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Abstract. Intensively managed grazed grasslands in tem-
perate climates are globally important environments for the
exchange of the greenhouse gases (GHGs) carbon dioxide
(CO»), nitrous oxide (N;O) and methane (CHg). We as-
sessed the N and C budget of a mostly grazed and occa-
sionally cut and fertilised grassland in SE Scotland by mea-
suring or modelling all relevant imports and exports to the
field as well as changes in soil C and N stocks over time.
The N budget was dominated by import from inorganic and
organic fertilisers (21.9gNm~2a~!) and losses from leach-
ing (5.3 gNm_2 a—1), N, emissions (2.9 gNm_2 a—1), and
NO, and NHj3 volatilisation (3.9gNm~2a~!), while N,O
emission was only 0.6 gNm~2a~!. The efficiency of N use
by animal products (meat and wool) averaged 9.9 % of to-
tal N input over only-grazed years (2004-2010). On aver-
age over 9 years (2002-2010), the balance of N fluxes sug-
gested that 6.0 5.9gNm~2a~! (mean =+ confidence inter-
val at p>0.95) were stored in the soil. The largest compo-
nent of the C budget was the net ecosystem exchange of CO;

(NEE), at an average uptake rate of 218 £155gCm2a~!
over the 9 years. This sink strength was offset by carbon
export from the field mainly as grass offtake for silage
(489gCm~2a~!') and leaching (164gCm~2a~!). The
other export terms, CHs emissions from the soil, manure
applications and enteric fermentation, were negligible and
only contributed to 0.02—4.2 % of the total C losses. Only
a small fraction of C was incorporated into the body of
the grazing animals. Inclusion of these C losses in the bud-
get resulted in a C sink strength of 163+ 140gCm~2a~!.
By contrast, soil stock measurements taken in May 2004
and May 2011 indicated that the grassland sequestered N
in the 0-60cm soil layer at 4.51+2.64gNm~2a~! and
lost C at a rate of 29.08 £38.19gCm~2a~!. Potential rea-
sons for the discrepancy between these estimates are proba-
bly an underestimation of C losses, especially from leach-
ing fluxes as well as from animal respiration. The aver-
age greenhouse gas (GHG) balance of the grassland was
—3664601gCOseq.m~2yr~! and was strongly affected
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by CH4 and N>O emissions. The GHG sink strength of the
NEE was reduced by 54 % by CH4 and N;O emissions. Es-
timated enteric fermentation from ruminating sheep proved
to be an important CH4 source, exceeding the contribution of
N>O to the GHG budget in some years.

1 Introduction

Managed grasslands cover an estimated 26 % of earth’s land
surface (FAOstat, 2008). The impact of reactive nitrogen (Nr)
losses, carbon (C) sequestration and greenhouse gas (GHG)
emissions (CO,, CHy and N>O) from these grasslands is
therefore of global importance and will become even more
relevant in the future as increased standards of living in de-
veloping countries are expected to result in a rapid growth of
livestock farming (Caro et al., 2014). Carbon and N cycles
in grasslands are intricately linked and tightly coupled in ex-
tensively managed low-N grasslands, with sinks and sources
in equilibrium. Converting such systems to intensively man-
aged N-fertilised grasslands in the short term may increase
the soil organic carbon (SOC) pool from decomposed plant
litter and root material as well as through rhizodeposition
(Rees et al., 2005) until a new equilibrium is reached (Sous-
sana and Lemaire, 2014). In the case of the long-term Broad-
balk experiment in the UK, this equilibrium was achieved
after 50 years (Powlson et al., 2011). After the conversion to
intensive N management, the tight coupling of the N and C
cycles becomes disrupted, leading to emissions of N,O and
CHy4 at rates which may outweigh the benefits of C seques-
tration; increased N input will lead to a decrease in the C /N
ratio of the soil resulting in increased nitrification and deni-
trification processes and thus N>O losses (Mu et al., 2014),
while N fertilisation is a key factor inhibiting CH4 oxidation
in soils. Mosier et al. (1991) reported an inhibition of CHy4
uptake on grassland by 41 % after the application of N fer-
tiliser. Several studies indicate that managed grasslands can
sequester C (Kim et al., 1992; Jones et al., 2006; Soussana
et al., 2004; Ammann et al., 2007) however, uncertainties
are high (Janssens et al., 2003). By contrast, Smith (2014)
concluded from long-term experiments and chronosequence
studies that changes in agronomic management may lead to
short-term C sequestration, but in the long-term, under con-
stant management and environmental conditions, C stocks
are relatively stable. In a grassland ecosystem the C bal-
ance is determined by the net biome exchange (the differ-
ence between total C input and losses). In managed grassland
ecosystems, exports through biomass harvesting, the addi-
tion of organic manures (from organic fertiliser additions and
animal excretion) as well as CO; and CHy4 losses from ani-
mal respiration and enteric fermentation can make significant
contributions to the C budget.

Nutrient budgets are a valuable tool to summarise and un-
derstand nutrient cycling in agroecoystems and to assess their
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impact on the environment. As imbalances are not sustain-
able in the long term, N and C budgets can be used as indi-
cators and regulatory policy instruments for nutrient man-
agement in order to reduce losses and increase efficiency.
So far, different Nr species have been looked at in separate
studies according to their form and impact. Few studies have
attempted to calculate N budgets from managed grasslands
(e.g. Chen et al., 2004; Ammann et al., 2009; Kramberger et
al., 2015), whereas C budgets have been assessed more often
and are available for various ecosystems (e.g. Aubinet et al.,
2000; Soussana et al., 2007; Ammann et al., 2007; Rytter et
al. 2015). To calculate the total C and N budget of an ecosys-
tem all import and export processes have to be assessed by
measuring or estimating all imports and exports to an ecosys-
tem. The other method is to measure differences in N and C
stocks in the soil over time. This approach has the advantage
that it requires the measurement of only a single component
of the system. However, a large number of samples is needed
at an interval of more than 5 years before detectable changes
may be statistically significant (Smith, 2004). Moreover this
approach does not provide any information about the differ-
ent processes leading to the final budget.

In this study we assessed the C and N budget from an in-
tensively managed grassland in southern Scotland using both
approaches. Here we report one of the most detailed analyses
of C and N fluxes from a grassland ecosystem over 9 years
(2002-2010). This study allowed an analysis of the impor-
tance of common grassland management practices such as
cutting for silage, grazing of cattle and sheep at different
stocking densities, N input by inorganic and organic fer-
tiliser applications, as well as different weather conditions
for the N, C and GHG balance. The data provide a unique
overview of research undertaken within the three European
projects GREENGRASS (Soussana et al., 2007), CarboEu-
rope (Schulze et al., 2009) and NitroEurope (Sutton et al.,
2007; Skiba et al., 2009).

2 Methods
2.1 Site description

The experimental site, Easter Bush, is located in south-east
Scotland, 10km south of Edinburgh (03°02' W, 55°52'N;
190 ma.s.l.), with a mean annual rainfall of 947 4234 mm
and a mean annual temperature of 9.0 & 0.4 °C (2002-2010).
The field (5.424ha) has been under permanent grassland
management for more than 20 years before the start of the ex-
periment with a species composition of > 99 % perennial rye-
grass (Lolium perenne) and <0.5 % white clover (Trifolium
repens). The soil type is an imperfectly drained Macmerry
soil series, Rowanhill soil association (Eutric Cambisol),
with a pH of 5.1 (in HyO) and a clay fraction of 20-26 %.
The ground water table was assumed to be at 0.85 m depth on
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Figure 1. Stocking density (a) and nitrogen (b) and carbon (c) input
and export from inorganic and organic fertiliser and harvest from
2002 to 2010. LSU stands for livestock unit, where 1 livestock unit
has a standard live weight of 600 kg head 1.

average, and the main rooting zone extends down to 0.31 m
below the soil surface.

2.2 Grassland management

The grassland was grazed rotationally throughout the exper-
imental period by heifers in calf, ewes and lambs at differ-
ent stocking densities (Table 1 and Fig. 1a). Livestock units
used for heifers, ewes and lambs were 0.75, 0.10 and 0.04,
respectively (1 livestock unit has a standard live weight of
600kghead™!; SAC, 1995). Lambs were present on the field
from April to September only. The grass was cut for silage
only in the first 2 years, on the 1 June and 8 August 2002 and
on the 29 May 2003. Ammonium nitrate fertiliser was ap-
plied to the field three to four times per year, usually between
March and July (56 kg Nha~! application—! on average). In
2008 an additional fifth mineral N application was added,
using urea instead of ammonium nitrate fertiliser. Organic
manure was applied on 28 September 2004 and 27 March
2005 as cattle slurry, using a vacuum slurry spreader (Ta-
bles 3 and 4 and Fig. 1b and c).
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2.3 Annual budget calculations

We assessed the N and C budget by measuring or estimat-
ing the import and export of all relevant fluxes to and from
the grassland field on an annual basis. Throughout the paper
all fluxes are presented following the sign convention used in
micrometeorology; fluxes from the ecosystem to the atmo-
sphere are positive (exported from the field), while negative
values indicate fluxes from the atmosphere to the ecosystem
(imported to the field). We set the system boundary for inputs
and exports of N and C by the field perimeters. The balance
of all imports and exports results in the observed changes in
N and C on this field over time.

