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Abstract. Reactive nitrogen (N is not only an important nu-  of the N applied to global croplands is taken up by plants
trient for plant growth, thereby safeguarding human alimen-(Smil, 1999. The remaining share may interfere with nat-
tation, but it also heavily disturbs natural systems. To miti- ural systems: The affluent availability of, Neads to biodi-
gate air, land, aquatic, and atmospheric pollution caused byersity losses and to the destruction of balanced ecosystems
the excessive availability of Nit is crucial to understand the (Vitousek et al. 1997). In the form of nitrous oxide (hO),
long-term development of the global agriculturagldycle. N, contributes to global warmind-6rster et a].2007) and is

For our analysis, we combine a material flow model with the single most important ozone depleting substaRewi-
a land-use optimization model. In a first step we estimate théhankara et al.2009. Finally, it contributes to soil\{elthof
state of the Ncycle in 1995. In a second step we create four et al, 2011), water Grizzetti et al, 2011), and air pollution
scenarios for the 21st century in line with the SRES story-(Moldanova et al.2017). Brink et al. (2011 estimate that
lines. the damage caused by nitrogen pollution adds up to 70-320

Our results indicate that in 1995 only half of thed&pplied  billion Euro in Europe alone, equivalent to 1-4 % of total in-
to croplands was incorporated into plant biomass. Moreovercome.
less than 10 per cent of all;Nh cropland plant biomass and Therefore, much effort has been dedicated to improving
grazed pasture was consumed by humans. In our scenariosoair knowledge about the global agricultural &ycle. Smil
strong surge of the Ncycle occurs in the first half of the 21st (1999 pioneered the creation of the first comprehensive
century, even in the environmentally oriented scenarios. Ni-global N. budget, and determined the keyflddws in agricul-
trous oxide (NO) emissions rise from 3Tg2D-N in 1995  ture, most importantly fertilizer application, biological nitro-
to 7-9in 2045 and 5-12 Tg in 2095. Reinforcedddllution gen fixation, manure application, crop residue management,
mitigation efforts are therefore required. leaching, and volatilisatiorSheldrick et al(2002 extended
the nutrient budgets to phosphorus and pot&idiloway et
al. (2004 included natural terrestrial and aquatic systems in
the N cycle. Liu et al. (20103 broke up the global agricul-
1 Introduction tural nutrient flows to a spatially explicit leveBouwman et

al. (2005 2009 2011 were the first, and so far the only, to

More than half of the reactive nitrogen (Nixed every year  have simulated the future development of thechicle with
is driven by human activityRoyer et al, 2004. The main  getailed regional Nflows.
driver of the nitrogen cycle remains agricultural production,  However, the description of the current state of thecj¢
whose ongoing growth will require ever larger amounts pf N ¢je was often incomprehensive. Belowground residues were
to provide sufficient nutrients for plant and livestock produc- o far not considered explicitly by other global studies, even
tion in the future. though they withdraw large amounts of Kom soils, and

The industrial fixation of the once scarce nutrient con- ieijr decay on fields contributes tq Msses and emissions.

tributed to an unrivaled green revolution of production in gimilarly, not all past studies included fodder crops in their
the second half of the 20th century. Yet, only 35 to 65%
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budgets, although they make up a considerable share of tot
cropland production. Furthermore, no bottom-up estimate fot
N release by the loss of soil organic matter exists so far. Re|| ™
garding future projections, substitution effects between dif-
ferent N inputs are usually not considered.
In this paper, we create new estimates for the state of thq
agricultural N cycle in 1995 and four future scenarios un-
til 2095 based on the SRES storylines. Our study present||
a comprehensive description of the &ycle and covers N
flows that have not been regarded by other studies so far. W
create detailed cropland;udgets, but also track,Nlows

upstream towards the processing sector, the livestock systemg 1 The ten MAGPIE world regions. Sub-Sahara Africa (AFR),
and final consumption. This unmasks the loweéfficiency  centrally Planned Asia (CPA), Europe (including Turkey) (EUR),
in agricultural production. We use an independent parametriformer Soviet Union (FSU), Latin America (LAM), Middle East
sation of the relevant Nflows, concerning for example,N  and North Africa (MEA), North America (NAM), Pacific OECD

in crop residues or biologicalNixation. This allows for the  (Australia, Japan and New Zealand) (PAO), Pacific Asia (PAS), and
identification of uncertainties in current estimates. For futureSouth Asia (SAS).

projections we use a closed budget approach that allows for

substitution between cropland Mputs (like fertilizer, ma-

nure or crop residues) and for an endogenous calculation diorming assessments of agriculture on a global scale and to
livestock N excretion. The budget approach is also used tosimulating long-term scenarios. It is comprehensive concern-
estimate total nitrogen losses from fertilization and manureing the spatial dimension and covers all major crop and live-
management (the sum obNNOy, NHy and NO volatilisa- stock sectors. Moreover, it features the major dynamics of
tion as well as Nleaching). As NO emissions play a crucial the agricultural sector, like trade, technological progress or
role in a global context, our model estimates them explicitly. land allocation according to the scarcity of suitable soil, wa-
For this purpose, our study uses the emission parameters ¢ér and financial resources. As it treats agricultural produc-
the 2006 IPCC Guidelines for National Greenhouse Gas Intion not only as economic value but also as physical good, it
ventories Eggleston et al20006. can easily perform analysis of material flows.

The paper is set up as follows: In the methods section, MAgPIE optimizes global land-use patterns to settle a
we first describe the Model of Agricultural Production and global food demand at minimal production costs. Food de-
its Impact on the Environment (MAgPIE) that delivers the mand is exogenous to the model and differentiated into 18
framework for our analysis. Then we give an overview on thecrop groups and 5 livestock production types. The demand
implementation of crop residues, conversion byproducts andor feed depends on the livestock production quantity with
manure in the model. The description of all majgr fidws individual feed baskets for each livestock categafeindl
is followed by a summary of the scenario designs. In the re-et al, 2010. The demand for material consumption and the
sults section, we present our simulation outputs for the statgroduction waste are assumed to grow in proportion to food
of the N cycle in 1995 and our projections for inorganic fer- demand, while the production for seed is a fixed share of crop
tilizer consumption, MO emissions and other important N production. All demand categories are estimated separately
flows. In the discussion section, we compare our estimates tfor 10 world regions (Figl) and have to be met by the world
other studies and integrate the findings to a comprehensiverop production. Additionally, the regions have to produce
cropland N budget for 1995, highlighting the largest uncer- a certain share of their demand domestically to account for
tainties. We also compare our scenarios for the rise of the Ntrade barriersgchmitz et al.2012. The production of crops
cycle in the 21st century to estimates of other studies. As it igequires financial resources as well as land and irrigation wa-
a key driver of the Ncycle, we examine the livestock sector ter. Production costs per area are derived from GTAP cost-of-
in more detail. Finally, the implications of our findings on the firm data Schmitz et al.2010. Land requirements depend
threat of N pollution are followed by our conclusions and an on the yield-level of the region, which are calibrated to meet
outlook on the opportunities for mitigation. 1995 FAO data. Higher production can either be reached by

land expansion or by the purchase of yield-increasing tech-
nological changeietrich, 2011 Popp et al.2011). Water

2 Materials and methods availability and water requirements per crop are derived from
the LPImL modelBondeau et al2007 Gerten et a].2004).
2.1 General model description MAGgPIE is solved for each 10-yr timestep between 1995 and

2095, whereby the cropland area and the level of technology
MAgPIE (Lotze-Campen et al.2008 Popp et al. 201Q are passed on from one timestep as input data to the consec-
2012 Schmitz et al. 2012 is a model well suited to per- utive timestep.

Biogeosciences, 9, 4168197 2012 www.biogeosciences.net/9/4169/2012/



B. L. Bodirsky et al.: N2O emissions from the global agricultural nitrogen cycle 4171

The existing model (as described in the Supplement) ha2.3 N flows
been extended by a number of features in order to describe
the dynamics of the Ncycle. Crop residues and conversion 2.3.1 N content of plant biomass, conversion
byproducts from crop processing make up a major share of byproducts and food

total biomass and were therefore integrated into the model .
(Sect.2.2). Moreover, all dry matter flows were transformed | "€ biomass flows of the MAgPIE model are transformed

into Ny flows. N flows in manure management, cropland @ Nr flows, using product-specific Neontents. We com-
fertilization and the transformation of,Nosses into emis-  Pile the values for harvested crops, conversion byproducts,
sions were included (Sec2.3). Finally, the scenario setup AG and BG residues frowirsenius(2000; Fritsch(2007);

is described in Sec®.4. Detailed documentation as well as FAC (2004; Roy et al.(2008; Eggleston et al(200§ and

a mathematical description of all model-extensions can bd<halid et al.(2000. The N in vegetal food supply is esti-
found in AppendixA. mated by subtracting the;Nh conversion byproducts from

N, in harvest dedicated for food.;h livestock food supply
2.2 Crop residues and conversion byproducts is calculated by multiplying the regional protein supply from
each commodity group dfFAOSTAT (2011) with protein to
As official global statistics exist only for crop production and N; ratios of Sosulski and Imafidof1990 andHeidelbaugh
not for crop residue production, we obtain the biomass ofet al.(1975. As food supply does not account for waste on
residues by using crop-type specific plant growth functionsthe household-level, we use regional intake to supply shares
based on crop production and area harvested. Plant bioma$som Wirsenius(2000.
is divided into three components: the harvested organ as
listed in FAO, the aboveground (AG) and the belowground2.3.2 Manure management

(BG) residues. For AG residues of cereals, leguminous crops_i_ ) o )
potatoes and grasses, we use linear growth functibgglé- he quantity of N in livestock excreta is calculated endoge-

ston et al, 2008 with a positive intercept which accounts for N0Usly from N in feed intake (consisting of feedstock crops,

the decreasing harvest index with increasing yield. For crop$Cnversion byproducts, crop residues and pasture) and live-

without a good matching to the categoriesErgleston et~ Stock productivity. The Nin feed minus the amount offh

al. (2008, we use constant harvest indicsisenius 200Q the_slaughtered ammals, milk and eggs equals the amount of

Lal, 2005 Feller et al, 2007). Ny in manure. To estimate the mass of sIayghtered ammals,
Based orSmil (1999, we assume that 15% of AG crop V€ multiply the FAO meat production with livestock-specific

residues in developed and 25% in developing regions ar&arcass to whole body weight ratios fraiirsenius(2000).

burned in the field. Furthermore, developing regions use\r contents of slaughtered animals, milk and eggs are ob-

10 % of the residues to settle their demand for building ma-t@inéd fromPoulsen and Kristens¢@99§. _
terials and household fuel. The demand for crop residues for Manure from grazing animals on pasture is assumed to
feed is calculated based on crop residues in regional livestocR® returned to pasture soils except a fraction of manure be-
specific feed baskets fromveindl et al.(2010. The remain- N9 collected for household fuel in some developing regions
ing residues are assumed to be left on the field. We estimaté=99!eston et al.2008. Manure from feedstock crops and
BG residue production by multiplying total AG biomass (har- CONversion byproducts are assumed to be excreted in ani-
vest + residue) with a crop-specific AG to BG ratleggle- ~ Ma! houses. We estimate that one quarter of thénerop
ston et al, 200§ Khalid et al, 200Q Mauney et al. 1994). reS|due§ used as feed in devglopmg regions §tems from §tub—
All BG crop residues are assumed to be left on the field. ~ PI€ grazing on croplands, while the rest is assigned to animal
Conversion byproducts like brans, molasses or oil cakedouses. F_mally, we c_;llstrlbute all manure in animal houses be-
occur during the processing of crops into refined food. wetween 9 different animal waste management systems accord-
link the production of conversion byproducts to the domestic"d 1 regional and livestock-type specific shares=ggle-
supply of the associated crops using a fixed regional converSton et al(2008.
sion ratio. Feed demand for conversion byproducts is base
on feed baskets from/eindl et al.(2010 and rises with live-
stock production _in the region. All values are calibrated to |, our model, cropland Ninputs include manure, crop
meet the production and demand for conversion byproduct§egiqyes left in the field, biological Nixation, soil organic

of FAQ in 1995 FAOSTAT, 201]). In case the future demand i ayer |oss, atmospheric deposition, seed and inorganic fer-
for feed residues or crop byproducts exceeds the production;ji;er.

they can be replaced by feedstock crops of the same nutri-
tional value.

9.3.3 Cropland N inputs

For the manure managed in animal houses, recycling
shares for each animal waste management system are
adopted fronEggleston et al(2006. The manure collected

for recycling in developing regions is assigned fully to crop-
land soils, while it is split between cropland and pasture soils

www.biogeosciences.net/9/4169/2012/ Biogeosciences, 9, 4BP2-2012



4172 B. L. Bodirsky et al.: N;O emissions from the global agricultural nitrogen cycle

in developed regions. Additionally, all Nexcreted during 2.3.4 Emissions
stubble grazing is returned to cropland soils.

For crop residues left in the field, we assume that alisN  Emission calculations are in line with the 2006 IPCC Guide-
recycled to the soils, while 80—90 % of the residues burnedines of National Greenhouse Gas EmissioBgdleston et
in the field are lost in combustiofEggleston et a] 2006. al., 20006, accounting for N@, NHy as well as direct and in-

N fixation by free living bacteria in cropland soils and rice direct Nb,O emissions from managed soils, grazed soils and
paddies is taken into account by assuming fixation rates onimal waste. Our estimates neither cover agricultugD N
5kg per ha for non-legumes and 33 kg per ha for rigmi(, emissions from savannah fires, agricultural waste burning or
1999. The N fixed by leguminous crops and sugar cane is cultivation of histosols, nor emissions from waste disposal,
estimated by multiplying Nin plant biomass (harvested or- forestry or fertilizer production. Emission factors are con-
gan, AG and BG residue) with regional plant-specific per-nected directly to the corresponding Bows of inorganic
centages of plant Nderived from N fixation (Herridge et  fertilizer application, as well as residue burning and decay
al., 2008. on field, manure management, manure application, direct ex-

N, release by the loss of soil organic matter after the con-cretion during grazing, and soil organic matter loss. We use a
version of pasture land or natural vegetation to cropland is esMonte Carlo analysis to estimate the effect of the uncertainty
timated based on the methodologyEgfgleston et ak20086. of the IPCC emission parameters on globalN\emissions.

