mzuriCh ETH Library

Determination of the carbon
budget of a pasture: effect of
system boundaries and flux
uncertainties

Journal Article

Author(s):
Felber, Raphael; Bretscher, Daniel; Miinger, Andreas; Neftel, Albrecht; Ammann, Christof

Publication date:
2016

Permanent link:
https://doi.org/https://doi.org/10.3929/ethz-b-000116805

Rights / license:
Creative Commons Attribution 3.0 Unported

Originally published in:
Biogeosciences 13(10), https://doi.org/10.5194/bg-13-2959-2016

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.



https://doi.org/https://doi.org/10.3929/ethz-b-000116805
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.5194/bg-13-2959-2016
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use

Biogeosciences, 13, 2959-2969, 2016
www.biogeosciences.net/13/2959/2016/
doi:10.5194/bg-13-2959-2016

© Author(s) 2016. CC Attribution 3.0 License.

Determination of the carbon budget of a pasture: effect of system

boundaries and flux uncertainties

Raphael Felber®?, Daniel Bretscher!, Andreas Miinger®, Albrecht Neftel®, and Christof Ammann?!

1 Agroscope Research Station, Climate and Air Pollution, Ziirich, Switzerland
2ETH Ziirich, Institute of Agricultural Sciences, Ziirich, Switzerland
3 Agroscope Research Station, Milk and Meat Production, Posieux, Switzerland

Correspondence to: Raphael Felber (raphael.felber@agroscope.admin.ch)

Received: 24 November 2015 — Published in Biogeosciences Discuss.: 15 December 2015
Revised: 26 April 2016 — Accepted: 9 May 2016 — Published: 19 May 2016

Abstract. Carbon (C) sequestration in the soil is consid-
ered as a potential important mechanism to mitigate green-
house gas (GHG) emissions of the agricultural sector. It can
be quantified by the net ecosystem carbon budget (NECB)
describing the change of soil C as the sum of all relevant
import and export fluxes. NECB was investigated here in
detail for an intensively grazed dairy pasture in Switzer-
land. Two budget approaches with different system bound-
aries were applied: NECByy for system boundaries includ-
ing the grazing cows and NECBpagt for system boundaries
excluding the cows. CO, and CH,4 exchange induced by
soil/vegetation processes as well as direct emissions by the
animals were derived from eddy covariance measurements.
Other C fluxes were either measured (milk yield, concentrate
feeding) or derived based on animal performance data (in-
take, excreta). For the investigated year, both approaches re-
sulted in a small near-neutral C budget: NECBy; —27 £ 62
and NECBpast 23+76gCm~2yr—1. The considerable un-
certainties, depending on the approach, were mainly due to
errors in the CO, exchange or in the animal-related fluxes.
The comparison of the NECB results with the annual ex-
change of other GHG revealed CH4 emissions from the cows
to be the major contributor in terms of CO, equivalents, but
with much lower uncertainty compared to NECB. Although
only 1lyear of data limit the representativeness of the car-
bon budget results, they demonstrate the important contribu-
tion of the non-CO3 fluxes depending on the chosen system
boundaries and the effect of their propagated uncertainty in
an exemplary way. The simultaneous application and com-
parison of both NECB approaches provides a useful consis-

tency check for the carbon budget determination and can help
to identify and eliminate systematic errors.

1 Introduction

The agricultural sector is the third major contributor of an-
thropogenic induced greenhouse gas (GHG) emissions and
accounts for 14 % of global GHG emissions (IPCC, 2014).
Depending on the country and the agricultural production
system, agriculture can account for more than 50 % of total
national GHG emissions (UNFCCC, 2014). While agricul-
tural activities mainly lead to emissions of CH4 and N2O,
agricultural land potentially can be either a source or a sink
for atmospheric CO; (Tubiello et al., 2015) by changing the
carbon (C) storage in the soil. Grazing land management,
cropland management and restoration of organic soils are
considered as the most cost-effective mitigation options for
the agriculture sector (IPCC, 2014), and carbon sequestra-
tion, i.e., the increase of soil organic carbon (SOC), in grass-
land is seen as the key issue (Soussana et al., 2010).

