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• Weperformmulti-model simulations of
C and N fluxes at five grassland sites.

• We assess modelled greenhouse gas
emissionswith alternativemanagement
practices.

• We use multi-model medians to reduce
the uncertainty of the responses.

• We identify some shift towards a C sink
with decreasing inputs.

• We show the considerable effect of N
fertilizer reduction on C and N
emissions.
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to management. We applied eight biogeochemical models at five grassland sites (in France, New Zealand,
Switzerland, UnitedKingdomandUnited States) to compare the sensitivity ofmodelled C andNfluxes to changes
in the density of grazing animals (from 100% to 50% of the original livestock densities), also in combination with
decreasing N fertilization levels (reduced to zero from the initial levels). Simulated multi-model median values
indicated that input reduction would lead to an increase in the C sink strength (negative net ecosystem C ex-
change) in intensive grazing systems: −64 ± 74 g C m−2 yr−1 (animal density reduction) and −81 ±
74 g Cm−2 yr−1 (N and animal density reduction), against the baseline of−30.5± 69.5 g Cm−2 yr−1 (LSU [live-
stock units] ≥ 0.76 ha−1 yr−1). Simulations also indicated a strong effect of N fertilizer reduction on N fluxes, e.g.
N2O-N emissions decreased from 0.34 ± 0.22 (baseline) to 0.1 ± 0.05 g N m−2 yr−1 (no N fertilization). Simu-
lated decline in grazing intensity had only limited impact on the N balance. The simulated pattern of enteric
methane emissions was dominated by high model-to-model variability. The reduction in simulated offtake (an-
imal intake + cut biomass) led to a doubling in net primary production per animal (increased by 11.6 ±
8.1 t C LSU−1 yr−1 across sites). The highest N2O-N intensities (N2O-N/offtake) were simulated at mown and ex-
tensively grazed arid sites. We show the possibility of using grassland models to determine sound mitigation
practices while quantifying the uncertainties associated with the simulated outputs.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Finding solutions to emerging ecological and societal challenges
(climate change, food security, ecosystem sustainability) requires im-
proved knowledge of the underlying processes affecting carbon nitrogen
(C-N) pools and fluxes in agricultural systems (West andMarland, 2002;
Giardina et al., 2014; Campbell and Paustian, 2015). Grassland ecosys-
tems have a potentially important role to play in meeting the challenge
of climate change because they can act as a source or sink for atmo-
spheric carbon dioxide (CO2) (Smith et al., 2008; Oates and Jackson,
2014) and are a source of non-CO2 greenhouse gases (GHG) such as ni-
trous oxide (N2O) and methane (CH4). Importantly, these GHG emis-
sions can be manipulated by management such as the method of
grazing and the fertilizer regime (Soussana et al., 2004; Herrero et al.,
2016). Several grassland experiments have addressed the role of man-
agement on the short-term GHG balance and global warming potential
(e.g. Allard et al., 2007; Soussana et al., 2007; Hörtnagl et al., 2018). How-
ever, direct measurement of C-N balances should be supplemented by
the use of simulationmodels, to support the implementation of effective
practices and policies in agriculture, e.g. to mitigate GHG emissions
(Rosenzweig et al., 2014; Elliott et al., 2015; Folberth et al., 2016). Bio-
geochemical process models address many of the complex interactions
of weather, soil, vegetation and management practices (Bondeau et al.,
1999; Churkina et al., 1999; Huntzinger et al., 2012; Warszawski et al.,
2014; Chang et al., 2015) and can do so over long time intervals that
are not feasible with experimentation. Existing modelling studies have
focused on the determination of the C source and sink activity of grass-
lands (Soussana et al., 2010). Grasslandmodels have been shown to pro-
vide adequate accuracy in representing observed yield and GHG
emissions across a wide range of environments and management inten-
sities (e.g. White et al., 2008; Chang et al., 2013; Graux et al., 2013; Ben
Touhami and Bellocchi, 2015; Ma et al., 2015; Senapati et al., 2016;
Ehrhardt et al., 2018).

Models can thus be beneficial for decision makers and farmers be-
cause they can be used to explore the productivity and environmental
performances of specific systems as a consequence of changedmanage-
ment. However, the effect of management on C and N fluxes in agricul-
turally managed permanent grasslands (not re-sown more frequently
than every five years, which is the focus of this study) is often uncertain
(Schulze et al., 2009; Ciais et al., 2010), and such uncertainties are
reflected in the outputs of the models used to simulate responses to
management (Sándor et al., 2017). Grasslands are highly complex eco-
systems and their behaviour is affected by multifaceted interactions of
management drivers with water and nutrient availability, soil physics,
and vegetation dynamics (Rees et al., 2013; Soussana et al., 2013). The
dynamic grassland simulation models developed since the 1990s (e.g.
Challinor et al., 2013; Snow et al., 2014; Calanca et al., 2016; J.W. Jones
et al., 2017) differ greatly in their treatment of key processes, and
hence in their response to environmental and management conditions
(Brilli et al., 2017). A thorough assessment of the variation in the re-
sponse, or sensitivity, of different grasslandmodels tomanagement fac-
tors can be critical in determining to what extent simulated responses
may vary depending on the model used. From a policy perspective, it
is critically important to identify the extent to which management in-
terventions influence C-N fluxes (including productivity) prior to pro-
moting policies that alter farming practices. If the impact of a given
practice is uncertain, a sensitivity analysis can give information on the
reliability of themodels when representing C-N fluxes-management re-
lationships under a variety of conditions. It is thus important to examine
model behaviour under changed management in order to characterise
the types of responses estimated, contrast the responses of different
models and consider the reasons for these differences. In particular, hy-
potheses about the contribution of grassland management to GHG
emissions can be tested via simulation models, which allow under-
standing, diagnosing and forecasting complex interactions (Chen et al.,
2008; Seijan et al., 2011; Graux et al., 2012; Sándor et al., 2017, 2018).

Consequently, using five case studies, we tested the sensitivity of
eight grassland models to gradients of management intensity that
were selected for their potential to mitigate GHG emissions (e.g.
Soussana et al., 2014; Abdalla et al., 2017). With the aim of increasing
the reliability and confidence in simulated results, a multi-model en-
semble approach was adopted to explore patterns of simulated C and
N responses against imposed gradients of N fertilization and animal
stocking rate (to which grassland models are generally sensitive, after
Brilli et al., 2017). For this study, we included a range of well-known
grassland models, and used them to simulate biogeochemical and re-
lated outputs (productivity and energy measures). The wider ensemble
analysis presented in Ehrhardt et al. (2018) forms the baseline for the
work presented here, which analyses factors that may explain the
major differences observed in model responses. We further explored
to what extent multi-model ensembles can be used to help identify
farming practices that reduce GHG emissions. While restricting the
analysis to a limited set of management options, this study examines a
wide range of output variables and thus provides a framework for
assessing grassland performancewhere direct casual linkswith farming
practices are not obvious, and changes in performance are difficult to
measure. As a corollary outcome, viewing and interpreting a variety of
model outputs lay ground for future model developments.