Our estimates for 1995 use a dataset of soil carbon under nat-

ural vegetation from the LPIJmL modebifch et al, 2003 2.4 Future scenarios

Gerten et a].2004 Bondeau et a).2007). For 1995, we use

historical land expansion from the HYDE-databagdein For future projections, we analyse four scenarios based on
Goldewijk et al, 20113, while the land expansion in the fu- the SRES storylinesNakicenovic et al.2000, varying in

ture is estimated endogenously by MAgPIE. two dimensions: economy versus ecology and globalisation

The regional amount of atmospheric deposition on crop-versus heterogeneous development of the world regions. The
lands for 1995 is taken fromentene2006. For future sce-  parametrisation of these scenarios differs in several aspects,
narios, we assume that the atmospheric deposition per cropwhich try to cover the largest uncertainties for the future de-
land area grows with the same growth rate as the averageelopment of the Ncycle (Tablel). In the following, the
regional agricultural NQand NH, emissions. scenario settings are shortly described, while a detailed de-

The amount of harvest used for seed is obtained fromscription and an explanation of the model implementation is
FAOSTAT (2011). We multiply the seed with the Nshare  provided in Appendi@4.
of the harvested organ to estimateilN seed returned to the Food demand projections and the share of calories from
field. livestock products are calculated based on regressions be-

Regional inorganic fertilizer consumption in 1995 is ob- tween income and per-capita calorie demand (intake and
tained fromIFADATA (2011). For the scenarios, we use a household waste), as well as regressions between income and
closed budget approach. For this purpose, we define croplanthe share of livestock calories in total demand. The regres-
soil N, uptake efficiency (SNUpE) as the share gfibhputs  sions are based on a panel dataset (5889 data points) from
to soils (fertilizer, manure, residues, atmospheric depositionFAOSTAT (2011 andWORLDBANK (2011) for 162 coun-
soil organic matter loss and free-living Rixers) that is with-  tries from 1961 to 2007. In the environmentally oriented sce-
drawn from the soil by the plant. These withdrawals from the narios, we used different functional forms for the regressions
soil are calculated by subtracting terived not from the soil  that result in lower values for plant and livestock demand.
(seed and internal biological fixation by legumes and sugar-The future projections are driven by population and GDP sce-
cane) from N in plant biomass. SNUpE is calculated on a narios from the SRES marker scenariG$ESIN, 2002ab).
regional level for the year 1995 and becomes an exogenous Trade in MAGPIE is oriented along historical trade pat-
scenario parameter for future estimates. Its future developterns, fixing the share of products a region has imported or
ment is determined by the scenario storyline (see Qeft. exported in the year 1995. To account for trade liberalisa-

In future scenarios, the soil withdrawals and the exogenougion, an increasing share of products can be traded according
SNUpE determine the requirements for sojliNputs. If the  to comparative advantages in production costs instead of his-
amount of organic fertilizers is not sufficient, the model hastorical patterns. We use two different trade scenarios based
to apply as much nitrogen fertilizer as it requires to balanceon Schmitz et al(2012, assuming faster trade liberalisation
out the budget. In our model, the, Nhputs to crops have in the globalised scenarios.
no influence on the yield. We assume in reverse that a given The livestock production systems in the 10 MAgPIE re-
crop yield can only be reached with sufficientiNputs. An  gions differ in 1995 both regarding their productivity and
eventual N limitation is already reflected in the height of the the animal feed baskets. To account for the increasing indus-
crop yield. trialisation of livestock production, we assume an increas-

ing convergence of the livestock systems from the current
mix towards the industrialised European system. This highly

Biogeosciences, 9, 4168197 2012 www.biogeosciences.net/9/4169/2012/
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Table 1.Scenario definitions, based on the IPCC SRES scenarios.

1995 2045 2095

Al A2 B1 B2 Al A2 B1 B2
GDP (162 US$) 34 222 106 170 138 674 314 453 319
Population (18 heads) 5.7 8.6 10.8 8.6 9.2 7.4 14.8 7.4 104
Food demand (1% J) 23 46 50 42 43 47 81 41 53

— Thereof livestock products | 16% 24 % 17% 22% 22% 22% 17% 16% 18%
Trade patterns

— Historical 100% | 60% 88% 60 % 88% | 37% 78 % 37% 78%

— Comparative advantage 0% 40% 12% 40% 12% 65 % 22% 65 % 22%
Livestock systems

— Current mix 100% | 20% 50 % 20% 50% | 0% 20% 0% 20%

— Industrialised 0% 80% 50 % 80% 50 % 100 % 80 % 100 % 80%
Animal wasté

— Current mix 100% | 30% 80% 40% 80% | 0% 50 % 20% 50%

— Daily spread 0% 0% 0% 30% 20% 0% 0% 40% 50%

— Anaerobic digester 0% 70% 20% 30% 0% 100 % 50 % 40 % 0%
Soil Ny uptake efficiency (SNUpE)| 51 %2 60 % 55% 65 % 65% | 60% 60 % 70% 70%
Intact and frontier forest protectio no no yes yes no no yes yes

10nly for waste in animal houses.
2Global average.

productive system has a large proportion of feedstock crop8 Results
and conversion byproducts in the feed baskets. In the glob-
alised scenarios, convergence is assumed to be faster than etailed global and regional results of the current state of the
the regionalised scenarios. agricultural N cycle and the four scenarios can be found in
Currently, regional animal waste management systems arthe Supplement. In the following, the most important results
diverse and their future development is highly uncertain. Weare summarised.
assume two major future trends. Firstly, due to the scarcity
of fossil fuels and the transformation of the energy system3.1 Global nitrogen cycle
towards renewables, the use of animal manure as fuel for
bioenergy will become increasingly important. Secondly, in3.1.1  State in 1995
the environmental scenarios, we also assume that an increas- ) )
ing share of manure is spread to soils in a timely mannerAccording to our calculations for the year 1995, 205TgN
We therefore shift the current mix of animal waste man- '€ applied to or fixed on global cropland, of which 115 is
agement systems gradually towards anaerobic digesters ar{@ken up by cropland plant biomass. Thereof, 50 Tg are fed
daily spread. to anlmgls in the form of feedstock_c_rops, crop residues, or
Improvements in the cropland soil, Niptake efficiency ~ Conversion byproducts,.plus an addmona] 72Tg fr(_)m grazed
may occur in the future due to increasing environmentalPasture, to produce animal products which contain 8{g N
awareness or to save input costs. The regional efficiencielf! total, plantand animal food at whole market level contains
have been calculated for 1995, and we assume that they grag# T9 N, of which finally only 17 Tg N are consumed. Fig-
ually increase in all scenarios, with the environmental scenar4ré 2 shows an in-depth analysis of Mows in 1995 on a
ios reaching the highest efficiencies. global level.
Finally, the expansion of agricultural area into unpro- .
tected intact and frontier forests is restricted gradually until3:1-2 Scenarios

2045 in the environmental oriented scenarios, as described iln ; . he th h £ th le ri
Schmitz(2012. n our four scenarios, the throughput of the t&ycle rises

The scenarios start in the calibration year 1995 and Conp?nsiggrably withinhthe 21st century. Tota} M croplan((jj
tinue until 2095. The base year 1995 facilitates the comparfz) ant biomass regc es 2,4‘;(82)_?;23 (Ahl) T,g|1N204f15 a.lln :
ison with other studiesSmil, 1999 Sheldrick et al. 2002 51 (!31)_434 (A2) Tg Nin 2095. Also, the range ot sot in-
Liu et al, 20103 and allows for a consistency check and puts increases throughout the century, starting with 185 Tg

benchmarking between the scenarios and the real develoﬂrJ 199510 286_(82)_412 (AL) Tg,Nn .2945 and 286 (Bl)f
ment since 1995. 553 (A2) TgN in 2095. Inorganic fertilizer consumption in

the B scenarios show a modest increase to 121 (B2) and 145

www.biogeosciences.net/9/4169/2012/ Biogeosciences, 9, 4BP2-2012
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: Cropland soils
: Pasture
: Belowground residues
: Aboveground residues
: Harvested crops
: Processing
: Food supply
: Food intake
: Livestock
10: Animal houses
11: Atmospheric
deposition
12a: Biological fixation in crops
12b: Other biological fixation
13: Industrial fertilizer
14: Soil organic matter
loss
15: Other util, incl. waste
16: Burned on field
17: Household fuel
18: Volatilisation and
leaching on cropland
19: Volatilisation in
waste management

©ONDU D WN =

Fig. 2. Agricultural Nr cycle in TgN in the year 1995. Flows below 5 Tg Nre not depicted. No estimates were made fpirguts to
pasture soils by atmospheric deposition and biological fixation.

(A1) Tg Ny until 2045 and a stagnating or even declining con- the end of the century to 4.9 (3.5to 6.4) TgON in the B1
sumption thereafter, while the A scenarios exhibit a muchscenario and 11.6 (8.8 to 14.2) Tg®-N in the A2 scenario
stronger and continuous increase to 173 (Al) and 177 (A2)Fig. 4).

Tg N, in 2045, and 214 (Al) and 260 (A2) Tghh 2095

(Fig. 3). Despite these wide ranges, the differences 8ON 32 Regional budgets

emissions between the scenarios is in the first half of the cen-

tury rather narrow. They start with 3.9 TgB-N in 1995, \yjje the surge of the Neycle can be observed in all regions,
with a range of 3.0 to 4.9 Tg 20-N being the 90% con- o sneed and characteristics are very different between re-
fidence interval for uncertainty of the underlying emission gions (Table2). Sub-Saharan Africa (AFR), South Asia
parameters oEggleston et ‘?‘I(ZOOQ' Up to 2(_)45' they rise (SAS), and Australia and Japan (PAO) show the strongest rel-
t07.2(5.410 9.0) TgRO-N in the B1 scenario and 8.6 (6.6 e increases in harvested, While in Europe (EUR) and

t0 10.5) TgNO-N in the A2 scenario, and widen towards norh America (NAM) the increases are more modest. The

Biogeosciences, 9, 4168197 2012 www.biogeosciences.net/9/4169/2012/
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Table 2. Regional estimates of Nlows for the state in 1995 and for the four scenaﬁg#—l in TgN; per year. Losses consist of losses
from cropland soils and animal waste management.

Ny flow Year World Regions
AFR \ CPA \ EUR \ FSU \ LAM \ MEA \ NAM \ PAO \ PAS \ SAS

Harvest 1995 63 3 ‘ 12 ‘ 10 ‘ 5 ‘ 6 ‘ 2 ‘ 13 ‘ 2 ‘ 3 ‘ 7

2045| 182 160| 15 14| 30 28| 15 14| 10 91 29 21| 10 10| 20 19| 17 11 6 5] 30 29

2095 | 196 137 | 20 9| 3 27| 16 13| 11 8| 26 13| 14 12| 21 17| 18 7 5 3|33 29

Residues 1995 35 3 6 4 3 4 1 6 1 2 5

2045 94 85 10 9] 15 15 7 7 7 7] 16 13 4 4| 10 9 9 6 4 4| 12 12

2095 98 76| 11 7| 17 15 7 6 8 7| 15 9 5 5| 11 9 8 3 4 3] 13 12

Fertilizer 1995 78 1 24 13 2 4 3 13 1 4 13

2045 | 173 145 9 7140 36| 13 13| 11 9 6 7| 15 14| 23 21| 33 19 5 3] 20 15

2095 | 214 128 0 0] 50 39| 21 16| 12 8| 23 0| 23 17| 19 15| 32 12 4 4| 24 17

Manure 1995 111 15 12 13 7 21 3 10 4 3 22

2045 | 241 217 65 60| 28 22| 20 15 8 7] 63 55 7 7 9 6 3 2 6 5| 32 39

2095| 205 131| 105 44| 16 12 6 2 7 5] 23 36 5 3| 17 8 2 1 4 2119 18

Biol. Ny 1995 27 \ 2 4 2 2 4 0 5 1 2 4

2045 72 61 8 7 8 7 5 4 4 41 17 11 1 1 8 7 2 2 4 21 17 16

2095 75 46 11 4 9 5 4 3 5 3] 15 6 1 1 7 6 3 0 1 1| 20 17

Trade 1995 0 ‘ 0 -1 -2 -1 2 -2 4 0 -1 0

2045 0 0 -8 8| -1 3| 6 -3 1 1)-11 -14| -2 -1 10 11| 14 8| 3 -2 9 6

2095 0 0| -51 -21| 16 14 6 7 1 0 4 21 0 1 0 6| 14 5/ -3 3|14 11

Losses 1995 109 5 27 15 9 8 3 18 3 7 15

2045| 180 146 | 17 16| 32 27| 15 13| 11 10| 28 23| 10 9] 18 14| 19 10 7 6| 21 19

2095 | 197 103| 39 11| 31 20| 14 8| 12 71 23 14| 14 8| 19 11| 18 5 6 3] 21 15

N>O 1995 3.9 0.4 0.7 0.5 0.3 0.7 0.1 0.6 0.1 0.2 0.4

2045| 81 72| 14 13|11 1106 0504 03|18 16|04 04,06 05|06 04|03 02|09 09

2095 | 7.2 49| 18 0.8 1 08,05 03|04 03|08 08|05 04|07 05|06 02|02 01|07 06

www.biogeosciences.net/9/4169/2012/ Biogeosciences, 9, 4BP2-2012
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increase in production in AFR is not sufficient to settle do- ologies and parametrisations to identify major uncertainties.
mestic demand, such that large amounts ofidlze to be im-  In the following we compare our results mainly with esti-
ported from other regions. Also the Middle East and North- mates ofSmil (1999, Sheldrick et al(2002 andLiu et al.

ern Africa (MEA) have to import large amounts of Nue (20103, as summarised in Tab&

to the unsuitable production conditions and high population The estimates for Nwithdrawals by crops and above-
growth. At the same time, AFR requires only low amounts of ground residues are relatively certain. They have now been
inorganic fertilizer, as the domestic livestock production fed estimated by several studies using different parametrisations.
with imported N provides sufficient nutrients for production. The scope between the studies is still large with 50 to
In the globalised scenarios Al and B1, the overspill of ma-63 Tg N for harvested crops and 25 to 38 Tgfidr residues,
nure even reduces the actual soil nutrient uptake efficiencyvhereby the estimate @heldrick et al (2002 may be too
(SNUPpE) in 2095 with 0.41 (Al) and 0.67 (B1), below the high due to the missing correction for dry matter when esti-
potential scenario value of 0.6 or 0.7. mating nitrogen content&.iu et al,, 20108.

