.H. Kuiper, 2014.  The MAGNET Model: Module description. Wageningen,  LEI 
Wageningen UR (University & Research centre),  LEI Report 14-057. 

van Grinsven, H.J.M., Erisman, J.W., Vries, W., Westhoek H., 2015. Potential of extensification of 
European agriculture for a more sustainable food system, focusing on nitrogen. Environ. Res. Lett. 
10, 25002. 

van Grinsven, H.J.M., van Dam, J.D., Lesschen, J.P., Timmers, M.H.G., Velthof, G.L., Lassaletta, L., 2018. 
Reducing external costs of nitrogen pollution by relocation of pig production between regions in 
the European Union. Reg. Environ. Chang. 18, 2403–2415 https://doi.org/10.1007/s10113-018-
1335-5  

van Vuuren, D.P., Stehfest, E., Gernaat, D.E.H.J., Doelman, J.C., van den Berg, M., Harmsen, M., de Boer, 
H.S., Bouwman, L.F., Daioglou, V., Edelenbosch, O.Y., Girod, B., Kram, T., Lassaletta, L., Lucas, P.L., 
van Meijl, H., Müller, C., van Ruijven, B.J., van der Sluis, S., Tabeau, A., 2017. Energy, land-use and 
greenhouse gas emissions trajectories under a green growth paradigm. Glob. Environ. Chang. 42, 
237–250. http://dx.doi.org/10.1016/j.gloenvcha.2016.05.008. 

Westhoek, H., Lesschen, J.P., Rood, T., Wagner, S., De Marco, A., Murphy-Bokern, D., Leip, A., van 
Grinsven, H., Sutton, M.A., Oenema, O., 2014. Food choices, health and environment: Effects of 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

40 
 

cutting Europe’s meat and dairy intake. Glob. Environ. Chang. 26, 196–205. 
http://dx.doi.org/10.1016/j.gloenvcha.2014.02.004 

Willems, J., van Grinsven, H.J.M., Jacobsen, B.H., Jensen, T., Dalgaard, T., Westhoek, H., Kristensen, I.S., 
2016. Why Danish pig farms have far more land and pigs than Dutch farms? Implications for feed 
supply, manure recycling and production costs. Agric. Syst. 144, 122–132. 
http://dx.doi.org/10.1016/j.agsy.2016.02.002  

Woltjer, G.B. and M.H. Kuiper, 2014.  The MAGNET Model: Module description. Wageningen,  LEI 
Wageningen UR (University & Research centre),  LEI Report 14-057. 

Zijlstra, R.T., Owusu-Asiedu, A., Simmins, P.H., 2010. Future of NSP-degrading enzymes to improve 
nutrient utilization of co-products and gut health in pigs. Livest. Sci. 134, 255–257. 
https://doi.org/https://doi.org/10.1016/j.livsci.2010.07.017 

zu Ermgassen, E.K.H.J., Phalan, B., Green, R.E., Balmford, A., 2016. Reducing the land use of EU pork 
production: where there’s swill, there’s a way. Food Policy 58, 35–48. 
http://dx.doi.org/10.1016/j.foodpol.2015.11.001 

  

ACCEPTED MANUSCRIPT



ACCEPTED M
ANUSCRIPT

 

41 
 

Table 1. Scenario-specific characteristics used for the IMAGE SSPs implementation for 2050  

 

  

  Region* 1970 1990 2005 SSP1 SSP2 SSP3 SSP4 SSP5 

Key word 
 

  

 
Sustainability 

Middle of the 
Road 

Fragmentation Inequality Fossil fuel 

Per capita demand 
 

  
 

Low Medium 
Function of 

GDP 
Function of 

GDP 
High 

Technological development  

  

 Rapid Medium Slow Slow Rapid 

Crop and livestock efficiency  

  

 High Medium Slow Unequal High 

Progress towards development 
goals 

 

  

 
Good Some  Failure  

Highly 
unequal 

Market-
driven 

Environmental awareness  

  