2. Materials and methods

We refer to a sub-set of the grassland models described in Ehrhardt
et al. (2018), in whichmodels were initialized and calibrated using veg-
etation and soil variables, and surface-to-atmosphere fluxes at four sites
worldwide. We used an ensemble of grassland models (Table 1) and
compared their sensitivity to changes in management by comparing



Table 1
The biogeochemical models used for testing the impact of grassland management options.

Model/version Description/references

APSIM-SWIM v7.7 APSIM (The Agricultural Production Systems sIMulator; Holzworth et al., 2014) simulates several systems through the interaction among plants,
animals, soil, climate and management. The model allows the analysis of the whole-farm system, including livestock, crop and pasture sequences and
rotations. Users can select between two soil water models: the capacitance-based SoilWater (Probert et al., 1998) and SWIM, which is based on
Richards' equation (Huth et al., 2012). The pasture model was that of Li et al. (2011).

APSIM-SoilWater v7.7

DayCent v4.5 2006 DayCent is the daily time-step adaptation of the biogeochemical model CENTURY (Parton et al., 1998). It simulates biomass growth, soil C dynamics, N
leaching, gaseous emissions (e.g. N2O, NO, N2, NH3, CH4 and CO2) and C fluxes (e.g. NPP, NEE) in croplands, grasslands, forests and savannahs, as
affected by management practices (such as fertilization, tillage, pruning, cutting and grazing) and specific external disturbances (e.g. fires). Different
versions of the model result in different parameter settings and a few variations in the model structure. DayCent v4.5 2006 applies grazing on a daily
basis as linear impact on aboveground biomass and root/shoot ratio, with aboveground biomass removed as a percentage of total aboveground
biomass. DayCent v4.5 2010 and 2013 apply grazing on a daily basis with aboveground biomass removed as a percentage of total aboveground
biomass rather than as continuous grazing. In DayCent models after 2013, water stress effect on biomass production differs from the previous versions.

DayCent v4.5 2010
DayCent v4.5 2013

LPJmL v.3.5.003 LPJmL (Lund-Potsdam-Jena managed Land) explicitly simulates key ecosystem processes such as photosynthesis, plant and soil respiration, C
allocation, evapotranspiration and phenology of nine plant functional types representing natural vegetation at the level of biomes (Sitch et al., 2003),
and of 12 plant functional types (Bondeau et al., 2007; Rolinski et al., 2018).

PaSim PaSim (Pasture Simulation model; Riedo et al., 1998; Calanca et al., 2007; Ma et al., 2015) is a process-based, grassland-specific ecosystem model that
simulates grassland productivity and GHG emissions to the atmosphere. The model consists of sub-models for vegetation, grazing animals,
microclimate, soil biology, soil physics and management.

SPACSYS v5.0 SPACSYS (Wu et al., 2007, 2015) is a multi-layer, field scale, weather-driven and daily-time-step dynamic simulation model. The current version
includes a generic plant growth and development, C and N cycling, plus simulation of soil water that includes representation of water flow to field
drains as well as downwards through the soil layers, together with a heat transfer component. The model simulates root architecture.
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simulated outputs against gradients of management practices. Model
anonymity was maintained throughout the process and model results
are presented without attributing them to specific models or modelling
teams.

We present multi-model medians and box-plots, and focus on long-
term averages for the same four grassland sites (G1 to G4) described in
Ehrhardt et al. (2018) plus an additional site (G5) for which full calibra-
tion was only completed after the initial publication (Table 2). Overall,
there is a lack of case studies in Asia, Africa and South America (which
would have extended the comprehensiveness of the research), but
sites from G1 to G5 are intended to represent situations commonly
encountered in temperate grasslands. While the choices made are de-
scribed in Ehrhardt et al. (2018), in summary it was thanks to interna-
tional collaborations that we could pool and share experimental data
for five grassland sites (one more than in Ehrhardt et al., 2018). These
sites provided high-quality, previously published data encompassing
climate, soil, agricultural practices, and C and N fluxes.

To analyse the sensitivity ofmodelswith respect to changes in grass-
landmanagement practices, viz. animal stocking density and N fertiliza-
tion, management scenarios were obtained by adjusting the observed
baseline management (business-as-usual) for each site with systematic
decrements over a range of values (Table 3). Sensitivity is defined as the
proportional change in models outputs that results from a change in a
given factor (here management practices).

In our study-sites, two major practices are responsible for C and N
fluxes from grasslands: (1) vegetation removal and (2) fertilizer in-
puts. The harvesting of vegetation was predominantly controlled by
grazing animals for the majority of sites. The exception was G5
where the grazing was light and vegetation was predominantly re-
moved by cutting. Accordingly, a reduction in grassland use was
assessed by a limitation of livestock density, either alone or together
with reduction (down to cessation) of fertilizer N in N-fertilised sites
(G3, G4 and G5) (Table 3). The livestock unit (LSU) based on the graz-
ing equivalent of one adult cow was used to compare different animal
types (yearling steers, non-lactating sheep, ewes, lambs, heifers and
calves).

Impacts of the defined changes in management were calculated on
the changes in a set of output variables related to biomass production
and C-N fluxes (Table 4). Fluxes of CO2 included emissions from ecosys-
tem respiration (RECO), respiration from plants (RPLANT), soil (RSOIL) and
grazing animals (RANIMAL) aswell as estimates of the plant production of
organic compounds from atmospheric CO2 (GPP) and other system
variables: Net Ecosystem Exchange, NEE = RECO − GPP; Net Primary
Production, NPP = GPP − RPLANT; Net Biome Production, NBP =
−NEE + C losses through enteric CH4 emissions at pasture, forage har-
vests and milk production at pasture.

Methane released from soil and enteric fermentation in animals was
included in the list of non-CO2 fluxes, along with the gaseous N com-
pounds emitted to the atmosphere: N2 (N gas), NOx (N oxides: the
sum of N monoxide, NO, and N dioxide, NO2), N2O (nitrous oxide) and
NH3 (ammonia). Nitrogen lost by nitrate (NO3) leachingwas also exam-
ined. The biological information included productivitymeasures such as
the plant biomass produced above – and below-ground (AB and BB),
two outputs of agronomic interest – the plant biomass consumed by
grazing animals (Intake) or otherwise harvested (HAB), and their sum
(Offtake) – and the energy that ultimately is utilised by grazing animals
(MEOfftake: offtake metabolisable energy).