Despite its large increase in consumption, SAS does not Large uncertainties can be attributed to the cultivation of
require large imports, as it can also settle its idquire-  fodder and cover crops. They represent a substantial share
ments with a balanced mix of biological fixation, manure, of total agricultural biomass production, and they are rich in
crop residues and inorganic fertilizer. Similarly, Latin Amer- N, and often N fixers. Yet, the production area, the species
ica can cover large parts of its;NMlemand with biologi- composition and the production quantity are highly uncer-
cal fixation and manure. In comparison with this, the largetain, and no reliable global statistics exist. The estimate from
exporters North America (NAM) and Pacific OECD (PAO) FAOSTAT (2005 used by our study has been withdrawn
have a much stronger focus on fertilization with inorganic without replacement in newer FAOSTAT releases. It counts
fertilizers. 2900 Tg fresh matter fodder production on 190 million ha

In the globalised scenarios, these characteristics tend to b@Mha). Smil (1999 appraises the statistical yearbooks of 20
more pronounced than in the regionalised scenarios, as eadarge countries and provides a lower estimate of only 2500 Tg
region specialises in its relative advantages. The structurathat are produced on 100-120 Mha.
differences between the economical and ecological oriented Estimates for Nin animal excreta diverge largely in the
scenarios are less distinct, yet it can be observed that the rditerature. Using bottom-up approaches based on typical ex-
duced livestock consumption in developed regions leads to &retion rates and Ncontent of manureyosier et al.(1998
lower importance of manure and a generally lower harvest oland Bouwman et al(2011) calculate total excretion to be
Ny in these regions. above 100 Tg N Smil (1999 assumes total excretion to be

significantly lower with only 75TgIN Our top-down ap-

proach, using the fairly reliable feed data of the FAOSTAT
4 Discussion database, can support the higher estimatedladier et al.

(1998 and Bouwman et al.(2011), with an estimate of
This study aims to create new estimates for the current statd11 TgN. The same global total of 111 TgNan be ob-
and the future development of the agriculturaldycle. For  tained bottom-up if one multiplies typical animal excretion
this purpose, we adapted the land-use model MAGPIE to calates taken fromEggleston et al(200§ with the number
culate major agricultural Nflows. As will be discussed in  of living animals FAOSTAT, 201]). Yet, regional excretion
the following, the current size of the,Nycle is much higher  rates diverge significantly; the top-down approach leads to
than previously estimated. The future development of the N considerably higher rates in Africa and the Middle East and
cycle depends largely on the scenario assumptions, which wwer rates in South and Pacific Asia.
based on the SRES storylindsakicenovic et a].2000. We Biological N; fixation is another flow of high uncertainty
expect the future rise of the,Nycle to be higher than sug- and most studies still use the per ha fixation rateSmwil
gested by most other studies. Thereby, the livestock sectof1999 for legumes, sugarcane and free-living bacteria. Cur-
dominates both the current state and future developmentgently no better estimate exists for free-living bacteHi:
The surge of the Ncycle will most likely be accompanied ridge et al, 2008§. However, they contribute only a minor in-

by higher N pollution. put to the overall Nbudget with little impacts on our model
results. To estimate the fixation by legumes and sugarcane,
4.1 The current state of the agricultural N; cycle we use a new approach based on percentages of plal@-N

rived from fixation, similar toHerridge et al(2008. This,
Data availability for N flows is poor. Beside the consump- in combination with total above- and belowground é¢én-
tion of inorganic fertilizer, no N flow occurs in official  tent of a plant, can predict;Nixation more accurately. How-
statistics. Even the underlying material flows, like produc- ever, the parametrisation éferridge et al(2008 probably
tion and use of crop residues or animal manure are usuallpverestimates Nfixation, especially for soybeans. Most im-
not recorded in international statistics. Therefore, indepen{portantly, the N content of the belowground residues as well
dent model assessments are required, using different methoas the shoot: root ratio seem too high when comparing them
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with Eggleston et al(2006, Sivakumar et al(1977 or Do- Table 3. Comparison of global cropland soil balances.

gan et al(2011]). Also the N content of the shoot seems too

high given that soybean residues have a much loweroN- This Smil  Sheldrick  Liu
tent than the beang(itsch 2007 Wirsenius 200Q Eggle- study (1999b)  (1996)  (2010)
ston et al.2006. Correcting the estimates bferridge et al. Base year 1995 1995 1996 2000
(2008 for the water content of the harvested crops further re-

duces their estimate. If one finally accounts for the difference  OUT

in base year between the two estimates, with global soybean crops 50 50 63 52
production increasing by 69 % between 1995 and 2005, we  Crop residues 31 25 38 29
come to a global total fixation from legumes and sugarcane Fodder 13 10 - -
of 9 Tg N, in 1995 as opposed to 21 Tg i 2005 in the case Fodder residues 4 - - -
of Herridge et al(2008. Our estimate is in between the esti- BG residues 17 - - -
mates ofSmil (1999 andSheldrick et al(2002, even though IN

we used a different approach. -

Accumulation or depletion of Nin soils has so far been Residues 12 14 23 11
neglected in future scenarioBguwman et al.2009 2011J), E%d?:;i;izgues 1171 __ __ __
assuming that soil organic matter is stable and all excessive N

. .. . Legume fixation 9 10 8

N, will volatilise or leach. .However, the assumption _of a Other fixation 10 1 N }22
steady state for soil organic matter should not be valid for  rixation fodder 11 12 _ _
land conversion or for the cultivation of histosols. Our rough  atm. deposition 15 20 22 14
bottom-up calculations estimate that the depletion of soil  Manure on field 24 18 25 17
organic matter after transformation of natural vegetation or  Seed 2 2 - -
pasture to cropland releases 25 Tigdér year. With a yearly Irrigation water - 4 - 3
global average release of 122 kg per ha newly converted Sewage - - 3 -
cropland, the amount of Neleased may exceed the nutri- ~ Soil organic 25 - - -
ents actually required by the crops, especially in temperate, Matter loss
carbon rich soilsVitousek et al.(1997 estimates that the Fgrnhzer 8 8 8 68

I . . Histosols - - - -
cultivation of histosols and the drainage of wetlands releases
another 10 Tg Nper year, although it is unclear how much BALANCE
thereof enter; agricultural systems. ' Total OUT 115 85 101 81

The total size of the cropland;Nbudget is larger than es- Total OUT* 115 105 134 114
timated by previous studies. This can be attributed less t0  Total IN 205 169 159 137
a correction of previous estimates than to the fact that past Total IN* 212 217 232 198
studies did not cover all relevant flows. In Tal3eve sum- Losses 91 80 75 67
marise cropland input and withdrawals mentioned by previ-  Losse$ 98 112 97 84
ous studies. The sum of all withdrawals (Total OUT) ranges  NUpE 0.56 0.50 0.64 0.59
between 81 and 115 TgNHowever, if the unconsidered NUpE" 054 048 0.58 0.58
flows are filled with estimates from other studies, the cor-  SNUPE 051 042 0.62 0.51

SNUpE* 0.49 0.42 0.54 0.48

rected withdrawals (Total OUY shifts to 105-134TgN
The same applies to inputs, where the range shifts and nar- *pata gaps are filled with estimates from other studies. We use estimates by this
rows down from 137—205 TgNotaI inputs (Total |N) to study if availablg; for irrigation we u&Bm'iI (1999, for sewageSheldrick et al.
X i (2002, and for histosols no estimate exists.
198-232 Tg Ntotal inputs when all data gaps are filled (To-
tal IN*). The N uptake efficiency (NUpBE), defined as the
fraction of IN* which is incorporated into OUTremains
within the plausible global range of 0.35-0.65 defined by
Smil (1999 for all studies. In our study, this holds even The simulation of the widely used SRES storylindskicen-
for every MAgPIE world region. SNUpE and SNUplre  ovic et al, 2000 facilitates the comparison with other studies
slightly higher, with 49 % and 51 % of Napplied to soils be-  like Bouwman et al(2009 or Erisman et al(2008 and al-
ing taken up by the roots of crops. The corrected estimatesows for the integration of our results into other assessments.
for total losses (Lossépis, with 84—-112 Tg N significantly =~ However, the SRES storylines provide only a qualitative de-
higher than previously estimated. scription of the future. In the following, the key assumptions
underlying our parametrisation and model structure shall be
discussed.
All SRES storylines tend to assume a continuation of cur-
rent trends, without external shocks or abrupt changes of