The change in the N balance (AN) over time (A ¢) of our
grassland ecosystem can be written as

AN/At = FNorg fert. 1 FNsynt fert. + FNfeed
+ FNNZ (biol. fixation) + FNdep. + FNharvest
+ FNanimal + FNleaching

+ FNNH3 ,NO (fert.,manure, animal)
=+ (FNNo, (soil) + FNN,0 + FNN, (denitr.) - (D

N imports include the addition of N from organic and in-
organic fertiliser (FNorg fert. + FNgyntfert.), cake concentrate
fed to ewes during lactation (FNfeeq), the fixation of Nj
through biological fixation (FNN, (biol. fixation))» and the de-
position of NH3, HNO3, NH, NO5 from dry and NH;
and NO; from wet deposition (summarised as FNgep ). Ex-
ports include the N lost from plant biomass at cuts for silage
(FNharvest) the offtake of N in meat (including bones) and
wool from animals (FNypima), the loss of organic and in-
organic dissolved N through leaching (FNjeaching), the NH3
and NO, emissions from the volatilisation of inorganic and
organic fertiliser spreading as well as from animal excre-
tion (FNNH;,NO, (fert., manure, animal)), the emission of NOy
from the soil (FNno, (soil)), the emission of NoO from the
soil (FNN,0), and the loss of N, from total denitrification
(FNN, (denitr.)) -

The change in the C balance (AC) over time equals the net
biome production (NBP) and can be written for our site as

AC/AI =NBP = l::CCOZ + FCorg fert + FCanimal
+ FCCH4 + Fcleaching + FCharvest- 2

FCco, represents the net ecosystem exchange (NEE) of CO,,
and FCoyg fert 1s the C input through manure application. Car-
bon input from animal excretion was not included in the
budget as it was assumed to be recycled C from plant and
soil uptake. FCypimar includes the C offtake through ani-
mal weight increase and wool production. As grazing cows
were heifers in calf and ewes’ milk was consumed by their
lambs, there was no C offtake through milk to be consid-
ered. Methane emissions from enteric fermentation by rumi-
nants, animal excretion and manure application as well as
CHy fluxes from the soil are included in FCcq,. FCieaching
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Table 1. Average annual stocking rates (LSU* ha~! a_l).

S. K. Jones et al.: The nitrogen, carbon and greenhouse gas budget of a grassland

2002 2003 2004 2005 2006 2007 2008 2009 2010
Heifers 0.12 038 005 0.15 027 0 0 0 0
Ewes 0.14 016 082 056 051 068 068 0.61 053
Lambs 0 0 012 012 012 023 014 011 0.12
All animals 027 054 099 083 090 091 083 0.72 0.65

* LSU stands for livestock units; 1 LSU has a standard live weight of 600 kg head~! (Scottish Agricultural College,

1995).

is the C lost through dissolved organic and inorganic C and
dissolved CHy leaching, and FChypvest represents the C lost
from the system through plant biomass export from harvests
(cut for silage). Carbon emissions from farm operations (i.e.
tractor emissions) or off-farm emissions (i.e. fertiliser manu-
facture) are not included in the C budget.

Details of methods to quantify each N and C budget com-
ponent, as listed in Eqs. (1) and (2), are described under
Sect. 2.4 to 2.17 and in the Supplement. Some budget compo-
nents were measured throughout the 9 years presented, while
others were only measured in some years or not at all. Miss-
ing data were derived from the literature, models or averages
from available data from other years.

The annual net GHG exchange (NGHGE) was calculated
from annual NEE (FCco,), CHs4 (FCch,) and N2O (FNn,0)
fluxes using global warming potentials (GWPs) at the 100-
year time horizon (1 for CO,, 298 for N>O and 25 for CHy,
IPCC, 2013):

NGHGE = (FCco,) + FCch, x kcn, +FNn,0 x kny0, (3)
where

kcu, =9.09, since 1kgCHy4 — C corresponds to
9.09kgCO;, —C,

kn,o0 = 127, since 1 kgN>O — N corresponds to
127kgCO, —C.

In addition the net annual greenhouse gas balance (NGHGB)
was calculated by including the loss of C through animal
meat and wool production, harvest offtake, C leaching, and
input by organic fertiliser application:

NGHGB = NGHGE + FCog fert + FCanimal
+ FCleach + FChaIvest~ (4)

2.4 Nitrogen and carbon import by fertiliser and
manure (FNgynt fert + FNorg fert. + FCorg fert)

Mineral fertiliser was applied by a spreader as either ammo-
nium nitrate or urea. Six-month-old cattle slurry was spread
by a vacuum slurry tanker. Data of application rates and N
content were obtained from the farmer. Three samples from
the slurry tank were taken at each application and analysed
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for ammoniacal nitrogen (NH3 and NHI), dry-matter con-
tent, total N, total C, pH and nitrate. The total N and C import
to the field by the slurry was calculated by the volume of the
slurry applied and the N and C analyses of the slurry.

2.5 N import through standard cake concentrate
(FNfeed)

Ewes were given standard cake concentrate “Davidsons su-
per ewe nuts” during lactation, which contained 20 % pro-
tein. They were given 1kg of this additional feed per day
for 7 weeks in spring. This resulted in an extra N intake of
0.032kg N per ewe per day (assuming an N content of 16 %
of protein; IPCC, 2006a).

2.6 Nitrogen and carbon export by harvest (FNparvest+
FCharvest)

The farmer estimated a forage harvest of 15t fresh weight
(FW) per hectare at the first cut and 10t FW ha=! at the sec-
ond cut of a year, based on the plant height at the field at
the time of cutting and information from harvested plot ex-
periments. As there were two cuts in 2002 and one cut in
2003 the estimated harvest was 25tFWha=!a~! for 2002
and 15tFWha~'a~! for 2003. A subsample of harvested
vegetation was collected and dried at 80 °C for plant N and
C analysis using a Carbo-Erba/400 automated N and C anal-
yser.

2.7 Nitrogen and carbon export by meat and wool
(FNanimal + I"'1Canimal)

It was estimated by the farmer that heifers increased in
weight by 0.8 kg per day (starting weight of 450kg). The ewe
weight was assumed to be constant (60kg). They were fed
extra protein (standard cake concentrate) to reduce weight
loss during lactation, whereas lambs were brought to the field
at a weight of 5 kg and removed when they reached a weight
of 45kg. All animals were weighed before they came onto
the field at the beginning of the season and again at the end
of the season. The total meat export, which includes bones,
was calculated from the daily weight increase in heifers and
lambs multiplied by the animal number per day. To calculate
the N and C export from meat, we assumed an N content of

www.biogeosciences.net/14/2069/2017/
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meat of 3.5 % and a C content of meat of 21 % (Flindt, 2002),
an N content of bones of 7% and a C content of bones of
20 % (Marchand, 1842), assuming a total bone content of
20 % for sheep (Lambe et al., 2007) and 14 % for heifers
(Navajas et al., 2010) . Ewes were sheared annually in June,
yielding an estimated 2.5 kg of wool per sheep. Wool N and
C export was calculated from wool production multiplied by
the average sheep number in June, assuming an N and C con-
tent of wool of 16.5 and 50 %, respectively (Roche, 1995).

2.8 Nitrogen and carbon leaching
(FNleaching + FCleaching)

Two sets of 10 glass suction cups (pore size < 1 um, ecoTech,
Bonn, Germany) for soil water and 4 Teflon suction cups
(ecoTech, Bonn, Germany) for soil gas collection were in-
stalled in August 2006. One set was located on a slope, an-
other in a hollow. For the budget calculations we only used
results from the slope location as the hollow location was
frequently water logged. Suction cups were installed hori-
zontally from a soil pit beneath the A horizon (30 cm depth)
and at 90 cm depth and connected to 2 L glass bottles in an in-
sulated aluminium box placed into the soil pit. Samples were
collected every 2-3 weeks. For further details and descrip-
tion of dissolved organic and inorganic C (DIC, DOC) and
dissolved CHy4 analysis see Kindler et al. (2011). Dissolved
inorganic and organic N (DIN, DON) and total N (TN) con-
centrations in leachate water were analysed by colorimet-
ric analysis (San™, automated wet chemistry analyser —
continuous-flow analyser (CFA), Skalar, the Netherlands).
Leachate C and N concentrations were measured from 1 Oc-
tober 2006 to 30 March 2008. Dissolved C and N were cal-
culated by multiplying concentrations of DIC, DOC and dis-
solved CHy or DIN and DON, respectively, with leachate
volume. The latter was derived from a soil water model based
on balancing daily precipitation and evaporation considering
the water-holding capacity of the soil (Kindler et al., 2011).
To calculate the annual leaching flux for 2007, data were gap
filled using daily average values for missing data. For the re-
maining years N was simulated using the LandscapeDNDC
model (Haas et al., 2013), with the model tested and validated
with comprehensive measured data. For C leaching linear
regression models describing the relationship between cal-
culated C leaching fluxes and leachate volume for the mea-
surement period (DOC: y = 0.0186x—0.0695, R? =0.8663:
DIC: y = 0.021x—0.0008, R% =0.8056; and dissolved CHy:
y = 0.0019x — 0.0135, R* =0.7623) were used to extrapo-
late to the remaining years.