To estimate the amount of plant biomass available for feeding ani-
mals, the annual NPP values were normalized by animal stocking
rates.We also expressed C andNfluxes relative to the overall productiv-
ity of the system, so that we could express the intensity of GHG emis-
sions on the basis of productivity (i.e. g of emitted C or N per g C of
harvested or per g C ingested dry matter, DM). This approach is similar
to the concept of ‘yield-scaled emission’ or emissions intensity as de-
fined by Van Groenigen et al. (2010) and has important policy signifi-
cance and delivers results that are relevant to stakeholders (Venterea
et al., 2011; Valin et al., 2013). For this purpose, three additional vari-
ables were analysed, representing the ratios of CO2-C, N2O-N and CH4-
C emissions to the total amount of C biomass (Offtake) consumedby an-
imals (Intake) and harvested as fodder (HAB): IntCO2-C = −NEE/
Offtake, IntN2O-N = N2O-N/Offtake, IntCH4-C = CH4-C/Offtake.

Following Sándor et al. (2016), we report the proportional change,
named effect size of mean annual output variables from a change in
each factor relative to the baseline management at each site.

The N2O-N emission factor (EF) for fertilizer was calculated as per-
cent ratio of the total yearlyN2O-N emissions over the amount of the an-
nual N fertilizer. This simplified version of the N2O-N emission factor
calculation does not take into account of background emissions because
not all the models allowed for a consistent estimation of this compo-
nent. For this reason, following the IPCC (2006) guidelines, 1 kg N2O-
N ha−1 yr−1 background emission was subtracted from the simulated
values.

The present study was based on yearly aggregated model outputs. R
software (R Core Team, 2016)was used for statistical computing and vi-
sualization. Accounting for the different global warming potential
(GWP) of CO2, CH4 and N2O, total GHG balances were achieved by



Table 2
Selected grassland sites for the modelling exercise.

General description Grassland sites

Site code G1 G2 G3 G4 G5
Country United States New Zealand France United Kingdom Switzerland
Location Mandan Flockhouse Laqueuille Easter Bush Chamau
Climatea Dfb (humid continental) Cfb (oceanic) Cfb (oceanic) Cfb (oceanic) Cfb (oceanic)
Latitude 46.77 −40.20 45.64 55.52 47.20
Longitude −100.89 175.30 2.74 −3.33 8.40
Elevation a.s.l. (m) 591 30 1040 190 393
Simulation period 2003–2006 1997–2008 2003–2012 2002–2010 2010–2013
Mean annual minimal
air temperature (°C)b

0.0 ± 1.0 9.1 ± 0.5 4.0 ± 0.6 4.6 ± 0.9 4.4 ± 0.6

Mean annual maximal
air temperature (°C)b

11.9 ± 1.3 17.6 ± 0.6 11.0 ± 0.8 11.4 ± 0.8 14.7 ± 0.8

Mean annual cumulated
precipitation (mm)b

411 ± 128 896 ± 107 1047 ± 144 961 ± 142 1084 ± 143

Management
Type Grazed Grazed Grazed Grazed/mown Grazed/mown
Animal type Yearling steers Non-lactating sheep Heifers Ewes, lambs, heifers

and calves
Sheep

Mean annual number of
grazing daysc

107 22 163 162 14

Stocking rate (LSU ha−1 yr−1)c 0.08 1.29 1.34 0.76 0.10
Vegetation type C3 grasses C3 grasses, legumes, forbs, C4

grasses
C3 grasses, legumes,
forbs

C3 grasses C3 grasses, legumes

Mean annual number of
cutting eventsc

0 0 0 0.9 6.3

Total annual N fertilization
(kg N ha−1 yr−1)c

0 0 210 220 230

Soil properties
Soil typed Calcic Siltic Chernozem Mollic Umbrisol Loamic Andosol Eutric Cambisol Gleysol
Maximum depth of the soil profile
(m)

4 0.9 0.9 1.0 1.0

Number of documented layers 6 4 5 5 4
Soil texture: ~sand (%)e 29.7 93.1 24.6 22.9 57.2

~silt (%)e 51.0 3.8 55.5 19.0 28.9
~clay (%)e 19.5 3.1 21.8 58.1 14.0

Bulk density (g cm−3)e 1.17 1.20 0.67 1.45 1.34

References Liebig et al. (2006, 2010,
2013)

Newton et al. (2010, 2014) Allard et al. (2007)
and Klumpp et al.
(2011)

Skiba et al. (2013)
and S.K. Jones et al.
(2017)

Imer et al. (2013)
and
Merbold et al.
(2014)

a Köppen-Geiger climate classification (Kottek et al., 2006).
b Mean minimum andmaximum air temperatures, and precipitation totals calculated over 30 years (1980–2009) using AgMERRA (https://data.giss.nasa.gov/impacts/agmipcf/agmerra)

meteorological datasets (Ruane et al., 2015).
c Mean values over the simulation period. Grazing at G2 site was on a rotational basis, i.e. animals were brought in at intervals for short periods at a high stocking rate, while at all other

sites grazing was by set-stocking, i.e. animals were maintained continuously on the pasture at a low stocking rate.
d World Reference Base for Soil Resources (FAO, 2014).
e Mean values across multiple layers.
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converting CH4 and N2O emissions rates to CO2 equivalents (CO2e) using
the 100-year Global Warming Potential (GWP100) as established in na-
tional GHG inventories, i.e.: 1 kg N2O = 298 kg CO2e, 1 kg CH4 =
25 kg CO2e (IPCC, 2006; https://www.epa.gov/ghgemissions/
Table 3
Design of management options (where 100% indicates the baseline - business-as-usual - mana

Actiona Sites Description

Reduction of livestock density (LD) G1, G2, G3, G4, G5 The livestock density in t
density indicated by the
Abbreviationsb: LD90, LD8

Reduction of livestock density (LD)
and nitrogen (N) fertilizer

G3, G4, G5 The amount of mineral o
the N amount indicated b
decreased in five steps of
standard management)
Abbreviationsb: LD90N80,

a When animal densitywas decreased, cutting events (if present)were left unaltered.When p
b Percent livestock density (90, 80, 70, 60, 50) or N fertilizer (80, 60, 40, 20, 0) against baselin

reducing overall levels of management intensity through reductions in N inputs and grazing le
understanding-global-warming-potentials). Mass factors were also ap-
plied to model outputs, the latter being expressed in C and N units:
1 kg CH4-C = 1.33 kg CH4, 1 kg N2O-N = 1.57 kg N2O, 1 kg CO2-C =
3.67 kg CO2.
gement scenario).