To fully account for the GHG effect of an agricultural
system, the exchange of all relevant GHGs needs to be
determined. Whereas N,O and CHs emissions can be di-
rectly measured, the carbon source or sink of an agricul-
tural ecosystem is more difficult to quantify. Changes in
SOC can be measured from repeated soil sampling over
longer time periods (several years) but are difficult to detect
for shorter-term assessments because of the generally large
background and high spatial variability (Smith, 2004). For
shorter (e.g., annual) timescales the net ecosystem carbon
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balance (NECB) approach can be used (Chapin et al., 2006).
It determines the carbon storage change as the net budget of
all C containing import and export fluxes to and from the
ecosystem. In natural ecosystems the NECB is mainly deter-
mined by the net CO, exchange with the atmosphere includ-
ing uptake by photosynthesis and release by plant and soil
respiration. In managed agricultural grasslands additional
non-CO, carbon imports (e.g., through manure application)
and exports (e.g., through biomass removal) in liquid, solid,
or gaseous form are important contributions for the deter-
mination of NECB. The NECB of a grazed pasture is also
strongly influenced by the C cycling in the animals.

While the experimental determination of ecosystem CO;
exchange and its problems and uncertainties have been in-
vestigated in many publications, only few studies have ex-
perimentally assessed the NECB of pasture ecosystems and
its quality up to now (e.g., Soussana et al., 2007; Mudge et
al., 2011; Rutledge et al., 2015). The GHG exchange of agri-
cultural ecosystems is generally determined and described as
flux per surface area, whereas the emission of CH4 and N,O
of livestock production is often measured or calculated per
animal, based on mass or energy budgets as used in the IPCC
approaches (IPCC, 2006) followed by up-scaling to national
or global GHG emission inventories.

Felber et al. (2015, 2016) showed how CH4 and CO;
fluxes over a pasture with grazing dairy cows can be de-
termined using the eddy covariance (EC) technique. Here
we combine and complement those measurements with the
non-gaseous C fluxes to determine the annual NECB of the
dairy pasture. Two budget approaches with different system
boundaries are applied and their advantages and practical
limitations (necessary input data and quality) are discussed.
To link the NECB and its uncertainty to the full GHG budget
of the pasture system, it is compared to the emissions of CH4
and N2 O in terms of CO; equivalents.

2 Material and methods
2.1 Study site

The study site is the same as described in Felber et al. (2015,
2016). The experiment was conducted in 2013 on a pasture
field of 3.6 ha at the Agroscope research farm near Posieux
on the western Swiss plateau (46°46'04” N 7°06'28” E) at
an altitude of 642m above sea level with a normal an-
nual rain amount of 1075mm and temperature of 8.9°C
(MeteoSchweiz, 2016). The pasture vegetation consists of a
grass—clover mixture (mainly Lolium perenne and Trifolium
repens). It was last renovated in August 2007 and has since
then been used as pasture for various livestock (dairy, beef
cattle, calves). On average the pasture was fertilized with
120 kg nitrogen (N) per year in addition to the livestock exc-
reta. The soil is classified as stagnic Anthrosol with a loam
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Figure 1. Duration of grazing on the study field (green bars) and
for other pastures (gray) over the day and year. The “effective pas-
ture time” of 73.1 days (total of green bars) plus the adjacent “off-
pasture time” for milking of 25.9 days (blue bars) resulted in “total
grazing days” of 99 days. White areas mark other times spent in the
barn. White and gray bars are not considered in the budget calcula-
tion.

texture and a C content of the upper soil layer (0 to 20 cm) of
29gkg~1L.

During the grazing season (9 April-4 November 2013) a
herd of 20 Holstein and Red Holstein x Simmental crossbred
dairy cows with a mean live weight of 640 4= 70 (SD) kg was
managed in a rotational grazing system during the day and
night. Twice per day the cows left the pasture for milking in
the barn (see Fig. 1) where they were also offered concen-
trate supplements according to their milk production level.
Cow positions were recorded by GPS devices to determine
pasture presence time on a 30 min basis. The pasture was di-
vided into six paddocks of equal size and were grazed for 1 to
3 days depending on herbage height. Grazing was interrupted
in some cases due to unfavorable environmental conditions
(risk of frost, too high temperatures, or too wet soil condi-
tions). The fodder provided by the 3.6 ha study field was not
sufficient for continuous grazing of the herd during the entire
season. Therefore, additional pasture was needed for certain
periods. However, the budget calculations applied here only
consider carbon fluxes related to the specific study pasture.