4.2 Scenario assumptions
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dynamics. They merely diverge in the interpretation of pastsoil N, uptake efficiency (SNUpE). Other indicators of N
dynamics or the magnitude of change assigned to certaiefficiency relate Ninputs to crop biomass. They include for
trends. Population grows at least until the mid of the 21stexample N use efficiency (NUE), defined as grain dry matter
century, and declines first in developed regions. Per-capitalivided by N inputs Dawson et al.2008, and agronomic
income grows throughout the century in all scenarios and alkefficiency of applied N (AEy), defined as grain dry matter
world regions, and developing regions tend to have higheiincrease divided by Nfertilizer (Dobermann2005. Com-
growth rates than developed regions. This has strong implipared to these indicators, Nptake efficiency (NUpE) indi-
cations on the food demand, which is driven by both pop-cates the share of all;Nhputs that is incorporated into plant
ulation and income growth. As food demand is a concavebiomass Dawson et al.2008. Under the condition that all
function of income, it depends mostly on the income growth N; inputs (including the release of soil)\are accounted for,
in low-income regions. In the first half of the century, the this share has the advantage of an upper physical limit of 1.
pressure from food demand is therefore highest in the highN, withdrawals cannot exceed; fhputs. At the same time,
income Al scenario. In the second half, the A2 scenario alsdhis indicator reveals the fraction of losses connected to the
reaches a medium income and therefore a relatively high peapplication of N inputs. SNUpE is similar to NUpE, but re-
capita food demand. Additionally, the population growth di- gards only soil inputs and withdrawals and excludes sged N
verges between the scenarios in the second half of the ceras well as internal biological fixation from legumes and sug-
tury, with the A2 scenario reaching the highest world pop- arcane. Prior to the uptake by the plant, these inputs are not
ulation and as a consequence the highest food demand. Asubject to leaching and volatilisation lossgg¢leston et a).
food demand is exogenous to our model, price effects on con2006), and denitrification losses are also inconsideraRiz (
sumption are not captured by the model. However, even irchette and Janze2005. Therefore, one regional value of
the A2 scenario the shadow prices (Lagrange multipliers) ofSNUpE suffices to simulate that NUpE of fixing crops is
our demand constraints increase globally by 0.5% per yeahigher compared to the NUpE of normal cropefples and
until 2045, with no region showing higher rates than 1.1 %.Herridge 1990.
This indicates only modest price pressure, lagging far behind The level of SNUpE is in our model an exogenous scenario
income growth. parameter for future simulations which has a large impact on
Concerning the productivity of the livestock sector, we as-the estimates of inorganic fertilizer consumption angDN
sume that the feed required to produce one ton of livestoclemissions. If SNUpE would be 5 percentage points lower,
product is decreasing in all scenarios, even though at differfertilizer consumption would increase by 8 to 10 % in 2045,
ent rates. Starting from a global level of 0.62 kg N in feed perdepending on the scenario. At the same time, total agricul-
ton livestock product dry matter, the ratio decreases to 0.4ural NoO emissions would increase by 11 to 15 %. If fertil-
(A1) or 0.52 (B2) in 2095 (see Supplement). A critical as- izer efficiency would increase by 5 percentage points, fertil-
pect is that as all regions converge towards the European feeder consumption would fall by 7 to 8 % and emissions would
baskets, no productivity improvements beyond the Europeanlecrease by 9 to 13 %. As the magnitude pflbws is higher
level take place. Beside the improvement of feed baskets, than some scenarios, &5 % variation of SNUpE translates in
amount of feed is also determined by the mix of livestock the Al scenario into a change of fertilizer consumption of
products, with milk and eggs requiring less iN feed than  —32 to +37TgN and a change of1.1 to +1.3Tg NO-
meat. As we could not find a historical trend in the mix of N of emissions in 2045, while in the B2 scenario fertilizer
products FAOSTAT, 2011), we assumed that current shares changes only by-20 to +24 Tg N and emissions by-0.7 to
remain constant in the future. This causes continuing hight0.8 Tg NbO-N.
feeding efficiencies in Europe and North America, where the The future development of SNUpE is highly uncertain. It
share of milk and non-ruminant meat is high. depends on numerous factors, most importantly on the man-
As we calculate our livestock excretion rates based on theagement practices like timing placing and dosing of fertil-
feed mix, the increased feeding efficiency also translates intézers and the use of nutrient trap crops. Also, a general im-
lower manure production per ton livestock product. At the provement of agricultural practices like providing adequate
same time, our scenario assumptions of an increasing sharoisture and sufficient macro- and micronutrients, pest con-
of either anaerobic digesters or daily spread in manure mantrol and avoiding soil erosion can contribute their parts. Fi-
agement also lead to higher recycling rates of manure exnally, climate, soils, crop varieties and the type of nutrient
creted in confinement. Even though with increasing develop-inputs also influence Nuptake efficiency. The complexity of
ment an increasing share of collected manure is applied alsthese dynamics and the numerous drivers involved still do not
to pastureland as opposed to cropland, the amount of appliedllow making long-term model estimates for &fficiencies,
manure N per unit crop biomass remains rather constant.but this should be a target for future research.
Due to the increasing Nefficiency, its ratio relative to other Meanwhile, we use SNUpE as an explicitly defined sce-
Ny inputs like inorganic fertilizers increases. nario parameter. As it descriptively indicates the share of
Our closed budget approach to calculate future inorganidosses, and as the theoretical upper limit of 1 is clearly
fertilizer consumption is based on the concept of croplandfixed, it makes our model assumptions transparent and
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easily communicable. Our assumptions concerning the dematter loss injected 133 Tg new; fhto the N cycle. Our
velopment of SNUpE are rather optimistic. In 1995, none of scenarios suggest that this surge will persist into the future,
the 10 world regions reached a SNUpE of 60%, and fourand will not stop before the middle of this century. The de-
regions (CPU, FSU, PAS, SAS) were even below 50 %. Thevelopment is driven by a growing population and a rising de-
current difference between the region with the lowest SNUpEmand for food with increasing incomes, along with a higher
(CPA with 43%) and the region with the highest SNUpE share of livestock products within the diet. The N har-
(EUR with 57 %) is thereby still lower than the difference vested crops may more than triple. Fixation by inorganic fer-
of EUR and our scenario parameter of 70 % for the environ-tilizers and legumes as well as recycling in the form of crop
mentally oriented scenarios. residues and manure may also increase by a factor of 2—3.
We assumed that trade liberalisation continues in all sce- Our top-down estimates of future animal excreta are
narios, even though at different paces. The trade patternkigher than the bottom-up estimates Bpuwman et al.
diverge strongly between the scenarios, even though cer2011). In our scenarios, Nexcretion rises from 111 Tg,N
tain dynamics persist. Sub-Saharan Africa, Europe and Latinn 1995 to 217 Tg N (B1)-262 Tg N (Al) in 2045.Bouw-
America tend to become livestock exporting regions, whileman et al.(2011) estimate that Nexcretion increases from
South, Central and Southeast Asia as well as the Middle East02 Tg N in 2000 to 154 TgNin 2050. These differences
and Northern Africa become importers of livestock products.are caused by diverging assumptions. Firstly, wBitaiw-
On the other hand, sub-Saharan Africa and Pacific Asia beman et al(2011) assume an increase of global meat demand
come importers of crop products, while the former Sovietby 115 % within 50yr, our study estimates an increase by
Union and Australia become exporters of crops. Trade dy-136 % (A2)-200% (Al). Secondgouwman et al(2011)
namics in MAgPIE are determined partly on the basis ofassume rising Nexcretion rates per animal for the past, but
historical trade patterns, partly by competitiveness. Howeverconstant rates for the future, such that weight gains of ani-
certain other dynamics that are of great importance in realimals are not connected to higher excretion rates. As the cur-
ity, most importantly political decisions like tariffs or export rent excretion rates in developing regions are still lower than
subsidies, are not represented explicitly in the model. Duen developed regiondRCC, 1996), this assumption will un-
to the uncertainty regarding trade patterns, regional producderestimate the growth of excretion rates in developing re-
tion estimates are therefore of higher uncertainty than globagions. Our implementation calculates excretion rates based
estimates. Trade patterns have strong implications on the Non the feed baskets and the N livestock products. Under
cycle. As soon as two regions are trading, the fertilizer con-the assumption that developing regions increasingly adopt
sumption also shifts from the importing to the exporting re- the feeding practices of Europe, this top-down approach re-
gion. Even more, sub-Saharan Africa currently imports cropssults in increasing excretion rates per animal in developing
and exports livestock products. Livestock fed with imported regions. However, as we assume no productivity improve-
crops contributes in the form of manure to the cropland soilments in developed regions, we tend to overestimate future
budgets and facilitates sub-Saharan Africa to use little inor-manure excretion in developed regions.
ganic fertilizer. Also in our future scenarios, the African live- N, release from soil organic matter (SOM) loss contributes
stock sector is very competitive and the inorganic fertilizer to the N budget also in the future, yet with lower rates. In
consumption does not increase until the mid of the centurythe environmentally oriented B scenarios, cropland expan-
A similar dynamic can be observed in Latin America, where sion and therefore also SOM loss almost ceases due to forest
inorganic fertilizer consumption also stays rather low. protection, while in the economically oriented scenarios, the
In our environmentally oriented scenarios B1 and B2,loss of SOM still contributes 10 (A1) and 18 (A2) Tg Ner
vulnerable ecosystems are protected from land expansioryear. In the A2 scenario the loss even continues at low rates
However, these protection schemes are assumed to be immntil the end of the century. The reduced inputs of soil or-
plemented gradually until 2045 and include only some ofganic matter loss have to be replaced by inorganic fertilizers.
the most vulnerable forest areas. Large forest areas are still Our estimates of inorganic fertilizer consumption are
cleared in the beginning of the century, most importantly in within the range of previous estimates. Figure 3 compares
the Congo river basin and the southern part of the Amazo-our results to estimates aberkow et al(2000, Davidson
nian rainforest. Due to the land restrictions in the B scenar{2012, Erisman et al(2008, Tilman et al.(2001), Tubiello
ios, crop yields have to increase faster to be able to settle thand Fische(2007) andBouwman et al(2009. The differ-

demand with the available cropland area. ences in estimates is enormous, ranging in 2050 from 68
(Bouwman et al.2009 to 236 Tg N (Tilman et al, 2001). In
4.3 The future expansion of the N cycle contrast tdBouwman et al(2009 andErisman et al(2008,

who also created scenarios based on the SRES storylines,
The size of the agricultural Ncycle has increased tremen- our highest estimate is the A2 scenario, while the other two
dously since the industrial revolution. While in 1860 agricul- models have the Al scenario as highest scenario. Also, our
ture fixed only 15 Tg N(Galloway et al.2004), in 1995 the  scenarios have in general a higher fertilizer consumption, es-
Haber—Bosch synthesis, biological fixation and soil organicpecially compared t@ouwman et al(2009. This may be
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Fig. 3. Fertilizer consumption: historic dataset IFADATA (2011, SRES scenario estimates Byisman et al(2008, Bouwman et al.
(2009, Tubiello and Fischef2007 and our study, as well as other estimateDayidson(2012, Daberkow et al(2000 andTilman et al.
(2001).

rooted in a different scenario parametrisation and a differento 2005 captures the observed development with a range of
methodological approach: Our scenarios assume a strong de-1.5% (B1) to +2.4 % (A2) between the scenarios. Due to
mand increase also for relatively low income growth as wetrade our regional fertilizer projections are more uncertain
explained in Sec#.2 At the same time, low income growth than the global ones (see Set). Our results still meet the
goes along with slow efficiency improvements in production. actual consumption trends of the last decades for most re-
The combined effects explain the strong rise of inorganic fer-gions. However, fertilizer consumption in India rises slower
tilizer consumption in the A2 scenario. At the same time, ourthan in the past or even stagnates, while the Pacific OECD
estimates are based on a top-down approach, compared tegion shows a strong increase in fertilizer consumption.

the bottom-up approach &ouwman et al(2009 2011) or The range of our scenario outcomes is large for all N
Daberkow et al(2000. Both approaches have advantagesflows, and continues to become larger over time. It can be
and disadvantages. Data availability for bottom-up estimate®bserved that the assumptions on which the globalised and
of fertilizer application is currently poor, and may be biased environmentally oriented scenarios are based lead to a sub-
by crop-rotations and different manure application rates. Ourstantially lower turnover of the Ncycle than the regional
top-down approach has the disadvantage that it has to relfragmented and economically oriented scenarios.

on an exogenous path for the development pliptake ef-

ficiency. Also, as the closing entry of the budget, it accumu-4.4 The importance of the livestock sector

lates the errors of other estimategdfiddws. But the top-down ) ) ) )

approach has the advantage that it can consistently simulatEn® agricultural Ncycle is dominated by the livestock sec-

substitution effects between different sburces or a change {OF- According to our calculations, livestock feeding appro-
in crop composition. This is of special importance if one sim- Priates 40% (25Tg) of Nin global crop harvests and one

ulates large structural shifts in the agricultural system like anthird (11Tg) of N-in aboveground crop residues. Conver-

increasing importance of the livestock sector. sion byproducts add another 13 Tgtd the global feed mix.
Data on historic fertilizer consumption is providedigp- ~ Moreover, 70 TgNmay be grazed by ruminants on pasture

DATA (2011 andFAOSTAT (2011). Both estimates diverge land, even though this estimate is very uncertain due to poor

as they use different data sources and calendar years. Gifit@ availability on grazed biomass anddéntent of grazed
a regional level, differences can be substantial. FAO's estiPasture. The feed intake of 123 Tg results in solely 8 TN

mate for fertilizer consumption in China in the year 2002 is llVestock products. _ _

13% higher than the estimate by IFA. ABADATA (2011) In developed countries, the relative share of animal calo-
provides longer continuous time series, we will refer to ries in total consumption already declined in the last decades.
this dataset in the following. Fertilizer consumption betweenHoWever, developing and transition countries still feature
1995 and 2009IFADATA , 2011 grows by +1.8 % per year. & Massive increase in livestock consumpquSTAT, .
The estimates ddaberkow et al(2000 andBouwman et al. 2011). According to our food demand projections, the ris-
(2009 2011) show lower growth rates 0£0.4 % to +1.7 % ing global demand for livestock products will not end before
over the regarded period of 20 to 50yr. Our 50yr averagethe middle of the century. In the secqnd half_ of the century,
growth rate also stays with +0.9 % (B1) to +1.7 % (A2) below POth an upward or a downward trend is possible.

the observations. Yet, our short-term growth rate from 1995
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More efficient livestock feeding will not necessarily re- inthe range of 3.0 to 4.9 Tg4D-N. This only covers parts of
lieve the pressure from the;Mycle. Although the trend to- the uncertainty, as the underlying activity data is also uncer-
wards energy efficient industrial livestock feeding may re- tain. Finally, actual agricultural emissions should be slightly
duce the demand for feed, this also implies a shift from pas-higher than our estimate, as we do not cover all agricultural
ture grazing, crop residues and conversion byproducts toN>O emission sources of the National Greenhouse Gas In-
wards feedstock crops. Pasture grazing and crop residues d@ntories Eggleston et al.2006 and as also these invento-
not have the required nutrient-density for highly productive ries have no full coverag€rutzen et al(2008, using a top-
livestock systemsWirsenius 2000. According to our cal-  down approach, estimate total agriculturalNemissions in
culations, conversion byproducts today provide one fourth2000 to be in the range of 4.3t0 5.8 Tg@®-N, which is mod-
of the proteins fed to animals in developed regions. Latinestly higher than our estimate of 3.4 to 5.5 (90 % confidence,
America exports twice as much, s conversion byproducts mean: 4.4) Tg NO-N in the year 2000.
as in crops. At the same time, Europe cannot settle its con- Compared to the SRES marker scenaridakjcenovic et
version byproduct demand domestically. Conversion byprod-al., 2000, our results suggest that emissions will increase
ucts will not be sufficiently available if current industrialised with substantially higher growth rates in the first half of the
feeding practices are adopted by other regions. The feedstoabentury. Especially in the case of the A1 and B2 scenar-
crops required to substitute conversion byproducts, pastur@s, we come to 66 % (Al) and 36 % (B2) higher cumula-
and crop residues will put additional pressure on the crop-ive emissions over the century. In scenario A2 our estimates
land N flows. The pressure on pasture however will mostare continuously approximately 20% lower (A2), while in

likely be only modest. the B1 scenario cumulative emissions are 6 % higher (B1)
but occur later in the century (Fi®). None of our agri-
4.5 The future expansion of N pollution cultural ;O emission scenarios would be compatible with