he pasture was decreased in five steps of 10% (from 100% down to 50% of the livestock
default standard management)
0, LD70, LD60, LD50

r slurry N added to the pasture was decreased in five steps of 20% (from 100% to 0% of
y the default standard management), while the livestock density in the pasture is
10% (from 100% down to 50% of the livestock density indicated by the default

LD80N60, LD70N40, LD60N20, LD50N0

resent, supplementary feedingwas proportionally reduced alongwith the animal density.
e (business-as-usual). Without assessing all possible LD x N combinations, we focussed on
vels (according to most agri-environment schemes for grassland; Atkinson et al., 2005).

https://www.epa.gov/ghgemissions/understanding-global-warming-potentials
https://www.epa.gov/ghgemissions/understanding-global-warming-potentials
https://data.giss.nasa.gov/impacts/agmipcf/agmerra


Table 4
Model outputs (annual cumulative) generated by eachmodel (✓: available; NA: not available) and assessed in the study. The identities ofmodelswere kept anonymous by using the same
model codes as in Ehrhardt et al. (2018).

Variable/models M05 M06 M07 M08 M16 M22 M24 M28

CO2 fluxes GPP (gross primary production):
g C m−2

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

NPP (net primary production):
g C m−2

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

NEE (net ecosystem exchange):
g C m−2

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

NBP (net biome production):
g C m−2

NA ✓ NA NA ✓ NA ✓ ✓

RECO (ecosystem respiration):
g C m−2

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

RPLANT (plant respiration):
g C m−2

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

RSOIL (soil respiration):
g C m−2

✓ ✓ NA ✓ ✓ ✓ ✓ ✓

RANIMAL (animal respiration):
g C m−2

NA ✓ NA NA ✓ NA ✓ NA

Non CO2 fluxesa CH4 emissions (methane)b:
g C m−2

NA ✓ ✓ ✓ ✓ NA ✓ NA

N2O (nitrous oxide) emissions:
g N m−2

✓ ✓ ✓ ✓ ✓ NA ✓ ✓

NH3 (ammonia) emissions:
g N m−2

NA ✓ NA ✓ ✓ NA ✓ NA

NOx (nitrogen oxides) emissions:
g N m−2

NA NA ✓ ✓ NA NA NA NA

N2 (nitrogen gas) emissions:
g N m−2

NA ✓ ✓ ✓ NA NA ✓ ✓

N (nitrogen) leaching:
g N m−2

NA ✓ NA ✓ ✓ NA ✓ ✓

Productivity and energy Aboveground biomass (AB):
g DM m−2

NA ✓ ✓ ✓ ✓ ✓ ✓ ✓

Belowground biomass (BB):
g DM m−2

NA ✓ ✓ ✓ ✓ NA ✓ ✓

Harvested biomass (HAB):
g DM m−2

NA ✓ ✓ ✓ ✓ NA ✓ ✓

Animal intake (intake):
g DM m−2

NA ✓ NA ✓ ✓ ✓ ✓ ✓

Metabolisable energy of Offtake (grazing plus harvesting) (MEOfftake):
MJ kg−1 DM

NA ✓ NA NA NA NA ✓ NA

a Fluxes are expressed in units of C (CH4-C) and N (N2O-N, etc.).
b CH4 emissions include emissions from both animals (enteric) and their manure. The latter were estimated for M16, and the former were estimated for M06, M08 and M24; all esti-

mations were based on Clark et al. (2003).
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3. Results and discussion

Simulated results are presented and discussed separately, with se-
lected graphs, for the following groups of variables: CO2 fluxes, non-
CO2fluxes, productivity and energy, and emission intensities. Additional
results are provided in the Supplementary material (Figs. A to S).

3.1. CO2 fluxes

In the baseline scenario, GPP showed a wide range of variations in
multi-model medians (137.2–1732.4 g Cm−2), while animal respiration
(RANIMAL) was the output with the least divergent results among the
models (0.0–211.6 g C m−2; Fig. 1). For the RANIMAL, model differences
tended to be smaller at lower input levels, especially when animal
density was reduced without reductions in N fertilization
(0.0–143.9 g C m−2). For plant respiration (RPLANT), an increase of
model variability was associated with the reduced influence of the live-
stock. It is also interesting to note that net ecosystem exchange (NEE)
values showed large variability among models with intermediate inten-
sification levels, e.g. 70% reduction of LD and 40% reduction of N. The
greatest variability was simulated under the mowing-dominated G5
site (Figs. A and B in Supplementary material), but the model variability
was also high under mowing and grazing combined management at G4
andunder intensively grazed (byheifers)management at theG3 site. Re-
duction in N fertilization tended to decrease NEE variablity at the G3 and
G4 sites. In G5, the analysis of proportional changes indicated - with the
combined reduction of N fertilization and animal density - a clear linear
decrease in NEE compared to the baseline (Fig. C in Supplementary ma-
terial). SinceNEE is defined as the difference between ecosystem respira-
tion (RECO) and gross primary production (GPP), the variability of its
basic components have an effect on the spread ofNEE values. The ensem-
ble uncertainty of GPP and RECO were highest at G2, G3 and G4 sites, as-
sociated with the highest animal densities (Table 2). This suggests that
the intensification of grazing management tends to increase the varia-
tion of GPP and RECO estimates between models, with a smaller uncer-
tainty envelope at the G1 and G5 sites, where altered animal density
variation is very low (0.1–0.04 LSU ha−1 yr−1).

The five grassland sites showed different dynamics in C fluxes with
respect to the simulated management options, with NEE varying be-
tween−231.3 and+189.2 g C m−2 yr−1, considering all sites and sim-
ulation years. These results suggest higher NEE (−19.0 ± 75.9 g and
−47.6 ± 89.8 C m−2 yr−1 for baseline and LD50, respectively), or
lower C uptake, than Soussana et al. (2007) concluded from nine
European grassland sites equippedwith eddy-covariance fluxmeasure-
ments, which showed an average net sink of atmospheric CO2 with NEE
of −240 ± 70 g C m−2 yr−1 (which is in the range −486.3 to
24.8 g C m−2 yr−1, or −1783 to −91 g CO2 m−2 yr−1, provided by
Hörtnagl et al., 2018 for managed grasslands in Central Europe). The
site-by-site analysis (Fig. C in Supplementary material) indicated, ex-
cept at the G5 site, that C uptake was the dominant process. At the G5
site, an NEE of b0 only occurred with LD70N40 management options. At
this site, the greatest model uncertainty in NEE values occurred with



Fig. 1. Changes in CO2 fluxes (g Cm−2) calculated overmultiple years atfive sites, for ten alteredmanagement scenarios and the baseline (as in Table 3; LD: livestock density; N: nitrogen).
For eachmanagement level, triangles show themulti-model (as in Table 4) mean, black lines showmulti-model median. Boxes delimit the 25th and 75th percentiles. Whiskers are 10th
and 90th percentiles. Points indicate outliers.