2.9 N deposition (FNgep)
2.9.1 Wet N deposition

Wet N deposition was determined from daily samples col-
lected by an automatic precipitation sampler (Eigenbrodt®
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precipitation collector 181/KS, Konigsmoor, Germany) at
Auchencorth Moss (3°14'35W, 55°47'34N), 17 km south-
west of Easter Bush (Skiba et al., 2013; McKenzie et al.,
2016). Precipitation samples were analysed for NO; and
NHI by ion chromatography (Methrom AG, Switzerland).
Typical detection limits were 0.5 uM for NHI and 0.4 uM
for NO3 . Annual inorganic N deposition at this site was then
adjusted to annual rainfall amounts measured at Easter Bush.

2.9.2 Dry N deposition

Cumulative monthly concentrations of gaseous and aerosol N
species (NH3, HNOj3, particulate NHI and NO3') were col-
lected from another field, at about 300 m distance from our
study field, using a DELTA system (DEnuder for Long Term
Atmospheric sampling; Sutton et al., 2001). N dry-deposition
fluxes were calculated using the average flux from four dif-
ferent inferential models, as described in detail by Flechard
etal. (2011).

2.10 NgO fluxes (FNNZO)

From June 2002 to July 2003 N,O fluxes were measured
continuously by eddy covariance (EC) using an ultrasonic
anemometer coupled with a tunable diode laser absorption
spectrometer (TDL) at a frequency of 10 Hz. Details of the
gap-filling method of the NoO-EC data are described in
Jones et al. (2011). From August 2006 to November 2010,
N>O fluxes were measured using manual closed static cham-
bers (Clayton et al.,1994; Skiba et al., 2013). Samples were
analysed for N>O using a Hewlett Packard 5890 series II
gas chromatograph (GC) (Agilent Technologies, Stockport,
UK), fitted with an electron capture detector (detection limit:
N>O <33 ppbV). Fluxes were measured weekly and more
frequently during fertilisation. Cumulative fluxes were cal-
culated by gap filling data for missing days using linear
interpolation and summing up all gapfilled data over each
calendar year. For the periods where no N>O fluxes were
measured (January—May 2002, July 2003—March 2004, May
2004-July 2006) fluxes were simulated by LandscapeDNDC
(Haas et al., 2013). LandscapeDNDC was tested in detail
with available data on plant growth, soil temperature, mois-
ture, inorganic soil N concentration, NO and N, O, which re-
sulted in general good agreement of simulations and mea-
surements. Results except for NO emissions are published in
Molina et al. (2016).

2.11 NO, fluxes (FNNo, (soil))

NO, fluxes from the soil were only measured for a short pe-
riod (June 2009—August 2010). The NO, fluxes were mea-
sured using an autochamber system described in detail by
Butterbach-Bahl et al. (1997). Measurements were made four
times per day, every 6 h for an 8 min period per chamber. We

Biogeosciences, 14, 2069-2088, 2017
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used simulated data from LandscapeDNDC for years where
no NO, fluxes were measured.

2.12 NH;3+ NO, volatilisation
(FNNH3 ,NOy (fert.,manure, animal) )

The fraction of nitrogen that volatilises as NH3 and NO,
from applied synthetic fertiliser or cattle slurry application
and animal excretion was estimated to be 10 and 20 % of
total N applied, respectively (IPCC, 2006b). The animal ex-
cretion amount was estimated in accordance with the IPCC
guidelines (IPCC, 2006a); for details, please see the Supple-
ment.

2.13 N; emission by total denitrification (FNN, (denitr.))

Dinitrogen (N2) emissions resulting from total denitrification
in the soil was not measured in our experiment. We therefore
used the N emission rates from LandscapeDNDC simula-
tions.

2.14 Biological N; fixation (FNN, (biol. fixation))

The species composition was measured once in 2002 and at
monthly intervals in 2003 by the visual estimation method
(Braun-Blanquet, 1964), where 50 quadrats of 0.25 m? were
distributed across the field at random. As the legume fraction
(Trifolium repens) was smaller than 0.5 % at each measuring
point, we assumed the nitrogen fixation through plants to be
ZEero.

2.15 Exchange of CO; (FCco,)

NEE was measured continuously from 1 January 2002 till
31 December 2010 by an eddy covariance system consisting
of a fast-response 3-D ultrasonic anemometer (Metek USA-
1, Metek GmbH, Elsmhorn, Germany) and a fast closed-
path CO2—H»O analyser (LI-COR 7000 infrared gas anal-
yser (IRGA), LI-COR, Lincoln, NE, USA). NEE is the arith-
metic sum of the gross primary production (GPP) and to-
tal ecosystem respiration (TER). Flux partitioning of mea-
sured NEE into GPP and TER was calculated by the same
online tool used for gap filling (http://www.bgc-jena.mpg.de/
~MDIwork/eddyproc/upload.php, Reichstein et al., 2005). In
this flux-partitioning approach, daytime TER is obtained by
the extrapolation of a nighttime parameterisation of NEE on
air temperature and GPP is the difference between ecosys-
tem respiration and NEE. Contrary to unmanaged ecosystem,
TER at our site also includes the respiratory loss of CO,
by grazing animals. Net primary production (NPP), which
represents the annual plant growth (difference between GPP
and autotrophic respiration) was calculated as 50 % of GPP
(Amthor, 2000; Zhang et al., 2009).

Biogeosciences, 14, 2069-2088, 2017
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2.16 Methane fluxes (FCcn,)

Methane fluxes from the soil were measured with closed
static chambers simultaneously with the N»O measurements
(see Sect. 2.10). The same GC was fitted with a flame injec-
tion detector (detection limit: CH4 <70 ppbV). The minimal
detectable flux was 17 ng CH4—~C m~2 s~ !, Fluxes were mea-
sured weekly and more frequently at fertilisation events. As
measured soil CHy fluxes were close to zero and did not vary
significantly between months, we calculated CH4 for months
where no CHy fluxes were measured (January—May 2002,
July 2003-March 2004, May 2004—-July 2006) as an average
monthly cumulative flux from other years.

Methane emissions from grazing animals, i.e. animal ex-
cretion and enteric fermentation, were estimated following
the IPCC Tier 2 methodology (IPCC, 2006a; Stewart et al.,
2009). For details, see the Supplement. Methane emissions
from slurry applications were assumed to be small. As no
chamber measurements were conducted at the time of slurry
spreading, the emissions were estimated as 0.07 % of the
slurry applied assuming that emissions were comparable to
those in a related study (Jones et al., 2006), where CH4 was
measured from chambers after slurry application on a nearby
field in 2002 and 2003.

217 VOC

Fluxes of non-methane volatile organic compounds (VOCs)
were not measured. We assumed similar VOC emissions to
those reported by Davison et al. (2008) for an intensively
managed grassland in Switzerland, where the daily average
flux of methanol, acetaldehyde and acetone over 3 days af-
ter cutting was 21.1, 5.1 and 2.6 nmol m~2 s~!, respectively.
Based on those values, annual VOC emissions from our field
were estimated to be in the order of 0.03 % of the annual C
offtake in harvest and 0.08 % of annual C offtake by grazing
animals. We therefore assumed VOC emissions to be negli-
gible and did not account for them in the C balance.

2.18 Soil N and C measurements

Total N and C content of the soil were measured in May 2004
and May 2011. One hundred soil cores with an inner diam-
eter of 8.7 (2004) and 8.3 cm (2009; both corers from Ei-
jkelkamp Agrisearch Equipment BV, Giesbeek, the Nether-
lands) were collected along a regular grid with a distance of
10m between sampling points on both occasions. The soil
sampling grid covered the main footprint area of the site,
not the entire field. Cores were separated into layers of 0—
5, 5-10, 10-20, 20-30, 3040, 40-50 and 50-60 cm. Coarse
stones of a diameter >4 mm and roots of a diameter > 1 mm
were removed from the samples prior to drying at 40°C.
Stone and root samples were air-dried separately. Then, soil
samples were sieved to <2 mm. Particles >2 mm were com-
bined with the coarse stones. Dry weights of roots and com-
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bined stone fractions were determined. Total N and C con-
centrations in <2mm soil separates were determined us-
ing dry combustion (VarioMax, Elementar Analysensysteme
GmbH, Hanau, Germany). As the site contains no carbon-
ates, total C was assumed to equal organic C. As bulk den-
sity varies spatially and over time (e.g. through compaction
by livestock), the soil N and C content per unit ground area
to a fixed depth will also change, without any change in the
mass fraction of N and C in dry soil. Therefore, total N and
C stocks were calculated on an equivalent soil mass (ESM)
basis, so that comparisons between years were valid (see Gif-
ford and Roderick, 2003; Wendt and Hauser, 2013). A cu-
bic polynomial was fitted to the data to predict cumulative N
and C with cumulative soil mass in the profile. A soil mass
of 800 kg m~2 was used (Table 6), which corresponds to ap-
proximately 60 cm depth, which was the depth of the corer.
Uncertainty in the estimates of stock change was based on the
prediction intervals in the cubic polynomial at a soil mass of
800 kgm™2.

2.19 Ancillary measurements

Soil temperature and volumetric soil moisture were contin-
uously recorded at four depths (3.5, 7.5, 15 and 30cm) by
temperature probes (temperature probe 107, Campbell Sci-
entific, Loughborough, UK) and time domain reflectometry
(TDR) probes (TDR 100, Campbell Scientific, Loughbor-
ough, UK), the latter installed in June 2002. Rain was mea-
sured by a tipping-bucket rain gauge, while air temperature
and relative humidity were measured by an integrated humid-
ity and temperature transmitter (HUMITTER®, Vaisala Ltd,
Suffolk, UK).