the RCP2.6 scenario, which keeps the radiative forcing be-
All N, that is not recycled within the agricultural sector is a low 2.6 mﬂz in 2100 (Moss et al,. 1998. To reach a sustain-
potential environmental thregBouwman et al(2009 esti- able climate target, explicit GHG mitigation efforts would
mate that over the next 50 yr, only 40—60 % of the lostuNI therefore be required even in optimistic scenarios. If the non-
be directly denitrified. The remaining;Mill either volatilise  agricultural NO emissions grow in similar pace than agri-
in the form of NO, NG, and NH, or leach to water bodies. cultural ;O emissions, the A2 scenario might even outpace
With the surge of the Ncycle, air, water and atmospheric the RCP8.5 scenario.
pollution will severely increase, which has strong negative In the beginning of the century, the uncertainty of emission
consequences for human health, ecosystem services and tparameters is much larger than the spread of scenario mean
stability of ecosystems. values. Only in the second half of the century, the differences
Along with local and regional impacts, it is still under de- of the scenarios are of similar magnitude to the emission pa-
bate whether a continuous accumulation ethuld destabi- rameter uncertainty. While the scenarios are just represen-
lize the earth system as a whokRdckstbm et al, 20093ab). tative pathways and have no pretension to cover a specific
While there is little evidence supporting abrupt changes onprobability space, this still indicates that a better represen-
a global level, N pollution contributes gradually to global tation of the underlying biophysical processes would largely
phenomena such as biodiversity loss, ozone depletion anamprove our emission estimates.
global warming. For the latter two, 4D emissions play a
crucial role. NO, is currently the single most important
ozone depleting substance, as it catalyses the destruction 6f Conclusions
stratospheric ozondR@vishankara et al2009. In addition,
N20O has an extraordinarily long atmospheric lifetime and The current state of the global agricultural éycle is highly
absorbs infrared radiation in spectral windows not coverednefficient. Only around half of the Napplied to cropland
by other greenhouse gasedgtfusek et al. 1997). Fortu- soils is taken up by plants. Furthermore, only one tenth of
nately, the greenhouse effect 0f® might be offsetby N@Q  the N in cropland plant biomass and grazed pasture is actu-
and NH, emissions. By reducing the atmospheric lifetime of ally consumed by humans. During the 21st century, our sce-
CHyg, scattering light and increasing biospheric carbon sinksnarios indicate a strong growth of all major flows of the N
these emissions have a cooling eff@tifterbach-Bahl et gl.  cycle. In the materialistic, unequal and fragmented A2 sce-
2011. nario, inorganic fertilizer consumption more than triples due
According to our calculations, /0 emissions from man- to a strong population growth and slow improvement in N
aged soils and manure contributed 3.9 NN, or approxi-  efficiencies in livestock and crop production. In the prosper-
mately half of total anthropogenicJ® emissionsYuurenet  ous and materialistic A1 scenario, the strong increase of live-
al., 2011). However, the uncertainty involved is high. The re- stock consumption in the first half of the century and the in-
sult of our Monte Carlo variation of the emission parametersdustrialisation of livestock production quadruple the demand
suggests that the emissions may lie with a 90 % probabilityfor N, in feed crops already in 2045. In the heterogeneous,
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Fig. 4. Total anthropogenic YO emissions: historic emissions, highest and lowest RCP scendltiosef et al.2011). NoO emissions from

soils and manure: historic estimates for 1970-2008 of the EDGAR 4.2 datdb@s#R(C/PBL.2011), a top-down estimate bgrutzen et

al. (2008 for the year 2000, the SRES marker scenariekjcenovic et al.2000 for 1990-2100 and our scenarios for the SRES storylines

for 1995-2095. The shaded areas represent a 90 % probability range in respect to the uncertainty of emission parameters of our A2 and B!
scenarios. Our Al and B2 scenarios have a similar relative uncertainty range.

environmentally oriented B2 scenario, food demand is lower,potential to be produced more efficiently, both concerning the
especially in the first half of the century. However, the live- amount of N required for one ton of output and the composi-
stock sector productivity is improving only slowly and re- tion of feed with different N footprints; (e) higher shares of
quires high amounts of Nn feed. Finally, even in the glob- animal manure and human sewage could be returned to farm-
alised, equitable, environmental B1 scenaripimharvested lands Wolf and Snyder2003; (f) nutrient uptake efficiency
crops more than doubles and fertilizer consumption increasesf plants could be improved by better fertilizer selection, tim-
by 60 % and emissions by 23 % until the end of the century,ing and placing, as well as enhanced inoculation of legumes
with a peak in the middle of the century. In this scenario, (Herridge et al.2008 Roberts 2007); (g) finally, unavoid-
the low meat consumption and large &fficiency improve-  able losses to natural systems could be directed or retained
ments both in livestock and crop production are outbalancedo protect vulnerable ecosystendsisson et gl1994.
by population growth and the catch-up of the less developed
regions with the living standard of the rich regions. _

Losses to natural systems will also continuously increaseAppendix A
This has negative consequences on both human health and
local ecosystems. Moreover, it threatens the earth system dgxtended methodology
a whole by contributing to climate change, ozone depletion
and loss of biodiversity. Nmitigation is therefore one of the
key global environmental challenges of this century.

Our model of the agricultural sector as a complex interre-
lated system shows that a large variety of dynamics influenc
N; pollution. Each process offers a possibility of change,

such that mitigation activities can take place not only where, ) . .
9 P y Waha et al.2012. It takes into account regional economic

pollution occurs physically, but on different levels of the agri- conditions as well as spatially explicit data on potential cro
cultural system: (a) already at the household level, the con- b y exp P b

. . ) yields and land and water constraints, and derives specific
sumer has the choice to lower hig Footprint by replac- . .
; . : . : land-use patterns, yields and total costs of agricultural pro-
ing animal with plant calories and reducing household waste; . . . . .
) . duction for each grid cell. The following will provide only a
(Popp etal.201Q Leach et al.2012); (b) substantial wastage . . I X .
) i : brief overview of MAgPIE, as its implementation and vali-
during storage and processing could be avoidgasfavsson o . .
i . . . . . dation is presented in detail elsewhelretze-Campen et al.
et al, 2011); (c) information and price signals on the envi- .
. . - 2008 Popp et al.201Q 2012 Schmitz et al.2012).
ronmental footprint are lost within trade and retailing, such :
: . The MAgGPIE model works on three different levels of
that sustainable products do not necessarily have a mark%t.

. i : isaggregation: global, regional, and cluster cells. For the
advantagegchmitz et al.2012; (d) livestock products have model-runs of this paper, the lowest disaggregation level

Al Model of Agricultural Production and its Impact on
the Environment (MAgPIE): general description

MAgQPIE is a global land-use allocation model which is

(ﬁnked with a grid-based dynamic vegetation model (LPJmL)
(Bondeau et a] 2007 Sitch et al, 2003 Gerten et a].2004
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contains 500 cluster cells, which are aggregated from 0.%ion (P(x,)f,rlf’,?) and its use (Pe)® ). All parameters are
grid cells based on an hierarchical cluster algorittibret- described in Tablé2. The superscripts are no exponents,
rich, 2017). Each cell has individual attributes concerning but part of the parameter name. The arguments in the sub-
the available agricultural area and the potential yields for 18scripts of the parameters include most importantly time (
different cropping activities derived from the LPIJmL model. regions (), crop types) and livestock typed) (TableAl).
The geographic grid cells are grouped into ten economic
world regions (Fig.1). Each economic region has specific A2 Crop residues and conversion byproducts
costs of production for the different farming activities de- ]
rived from the GTAP modelchmitz et al.2010). A2.1  Crop residues

Food demand is inelastic and exogenous to the model, aE :
described in further detail in the Se&4. Demand distin- ggleston et al_.(ZOOQ offer one of the few consistent
guishes between livestock and plant demand. Each calorigatasets to est|_mate both aboveg_ro_und (AG) and below-
demand can be satisfied by a basket of crop or Iivestoc:kground (BG) residues. Also, by providing crop-growth func-

products with fixed shares based on the historic consumpyor.‘S (CGF) m_stead O.f fixed _harvest indices, it can vyell de-
escrlbe current international differences of harvest indices and

consumption of different crop products. also their development in the future. The methodology is thus

The demand for livestock calories requires the cultivationWeII eligible for global long-term modelling=ggleston et al.

of feed cropsWeindl et al.(2010) uses a top-down approach (2006 proyide linear CGFs with positive intercept for cere-
to estimate feed baskets from the energy requirements OzFIs,_Iegummous Crops, potatoes and grasses. As no V"?"“es are
livestock, dividing the feed use froAOSTAT (2011 be- available for the oilcrops rapeseed, sunflower, and oilpalms
tween the five MAGPIE livestock categories. as well as sugar crops, tropical roots, cotton and others, we

Two virtual trading pools are implemented in MAGPIE use fixed harvest indices for these crops base\érsénius

which allocate the demand to the different supply regions.200Q Lal, 2005 Feller et al, 2009). If different CGFs are

The first pool reflects the situation of no further trade liberal- available for crops within a crop group, we build a weighted

isation in the future and minimum self-sufficiency ratios de- 2/¢"29€ b(%ffd Sgrf]fsthe pr%gfljctlon n 1995. The resulting pa-
rived fromFAOSTAT (2011) are used for the allocation. Self- ameters~==, ;= andr,”" are displayed in Tabl&3.

sufficiency ratios describe how much of the regional agri- The AG crop residue production )], 7 is calculated as

cultural demand quantity is produced within a region. The 5 function of harvested productiomﬁ)gzof and the physical

second pool allocates the demand according to comparativgreaxtarje«';1 .» and BG crop production as a function of total

advantage criteria to the supply regions. Assuming full liber- ahoveground biomass.
alisation, the regions with the lowest production costs per ton

will be preferred. More on the methodology can be found in P(x,)P°%29 .= > xaea oot (A1)
Schmitz et al(2012). v jelw
The non-linear objective function of the land-use model prod cgfs
+P(xt)l‘,l',v Ty

is to minimise the global costs of production for the given
amount of agricultural demand. For this purpose, the opti-P(x) "9 := (P(x)P"0 + P(ax)P'e %) - r§o (A2)
mization process can choose endogenously the share ofeach ) )
cell to be assigned to a mix of agricultural activities, the share While it is assumed that all BG crop residues remain
of arable land left out of production, the share of non-arable®" the field, the AG residues are assigned to four different
land converted into cropland at exogenous land conversioffategories: feed, on-field burdnmg, recycling and other uses.
costs and the regional distribution of livestock production. Residues fed to livestock (B)); ; 5 feeq are calculated based
Furthermore, it can endogenously acquire yield-increasing®n livestock production and livestock and regional specific
technological change at additional coddsdrich, 2011). For residue feed baskestg’if% fromWeindl et al.(2010. The de-
future pr.ojections, Fhe model works in time steps of 10yr in 1,4 rises with the increase in livestock production trpId

a recursive dynamic mode, whereby the technology level of . ; sag T

crop production and the cropland area is handed over to th@nd can be settled either by residuési; ; | “req Or by addi-

next time step. tional feedstock crops(l?,)gj,’v’sag The latter prevents that

The calculations in this paper are created with the model-crops are produced just for their residues.
revision 4857 of MAgPIE. While a mathematical description

dsag _ prod fb_ag
of the core model can be found in the Supplement, the fol- D PO); s ateed= D _(POOL et Tty (A3)
lowing SectsA2, A3 andA4 explain the model extensions " Ly
which are implemented for this study. The interface between —P(x,)?j’l’v’sag)

the core model and the nutrient module consists of crop-
land area ¥2'¢2 ), crop and livestock dry-matter produc- Residue burning (Bt)giif’bum) is fixed to 15 % of total AG
crop residue dry matter in developed and 25 % in developing
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Table Al. Attributes.

Set  Description Elements

t timesteps y1995 (1), y2005 (2) .. y2095 (11)

i economic world regions AFR, CPA, EUR, FSU, LAM, MEA, NAM, PAQ, PAS, SAS (Hip.

j cells, each assigned to a region 1:300

(IaFr= {1..30},...)

w irrigation irrigated, rainfed

v crops temperate cereals, maize, tropical cereals, rice, soybeans, rapeseed, groundnut, sunflower,
oilpalm, pulses, potatoes, tropical roots, sugar cane, sugar beet, fodder crops, fibres, others

[ livestock ruminant livestock, non-ruminant livestock, poultry, eggs, milk

k products vUl

f feeding systems grazing on cropland (grazc), grazing on pasture (grazp), animal houses (house)

c animal waste management systems  anaerobic lagoons, liquid/slurry, solid storage, daily spread, anaerobic digester, chicken
layers, pit storage: 1 month, pit storage- 1 month, others

u product use food (food), feed (feed), seed (seed), other use (other), substitution for byproducts (sby),
substitution for aboveground crop residues (sag)

r AG residue use feed (feed), recycling to soils (rec), burning in the field (burn), other use (other)

b conversion byproduct use feed (feed), other use (other)

dsag

regions for each crop. Other removals()(B, i Lo, Other) are byproducts from other regions can be imported or the model
assumed to be only in developing regions of major impor-can also feed feedstock cropsp9s

t,i,l,v,sby
tance and is set in these regions to 10 % of total residue dry
matter productiongmil, 1999. All residues not assigned to b b
feed, food, burning or other removals are assumed to remain  P(x))} 1y : ZP( x)98 e (A5)
in the field (th)g?i?rec)- Trade of residues between regions
is not considered. P(xt)f’j?ﬁ’feed = Z(P(xt)fr,old :t; ?),l, (AB)
prodag dsag

PG}y ZP( X (A4) P, )

t,i,l,v,shy
A2.2 Conversion byproducts ZP( t)frlozi by ZP( z)?,&,?fb (A7)

1
Conversion byproducts are generated in the manufacturing
of harvested crops into processed food. Of major importance, 3 N, flows
are press cakes from oil production, molasses and bagasses
from sugar refinement and brans from cereal milling. While
they are also consumed as food, used for bioenergy produtfa‘3 1 Attributes of plant biomass, conversion
tion or as fertilizer, their most important usage lies currently byproducts and food
in livestock feeding. Until recently, they were also reported
in FAOSTAT. As the feed baskets used by MAgPIE from The parametrisation of the goods represented in the model
Weindl et al.(2010 are not in line with the then unpublished is a core task in a material flow model. From the litera-
but probably more accurate statistics FEOSTAT (2011), ture, we derived Ncontent of dry matter of harvested organs
we decided to use the latter estimates on production andy harveSt(W'rsen'US 2000 Fritsch 2007 FAO, 2004 Roy et
use (for feed or other purposes). We distributed the byprodal., 2006, aboveground crop residuei’® (Wirsenius 200Q
ucts between the different livestock production types propor-Fritsch 2007 FAO, 2004 Eggleston et al.2006 Chan and

tional to their energy in the feed baskets friteindl et al. Lim, 1980, belowground crop residueé,\'bg(Eggleston et

(2010 to create livestock-specific feed baskets for conver-al, 2006 Fritsch 2007 Wirsenius 200Q Khalid et al, 2000
sion byproduct%tsz % and conversion byproduotgl Y(Wirsenius 200Q Roy et al,

In the model, the production of 8 different conversion 2006 (Table A3.1). For the aggregation to MAgPIE crop

byproducts I?x,)f”lolftby (brans, molasses and 6 types of oil- groups, we weighted the parameters of each crop group with

cakes) is linked to the total domestic Supﬂyp(xt)t S 1 Of its global dry matter biomass in 1995. In the case of missing
values for a specific FAO crop, we adopted the parametrisa-

their belonging crop groups (Tab#e.1) by a factorr, tion of a selected representative crop of its crop group (e.g.
fixed to the ratio of conversion byproduct product|0n to their we assign the value of wheat, being the representative crop
belonging crop domestic supply in 1995A0STAT, 2011). of temperate cerealdo the FAO itemmixed grair). The N

If the demand for byproducts is higher than the production,in crop and residue production and its subsequent use is thus

by conv
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Table A2. Parameters, descriptions and units (all units per year).Table A2. Continued.