297R. Sándor et al. / Science of the Total Environment 642 (2018) 292–306
the LD70N40 management option (Fig. 1), related to differently simu-
lated CO2 release and uptake processes. According to themedian values,
the G5 site reached the highest amount of C sequestration
(~113.7 g C m−2 yr−1) at LD50N0. The general observation from the
modelled sites of increasingly negative NEE in response to increasing
N inputs is consistent with experimental observations that report in-
creases in the flow of C to the soil in response to long-term fertilizer N
use (Ammann et al., 2007; Skiba et al., 2013). For the period during
which the C is sequestered, it is removed from the atmosphere and
does not contribute to global warming. This effect is simulated at both
grazed (G1, G2 andG3) and grazing dominated (G4) sites, for all scenar-
ios. Owing to the large quantity of harvested aboveground biomass
(332.1 ± 62.3 g DM m−2 yr−1 on average for the baseline scenario),
the G5 site seems to release C from the soil. However, the grazing re-
moval (395.8 ± 38 g DMm−2 yr−1 on average for the baseline scenario
of G3 site)may drive less radical changes in the C balance. Overall, these
simulation results are consistent with eddy-covariance measurement
data (Senapati et al., 2014; Koncz et al., 2017), in which mown treat-
ments were observed to release C, while grazed treatments acted as
net C sinks. For instance, in Senapati et al. (2014) mown treatments
had lower annual net C storage (22.7± 32.3 g Cm−2 yr−1, net sink), re-
lated to hay removal, than grazed plots (140.9 ± 69.9 g Cm−2 yr−1, net
sink) - though the observed site (Lusignan, France) was recently con-
verted from cropland to grassland, so would be expected to be increas-
ing in soil C (Senapati et al., 2014).

Considering all the sites, the estimated average C exchange (net
biome productivity, NBP, Fig. 1) ranged between −176.9 (sink) and
+140.4 g C m−2 yr−1 (source), with its extremes at LD50N0 and LD60

management options, respectively. This high variability was caused by
different management systems at G4 (grazed and mown) site (Figs. A
and B in Supplementary material), while the extensification combined
with N reduction tended to increase C storage in some cases, e.g. at G5
site. Owing to the high organic C exports (from haycut and/or intensive
cattle grazing: 1.34 and 1.21 LSU ha−1 yr−1), which could be greater
than C imports from manure and slurry, the soil processes would be
dominated by C emissions at the G2 site (intensive scenarios). The N
mitigation reduced the net biome production at G3 site even further.

Ecosystem respiration (RECO), together with RPLANT and RSOIL,
showed a linear decrease as LD and N levels simultaneously decreased,
but tended to increase with a reduction in animal density only (Fig. 1).
Animal respiration (RANIMAL) tended to decrease as animal density de-
creased, though the multi-model median line (Fig. 1) was associated
with some uncertainty at the baseline and LD70N40 options (i.e. 30%
less animals and 60% less N fertilizer). Site-by-site analyses showed
(Figs. A and B in Supplementary material) that the greatest simulated
RECO occurred with G3 and G4 grazing systems. Reduction in N fertilizer
tended to decrease RECO, however the variability of soil respiration
(RSOIL) increased the uncertainty at G4, particularly under sheep-
heifer grazing. Based on model simulations, the main losses of CO2 at
the G4 site were caused by RSOIL and plant respiration (RPLANT). Simu-
lated yearly RANIMAL values, and their proportional changes (Fig. D in
Supplementary material) with respect to the baseline management
showed a distinct emission decrease with extensification (which is
not the case with RPLANT and RSOIL, Figs. A and B in Supplementary



Fig. 2. Comparison of the combined effect of livestock density reduction (LD from 90% down to 50% of initial density) and the N fertilization reduction (N from 80% down to 0% of initial
amount) at G3, G4 and G5 sites for gross primary production (GPP), ecosystem respiration (RECO) and net ecosystem exchange (NEE) using the multi-model median.

298 R. Sándor et al. / Science of the Total Environment 642 (2018) 292–306
material), at a quasilinear rate (by y = −0.56 + 0.05x, R2~1 for LD
changes and y =−0.62+ 0.05x, R2 = 0.99 for N and LD combined op-
tions at G3 site). The data also suggest that therewere substantial differ-
ences among models in the estimated effects of altered management.
These differences were amplified when N fertilization was decreased
jointly with animal density (e.g. option LD70N40 at G4 and G5; Fig. D in
Supplementary material), which suggests that interactions between
the two factors may make a sizeable contribution to this variability in
the response of different models.

Some relationships betweenmodel outputs andmanagement inputs
were apparent from an analysis of data at each site. GPP decreased
stronglywith stocking rateswhile RANIMAL increased,with the exception
of G2 site (Fig. E in Supplementary material). The simulated outputs at
this site may reflect different and non-linear responses of alternative
models (Fig. F in Supplementary material). Often, the offtake increased
and NPP decreased with management intensification, albeit with large
differences between models. With M06, the highest Offtake was simu-
lated when animal density decreased by 30%, while this happened at
10% lower animal density with M24. M08 simulated the highest NPP
value at 30% less livestock density, while with M28 the highest NPP
values were simulated at the most intensive management condition.

The influence of N fertilization was investigated at G3, G4 and G5
sites (Fig. 2) by comparing the combined effect of livestock density re-
duction and N fertilization reduction. In terms of GPP (Fig. 2) and NPP
(Fig. L in Supplementary material), the simulations showed a consider-
able decrease in GPP with N60% less applied N fertilizer at site G4. The
RECO (Fig. 3, middle panel) values also decreased with extensification,
where the N reduction had a greater effect at the G3 and G4 sites. Ani-
mal respiration was driven by livestock density (Fig. G in Supplemen-
tary material), while soil and plant respiration were mainly influenced
by N inputs (lower RPLANT and RSOIL with lower N inputs). In terms of
NEE (Fig. 2, lower panel) and NBP (Fig. G in Supplementary material)
the trend was less obvious, owing to differences in management and
site conditions.