2.20 Statistical and uncertainty analysis

Random error was determined as 2o standard error (95 %
confidence) of the overall mean according to Gaussian statis-
tics. The confidence intervals for group means were used to
establish whether or not differences were significantly dif-
ferent from zero. Linear correlations between C and N inputs
and outputs were calculated by calendar year. For system-
atic errors the uncertainty range of measurements as well as
of parameterisations and literature-based estimates was esti-
mated according to expert judgment. To calculate the com-
bined effect of systematic uncertainties of each flux compo-
nent on the C and N budget, simple Gaussian error propaga-
tion rules were used; details are provided in Table S1 (Sup-
plement). Confidence intervals are given at the 95 % confi-
dence level.

Additional details of the methods are provided in the Sup-
plement.
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3 Results
3.1 Climate and management

The meteorological conditions exhibited substantial inter-
annual variability in the study period 2002-2010 (Table 2).
Annual rainfall ranged from 575 to 1238 mm with highest
monthly rainfalls of 280 mm month~! in September 2002.
Lowest annual reported rainfall was in 2010; this low value
was caused by a gap in data from January to March due to
snowfall. Average annual air temperature ranged from 8.3 to
9.6 °C, with highest daily air temperatures of 30.4 °C in Au-
gust 2005 and lowest in December 2010 at —10.3 °C. High-
est average monthly air temperatures were measured in July
2006 at 17 °C and lowest monthly average air temperatures at
2°C in November 2009. In 2003 the highest average annual
temperature (9.6°C) and lowest annual rainfall (680 mm)
were measured with a correspondingly low annual soil wa-
ter content of 31 %. The duration of the growing season was
defined per calendar year as the period bounded by the first
and last 5 consecutive days with a mean daily air tempera-
ture > 5 °C. The length of the growing season (LGS) varied
between 151 days (2006) and 242 days (2009; Table 2).

Livestock stocking density exhibited both intra- and
inter-annual variability. The average annual stocking den-
sities were lowest in 2002 and 2003 at 0.27 LSUha~! and
0.54LSUha~!, respectively (Table 1), which were the years
where the grass was cut for silage and no lambs were present
in the field. In 2007, 2008, 2009 and 2010, no heifers were
present in the field. Highest annual average stocking densi-
ties occurred in 2004 and 2007 at 0.99 and 0.91 LSUha™!,
respectively. Maximum monthly stocking density occurred
in September 2006 at 13.8 LSU ha~!, while interim periods
with no grazing at all were observed in all years (Fig. 1a).
Mineral N fertiliser was applied split into three to five ap-
plications per year, ranging from 2.5 to 9.6 g N m~? per ap-
plication (Fig. 1b). Organic manure was applied in 2004 and
2005 as cattle slurry, spread at a rate of 6.9 and 15.8 gN'm~>
per application, respectively, which resulted in a C input of
55.4 and 171.8 g C m~2 per application, respectively (Fig. 1b
and c). The grass was only cut in 2002 and 2003. Har-
vested biomass in 2002 and 2003 ranged from 2.60 to
3.75tDW ha~! per cut, which resulted in an N offtake rang-
ing from 1.7 to 4.7 g N m~2 per cut and a C removal from the
field ranging from 113.1 to 169.5gCm™~2 per cut (Fig. 1b
and ¢).

3.2 N budget

In our grassland system the N balance is the difference be-
tween the N input through fertiliser and atmospheric de-
position and the N output through harvest, animal export,
leaching and gaseous emissions. The total resulting bal-
ance over the 9 years, derived from flux calculations and
estimations, showed that N was stored at an average rate
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Table 2. Weather characteristics of each measurement year.

S. K. Jones et al.: The nitrogen, carbon and greenhouse gas budget of a grassland

2002 2003 2004 2005 2006 2007 2008 2009 2010
Annual mean temperature (°C) 9.2 9.6 8.9 8.8 9.3 9.1 8.6 8.9 8.3
Maximum temperature (°C) 23.6 29.5 27.4 304  26.6 214 235 28.0 24.0
Minimum temperature (°C) -51 -84 —-49 —-66 -55 -75 -58 -78 -—103
Annual rainfall (mm) 1238 680 1169 1028 1120 904 1065 744 575
Soil water content (% by volume) 369 31.0 403 452 366 377 415 394 -
Water-filled pore space (%) 68.0 572 743 833 675 695 765 726 -
Length of growing season™ (days) 180 196 156 177 151 186 193 242 226

* The plant growing season begins and ends with periods of consecutive days, where daily temperatures average more than 5 °C without any 5-day

spells of temperatures below 5 °C.

Table 3. Nitrogen budget and balance for each measurement year and average values, confidence intervals at p >0.95 (CI) and systematic
uncertainties (uncert.) for 2002-2010 (gN m~2a" 1) Negative numbers represent uptake, while positive numbers represent loss of N from
this grassland ecosystem. Letters indicate data published in previous publications.

2002 2003 2004 2005 2006 2007 2008 2009 2010 2002-2010

average CI  uncert.
Organic fertilisation 0 0 —-69 -—1538 0 0 0 0 0 -25 36 0.2
Inorganic fertilisation =~ -20.6 -160 -11.0 -173 -224 —-173 =259 =250 —19.0 —-194 3.1 0.2
Cake feed for ewes 0 0 —-1.2 —1.4 -1.1 -1.9 —-1.1 —-1.2 —0.7 -09 04 0.0
Wet deposition —-0.4 —0.6 —0.6 -0.7 —-0.6 —0.6 —0.5 —04 —-0.4 -05 0.1 0.2
4Dry deposition —0.5 —-0.4 —0.3 -0.3 -0.2 —0.3 —-0.2 -0.2 —-0.2 -03 0.1 0.2
Harvest 11.8 10.4 0 0 0 0 0 0 0 26 32 0.4
Meat (incl. bones) 0.2 0.6 23 3.1 2.6 2.9 1.8 1.3 1.5 1.80 0.7 0.2
Wool 0 0 0.6 0.5 04 0.7 0.7 0.2 0.2 04 02 0.0
bLeaching 14.9 0.1 0.1 4.6 10.6 4.2 5.6 2.6 5.0 53 31 1.71
Nj 3.7 22 1.3 1.7 2.8 3.0 33 4.1 3.6 29 06 0.8
‘N,0 1.1 0.1 0.1 04 0.9 1.3 0.8 04 0.4 06 03 0.2
NOy (soil) 0.3 0.1 0 0.1 0.2 0.2 0.3 0.1 0.1 02 0.1 0.1
NO,,NH3 (inorg.fert.) 2.1 1.6 1.1 1.7 22 1.7 2.6 2.5 1.9 19 03 0.6
NO,,NH3 (org.fert.) 0 0 1.4 32 0 0 0 0 0 05 07 0.3
NO, ,NH3 (excretion) 0.5 0.8 23 1.8 1.8 2.4 2.1 1.8 1.6 1.7 0.4 0.8
N balance 13.2 -12 -108 —182 =27 -37 -106 —13.6 —6.1 —6.0 59 23

@ Flechard et al. (2011): dry deposition, modelled average value of the 2 years 2007/2008. b Molina-Herrera et al. (2016): N leaching modelled 2005-2010. € Molina-Herrera et

al. (2016): N, O fluxes modelled 2005-2010; Di Marco et al. (2004): N, O fluxes measured by eddy covariance (half-hourly) June 2002 to June 2003; Jones et al. (2011): N, O fluxes
measured by eddy covariance (half-hourly) and chambers (hourly) during measurement campaigns in June 2003, March, May and July 2007 and May and July 2008; Flechard et

al. (2007): annual N5 O fluxes measured by eddy covariance in 2002/2003 and by chambers in 2004; Skiba et al. (2013): annual N, O fluxes measured by chambers from January

2007-September 2010.

of —6.045.9gNm2a~! (p<0.05). From 2003 to 2010,
N was stored at a rate of —1.2 to —182gNm—2a~!,
whilst in 2002 N was lost at a rate of 13.2gNm~2a~!
(Table 3). The major N input consisted of inorganic fer-
tiliser, ranging from —11 to —25.9gNm~2a~!, averaging at
—19.4gNm~2a~!, while N deposition represented only be-
tween 1.9 and 5.9 % of the total N input. N input through
standard cake feed given to ewes during lactation ranged
between 1.1 and 1.9gNm~2a~!. During the years when
N was stored, a significant positive correlation between to-
tal N input from fertiliser and N storage was observed
(R* =0.55). The largest losses resulted from leaching at an
average rate of 5.34+3.1gNm~2a~! and were estimated
to be the highest in 2002 at 149 gNm~2a~! and the low-
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est in 2003 at 0.09 gNm?a~!. The total N offtake through
meat and wool ranged from 0.15 to 3.12gNm~2a~!,
while the total annual N offtake from harvest was 11.8 in
2002 and 10.4gNm~2a~! in 2003. Amongst gaseous ex-
changes, the highest losses were estimated from N, emis-
sions, averaging at 2.9 gNm~2a~! with maximum losses
of 412gNm~2a~! in 2009, although in 2004 and 2005
losses from NO, and NHj volatilisation from excretion
and organic fertilisation exceeded losses from Ny emissions.
Losses through NO, from the soil were always less than 1 %
of the total N exchange (0.2gNm~2yr~!). Nitrous oxide
emissions ranged from 0.11 to 1.27 gNm~2a~!, represent-
ing 1.3-8.4 % of the total N export. Annual N>O emissions
showed no correlation with precipitation, livestock density
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{a) N budget (% total M input); harvested and grazed
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(b} N budget (% total N input); grazed only

Meat 8.9 %
Wool1.9%
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Figure 2. Mean annual nitrogen budget for Easter Bush, showing the fate of total N input (fertiliser and deposition) in (a) years when grass
was harvested for silage (2002 and 2003) and (b) in years when only grazing took place (2004-2010). The residual term in (b) includes any
net accumulation of soil organic nitrogen as well as all the error in the budget calculation.