The name of the equivalent parameteEiggleston et al(2006 is

indicated in brackets.

Parameter Description Unit
Area
Xf"jei‘ w Cropland area under cultivation Mha
P(x,)',a?dcon" Land conversion Mha
Production
prod
Px t)tplrclfd Crop production TobM
NGO/ x ToNr
prod.ag
P(x’)fplrovdag AG residue production TobM
NGO TgNr
prod.bg
P(x’)tplrc;fdbg BG residue production TgbM
N(xr);, iv TgNr
P(x,)frlogby Conversion byproduct TgDM
N(x )?rlolt)iby production TgN
Domestic supply and its use
ds
PGy ; v Crop use TobM
N(Xt), i TgNr
dsag
Px t)tdl_{éé AG residues use TobM
NG, oy TgNr
ds by
Plx ’)f l 5 b Conversion byproduct use TgbM
N(xt), iv, b TgNr
N(x,)t ik Food supply TgN
;”lt ' Intake share of food supply TngE’,\‘,{A
NGt Intake ToN
P}b Trade balance reduction 1
obtained as follows:
prod | prod Nharvest
N(xl)l,i,v - P(xl)l iv (A8)
rod.a rod.a Na
NGl oy = POy 0oy (A9)
rod.b rod.b Nb
NCOp g =Py ey (A10)
Nh t
N(xf)t iovu " P(xf)t ivu v anves (All)
dsa dsa Na
N(m,,,,f, = P(x;);; vg, Tyl (A12)

A3.2 Manure management

Feed N is assigned to three feeding systenfy:(pasture

Parameter Description Unit

Crop growth functions, processing rates and biological fixation

oot AG residues intercept TT%th?M
yCots AG residues slope %
,59” AG to BG bhiomass ratio %
ribz—CO”V Conversion byproducts generated%Bm
per unit of crop production
/ndfa Plant N derived from atmospheric T2\
fixation
,L\lfix Fixation of free-living bacteria %\%
Products
rll)\lhafvest Nr content of harvested crops -rng%
~Nag Nr content of AG residues Tngé\l,\'A
b9 Ny content of BG residues Tnggl\r/l
Npast Nr content of grazed pasture %
,T'J\‘by Nr content of conversion byprod- ';rgglg\ll\r/l
ucts
R - . TgPr
rt Protein content of livestock prod- TgOM
ucts
pNtoPR Protein to N content ratios 9%
] TgPr

feedstock crops and conversion byproducts is assumed to be
eaten in confinement houses. Crop residues in developed re-
gions are fully assigned to house, while in developing regions
we assume that 25 % of the I residues are consumed di-
rectly on croplands during stubble grazinﬁffzc).

feed . ,fo-past prod  Npast
N S grazp= Trig  -POp P (A13)
feed _ fb_ag prod Nag grazC
N .grazc = Z Pyl -P(x Xty il (A14)
v
feed _ fb_by prod be
N(xt)tzlhouse— Z(lllv P(x f)tzl (A15)
v

Nharvest . fb_conc prod
+ry '(r;,iJ,U - P( t)t’i’]

d d
+ P(xt)t,?,l,v,sby + P(xf)tj,l,v,sag)

Nag (1 grazC‘)>

In a second step, we use a top-down approach to esti-
mate regional livestock specific annual averagesiktretion
rates, rooted in the Tier 2 methodology Bfigleston et al.

fb_ag
tllv

P(x )prod

t,i,l

+

grazing (grazp), cropland grazing (grazc) and animal house$2006. From the feed in all feeding systemg)(we subtract

(house). All N from pasture was assigned to grazp.ii

www.biogeo

sciences.net/9/4169/2012/
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Table A2. Continued. Table A2. Continued.
Parameter Description Unit Parameter Description Unit
Livestock Soil Budget
rfb-cone Feedstock crops in feed basket —iggm N (x;)ithd Soil Ny withdrawals ToN
tfbl . AG residues in feed basket % NG, Soil Ny inputs TgN
Ioss i
tfbl past Grazed pasture in feed basket % N(xt);; Soil Ny losses Tgh
SNUpE . . TgN,
r;‘b{% Byproducts in feed basket iggm i Cropland soil N uptake efficiency ToNr
dep . .
tg;azc Eraction of feed residues iggm NCxr), Atmospheric deposition of N ToNr
consumed during stubble grazing N(xt))fl_?lat Volatilisation of NO; and NH, TgNOKNHy
feed iotri i TgN - -
NCa) S, Feed Ndistributed to livestock gy nsom Ny release by soil organic matter  TgNy
types in feeding systems loss Fsowm)
I ; TgbM . .
i Ratio between marketable productgpy rpgm N release by soil organic matter -,E,?r']\‘ar
and whole body weight J 10SS
TgN,
r,Nl Whole body N content ngDM N(xt)fe.rt Inorganic N fertilizer (Fgy) ToN;
N(x,)t i Ny in whole animal bodies TgN N(x; )res Ny in recycled AG and BG residues TgN,
(Fcr)
tfs[ Lf Fraction of manure in feeding sys- ig“’ -
tem (based on M§.s) ' N(x,)FXFree N, fixed by free-living microor- TgNy
: : TaN ganisms fcRr)
rf?, . Fraction of manure managed in an-TgN’ m - - -
imal waste management systems ’ N(x,)t,l. Nr in manure ex_creted |n_an|mal TgNy
(based on M§ ) ho_uses and applied to agricultural
’ soils (Fam)
N(x;) &% I Ny in excretion (Ne(-r)) TgNr -
Lol g rt.mfp“t Fraction of manure in animal %m;
rtf‘j.e[' Fraction of manure collected for F’N' ' houses applied to cropland soils
h fuel o
N(xr);“lrCS Nr in manure applied or excreted TgN,
N(x,)f'?ss Manure N lost in animal houses TgNy on cropland soils
’ and waste management . .
9 N(x,)m -pS Ny in manure applied or excreted TgNy
on pasture soils
N(x,)%., and assume that the remaining I excreted as ~_EMSsions
manure. For meat products, we calculate thénNhe whole gasfert Fraction of industrial fertilizer N %
animal body Nxt)f',- ; using livestock product to whole body that volatises as NP and NH; '
ratios r§' from Wirsenius(2000, and whole body Ncon- (Fragasp
tentrN' based orPoulsen and Kristensh998 (TableAS). pjasawms Fraction of manure Nthat vola- %
¢ . . . r
For m|Ik and eggs, we calculate(kx,l)s' by the N con- tises in waste management facili-
tent in milk and eggsRoulsen and Krlstenseﬁ998 (Ta- ties as NQ and NH; (Fragasms
ble A5). N(x,)*! ;i1 Is assigned to one of the three feeding sys- lossawms Fraction of manure Nthat Tgl}erg)r\ll:lHy
tems by the parametejs Lfr which is based o&ggleston et is lost in waste management
al. (2009. (Fraq ossms)
prod’"[NI
N(Xt), il = P(xt),’i)l s (A16)
1 . .
chicken, sheep, goats and other animals, we used the default
feed arameters ofPCC (1996. The categorythersfor chicken
NG 1= NGy —rfS - NeoSh, (a17) P (1999 gorp

is assumed to bpoultry with litter.

In a third step, the Nexcreted in animal houses is divided  Not all the manure excreted in animal houses is recycled
between 9 animal waste management systetnaging the  within the agricultural system, but large fractions are lost to
parameter®$, . When available, we used the regional and volatilisation and leaching or is simply not brought out to the

t,i,l,c
livestock specmc shares frormaggleston et al(2006); for farmland. We use animal waste management system specific
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Table A3. Estimates of crop growth functions: AG residues inter-

cept ¢597), slope £59%) and AG to BG biomass ratio {°™) (for
Parameter Description Unit sources see text).
rgasm Fraction of manure Nthat vola- % oy ofs  cor
tises during application as NO Crop type (kcr) rvg, rvg, rvg,
and NH, (Fra
H (Fracasw Temperate cereals 0.58 1.36 0.24
rleach Fraction of N that leaches to water ig“; Tropical cereals 0.61 1.03 0.22
bodies (Frageach-H) Maize 0.79 1.06 0.22
o ) ) Ton Rice 246 095 0.16
tv Cor_gbustt)lon _factor for on-field ToN, Soybeans 1.35 093 0.19
residue burning) Rapeseed 0 186 0.22
pdir Direct emission factor for N inputs Tg%% Groudnut 154 107 019
to managed soils (& Sunflower 0 186 0.22
— Oilpalm 0 1.86 0.24
pdirrice Direct emission factor for N inputs Tg%% Pulses 079 089 0.19
to flooded rice fields (Efyr) Potatoes 106 010 020
rdir-house Direct emission factor for manure 7Tg¥sgr_'\' Tropical roots 0 08 020
excreted in animal houses (gF)) Sugar cane 0 067 007
" Sugar beet 0 054 0.20
r Ir-graz Direct emissions from manure 7Tg-'}ls(,ir_N Others 0 0.39 0.22
excreted on pasture, range and Fodder 0.26 0.28 0.45
paddock (Egprp Fibres 0 148 0.3
,indir_gas EZOEimission factor for volatised %
r (EFv) Table A4. N contents of harvested cropg¥{'@Ves§, aboveground
pindir-leach N, 0 emission factor for leached Tg%% crop residuesr'®9), belowground crop residues®®) and con-
Nr (ER) version byproductSr&\‘by) for the MAgQPIE crop types. All Ncon-
N,O(x; )fert N,O from industrial fertilizer TgNO—N tents are in % of dry matter biomass. Collected and aggregated
s - from Wirseniug(2000, Fritsch(2007), Eggleston et al2006, FAO
N2OCx); 7 N20 from crop residues T®O-N (2004, Roy et al.(2006, Chan and Lim(1980 andKhalid et al.
NZO(x,);‘} N>O from animal manure applied TgNo,O — N (2000.
to croplands . .
Nharvest .Nag  Nbg Nby
NoO(x; )p"let N,O from pasture range and TgN,O—N Crop type {) " v v v
paddock Temperate cereals 2.17 0.74 0.98
NoO(x; )house N,O from animal waste TgN,O—N Malz_e 1.60 0.88  0.70 2.93
management systems Tr_oplcal cereals 1.63 0.70 0.60
Rice 1.28 0.70 0.90
N20(x)73™  N20 from soil organic matter loss ~ Tghd — N Soybeans 5.12 080 080 7.90
Rapeseed 3.68 0.81 081 6.43
Groudnut 2.99 224 080 7.28
Sunflower 2.16 080 080 5.92
shares of the total amount of managed mangh‘éia""ms Oilpalm 0.57 0.52 053 6.43
not being recycled, including a fracnoﬁasawmsthat is lost Pulses 4.21 1.05  0.80
in the form of volatilisation in the form of Nand NH,. _Ii_’ota_toels t 01';; 3563 11':'8
sawms |OSSanS I’OplC& roots . . .
Becauscla g:afafult p”aramettlars =8 andr are Sugar cane 0.24 080 080, .
not available for all animal waste management systems, we Sugar beet 0.56 176 140 [ T
made the following assumptions: For pit storagé month Others 285 081 070 5.72
of swine manure, we used the lower value of the proposed  Fodder 201 191 141
range (0.15), and the upper value (0.3) for pit storade Fibres 2.39 0.93 0.70
month. If no estimates are available, drylots and solid stor-  Pasture 1.60
age received the same emission factor, as was done in the Pasture Npast
old methodologyIPCC, 1996. Based orMarchaim(1992),
we assumed that losses for manure managedaerobic di- Past 1.60

gestersare negligible. In the absence of default parameters
for /%, . for chicken, sheep, goats and other animals, we
used the default parameterskafgleston et al2006. Others

www.biogeosciences.net/9/4169/2012/
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are calculated as follows:

_\feed feed feed closs. ex
N(Xl)tk.Ll.grazp N(Xt)((,i(_(l_/,,,“,\»,» N(X‘)tﬁi(.l._r/m,zu N(x[)[’i = Z N(-xt)[,[’l’house (Als)
c
Tl )8! cs lossawms
A\(Xl)m.l Tride Tle
m ._ ex cs
X - N(x;)p; == ZN(xl)z,i,l,house' Tiile (A19)
NG gy NGO NGE)? :
t)t.i,1,grazp t/¢,i,1,house t/t,i,1,grazc
lossawm
(1—=r
-fuel . loss m.cs . m msplit ex
€ e Cul N NPy == NGy P4 D NGO ) graze (A20)
1
m_ps . m msplit
NG = NO)™ - (1 — P (A21)
N(xt) g ’ ’

ex fuel
+ Z N(xt)t,i,l,grazp‘ A—=rip)
1

N(Xt)m_ps r"“"m N(Xt)m_cs

t,i t,i t,i

A3.3 Cropland N; inputs

Fig. A1. Modelling N flows in the livestock sector. Inorganic fertilizer is the only Nflow appearing in interna-
tional statistics. We aggregate the valued@fDATA (2011
for all N, fertilizer products to the 10 MAgPIE regions to

Table A5. Estimates of whole bod ontent ¢N) in % of dr . . ; L
yihe ) in % y determine Nx,)j‘i.“ in 1995. For the scenario analysis, inor-

matter, and estimates of the ratio between marketable product an

whole body weight'). ganic.fertilﬁzer consumption is determined endogenously as
described in SecA3.4.
NC sl The amount of crop residues left in the field is estimated
! ! as described in SecA2 as the remainder of the produced
Ruminant livestock 63 0.66° residues which are not used for feed, construction, fuel or
Non-ruminant livestock 69  0.81° burned in the field. While the nutrients of these residues are
Poultry 78 076 fully returned to cropland soils, the largest part of theiN
Eggs 5'2 1 the crop residues burned in the fielff{y is combusted; only
Milk 467 1 a fraction of 10 % for temperate cereal residues and 20 % for
3Based on cows, market pigs, chicken and chicken eggs all other residuesHggleston et al.2006 remains uncom-
e oo 355 s n e busted and returns to cropland soils
(2002, . . A _
friiqss\%rzgr:?uesczlzuona&uahty cows, swine and broilers N(Xt);is — Z <N(xt)22?3bg + N(Xt)g,-&,i?rec (A22)
v

d
+N(xt)z,?i?bum' a- r\(/:F))

is assumed to baeep beddindpr pigs, cattle and others. All
remaining gaps in the loss factors are filled with the values

for cattle of the respective animal waste management systemA.‘ major part of the N lost from field in the form of NQ

. - . ) . nd N well her mpounds from th mbus-
While all remaining manure in animal houses is fully ap- dnd NH, as well as other Ncompounds from the combus

: .2 : ) Eion of fossil fuels are later on deposited from the atmo-
plied to cropland soils in developing regions, we assume tha h land Based il d f
! B T sphere on cropland area. Based on spatial datasets for atmo-
in NAM and EUR only a fractior, ;™ 0 0 an °  spheric deposition rate®éntener 2006 and cropland area
is returned on cropland soil&i( et al, 20108, while the

- ) * ) . (Klein Goldewijk et al, 20113, we derive the regional atmo-
rest is applied to pasture soils. Furthermore, in developin

dep
regions, a certain share of manure excreted on pasture is de

pheric deposition on croplands),_; ;. As a large part of
icated for household fuel and does not return to pasture soiIVOI"’1tlllsed N will be deposited close to the emission source,
(Eggleston et a]2006. Because the Nn fuel is leaving the

the largest part of cropland atmospheric deposition proba-
agricultural sector, it is not further considered in this study,

bly stems from agricultural NQand NH,. For the future
. S we therefore assume that the deposition rates grow with the
while the N from pasture grazing is assumed to be returned
to pasture soils.

same growth rate as the agricultural N&nhd NH, emissions
Losses of N in animal houses and waste handling

N(x,)/%2" (see Eq. A38) in Sect.A3.5).
(N(x,)9'99, recycled manure (t¥,)™) and manure arriving N(x, Volat
» i e i mps NP = SO NGe)i (A23)
on cropland soils (Kk,);";*) and pasture soils (), ; 9 Xthi = NGon)FoR Xt)t=1,i
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Table A6. Estimates of Nfixation rates per area ™) or as per-  the plant biomal-ss- The percentage of fixation-derivedsN
centage of plant N(-19® based orHerridge et al.(2009 and  taken fromHerridge et al(2008. In the case of soybeans,

aggregated to MAgPIE crop types. groundnuts and sugarcane, fixation rates vary between re-
gions to account for differences in management practices like

Crop type PN rhdfa fertilization or inoculation. N fixation by free-living bacte-
TgNr TaN: ria in cropland soils and rice paddies does not necessarily

‘Mha ToN, . .

depend on the biomass production of the harvested crop, so

Ler_nperate Cereals o 860505 - we used fixation rates per arg’. In the case of the MAg-

aize . -

PIE crop types fodder and pulses, which contain crop species

;rigglcal Cereals 006%%5 N with different rates of Nfixation, a weighted mean is calcu-

Soybeans - 0% 0.6P lated based on the relative share of biomass production in
0.8¢ 06d 1995 forr4"@ or on the relative share of harvested area in

Rapeseed 0.005 _ 1995 forrNiX (TableA6). Our model does not cover that the

Groudnut _ 0.8 06", fixation rates might change in the future due to the change of
0.8¢, 0.6 management practices. Improved inoculation of root nodules

Sunflower 0.005 - could increase fixation rates, while fertilization of legumes

Oilpalm 0.005 - could reduce the biological fixation.

Pulses - 0.53 ,

Potatoes 0.005 - NCo)frFree= H " xarea i) (A24)

Tropical roots 0.005 - jel,v,w

Sugar C - 0%20.1 , . .

Sﬂg:: B:gte 0.005 _bz A certain share of the Nin a plant is already incorporated

Others 0.005 _ in the seed. The amount of seed required for production

Fodder 0.004 031 P(x,)t ; .seed!S €stimated crop and region specific using seed

Fibres 0.005 - shares fronFAOSTAT (2011).

Rl N(x,)t i,v,seed = P(x,)t i,v,seed rNharvest (A25)

bEor the region LAM
CFor the region NAM

dFor all other regions When pastureland or natural vegetation is transformed to

cropland, soil organic matter (SOM) is lost. This also re-
leases N for agricultural production. Total Nrelease by

While plants are unable to fix nitrogen fromphih the at-  SOM loss Nii™is estimated by multiplying the land conver-
mosphere, some microorganisms are able to do this. Thesgion Rx; )'andconvln each grid cell with the yearly Nosses
microorganisms either live free in soils, or in symbiosis with per harfom.
certain crops or cover crops. The symbiosis is typical mainly
for leguminous crops (beans, groundnuts, soybean, pU|S€Nsom ) (P(x )Iandconv rsom) (A26)
chickpeas, alfalfa), which possess special root nodules in jel; hJ
which the microorganisms live. Also, sugar cane can fix N
in symbiosis with endophytic bacteria. In the case of riceLand conversion &;)2®"is calculated as the increase of
paddies, free-living cyanobacteria and cyanobacteria I|V|ngXarea into area that has previously not been used as crop-
in symbiosis with the water-fern Azolla can also fix substan- Iand As pastureland and natural vegetation have a similar
tial amounts of N. While N; fixation by leguminous plants level of SOM Eggleston et al.2006, we can calculate the
has been well investigated, estimates fofikation by sugar N, inputs from SOM loss $Pm on the basis of land con-
cane and free-living bacteria is much more uncertain or everversion for cropland, independent of whether the expansion
speculative. occurs into natural vegetation or pastureland. After the con-
For legumes and sugar cane, wherefiXation is the di-  version of cropland, we assume that cropland management
rect product of a symbiosis of the microorganisms with thereleases 20 to 52 % of the original soil carbon, depending on
crop, we assumed that fixation rates are proportional to theéhe climatic regionEggleston et al2006), plus the full litter
Ny in the plant biomass. The percentage of fixation-derivedcarbon stock of the cell. Soil and litter carbon were estimated
N; is taken fromHerridge et al(2008. In the case of soy- using the natural vegetation carbon pools of LPJmlosses
beans, groundnuts and sugarcane, fixation rates vary betweger hectare converted croplanﬁ?m are then estimated on a
regions to account for differences in management practicesellular basis from the carbon Iosses using a fixed C: N ratio
like fertilization or inoculation. of 15 for the conversion of forest or grassland to cropland.
For legumes and sugar cane, wherdikation is the direct  In reality, the soil carbon is released over a period of 20 yr
product of a symbiosis of the microorganisms with the crop,until the carbon stock arrives in the new equilibriuBggle-
we assumed that fixation rates are proportional to thenN  ston et al. 2006. For simplification, we assume that al} N
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is released in the timestep of conversion (10yr). To deriveN(xt)\tN}thd = Z ((1_r3dfa) . (N(x,)friof (A28)
the yearly N release per haf:‘j’.m, we divide N losses per ’ m ”
hectare by 10 and assume no delayed release in the subse- N (x,)fi-‘_’fag N (xt)fzol?,bg)
quent decade. b b
As MAgQPIE is calibrated to the cropland area in 1995, —N(x,)d$ )
no land conversion occurs in this timestep. To estimate ivv.seed
P(x) 211%™ we use the HYDE database with & 5 aremin-  n(y, )P .— N(x,)eMt 4+ N(x, )54 N(x,)™-eS (A29)
utes resolutionKlein Goldewijk et al, 20113. We define b b d”’ b
land conversion as the sum of (positive) cropland expansion AN N,y o+ NG, ) Free

in each geographic grid cell into land which was not used _ loss _

as cropland since the year 1900. In the case that croplandh€ l0ss of N from cropland soils Kx,),”>is defined as the
area first shrinks and then increases again, it is assumed th@t"Plus of soil inputs over soil withdrawals.

the same cropland area is taken into management that w loss. inp withd

abandoned before, so that no new SOM loss takes place. THa i =N, ;" — ; NGy (A30)
high spatial resolution dflein Goldewijk et al.(20113 is of

importance, because with higher aggregation (e.g. countryFor the year 1995, we use historical data on regional fertilizer
level estimates bfAOSTAT, 2011 expansion and contrac- consumption based ofFHADATA , 2011) to estimatetsz '\EPE.

tion of cropland area vylthlp the same gggregatlon unit cance|, the following timestepsnleUpE is fixed on an exogenous
out and land conversion is underestimated. The results fo[g,e| (see SectAd), while

’ - ) h the model balances out the re-
the historical estimates can be found in TaBli&. The es-  giona| hudget by endogenously determining the amount of
timates for 1990—2000 are too high. The HYDE es_t'matesrequired inorganic fertilizer NC[)Iel_rt_
are based on an older release of FAOSTAT data, while more ’

recent FAOSTAT data corrected cropland expansion signif- i N(xt)\tNi-thd
icantly downwards, reaching even a negative net expansioM(x/);; > —sgise- (A31)
for the period 1990-200(ein Goldewijk, 2011H. To es- i

timate the contribution of Nreleased by SOM loss to the A35 Emissi
N budget in 1995, we therefore only used the period 1980— " missions

1990. We distinguish into emissions from inorganic fertilizer

(NZO(xt)I?irt), crop residues (bD(x,){'i%, animal manure ex-

creted or applied on cropland ﬁ@(x,)?}), manure excreted

We calculate regional soil nitrogen uptake efficiency on pasture range and paddOCkzo{x,)E?ss, animal waste

A3.4 Losses and inorganic fertilizer

(SNUpE)rtS:’\EpEin 1995 by dividing total soil withdrawals management (ﬁO(xt)Q?usﬁ and soil organic matter loss
N(xt)w_it{]q by total soil inputs Nxt)irlpl . (N20(x,)79™). Each emission category has diregtNemis-
=k =k sions plus eventually indirect emissions from volatilisation
N (x,)Withd and leaching.
SNUpE i=1,i . o .
"L = o (A27) Direct N;O emissions from soils are calculated as a frac-
Ny tion 9" of the inputs from manure, fertilizer, crop residues

- . . . . and soil organic matter loss. According Eggleston et al.
The soil inputs include inorganic fertilizer, manure; - (2006, paddy rice has lower direct emissiongiice in-

leased from soil organic matter loss, recycled crop residuesgia, of-dir) from fertilization with inorganic fertilizers. As
atmospheric deposition and: Rixation by free-living bacte- - methodology is unable to estimate the amount of inor-
ria and algae. Nin seed as well as Nixation by legumes e fertilizer which is used specifically for rice production,
and sugarcane are not counted as soil inputs, as they reagm9 use Efgr for all N, inputs of rice. The direct emis-
the plant not via the soil. Soil withdrawals are calculated by i, factor for emissions from Nexcreted during pasture
subtracting from the Nin plant biomass (harvested organ, range and paddodsdir,graz diverges between different ani-
above- and belowgrounq biomass) the amount'.ofh‘&t 'S mal types. For our livestock categories “ruminant meat” and
not taken up from the soil and therefore not subject to Iossesruminant milk’, containing animals of different types, we

prior to uptake. The latter includes again seqdblwell as : . g :
! used weighted averages according to net excretion rates in
the N fixed from the atmosphere by legumes and sugarcane1995
N2O emissions from volatilisation occur when inorganic
fertilizer or manure is applied to fields. The fraction volatil-
ising in the form of NQ or NHy is different between the ex-
cretion or application of manure¥®s™), the application of

inorganic fertilizer (925%™ and the management of animal

Biogeosciences, 9, 4168197 2012 www.biogeosciences.net/9/4169/2012/
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Table A7. Land conversion due to cropland expansion and release &b subsequent soil organic matter (SOM) loss. For sources see
text.