The effectiveness of the differentmanagement strategies such as fer-
tilizer amounts, different animal stocking rates, grazing alone or com-
bined with mowing, was also influenced by site-specific soil (type and
depth) and weather conditions (ie. Precipitation). If we are to distin-
guish between environmental from management effects, then precipi-
tation patterns must be taken into account as it can also have an
influence on the results of the CO2 fluxes (e.g. Polley et al., 2010). In
our simulation study, the amount of precipitation showed a positive
correlation with RSOIL and all the other investigated CO2 fluxes (Fig. H
in Supplementary material) apart from NEE and NBP. The respiration
outputs demonstrated higher sensitivity to N fertilization, than to per-
cent livestock density changes. NEE values suggested greater respiration
in very arid years (such as some years at G1 site, where annual mean
precipitation was 271 ± 141 mm), where the animal density reduction
did not reduce the amount of CO2 emissions. A recent review
highlighted the particular sensitivity of warm and dry climates to
change in stocking density where increased livestock density was asso-
ciated with significantly lower rates of C sequestration (Abdalla et al.,



Fig. 3. Changes in non-CO2 fluxes (g Cm−2, g Nm−2, log10 g Nm−2) calculated overmultiple years at five sites, for ten alteredmanagement scenarios and the baseline (as in Table 3). For
eachmanagement level, triangles show themulti-model (as in Table 4) mean, black lines showmulti-model median. Boxes delimit the 25th and 75th percentiles. Whiskers are 10th and
90th percentiles. Hollow circles indicate outliers (LD from 90% down to 50% of initial density, N fertilization from 80% to 0% of initial amount).
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2018). Gilmanov et al. (2007) pointed out that organic and semi-arid
grassland sites have the potential to become C sources.With decreasing
stocking rate, NEE tended to increase above 800 mm annual precipita-
tion. In humid and very humid years, the soil may be saturated and
anaerobic, and organic C decomposition can be slowed or stopped
under these conditions (yet anaerobic decomposition of partly
decomposed organic matter may emit methane, e.g. Bannert et al.,
2012). The variability of NEE decreased with N reduction, e.g. the most
extensive treatment showed the smallest difference from zero (Fig. H
in Supplementary material).

3.2. Non-CO2 fluxes

A recent IPCC (2014) report and other analyses (Schulze et al., 2009;
Tubiello et al., 2014; Gerber et al., 2015; Hörtnagl et al., 2018) highlight
the importance of the reduction of non-CO2 GHGs, as an important ele-
ment of agricultural mitigation strategies. Particularly methane and ni-
trous oxide cause longer-term warming effects than CO2. There were
clear trends in model responses, indicating decreases in N2O-N, NH3-
N, NOx-N, N2 and NO3-N leaching with reductions in N fertilizer, while
therewere no clear trends in the response to animal livestock reduction
(Fig. 3, allmodels and sites confounded). OnlyNO3-N leaching showed a
distinctly linear decrease with simultaneous decreases of N fertilizer
and livestock density, suggesting a close dependence of this output on
N fertilization input. Methane (CH4-C) emissions tended to decrease
with decreasing livestock density and also with reductions in N
fertilization.

For N2O emissions, relative effect size analysis (Fig. I in Supplemen-
tary material) and simulated emissions (Fig. 4 and Fig. J in Supplemen-
tary material, respectively) revealed linear decreasing trends as both
livestock density and N fertilizer were reduced (sites G3, G4 and G5,
Fig. 4, bottom). The greatestmitigation of N2O-N emissionwas obtained
by reductions in N fertilizer at the G4 andG5 sites, where the initial 0.51
and 0.63 g N2O-Nm−2 were reduced to 0.11 and 0.16 g N2O-Nm−2, re-
spectively. In terms of total GHG emissions, using the 100-year Global
Warming Potential (GWP100), the N mitigation from baseline to zero
would reduce the multi-model median simulated N2O emissions by
135.7, 187.1 and 219.9 g CO2e m−2 yr−1 at G3, G4 and G5 sites, respec-
tively. This corresponds to ~16–25% of C sink potential, reported by
Soussana et al. (2007) across nine European grassland sites, but a larger
percentage (~40–65%) of the sink potentials determined in this study.

The reduction of N fertilizer logically decreases theN2O-N emissions,
as reported here (Fig. J in Supplementarymaterial) and by experimental
studies (Cardenas et al., 2010; Bell et al., 2016; Hörtnagl et al., 2018).
Our results at the G3 site showed the same trend (Table 5), when the
N2O-N emissions are compared to the applied N fertilizer amounts,
the estimated (simplified) N2O-N emission factors (percent ratios of
the total yearly N2O-N emissions over the amount of annually applied
N fertilizer, both in kg N ha−1). Our simulated results (varying between
1.0 and 3.5% across sites and treatments) are not far from the IPCC
(2006) default EF for fertilizer N value, which is 1%. At G4 and G5
sites, the EF values tended to increase as grassland management re-
ceived less N fertilizer (Table 5), which suggest some non-linear reduc-
tion of N2O under reduced fertilizer supply, which can be explained by a
decrease of plant N uptakewith decreasingN fertilizer rate (e.g. Lü et al.,
2014). Negative relationships between N use efficiency and soil N avail-
ability were observed in a variety of ecosystems, including grasslands
(e.g. Yuan et al., 2006). Decreased N uptake from the soil and less effi-
cient use of the N assimilated by plants leave more N available for mi-
crobes in the soil (which is the most important factor for N2O-N
emissions). Thus, the most intensive systems (G3, G4 and G5) had the
highest CO2e emission rates while the N2O-N emission factors varied
between the managements options. There was no trend in median
values of simulated N2O emissions and LD levels, with the exception
of G1 and G4 (Fig. I in Supplementary material). At the G1 site, a slight
decreasing trend was noticeable with decreasing grazing intensity,
with increasingly diverging results among models as more extensive
management was introduced.

Overall, the different N fluxes (Fig. 4 and Fig. K in Supplementary
material) tended to decrease with reduced N fertilization, mainly after
a 60% reduction in the amount of N applied in both grazed and com-
bined (mown and grazing) systems.