Table 4. Carbon budget and balance for each measurement year and average values, confidence intervals at p >0.95 (CI) and systematic
uncertainties (uncert.) for 2002-2010 (g C m~2a~ 1, Negative numbers represent uptake, while positive numbers represent loss of C from
the grassland ecosystem. Letters indicate data published in previous publications.

2002 2003 2004 2005 2006 2007 2008 2009 2010 2002-2010

average CI  uncert.
GPP —21629 —1982.0 21114 —16624 —982.1 —1722.7 —14412 —17224 20154 | —1755.8 2444 105.3
TER 1726.9 1725.9 2183.2 1638.5 972.1 1606.7 1324.0 1116.7 1547.0 1537.9 236.2 92.3
NPP —1081.5 —-991.0 —1055.7 —831.2 —491.1 —861.3 —720.6 —861.2 —1007.7 —8779 1222 528
4CO, (NEE) —436.0 —256.1 71.8 —-240 -10.0 —115.9 —117.1 —605.7 —468.4 —217.9 1545 80.0
Organic fert. 0.0 0.0 —55.4 —171.8 0.0 0.0 0.0 0.0 0.0 —-252 378 5.0
Harvest 270.6 169.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 489 655 5.4
Meat (incl. bones) 0.9 2.9 11.4 15.6 12.9 14.3 9.0 6.3 7.3 9.0 33 10
‘Wool 0.0 0.0 1.7 1.5 1.3 2.1 2.0 0.7 0.5 1.1 0.5 0.1
bLeaching 25.1 7.0 22.1 18.7 19.4 17.0 17.0 6.8 14.3 16.6 43 53
CHy (organic fert.) 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
€CHy4 (soil) 0.0 0.0 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.1
CHy (excretion) 0.0 0.1 0.2 0.1 0.2 0.2 0.1 0.1 0.1 0.1 0.0 0.0
CHy (enteric ferm.) 1.5 32 5.7 4.8 52 52 4.8 4.1 3.8 43 0.8 0.9
C balance (NBP) —137.8 —733 57.6 —154.9 29.1 —77.2 —84.1 —587.7 —440.3 —163.2 1395 16.0

@ Soussana et al. (2007): NEE July 2002-December 2004; Skiba et al. (2013): NEE 2007-2010; Kindler et al. (2011): NEE average multi-year value 2004-2007. b Kindler et al. (2011): C leaching losses
October 2006-September 2008 (slope value corresponds to data used in this publication). ¢ Skiba et al. (2013): CHy (soil) 2007-2010.

or total N input. N>O emission factors (percentage of N lost
from total N inputs by mineral and organic fertiliser), ranged
between 0.6 and 7.5 % (Table 5).

To investigate the influence of different managements on
the N and C budget, we separated experimental years into
harvested and grazed (2002 and 2003) and grazed-only years
(2004-2010, Figs. 2 and 3). During the harvested and grazed
years, the main loss of N from the system occurred from
the export through harvest (57.6 % of total N inputs), fol-
lowed by leaching (39.2 %), while the export from animals
(meat and wool) accounted for less than 2 % of total N losses
(Fig. 2a). The main loss to the atmosphere resulted from to-

www.biogeosciences.net/14/2069/2017/

tal denitrification (N2; 15.4 %), followed by NO, and NHj3
volatilisation from inorganic N fertiliser applications (9.5 %),
while N> O emissions accounted for 3.3 %, NO,/NH3 volatil-
isation from excretion for 3.3 % and NO, from soil for less
than 1%. On average, N was lost from the grassland sys-
tem during 2002 and 2003; The surplus of 31.3 % (all out-
puts added up in Fig. 2a result in 131.3 %) represents the N
lost from the soil as well as the error in the budget. When
grazed-only years were considered (Fig. 2b), N was stored
in the grassland system; the residual part, which includes the
net accumulation of soil organic nitrogen and all the error
in the budget, was 37.7 %. Losses through leaching (18.7 %)

Biogeosciences, 14, 2069-2088, 2017
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{b) Cbudget (%NPP); grazed only
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Figure 3. Mean annual carbon budget for Easter Bush, showing the fate of net primary productivity (NPP) in (a) years when grass was
harvested for silage (2002 and 2003) and (b) in years when only grazing took place (2004-2010). Heterotrophic respiration includes the
respiration of soil microbes, cows and sheep. The residual term includes all the error in the budget calculation, as well as any net accumulation

of soil organic carbon.

Table 5. Annual N, O exchange, total N input by fertiliser (mineral
and organic) and N, O emission factors, expressed as a percentage
of total N inputs in 2002-2010.

N, O flux Total N input EF
(eNm2a~l) (gNm2al) (%)
2002 1.14 20.60 5.5
2003 0.14 15.98 0.9
2004 0.11 11.00 0.6
2005 0.36 17.25 1.1
2006 0.88 22.43 3.9
2007 1.25 17.25 7.2
2008 0.84 25.93 3.2
2009 0.41 24.95 1.6
2010 0.35 18.98 19

and Nj (11.3 %) were lower in grazed years compared to har-
vested years, while the export through grazing animals was
considerably higher at 18.8 % (sum of N loss through meat,
wool and NO, and NH3 volatilisation from excretion). An
additional loss occurred in grazed years through the volatil-
isation of NO, and NH3 from organic fertiliser applications
in 2004 and 2005 (2.6 %). Losses through N,O and NO, and
NH3 from inorganic fertiliser were comparable to harvested
years at 2.4 and 7.9 %, respectively.

Cumulative soil N stocks were derived from soil core
measurements taken in May 2004 and May 2011 (Table 6).
In 2004 N stocks were 840.86 (£11.89) gNm’2 and in
2011 they were 870.02 (14.14)gN m~2. Nitrogen stor-
age over the 7 years was calculated from the cumula-
tive equivalent soil mass (ESM) for the soil mass incre-
ment of 800kgm~2, which corresponds to approximately
60 cm depth. The estimated N storage over the 7 years was

Biogeosciences, 14, 2069-2088, 2017

Table 6. N and C soil stocks (g N or C m~2) in May 2004 and May
2011 and budgets (gN or Cm2a~!) over 7 years based on re-
peated soil N and C stock inventories and flux budget calculations
(January 2004—December 2010). Soil stock changes are based on
a soil mass of 800kg m~2, which corresponds to approximately
60 cm depth. The flux budgets are averages for the years 2004—
2010 (Tables 4 and 5). Numbers in brackets represent confidence
intervals. Negative numbers are sinks.

Nitrogen Carbon

840.68 (11.89)
870.02 (14.14)
—4.51 (2.64)
—9.40 (4.14)

Soil stocks in 2004
Soil stocks in 2011
Soil stock change
Flux budget

12026.05 (190.19)
11824.87 (187.84)
29.08 (38.19)
—179.6 (180.1)

—4.514+2.64gNm~2a"! and was a significant N accumu-
lation to the soil (p<0.01). The estimated N storage de-
rived from flux calculations between 2004 and 2010 was
-9.40 i4.14gNm_2 a~!, which is almost 2 times more
than that calculated by sequential soil analysis; however, val-
ues were not significantly different from each other.

3.3 C budget

Annual C inputs through photosynthesis (GPP) varied be-
tween —982.1 and —2162.9 g C m~2, and losses through au-
totrophic and heterotrophic respiration (TER) varied between
972.1 and 2183.2 g C m~2, both considerably larger than any
other C fluxes (Table 4). If only the NEE was considered
(difference between GPP and TER), the grassland acted as
a sink for CO, at an average of 218 +155gCm2a~!,
and the CO, uptake was significantly different from zero
(p<0.05). The sink strength ranged from —10 (2006) to
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—606gCm~2a~! (2009); only in 2004, the grassland was
a small source of CO, (72ng’2 a1, Taking into ac-
count all C inputs and outputs (NBP), C was sequestered
on average at 163+ 140gCm~2a~! over the 9 years, al-
though the storage was not significantly different from zero
(p <0.05). In 2004 and 2006 C was lost from the ecosystem.
The major C import resulted from NEE in all years apart
from 2005, when the C input from manure application was
larger. The highest C export occurred from harvest in 2002
and 2003 (270.6 and 169.5gCm~2a~!, respectively), while
the second-largest export in 2002 and 2003 and the largest
exports in other years was leaching (6.8 t0 25.1 gCm™2a~!).
The measured C leaching value for 2007 (17.0gCm~2a"!,
Table 5) differs from the leaching value published for Easter
Bush by Kindler et al. (2011), as we only used values of one
of the two measured sites in this paper (slope, not hollow, as
the hollow location was frequently water logged). The third
largest C loss consisted of C export from meat in 2004—2010,
ranging from 6.4 to 15.8gCm~2a~!. In 2002 and 2003,
when no lambs were present in the field, C export from meat
was exceeded by CHy losses from enteric fermentation. Car-
bon export from wool ranged from 0.5 to 2.1 gCm~2a~!.
CH4 emissions from organic fertilisation, soil processes and
animal excretion were always less than 1% of the total C
losses. CHy losses from enteric fermentation ranged from
1.5 to 5.7gCm~2a"!, corresponding to 0.5-22.5% of all
C losses from the ecosystem. The NBP was dominated by
the NEE. A high livestock density tended to reduce the net
sink strength. A significant negative correlation of NEE with
stocking density could be seen (R? =0.47). The NBP corre-
lated positively with rainfall (R? = 0.48), and there was only
a weak correlation between NEE and rainfall (R% = 0.38).