Net expansiof Land conversioh | SOM loss from land conversion
108 ha 16ha| TgC Tgn g KONE

World 1960-1970 53 77 2574 172 2226 111
World 1970-1980 30 66 2464 164 2486 124
World 1980-1990 69 103 3754 250 2432 122
—AFR 13 17 529 35 2137 107

- CPA 33 25 848 57 2237 112
—EUR -3 3 115 8 2885 144

- FSU -2 9 542 36 4019 201

- LAM 8 12 489 33 2708 135
_MEA 1980-1990 5 4| 48 3 738 37

— NAM -1 13 614 41 3045 152

- PAO 4 5 108 7 1342 67
—PAS 10 10 359 24 2441 122

— SAS 2 5 103 7 1505 75
World 1990-2008 22 325| 12370 825 2535 127

2Net expansion counts the aggregated change in regional or global cropland, and thus the difference of expansion and contraction.
bLand conversion sums up the expansion of each geographic grid cell into land which was not used as cropland since the year 1900.
Contracting cropland is not substracted.

CAssuming that the soil organic matter is lost over 20 yr.

dEstimates for 19902000 are too high and should not be used (see text).

wastet’:>*"™). A fraction 995 of these NQ and NH, N2O(x, ouse: = 3 (N(xt)te,);,l,house' e, (A36)
gases transforms later on inte®. e
Leaching is relevant for inorganic fertilizer application, o _
residue management as well as the excretion or application '(Vﬁfsawms' pindir-gas.y "g'rhou%)
of animal manure to agricultural soils. We assume, that a . .
fraction r'®a°" of the applied N leaches into water bodies. N2O()7¢" := Np§™ (i 4 leach. pindirleach = (A37)

According toEggleston et al(2006), r'¢a"is only relevant
on croplands where runoff exceeds water holding capacity o
where irrigation is employed, while for this model we made
the simplification that leaching occurs everywhere. This as
sumption is also used IPCC(1996. Of all N, leaching into
water bodies, a fraction"d-€achjs assumed to transform
later on into NO.

The following equations sum up the calculations accord-
ing to the emission sources:

The NQ; and NH, volatilisation on cropland area(M)X?'at,
which is required for the calculation of atmospheric deposi-
tion in EQ.A23, is calculated as follows:

N(xt);/?at = N(xt)];’eirt . rgasfert (A38)
+(N(x,)?l» + N(xt)%,l,grazp"' N(xt)?,);,l,grazc)
pgasm

ex cs gasawm
+Z(N(xf)t,i,l,house‘ Tride e

l,c

Nzo(xz)firt — N(x[)];‘irt~ (rdir +rgasfert . indir_gas (A32)
_H,Ieach' rindir,leach)
NZO(Xz);i'S — N(x,);is~ (rdir _i_rleach. rindir,leacf) (A33)
N2OCe); i= N - (7 4 p08sm. pndrgas - (A34)
_}_rleach. rindir,leacl*)
t
N20Ge)PT™ = > (NG grazp (A35)
l

+N(xt)?,)z$,l,grazc)

.(rldlr,graz_l_rgasm . pindir_gas

_H,Ieach_ rindirleach)>

www.biogeosciences.net/9/4169/2012/

The 2006 guidelines differ from the widely used 1996 guide-
lines (PCC, 1996 most importantly in two aspects. Firstly,
the N fixed by legumes and otherNixing plants is not con-
sidered to have significant® emissions. Only their compa-
rably N,-rich crop residues contribute to the® emissions

if they are left on the field. Secondly, the emission factor from
leached N (EFs, in our case-"dir-€ach was Jowered consid-
erably from 2.5 % to 0.75 %.

To estimate the sensitivity of our results in regard to the
uncertainty of the emission parameters, we carried out a
Monte Carlo analysis with the software @Risk. We used a
log-logistic probability density function (PDF) for the emis-
sion parametersd", réiir,house’ rdlr,graz’ rindir,gas' rindir,leach'

pleach pgasfert ,.gasm - gng 125%™ We chose this PDF,

Biogeosciences, 9, AMBYE-2012
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because it is non-negative, and because the median and tleis integrated assessment models, whereof marker scenar-
quantiles can be defined freely. We used the default value ams were selected. We use downscaled projections of popula-
mean and the uncertainty range fréggleston et ali2006 tion and per capita income of these marker scenarios as main
as 2.5% and 97.5% confidence intervals. We assumed thairivers of the MAgPIE modelGIESIN, 2002ab).
emission factors are non-correlated between each other. As Bodirsky et al.(2012 create food demand scenarios for
the uncertainty range of the emission parameterSggle-  plant and livestock products based on the SRES population
ston et al(2006 were estimated for country inventories, itis and GDP marker scenarios. To account for materialistic and
questionable whether they should be regarded as correlatatbn-materialistic lifestyles, they use different regressional
between countries or not. We decided to regard the paramedorms for the A and B scenarios. In the A scenarios, they
ters as not correlated between regions, but as fully correlatedpply a log—log regression with a positive continuous time-
for all countries within a region. As a consequence, regionaltrend for total caloric intake, and a multiple linear regression
uncertainties partly cancel out, and our global emission esmodel for the livestock demand share. For the sustainable B
timates have a lower relative uncertainty range. To simplify scenarios, they use a log—log regression with positive declin-
our calculation, we did not differentiate between waste man-ing time trend for total caloric intake, and an inverted u-shape
agement systems for animals kept in confinement, and simregression model for livestock demand. In the latter, the share
ply assumed an error range 060 % to +100 % for the ag- of animal products is increasing for low and medium in-
gregated mean off"-nousegnd; J954MS comes, but decreases for high incomes. The functional forms
We express the resulting uncertainty range for the emisof the B scenarios tend to result in lower demand than the
sions as a 90 % confidence interval, as the uncertainty distriregression in the A scenarios. Yet, all four regressions are

bution becomes very flat for higher significance levels. consistent with past observations (Tal¥8). The calcula-
_ tions are carried out on country level and are subsequently
A3.6 Food supply and intake aggregated to the 10 MAgPIE regions. The scenarios are cal-

ibrated to meet the food demand in 1983\QSTAT, 2011,

Nr in food supply is not equal to the [Nin harvested e initial year of the MAGPIE model. Afterwards, they con-
crops and slaughtered animals assigned for food, because thg, e |inearly towards the regression values throughout the

food prodfucts are processed. For food supply of crop prod>1 g century to account for a globalisation of diets.
ucts Nx,) ;% ,, we therefore subtracted the M conversion In all scenarios, the global food demand more than dou-

1,00’
byproducts from the Nin harvest assigned for food. AlSo, a5 from 1990 to 2070 (Figd2), while towards the end of
in the case of livestock products, the amount ofiNthe 0 515t century, the globalised scenarios Al and B1 have a
final products is not equal to the amount gfiNthe slaugh-  gjighty declining food demand. Demand for livestock prod-
tered animals, as only certain parts of the slaughtered animg|cis (rig A3) is rising disproportionally strong, yet declines
are marketed, while the fifth quarter (often including head.j, 5yt the A2 scenario towards the end of the century.
feet, intestines and' blood) is not used for food. Therefore, t1q f50d demand projections are based on population and
we calculated protein content per food prodeftt based on i come growth of the SRES scenarios, starting in 1990. As
FAOSTAT (2011) and multiplied them with product Specific o5 e seen in figure A2 and A3, the historical data of food
protein-I ratiosr\"°R from Sosulski and Imafido@999  yemand is met more or less precisely depending on the sce-
f'jm‘,j Heidelbaugh et ak1979 Lo estimate the amount ofN 55 Global food calorie demand diverges in 2005 by 98 PJ
in livestock food supply (N, ). _ (+0.4%) (B1) to 452 PJ (1.7%) (B1), while meat demand
_ Finally, the food supply is _S|g_n_|f|cantly higher than actual diverges by—244 PJ £5.2%) (A2) to +60 PJ (1.2 %) (B2).
intake Nix,); , because of significant waste rates on house-rpq largest differences can be observed in the estimates for

1,1,k : ; i
hold level or in catering. We used regional intake to SUP-meat demand in CPA, where the A2 scenario diverges by

ply sharegljf‘ifkl from Wirsenius(2000. As these shares will 455 pj ¢ 31 59%) while the B2 scenario almost matches
change with rising income, we estimated actual intake only;a gbserved data with 15 PJ (+1.1%). Large parts of these
for the year 1995. variations in estimates are determined by the uncertainty of
NGO = N(x,)ds — N(x,)Prodby A39 the original SRES projections for population and GDP.
(0o (1)1, fo00 = N7 (A39) A parameter which is subject to large uncertainty is the
development of future trade liberalisation policies. For 1995,

d i ) )

NS, | = N(x,)ﬁi?l -rR.pNOPR (A40)  we fix the share of domestic demand settled by imported

N(xl)itr.];k — N(xl)zsik _rtinitk (A41) products at their actual level in 1995. For the subsequent
- hnh timesteps, we assume that an increasing share can be traded

A4 Scenarios according to comparative advantages in production costs.

The share of products traded according to historical trade
For future projections, we created scenarios based on thpatterns decreases in turn by 10% per decade in the two
SRES storylinesNakicenovic et al.2000. Quantitative in-  globalised scenarios Al and B1. These scenarios are equiva-
terpretations of these storylines have been done by varilent to the policy scenario @&chmitz et al(20129), extended
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Fig. A2. Total food energy demand in the 10 MAgPIE world regions. History and future developments for the four SRES sdgodirisis/(
etal, 2012.
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Fig. A3. Demand for energy from livestock products in the 10 MAgPIE world regions. History and future developments for the four SRES
scenariosBodirsky et al, 2012).
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Table A8. Regression models for total calori€s in kcal and the share of livestock calories in total demé@ggddepending on incomgin
2005 US Dollar in market exchange rate.

SRES Model Formulae Parameter Sloper2 p-value F-statistics
A Calories Cr=a-I)’ a = exp(2.825+2.131x 1073 . yeay, 0.658 0.65 <0.001 (***) 11060
b=0.162—3.124x 1075 year
Livestock Cs=expk+l-In(I)+m-year k= —-36.7331=4.497, 0.705 0.63 <0.001 (***) 9913
share n-In(l) - yean m =0.016,n = —0.002
B Calories  Cr=a-(I) a = 93389 3874T(ear 1969 0.678 0.64 <0.001(**) 10551

year—1960+9.77

_ 0.008445(year-1960
b = 0.0894+ V2 1960075569

Livestock Cg=p-v1-exp(—q - 1) p = 0.00932— 3.087x 1078 year, 0.706 0.62 <0.001 (***) 9685
share g =—2.654x 1074+ 1.420x 10~/

to 2095. For the regionalised scenarios, we assume a slowdre observedelgadq 1999. For future scenarios, we con-
rate of market integration with a reduction of only 2.5 % per verge the feed baskets and livestock productivity linearly to-
decade. wards the European livestock system, a system with rather

The efficiency of nutrient uptake on croplands is a param-low share of pastoral and traditional systems and a high
eter which has strong impact on the results of the modelshare of industrialised livestock production. We assume a
While we estimate this parameter for the base year 1995, itéast convergence in the globalised systems Al and B1, while
development into the future is rather uncertain. Policies likethe regional scenarios keep more of their current regional
the nitrate directive in Europe seemed to have a large imfeed mixes (Tabld). To implement this into the model, we
pact in the past@enema et al2011), so the environmental  converged the parameter&-conc ,fo-past _fb.ag  foby oo
awareness seems to be a key driver péfficiency. To differ- fs

. lov il 0 Tl Tl

il f similar to Eq. A42) to the European values in 1995.

entiate the economically orientated from the environmentally—lf(’)’*‘,;l-CCount for an increasing modernization of the agricul-

? . . lit
= SNUpE . : " “Mural sector, the same type of convergence is applief}td
fficien ; for futur narios. Th rtin in : .
eteiencyr, ; or future scenarios e starting points andr™€ and the fractions of byproducts and crop residues

SNUpE , 1,
for rt:l,ip are calculated endogenously in the model, andburneclj or used for other purposes.

converge linearly over timesteps to their scenario values  Even more uncertain is the development of the animal

rEiNUpE(TabIel). waste management. Even for the present, little information
SNUDE t SNUE ! SNUDE exists on the differences of animal waste management around

L e (R B b Y AN (A42)  the world, and there is no clear pattern as to which of the sys-
’ n ’ n ’

tems is dominating with increasing modernization. Similarly,

We chose to have high efficiency values in the B scenariqye agssumed that manure management for housed animals is
due to high awareness for local environmental damages. Thghanging over time. For the economically orientated scenar-
most eﬁicient agricult_ural systems currently absorb aroundgs and the B1 scenario, we assumed that bioenergy plants
70% of applied N $mil, 1999, andVuuren et al(201) es-  ysing anaerobic digesters increase in importance, while the
timate that “in practice, recovery rates of 6070 % seem tog scenarios also have an increasing share of manure being
be the maximum achievable”. So we adopted this value forgjrectly brought back on fields as daily spread. The conver-
the environmentally oriented B scenarios. Inthe Al scenariogence towards these systems is higher in globalised scenar-
we assumed tha ,I-NUpE increases due to widespread use of jos, while the current regional animal waste management mix
efficient technologies (e.g. precision farming), which savespartly prevails in the A2 and B2 scenarios. In the model, we
costs but also resources. Yet, no improvements beyond cosinplemented the convergence for the paramet®r . simi-
efficiency are made, thu§5’l.NUpE stays behind the B scenar- lar to Eq. A42). o
ios towards the end of the century. Finally, the A2 scenario
stagnates slightly above the current mean, and only improves
towards the end of the century. Supplementary material related to this article is

A further scenario parameter is the development of |ive_available online at: http://WWW.biogeosciences.net/9/
stock production systems. Feed baskets and livestock pro?169/2012/bg-9-4169-2012-supplement.zip
ductivity diverge significantly in different world regions,
with some systems being more industrialised and consum-
ing mainly feedstock crops, others being pastoral or mixed
systems. While the development of the livestock system is
highly uncertain, a trend towards industrialised systems can
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