Fig. 4. Relationship between nitrous oxide emissions (multi-year averages of seven models) given in N2O-N and CO2e forms, and increasing animal stocking rate at all sites comparing
livestock density reductions (top graph) and livestock density and N fertilization reduction (bottom graph), as in Table 3.
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Regarding CH4-C emissions (Fig. 5), the G3 site had much higher
model uncertainty than other sites, mostly due to high estimates from
M06 and M24. The simulated multi-model median values were the
highest, with lower livestock density. For example, the multi model
multi-year average baseline simulation was 4.6 g C m−2, which was re-
duced to 3.6 g C m−2 with stocking rate reduction alone, and to
3.4 g C m−2 in combination with N reduction at the G3 site (Fig. 5).
The main agricultural source of CH4 at the G3 site was the intensive
heifer grazing system. Other sites were less affected because either
they had grazing sheep (G2 and G5) or were less intensively grazed
(low cattle density in G1, combined sheep and cattle grazing in G4).

Site-specific circumstances, mainly soil properties (particularly soil
N availability), and precipitation patterns, have considerable effect on
the N balance of the grassland sites. Our modelled outputs show that
soils tended to release more N2O-N and CH4-C (Fig. L in Supplementary
material) in humid and very humid years, while the net N emissions
were lower during drier years. The highest N2O-N emissions and also
N2 and NOx emissions (Fig. L in Supplementary material) were simu-
lated when annual precipitation was around 1000 mm, owing to the
more available N, because high rainfall rates increase the rate of N trans-
port to deeper soil layers and increase nitrate leaching (Fig. L in Supple-
mentary material). Also, there would be more anaerobic microsites
leading to greater rates of denitrification in waterlogged soils (Smith
et al., 1998). Besides, higher NPP values (Fig. H in Supplementary mate-
rial) were associated with elevated precipitation, thus higher organic N
Table 5
N2O-N emission factors: multi-model median at the three N fertilised sites (as in Table 2).
Grey cells indicate the lowest values.

Management 

options 

G3 G4 G5 

Baseline 1.3% 1.8% 2.3% 

 1.4% 1.2% 2.0% 

 1.6% 2.0% 1.9% 

 1.4% 2.2% 2.5% 

1.0% 1.7% 3.5% 
inputs to soil may contribute to the larger N2O-N emissions. This indi-
cates that the intensity of N losses tends to be associated with annual
precipitation levels, and N losses can be effectively mitigated by reduc-
ing livestock density and/or N fertilization rates. Our simulations indi-
cate reductions in N fertilization as the most effective option for
mitigating non-CO2 fluxes, mainly in humid areas, an observation that
is consistent with a number of previous studies (Bouwman et al.,
2002; Rees et al., 2013) but further studies are required considering
the high variability of model responses.

3.3. Productivity and energy outputs

Some decreasing trends with management extensification can be
observed in the box-plots of Fig. 6, e.g. for simulated Offtake and Intake,
while aboveground and belowground biomass increased with lower
stocking rates, combining simulation results from five sites. In terms
of harvested aboveground biomass, a dropwas simulatedwith noN fer-
tilization (e.g. baseline simulation: 421.7 ± 118.6 g DM m−2, LD50N0

management: 200.9 ± 78.8 g DM m−2 across the multi-year site
averages).

In fertilised sites, where LD levels have been assessed alone and in
combination with N fertilisation levels, Fig. 6 and Fig. M in the Supple-
mentary material indicate that, overall, reducing N fertilizer rate will
havemore effect on aboveground biomass and biomass offtake than re-
ducing livestock density, as data points relative to sites G3, G4 and G5
tend to stay below the 1:1 line. The effect of N fertilizer reduction starts
becoming visible at G4 with 60% N reduction, while only with no N fer-
tilization is this effect visible at G5. However, livestock density reduction
has a greater effect on animal intake, belowground biomass and
MEOfftake (Fig. M in Supplementary material). Animal intake decreases
considerably with extensification (Fig. 6 and Fig. N in Supplementary
material).

The annual NPP values, normalized by animal stocking rates, are
shown in Fig. 7 for eachmanagement option (Fig. 7). The G5 site (mow-
ing dominated) was excluded from this analysis owing to the very low
stocking rate practised at this site, thus a relationship was established
of animal intake (not offtake) with NPP over stocking rate ratio. There



Fig. 5. Relationship between methane emissions (multi-year averages of five models), expressed as CH4-C and CO2e, and increasing animal stocking rate at all sites, comparing livestock
density reduction (top graph) and livestock and N fertilization reduction (bottom graph) as given in Table 3.

301R. Sándor et al. / Science of the Total Environment 642 (2018) 292–306
was a decreasing trend in animal intake with extensification when ani-
mals have access tomore biomass per head. This trend is also supported
by the relationship between the minimum required amount of biomass
per animal and the productivity of the sites under different manage-
ment options. Using 1.5 LSU ha−1 yr−1 as an overall reference estimate
of potential ecological carrying capacity (e.g. UK Rural Payments
Agency, 2003), which is equal to 1.5 adult cattle on 1 ha pasture field,
we see that around ~46% of the total biomass produced each year is
Fig. 6. Changes in productivity and energy outputs (g DM m−2, MJ kg−1 DM) calculated over
Table 3). For each management level, triangles show the multi-model (as in Table 4) mean
Whiskers are 10th and 90th percentiles. Points indicate outliers.
consumed by animals in the most intensive grazing systems (baseline)
of G2 and G3 sites (Fig. 7). With extensification, this ratio is reduced to
~23% at LD50 (average of G2 and G3 sites).

Overall, grassland productivity increases with annual precipitation
levels, though uncertainties can be large (e.g. seasonal waterlogging
spells and heat waves may have negative effects on grassland produc-
tivity also with rainfall N1000 mm yr−1), indicating higher sensitivity
to animal density reduction (which has some positive effects) than to
multiple years at five sites, for ten altered management scenarios and the baseline (as in
, black lines show multi-model median. Boxes delimit the 25th and 75th percentiles.



Fig. 7.Relationship between animal intake (Intake) (multi-year averages of eightmodels, expressedwith two units) and the ratio of net primary production (NPP) (multi-year averages of
eight models) over animal stocking rate for different livestock densities (as in Table 3).
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N fertilization reduction (with even greater negative effects) of
MEOfftake, Intake, Offtake, AB and BB (Fig. O in Supplementary material).

3.4. CO2, CH4 and N2O intensities

Extensification,mostly throughN input reduction, increased the var-
iability of results in the case of methane intensity. Overall, N2O-N inten-
sity reduces with greater extensification (Fig. P in Supplementary
material), mainly driven by N fertilizer reduction, while CO2-C intensity
shows different patterns at each site. In G4, in particular, CO2-C intensity
is N1 when animal density was reduced by 60%. Multi-model median
simulations suggest that reducing N fertilization does not affect meth-
ane emissions. However, at the G3 site (grazed by heifers), which
shows the greatest intensities (Fig. Q in Supplementary material),
CH4-C emissions increase with reducing animal density (with cattle
having a larger area to graze, and thus more biomass available for
feeding).