The net primary production (NPP) in years when grass
was harvested and grazed (2002 and 2003) and grazed only
(2004-2010) are presented in Fig. 3. In both management
types, most C was lost through ecosystem respiration, (67
and 65 % of NPP, respectively). Harvest export represented
21 % of NPP. Leaching accounted for 1.5 % of NPP during
harvested years and 2.1 % in grazed-only years. Animal ex-
port (meat and wool) consisted of 1.6 % of NPP in grazed-
only years and was 0.2 % of NPP in grazed and harvested
years. The sum of all CH4 emissions (from organic fertilisa-
tion, excretion, enteric fermentation and soil) was less than
1 % of the NPP. The residual part, which includes the C stor-
age in the soil as well as the uncertainty of the budget, was
estimated at 10 and 30.8 % of NPP in harvested and grazed
or grazed years, respectively.

The C content for the cumulative soil mass in-
crement 0-800kg m2 (~0-60cm) was lower in
2011 (12026.054190.19gCm~2) compared to 2004
(11824.87+187.84¢gC m_z), resulting in a C loss of
29.08 +£38.19gCm~2 (Table 7). In comparison, based on
flux calculations C was stored at 179.8 £180gCm~2 yr~!
over the 7 years. However, neither C loss calculated by
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Figure 4. Average greenhouse gas fluxes, net GHG exchange
(NGHGE) and attributed net GHG balance (NGHGB, includes
FCorg ferts FCanimal> FCleaching: FCharvest) for 2002-2010. Positive
values correspond to losses and negative values to storage of green-
house gases to and from the grassland system. The CH4 component
comprises CHy fluxes from enteric fermentation, animal excretion,
slurry application and soil exchange, while the N»O component is
the N> O flux from the soil. CO; represents the net ecosystem ex-
change (NEE). Global warming potentials of 298 and 25 were used
for NpO and CHy, respectively, using a time horizon of 100 years
(Myhre et al., 2013). Thin error bars represent variations (confi-
dence intervals at p>0.95) between years, while thick error bars
represent the systematic uncertainty of each value.

sequential soil analysis nor C storage estimated from flux
calculations were significantly different from zero.

3.4 Greenhouse gas budget

Average greenhouse gas fluxes, NGHGE and NGHGB for
2002-2010 are shown in Fig. 4. The CO; storage from the
NEE provided the largest term in the annual GHG budget.
Carbon dioxide (NEE) was sequestered over the 9 years at a
rate of —799 + 567 gCO, m~2a~!. This storage was signif-
icantly different from zero (p <0.05). On average, NGHGE
was highly correlated with annual NEE (R* = 0.96). On av-
erage the grassland was a source of the GHGs CHy4 and
N>O at a rate of 148 +30 and 285+ 131gCO; m2a"l,
respectively, both being significantly different from zero
(p<0.001 and p <0.01, respectively). Nitrous oxide losses
ranged from 52 (2004) to 588 g CO, eq. m~2a~! (2007; data
for each year not shown). Methane from soil processes, ma-
nure input and animal excretion accounted for less than
5% of total CH4 emissions. Methane emissions from en-
teric fermentation ranged from 53 gCOz eq. m~2a~! (2002)
to 199gCOreq.m 2a~! (2004). Annual total CH4 emis-
sions correlated positively with annual livestock density
(R? =0.99). The CHy4 emissions, which were predominately
(>97 %) of ruminant origin weakened the sink strength
of NEE by 18 %. If both CH4 and N,O were considered
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the total trade-off of NEE was a substantial 54 % and in-
creased to a total of 67 % if only grazed years were con-
sidered. On average the grassland represented a GHG sink
of —3664601gCO>, m~2a~! if only NEE, CH4 and N>O
were included (NGHGE). If all C components (FCorg fert,
FCanimals FCleaching, FCharvest) are included, the sink strength
of the grassland decreased to —182+560gCO,; m~2a~!
(NGHGB). This represents a weakening of the sink strength
of NGHGE by 50 %, mainly due to the export of harvest.
However, it has to be noted that in harvested years the re-
turn of the manure, resulting from the grass fed to livestock
off-site, would reduce the GHG balance. If only grazed years
were considered the sink strength increased slightly by 5.4 %,
due to the C input from manure in 2004 and 2005. Both
NGHGE and NGHGB were not significantly different from
Zero.

4 Discussion
4.1 Nitrogen balance

The main N inputs in our study were from inorganic
and organic fertiliser additions. The amount of N added
through fertiliser was determined by national recommenda-
tions (SAC, 2013). Atmospheric N deposition (wet and dry)
accounted only for a small fraction of the total N input to
our managed grassland. This is in contrast to semi-natural
systems, where atmospheric N deposition and biological fix-
ation represents the main N input (Phoenix et al., 2006;
Bleeker et al., 2011). Due to high N fertilisation rates and
low soil pH the legume fraction was less than 1 % and bio-
logical N fixation therefore a negligible source of N.

The data obtained from our budget were used to calculate
the nitrogen use efficiency (NUE) expressed as the ratio be-
tween N in crop and animal products (in this case either the
crop harvest or the sum of meat, wool and milk) and the total
N inputs to the system (fertiliser, imported manure, standard
cake concentrate fed to lactating ewes). The NUE of herbage
in cut years (2002 and 2003) of 57.6 % (Fig. 2a) is com-
parable to reported N efficiencies of 55-80 % in harvested
herbage from managed temperate grasslands (Ball and Ry-
den, 1984; Ammann et al., 2009). It has been shown that the
NUE in crops is significantly higher compared to the NUE in
animal production (Galloway and Cowling, 2002). The NUE
of animal products on our grassland system ranged from 5
to 16.6 % in grazed-only years (2004-2010), with an aver-
age of 9.9 %. This is in agreement with the NUE reported
for sheep of 6.2 % by Van der Hoek (1998) and beef produc-
tion systems, which reported that N efficiencies range from
6 to 12 % (Whitehead et al., 1986; Tyson et al., 1992) and 5-
20 % (Ball and Ryden, 1984). Approximately 85 % of total
harvested and imported N in the EU is used to feed livestock
(Sutton et al., 2011; Leip et al., 2011). A measure to reduce
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N pollution and GHG emissions could therefore be the re-
duction of meat consumption (Smith et al., 2013).

Nitrogen was lost from our grassland to the environ-
ment through different pathways. Nitrogen leaches from
grassland soils in the form of nitrate (NO5), ammonium
(NHI) and dissolved organic N (DON). Overall, leach-
ing from our field (5.3+3.1gNm~2a~!) was comparable
to values measured at intensively grazed pastures in Ire-
land (1.8—6.4gNm_2 a—!, Watson et al., 2007) and Eng-
land (3.8-13.3gNm™~2a~!, Scholefield et al., 1993) or crop-
lands (e.g. Bechmann et al., 1998, max. leaching losses of
10.4gNm~2a!). However, leaching from our study was
high compared to the Swiss NitroEurope site, where a max-
imum loss of 0.35gNm~2a~! was estimated from an un-
grazed grass—clover sward, despite comparable annual rain-
fall and N inputs from inorganic and organic fertiliser (Am-
mann et al., 2009). This difference can be explained by the
different management of the two sites. Grazed grasslands
tend to have higher N leaching rates than cut grasslands since
herbage that is not cut and exported from the field in grazed
grasslands but eaten by the grazing animals and returned as
urinary N adds N to the system. Furthermore, the uneven dis-
tribution of excreted organic N further enhances leaching due
to the formation of N hotspots, which has been observed at
outdoor pig farms (e.g. Eriksen, 2001). Ryden et al. (1984a)
showed a 5.6 times higher leaching loss from grazed com-
pared to cut grassland with 36 % of total N inputs lost from
grazed compared to 6 % lost from cut grassland. On our site
18.7 % of total inputs was lost as leaching in grazed years,
compared to 39 % in the cut years. However, the higher value
in cut years was due to the high rainfall in 2002.