 High Medium Low Unequal Low 

Resource intensity 
  

    
  

Low Medium None 
Highly 

unequal 
High 

Population (million 
inhabitants) 

World 3776 5308 6531 8531 9243 10038 9213 8629 

 
Industrialized 826 936 1016 1221 1191 1011 1123 1383 

 
BRIC 1667 2347 2821 3162 3408 3708 3166 3165 

  Rest of world 1284 2026 2694 4147 4644 5319 4924 4081 

GDP/capita (US$) World 4254 5703 6967 24563 17877 12024 17500 32449 

 Industrialized 16010 25383 32885 60131 55180 50917 62996 70986 

 BRIC 623 1148 1938 25577 16765 10413 17474 34063 

 
Rest of world 1405 1890 2456 13318 9130 5752 7139 18138 

Pork production (Mt) World 39 70 99 125 160 165 153 207 

 
Industrialized 23 32 36 35 44 43 42 59 

 
BRIC 11 30 51 69 93 95 89 119 

  Rest of world 5 8 12 20 24 27 22 29 

* Industrialized includes Canada, the USA, Western and Eastern Europe, Japan and Oceania; BRIC: China, India, Russia and Brazil. 
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Table 2 Feed use for 15 feedstuffs, total energy and protein content, protein/energy ratio of global and intensive pig production systems and total crop 
production for 1970, 1990, 2005 and for 2050 for the five SSPs.   

Feed stuff (Tg DM) 1970 1990 2005 SSP1 SSP2 SSP3 SSP4 SSP5 

temperate cereals 50 69 57 51 79 81 63 80 

rice 0 3 3 8 11 12 9 12 

maize 37 46 78 97 140 140 133 159 

tropical cereals 5 7 4 10 12 10 8 8 

pulses 2 2 2 3 3 2 3 4 

roots and tubers 8 18 17 22 26 19 30 37 

oil crops 12 32 48 14 49 83 46 81 

animal source 2 3 2 5 7 7 6 7 

brans 18 31 41 54 68 60 65 56 

DDGS 0 0 3 4 5 5 6 12 

molasses 1 2 2 6 6 2 4 6 

swill, industrial/household residues 82 155 184 156 215 232 197 228 

synthetic 0 4 5 10 13 10 13 14 

other residues 13 23 24 22 26 25 27 33 

Total demand (Tg DM) 229 394 471 461 660 688 610 738 

Protein (Tg N) 6 12 15 13 20 22 19 23 

Total ME (PJ) 2966 5000 6010 6702 8636 9028 7966 10744 

ME/kg DM (intensive)2 15.0 14.7 14.5 15.8 14.1 14.2 14.7 15.9 

ME/kg DM (intermediate) 12.8 12.5 12.0 12.1 12.0 12.0 12.0 12.0 

ME/kg DM (backyard) 11.0 11.0 11.0 11.0 11.0 11.0 11.0 11.0 

% CP/kg DM (intensive) 14.1 17.9 19.9 16.6 18.6 20.5 18.8 20.1 

% CP/kg DM (intermediate) 16.8 19.1 19.6 19.5 19.6 19.6 19.6 19.6 

% CP/kg DM (backyard) 19.6 19.6 19.6 19.7 19.6 19.6 19.6 19.6 

Total crop production Tg DM 1644 2594 3390 5555 5985 6180 5716 6418 

Total crop production Tg N 33 57 83 136 148 152 138 157 

1 World weighted average of regional rations.              

CP, crude protein; DDGS, distiller’s dried grains with solubles; DM, dry matter; ME, metabolizable energy; PJ, Petajoules.  
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Graphical abstract 
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Highlights 

 IMAGE-Pig model describes the functioning of pig production systems in 26 regions 

 Feed demand, feed efficiencies, and excretion are estimated (1970-2050) 

 Total feed use increased, as past efficiency improvements grew slower than demand  

 SSP1 shows a more sustainable path, with reduced meat demand and efficiency gains 

 By 2050 feed use and environmental impacts can be strongly reduced or increased 
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