For N2O-N intensity (Fig. R in Supplementary material), model vari-
ability increased with reductions in animal density at the G1 and G3
sites (cattle grazing systems). Under sheep grazing (G2, G4, G5 sites),
different models did not differ much in their output when reducing an-
imal density. The intensity of C (in the form of CO2-C and CH4-C) and N
(in the form of N2O-N) emissions with respect to biomass offtake did
not change with extensification (Fig. P in Supplementary material).
The plot of CH4-C intensity values against NPP-stocking rate ratios
(Fig. 8) show the extensification at G3 site increased the simulation un-
certainty. For sheep grazing systems, methane emissions did not vary
greatly with management options. However, CO2-C and N2O-N intensi-
ties, and their simulation uncertainties, increased with extensification,
when animals had more available biomass.

In relation to annual precipitation levels, CO2-C, CH4-C and N2O-N
intensities (Fig. R in Supplementarymaterial) showed different patterns
for arid and humid conditions. In the case of CO2-C intensity, C seques-
tration was moving around its equilibrium at humid conditions, while
for drier years it showed different patterns. N fertilization reduction
may increase C fixation, with its maximum at 30% less animal density
and 60% less N fertilization.

Overall, the carbon sink increased with extensification (baseline: ~
−70, LD50: ~−175 and LD50N0: ~−329 CO2eq) (Fig. 9), but N2O and
CH4 emissions decreased. Livestock density reduction showed greater
effect on CH4-CO2eq reduction (baseline: ~108, LD50: ~84 and LD50N0:
~75 CO2eq), while N fertilization reduction considerably reduced the
N2O emission from ~160 and ~152 CO2eq (baseline and LD50, respec-
tively) to ~49 CO2eq with no N fertilization.

4. Summary and conclusions

This is the first multi-model study to simulate the effect on C and N
fluxes of reduced grazing intensity and N fertilizer inputs in multiple
grassland systems across the globe. By mobilizing a multi-model ap-
proach, it has provided an improved understanding of GHGflux dynam-
ics in pastures. This study confirms that grasslands (which have the
advantage of potentially acting as a C and N sink compared to many
croplands) can be exploited for GHG mitigation in beef and dairy pro-
duction, because C and N sequestrations can, under some circum-
stances, offset GHG emissions.

Simulated C fluxes indicated that there may be some shift towards
a C sink (NEE b 0) with decreasing inputs, though it depends on com-
plex, multifaceted processes of C fixation (GPP) and release (RECO) oc-
curring in the ecosystem. This is especially true for G3 and G4 sites,
while grasslands managed with low animal densities may not support
C sequestration under arid conditions or in the presence of high or-
ganic C exports from mowing. Simulated N outputs showed the con-
siderable effect of N fertilizer reduction on C and N emissions, while
changes in animal density only slightly affected the N balance. Both
simulated CH4-C and N emissions (including leaching) were, as
expected, highly sensitive to precipitation levels, with higher values
being seen under humid conditions (annual precipitation
N1000 mm). This indicates the importance of considering climate pat-
terns when determining budgets of C and N under varying manage-
ment options. With the most intensively grazed systems, ~35–40% of
the simulated net primary production was grazed by animals, with
this ratio decreasing to ~13% with decreasing stocking rates. The
greatest enteric CH4-C intensities were estimated for intensive grazing
systems, while the highest estimates of N2O-N intensities were found
for mown and extensively grazed arid systems. Considering the dy-
namic behaviour of grassland systems, the amounts of C and N seques-
tered or released are not the same each year. However, uncertainties
in the year-to-year variations are not critical in this context as our
focus was on capturing major trends and levels rather than modelling
exact annual or seasonal fluxes.

While suggesting the possibility of usingmodels to determine sound
mitigation practices, the present study also showed limitations. Our
findings are based purely on simulated data and lack evaluation against
measured outputs (experimental trials that have appeared in the pub-
lished literature give us, at a minimum, a hint at what comprehensive
assessment of multi-model ensemble would look like). Although the
models used in this study are only a subset of the available grassland
models, we think that the variousmodel types and variants (and related
parameterizations) evaluated here are reasonably representative of cur-
rent approaches. Another study limitation is that grassland practices
other than grazing density and N fertilization were not assessed. For in-
stance, an option that has not been accounted for in this study is increas-
ing the proportion of legume species in the sward which can allow for
reduced use of N fertilizer, and has the potential to mitigate GHG emis-
sions (e.g. Lanigan et al., 2013; Fuchs et al., 2018). For an analysis of the
mitigation potential of legumes, we refer readers to a parallel study un-
derway as part of the Model4Pastures project (https://www.faccejpi.

https://www.faccejpi.com/Research-Themes-and-Achievements/GHG-Mitigation/multi-partners-call/Models4Pastures


Fig. 9. Ensemble modelling of carbon sink (C sink), nitrous oxide emissions (N2O) and
methane emissions (CH4) in CO2eq form using multi-site averages of the multi-model
median of eight models under grassland mitigation options (as in Table 3).

Fig. 8. Relationship between CO2-C, N2O-N and CH4-C intensity outputs (multi-year averages of eight, seven and five models, respectively) and the ratio of net primary production (NPP)
output and animal stocking rate for different livestock densities (as in Table 3).

303R. Sándor et al. / Science of the Total Environment 642 (2018) 292–306
com/Research-Themes-and-Achievements/GHG-Mitigation/multi-
partners-call/Models4Pastures). Other options, such as organic N fer-
tilization, nitrification inhibitors or supplemental feeding, which are
common practices in grassland management, have been left out given
that state-of-the-art models are not unambiguously sensitive to such
management interventions (Brilli et al., 2017). These difficulties, and
those associated with model-to-model variability, suggest that some
development work would be sensible given the importance of grass-
lands in supporting the broader GHG emissions reduction agenda. De-
spite their limitations, biogeochemical models (which evolve with the
progress of research) are today a valuable tool for evaluating alternative
options for mitigation of GHG emissions through grassland manage-
ment. It is still rare for results in support to management decisions to
be reported by an assessment of uncertainty. Our results show the po-
tential for associating quantification of uncertainties with the results
of grassland modelling under alternative management.

https://www.faccejpi.com/Research-Themes-and-Achievements/GHG-Mitigation/multi-partners-call/Models4Pastures
https://www.faccejpi.com/Research-Themes-and-Achievements/GHG-Mitigation/multi-partners-call/Models4Pastures
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