Due to its high background in the atmosphere, N, fluxes
cannot be measured directly in the field. There are different
methods to measure N, fluxes indirectly, which have been
summarised by Groffman et al. (2006). In our study, we es-
timated Ny losses using the process-based biogeochemical
model LandscapeDNDC (Haas et al., 2013; Molina-Herrera
et al., 2016). These losses represented the highest gaseous
N losses from our grassland in most years, with an average
of 12.6 % of total N inputs and 14 % of inorganic fertiliser
N inputs. This is comparable with an average N loss of
12.5 % from inorganic N applications measured by the acety-
lene inhibition method from a fertilised and cut but ungrazed
grassland in Switzerland (Rudaz et al., 1999). Using the same
method, Van der Salm et al. (2007) reported a higher loss of
22 % of total N input from a cattle-grazed pasture on a heavy
clay soil in the Netherlands. In addition to the impact of the
heavy clay soil, which could have enhanced denitrification
due to reduced oxygen concentrations, grazing is likely to
have enhanced denitrification rates in Van der Salm’s study.
Grazing not only enhances denitrification through soil com-
paction caused by trampling animals but also through the for-
mation of N hot spots resulting from unevenly distributed soil
N from excretion. In our study N> losses simulated by Land-
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scapeDNDC were based on average (per hectare) changes in
the soil N pool instead of the more uneven distribution of soil
N in hot spots like urine patches. Therefore, it is likely that
N> losses in our study have been underestimated, and better
estimation would contribute to a significant reduction in the
uncertainties associated with the overall N budget.

Annual N>O emissions measured in our study (0.1 to
1.3gNm™2a~!) are within the range of literature values
from reported grazed as well as ungrazed European grass-
lands (Leahy et al., 2004; Flechard et al., 2007). Generally
N>O losses are higher from grazed grassland compared to
cut, ungrazed pasture (Velthof and Oenema, 1995; Luo et al.,
1999) due to a more anaerobic environment as a consequence
of soil compaction caused by animal treading and the influ-
ence of N and C from the deposition of animal excreta to
the soil. We did not observe any correlations between an-
nual N>O emissions and total N input. We found a relation-
ship between the cumulative precipitation 1 week before and
3 weeks after fertilisation with NoO emissions (R2 =0.53;
Skiba et al., 2013). This relationship, together with the in-
fluence of stocking density and the type of N applied (e.g.
Jones et al., 2007; Flechard et al., 2007) needs to be con-
sidered when developing Tier 2 N,O emission factors. In
our study emission factors (EFs) were above the uncertainty
range (0.3-3 %) given by IPCC Tier 1 guidelines (IPCC,
2006b) in 4 out of 9 years. However, it has been shown
that the N>O emission factor from managed grassland can
be higher, especially under wet conditions and with a high
soil C content as this is the case for Scottish soils (Jones et
al., 2007; Dobbie et al., 1999; Buckingham et al., 2013).

In grazed pastures NH3 volatilises from urine patches, de-
composing dung as well as from fertilisers containing urea
and NH;L'r (Twigg et al., 2011). Increased rates of NH3 losses
have been associated with high stocking densities under a ro-
tational grazing system by Ryden and Mc Neill (1984). In
our study, N volatilised as NH3 and NO, from inorganic and
organic fertiliser and animal excretion accounted for a con-
siderable amount of total N, with losses of 13 % in cut and
grazed years (2002, 2003) and 19 % in grazed-only years. In
contrast, soil NO, emissions from our grassland were esti-
mated to be negligible, accounting for less than 1 % of the
total budget. Soil NO, emissions result predominantly from
microbial nitrification of either added N fertilisers or follow-
ing the mineralisation of soil organic matter, animal excre-
tions or added manure. Emissions tend to be linked with aer-
obic soil conditions (Davidson, 1991).

Results from soil analysis taken in May 2004
and May 2011 indicate that our field has stored N
(—4.514+2.64gNm~2a~"). The N budget assessed
from the net N flux balance showed that N was stored
in the soil of our grassland over the same 7 years at a
higher rate (—9.4044.14gNm~2a"!), although values
were not significantly different from each other. The slight
shifts in measurement periods (May 2004—-May 2011) for
the soil stock calculations and the period for flux budget
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calculations (January 2004-December 2010) is presumed
to be insignificant in this comparison. Results from both
methods are within the range of literature values. Neeteson
and Hassink (1997) found an N accumulation in soil organic
matter (SOM) of 0-25gNm~2a~! from two cattle-grazed
farms in the Netherlands, while Watson et al. (2007) reported
an N storage in grazed Irish grasslands ranging from 10 to
152gNm~2a"!, depending on N inputs. Soil N storage as-
sessed from soil measurements from a cut grassland close to
our field, where plots were treated with cattle slurry, stored N
over 6 years at a rate of —2.17 gNm~2a~! in the top 10cm,
while, in the same experiment, an N loss was observed from
mineral N and urea treatments (4.5 and 8.3gNm~!a~!,
respectively; Jones et al., 2007). In contrast, Schipper et
al. (2007) reported an average loss of 9.1gNm~2a~! in
the top 100 cm from managed grasslands over 20 years in
New Zealand. The reason for the small difference between
methods (flux measurements vs. sequential soil sampling) in
our study might lie in a possible underestimation of losses
from flux measurements. Uncertainties of our estimates are
high, especially those for N losses. The largest absolute
systematic uncertainty for the N balance was attributed to N
leaching as for most years values were modelled using data
to evaluate the model from only one location. The uncer-
tainty of the leaching estimate would therefore be reduced
if the model could be validated with data measured from
several locations. The second-highest systematic uncertainty
was attributed to losses through N», followed by NO, and
NH3 emission from excretion and NO, and NH3 emission
from inorganic fertilisation. Combined uncertainties from all
components lead to a total systematic uncertainty in the N
balance of 2.2gNm~2a~! (2004-2010).

4.2 Carbon balance

On an annual basis our grassland site was a sink for at-
mospheric CO; in most years. NEE was only positive in
2004, which was likely to be due to a high livestock den-
sity. Generally, grazing causes a very gradual impact on
the CO, uptake as a part of the field is defoliated each
day. The reduced leaf area index (LAI) then leads to a re-
duced CO, uptake by plants. In addition to the reduced
LAI grazing presents a source of CO; from animal res-
piration, thereby reducing the CO, sink of the grassland
within the field. The maximum uptake of CO, measured in
our study is close to the upper range of NEE reported for
temperate grasslands (100 to 600 gCm~2>a~!, IPCC, 1996).
On average over the 9 years, the magnitude of the NEE
on our grassland (—218.04154.5gCm~2a~") was close
to the average NEE measured in a comparison of nine Eu-
ropean grasslands over 2 years (2404+70gCm~2a~!) by
Soussana et al. (2007) and comparable to the CO, sink ca-
pacity of managed Irish grasslands measured by Byrne et
al. (2007) (290+50gCm~2a~!) and Leahy et al. (2004)
(257 gCm~2a™!). Despite high variability over the 9 years,
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the average NEE value was significantly different from zero
(p <0.05). The range of the calculated annual gross primary
production (GPP; —982 to —2163 ng_2 a_l) and terres-
trial ecosystem respiration (TER; 972 to 2183gCm~2a~!)
from our field was within reported values for other man-
aged grasslands. Gilmanov et al. (2007) reported the GPP of
18 intensively managed European grasslands ranging from
467 to 1874gCm~2a~! and TER ranging from 493 to
1541 gCm~2a~!, while Mudge et al. (2011) reported values
of 2000gCm~2a~! for GPP and TER from an intensively
grazed dairy pasture in New Zealand.

When all components of C import and export were in-
cluded in addition to the CO, exchange (NBP), C was
stored in our grassland over the 9 years. However, due
to the high variability between years, NBP was not sig-
nificantly different from zero (p =0.05), suggesting that
our site is carbon neutral. The average C storage value on
our site (163 +140gCm~2a~") is higher than most esti-
mates reported in the literature, but due to the high annual
variation, still within the range of reported values; Sous-
sana et al. (2007) reported C storage estimates from Eu-
ropean grazed and cut grasslands of 104 +£73gCm~2a"!,
and Mudge et al. (2011) reported fluxes of 59 4+56 and
90+ 56 gCm~2a~! in 2 consecutive years for a grazed and
cut grassland in New Zealand. NBP estimates from a Swiss
grassland cut for silage was shown to sequester C at a rate
of 147+130gC m2a! (Ammann et al., 2007), while esti-
mates from a cut grassland in Germany were shown to vary
from being a sink (—28gCm~2a~!) to being a source of
C (+25gCm2a~"), depending on years (Prescher et al.,
2010). The inclusion of all C imports and exports leads to a
weakening of the C sink strength assessed from NEE mea-
surements in 5 years and even changed the grassland from
being a sink to being a source in 2006. Due to the C ex-
port from harvest, as well as the stimulation of primary pro-
duction through grazing, C sequestration tends to be lower
in cut compared to grazed systems (Soussana et al., 2004).
This is represented in our study in the lower residual value of
NPP in cut years compared to the residual value from grazed-
only years (Fig. 3), where the residual value represents the C
storage in the soil as well as the uncertainty of the budget.
However, it has to be kept in mind that the herbage yielded
from cuts will end up as animal feed; C will be digested and
respired off-site, releasing CO, and CHy4 to the atmosphere
as well as being returned to the grassland as manure.

Results from soil analysis indicate that our grassland has
lost C from 2004-2010 (29 £38gCm~2a~!, Table 6). In
the literature, losses as well as storage of C at various rates
have been reported for managed grasslands assessed from
soil stock measurements. Soil stock change measurements
from our field are comparable with values found in the liter-
ature. Depending on the study, managed grasslands in Bel-
gium were shown to either lose (90gCm~2a~!, Lettens
et al., 2005a) or sequester carbon (4.4gCm~2a~! in 0-
30 cm, Goidts and Van Wesemael, 2007; 22.5 gC m~2alin
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0-30cm, Lettens et al., 2005b). Schipper et al. (2007) re-
ported losses of C from pastures in New Zealand at an av-
erage rate of 106gCm~2a~! (top 100cm) over 20 years,
but these losses were a result of an earlier land use change
from forestry. Schuman, et al. (2002) measured a C seques-
tration of 10-30 gC m~2 a~! from US rangelands (0-60 cm),
while Watson et al. (2007) measured a C storage at 112—
145gCm~2a"! in the top 15cm soil layer from a grazed
Irish grassland. Bellamy et al. (2005) showed no evidence
of increased C in the topsoil of grasslands in England and
Hopkins et al. (2009) found no significant change in SOC
over time in two long-term UK experiments. The above-
mentioned results are contrasting and inconclusive because
observed C sinks in grasslands are the effect of land man-
agement or land use change prior to the beginning of the
C stock change measurement. Soussana et al. (2014) con-
cluded in a theoretical study that grassland SOC sequestra-
tion has a strong potential to partly mitigate the GHG balance
of ruminant production systems at low grazing intensities but
not with intensive systems. Smith (2014) examined evidence
from repeated soil surveys, long-term grassland experiments
and simple mass balance calculations and concluded that, al-
though grasslands can act as C sinks, they cannot act as a
perpetual C sink and thus could not be used as an offset for
GHG emissions.

The comparison of the C storage calculated from the net
C flux balance with soil C stock changes shows that the
flux balance estimated a C sequestration, while, based on C
stock changes, C was lost, although neither value was signif-
icantly different from zero (Table 6). A literature search by
Soussana et al. (2010) showed that generally C sequestration
calculations on grassland were lower if derived from SOC
stock changes (average —5+30gCm™2a~!) compared to
C flux balances (average —22+56gCm~2a~!), although
these estimates were not significantly different from each
other. However, in none of those reviewed studies were C
flux and C stock change measured in the same field ex-
periment. A reason for the discrepancy between estimation
methods in our study might lie in a possible underestima-
tion of C exports in the flux balance calculation, leading
to an overestimation of C storage in the soil. One under-
estimated flux could be the export of DIC and DOC. Car-
bon leaching from managed grasslands has not been re-
ported in many studies. Kindler et al. (2011) reported C
leaching from various European ecosystems, where the mea-
sured data (2007) from our experimental field were part of
the study. Our data (30.0gCm~!a~!, average of two lo-
cations as published in Kindler et al., 2011) were close to
the average value (29.4gCm~'a~!) of the reported Euro-
pean grasslands, which showed a range of C losses of 6.5—
42.5¢Cm~"a~!. Higher losses have been observed by Mc-
Tiernan et al. (2001), who measured DOC export from grass-
land lysimeter plots treated with N fertiliser and slurry over
2 months. Up-scaled to 1 year, they measured DOC loss be-
tween 25.2 and 70.8 ng’2 a~l, all above what we mea-
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sured in our study. Important factors controlling the mag-
nitude of C leaching have been shown to be drainage, the
topsoil C /N ratio and the saturation of the subsoil’s sorp-
tion capacity for organic C (Kindler et al., 2011; McTier-
nan et al., 2001). In waterlogged soils the SOM decomposi-
tion and groundwater recharge tend to be reduced and thus
the amount of C prone to leaching compared to that un-
der more aerobic conditions associated with drainage. Al-
though our field was drained more than 50 years ago, the
drainage system does not operate very well, resulting in
large puddles of standing water during prolonged periods
of rain. The measured data used for the budget were taken
at one sampling point, which was not in a waterlogged
area. The spatial heterogeneity within the grassland field
caused by uneven water management as well as faeces and
urine patches requires us to sample at more points in or-
der to obtain a representative leaching value. Therefore our
leaching estimates are highly uncertain and could be sig-
nificantly lower and C exports overestimated. Furthermore,
leaching was only measured in 1 year (2007), while val-
ues for remaining years were estimated using a simple re-
gression model with an attributed high uncertainty of 32 %
(5.3gCm~2a~! of average fluxes). Indeed, Siemens (2003)
hypothesised that the underestimation of C leaching from
soils can explain a large part of the difference between
atmosphere- and land-based estimates of the C uptake of Eu-
ropean terrestrial ecosystems. Another underestimated flux
could be the loss of CO; in the NEE measurements. Gap fill-
ing can introduce uncertainties in the NEE data especially
for years with low data capture. Furthermore, CO; losses
from animal respiration could be underestimated at times
due to the animals moving out of the footprint of the EC
mast. Using animal respiration values from chamber experi-
ments of 12.1 for cows and 11.7 g CO, kg~ ! live weightd~!
for sheep and lambs (S. Troy, SRUC, personal communica-
tion, 2014), we estimated a maximum CO; loss from ani-
mal respiration of 53 (2002-2010) or 59 gC m2a~! (2004-
2010). So if we assume that all animal respiration has been
missed by eddy covariance measurements then the C sink es-
timated from NEE measurements would be reduced by 24
(2002-2010) or 33 % (2004-2010). This theoretical maxi-
mum 33 % reduction would reduce the net carbon balance
to~122gCm~2a~! (2004-2010).

In addition to uncertainties in the flux budget calculations,
uncertainties are also attributed to soil C and N stock mea-
surements. Soil inventory data in our study indicated a loss
of C and a storage of N over 7 years, which seems contra-
dictory, although C loss was not significantly different from
zero. The uncertainty of soil C and N stock measurements
arises from the variability of soil C and N concentrations due
to errors from laboratory and to their high spatial variability
as well as from the variability in the rock fragment content
(Goidets et al., 2009).
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4.3 Greenhouse gas budget

In the overall N and C, budget N,O and CH4 emissions were
negligible in terms of N and C losses from the system (1—
8 % of total N losses and 0.6—4.5 % of total C losses). How-
ever, in terms of CO; equivalents, N>O emissions as well as
CHy emissions strongly affected the GHG budget. Indeed,
the sink strength of the NEE was weakened by N,O emis-
sions by 29 % over all years. Methane emissions from soil
processes, manure input and animal excretion were negligi-
ble in terms of the C budget as well as in the GHG bud-
get. In contrast, enteric fermentation proved to be an impor-
tant GHG source. Methane emissions were also measured
by eddy covariance technique over several months in 2010
on the same field (Dengel et al., 2011). By dividing CHy4
fluxes by the number of sheep in the field each day, Dengel et
al. (2011) calculated CH4 emissions per head of livestock as
7.4kg CHy head~! a~! for sheep, which is close to the emis-
sion factor used in our budget of 7.6 kg CH4 head™' a~! for
ewes, showing that our estimates were realistic. The positive
correlation of CH4 emissions with the stock density indicates
that any changes in animal production will have a major im-
pact on the global CH4 budget. The weakening of the GHG
sink strength of the NEE by N>O and CH,4 emissions, show
the importance of those two gases in terms of global warm-
ing. Thus, adapting the management of grasslands by adding
fertiliser or manure to increase plant growth and thus im-
prove C sequestration in soils may increase NoO emissions,
while changing land use from cropland to pasture in the at-
tempt to reduce C losses from soils might lead to increased
CHy losses from grazing animals.

5 Conclusions

In our study only a small proportion of the N inputs from in-
organic fertiliser and organic manure were converted to ani-
mal outputs or stored in the soil, while the main part was lost
through leaching and gaseous emissions. An improvement of
the NUE would mean both an economic profit for the farmer
as well as an environmental benefit. Estimates from flux bud-
get calculations indicated that our grassland was sequestering
C. However, although grasslands can act as C sinks, they can-
not act as a perpetual C sink and thus could not be used as
an offset for GHG emissions (Smith et al., 2014). Instead,
as it is easier and faster for soils to lose than to gain car-
bon, care must be taken to reduce C loss by management
options, rather than trying to increase carbon stocks in grass-
lands. There was a discrepancy between soil stock measure-
ments and flux budget calculations for the C as well as the
N budget. The reason for the discrepancy between C budget
estimates might lie in a possible underestimation of C ex-
ports such as leaching and animal respiration as well as the
uncertainty due to gap filling in the NEE data. The N accu-
mulation might have been overestimated by the flux calcula-
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tions through a possible overestimation of N losses, mainly
through leaching as well as through N> and NO, and NHj3
emissions. Furthermore, uncertainties are also attributed to
soil C and N stock measurements. Our data have shown that
the information about the potential of managed grasslands to
act as sinks or sources for GHG is important for mitigation
and adaption purposes. High plant productivity, stimulated
by fertilisation, resulted in high plant CO; fixation. However,
increased N losses through N> O emissions counteracted the
benefits of C sequestration in terms of GHG emissions. Fur-
thermore, CH4 emissions from enteric fermentation largely
reduced the positive effect of CO; uptake, especially in years
where NEE rates were small. We therefore conclude that
CO; exchange alone is not sufficient for the estimation of
the GWP of a managed grassland ecosystem. Only a com-
prehensive approach, combining C and N cycling will help
us to better understand functionalities of ecosystems and to
improve modelling by integrating this knowledge.

Data availability. Data are available through the Environmental In-
formation Data Centre (EIDC; Jones et al., 2017), a Natural En-
vironment Research Council data centre hosted by the Centre for
Ecology & Hydrology (CEH), UK, as well as through the Ni-
troeurope database (data for 2006-2010, http://www.nitroeurope.
eu/data_ext) and the Carboeurope database (data for 2004-2008,
http://www.carboeurope.org/)
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