2.2 Carbon budget concept

In agricultural ecosystems the change of the SOC stock over
time represents a sink or source of atmospheric CO». The
effect of changes in living plant biomass can often be ne-
glected (due to the lack of woody biomass accumulation)
when looking at full years including a complete vegetation
season or longer periods. With the NECB approach, the SOC
stock change is determined by closing the carbon mass bud-
get of the ecosystem:

ASOC
At-A

~ NECB = ZFC.X, 1)
X

where A is the surface area under consideration and Fc., are
all relevant carbon mass exchange fluxes through the ecosys-
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Figure 2. lllustration of the two approaches to determine the net
ecosystem carbon budget of a dairy pasture using different system
boundaries (dashed red line): (a) NECBtot using system boundaries
including the cows; (b) NECBpast using system boundaries exclud-
ing the cows. Relevant carbon fluxes through the system boundaries
are marked in blue (gaseous fluxes: light blue, liquid/solid fluxes:
dark blue).

tem boundaries by various pathways x (in gaseous, liquid, or
solid form). Here we follow the ecological sign convention,
in which positive flux and NECB values indicate a C uptake
by the system and negative values a C loss from the system
(Chapin et al., 2006). In the present study we determined the
NECB for a full calendar year. This is a common procedure
in temperate and boreal regions of the northern hemisphere
with start/end in the winter season to avoid effects of carbon
storage in living plant biomass and of uncertainties in the at-
tribution of management-related fluxes.

For dairy pasture systems, the choice of system bound-
aries for the determination of the NECB is not as obvious as
for other ecosystems, because of the (temporal) presence of
the grazing animals. Two approaches with different bound-
aries were chosen here to estimate the change of SOC stock
expressed as NECB (Fig. 2). In these budget calculations,
we neglect C loss due to leaching and erosion because they
could not be measured in this experiment, and are assumed
to be very small compared to the major fluxes.

The first approach (Fig. 2a) deduces the carbon budget
from all relevant C fluxes of the total system including the
grazing animals (NECBiqt) similar as applied by Soussana et
al. (2007) and Rutledge et al. (2015). In this approach animal
respiration and products count as C exports, beside other C
losses from the pasture. Since the cows had to leave the pas-
ture twice a day for milking in the barn, this system also com-
prises cow fluxes during these off-pasture phases. NECBiyt is
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determined as

NECBiot = Fc-c0o,,tot + FC-CHy,s0il + FC-CHy,cows
+ Fcfertil + Fc-products + FC-feed,off
+ F{ C-resp,off + F C-excreta,off, (2)

where Fc.co, tot IS the net CO, exchange of the total grazing
system including cow respiration (during their presence on
the pasture); Fc.cH,,soil IS the CH4 uptake or loss from the
soil including deposited dung on the pasture and Fc-cH,,cows
is the CH,4 emission from enteric fermentation; Fc_fertil iS
the imported C in organic fertilizers, and Fc.products iS the
C exported in animal products milk and meat (live weight
gain). It has to be noted that the C stock change in animal
live weight is treated here as an export flux and thus it is
not part of the resulting net ecosystem budget. For the time
share the cows spent off-pasture, the intake of supplemen-
tary feed (Fc-feed,off) @S Well as the loss by animal respiration
(Fc-resp,off) and excreta (Fc-excreta,off) are considered.

The system boundaries of the second approach (NECBpast,
Fig. 2b) comprise only the pasture (soil and vegetation); the
cows are outside the system but contribute to the budget by
exporting forage and importing excreta. This approach has
been applied, e.g., by Skinner (2008). NECBpast is deter-
mined as

NECBpast = Fc-c0,,past + FC-CHy, soil + FC-fertil
+ Fc-grazing + FC-excreta,past» ?3)

where Fc.co,.past IS the net CO;, exchange of the pasture
without cow respiration; Fc grazing i grass biomass C re-
moved by grazing, and Fc-excreta,past 1S the C import by exc-
reta on the pasture.

The individual flux terms contributing to the budgets
in Egs. (2) and (3) act for different time periods; fluxes
related to the pasture field act for the full year (i.e.,
Fc.coy,tots Fc-coy,pasts FC-CHy,soils Fo-fertil), While the cow-
related fluxes act only for the time periods associated with
grazing on the investigated pasture (including the adjacent
milking time) and were calculated as the attributed tempo-
ral fraction. In the study year the cows grazed for a total
of 99 days on the investigated pasture (hereafter referred to
as “total grazing days”, see Fig. 1) applying to Fc-cH,,cows:
Fc-grazing, Fc-products, aNd Fc-feed,off (Se€ Table S2 in the Sup-
plement). Even on these grazing days, the cows had to leave
the pasture and go to the barn twice a day for milking. The
average time for one milking event (including the time for
moving between pasture and barn, indicated by the GPS po-
sition) was 3.1 h. Thus the effective time spent on the investi-
gated pasture was reduced to 73.1 days (hereafter referred to
as “effective pasture time”), applying t0 Fc excreta,past: The
complementary “off-pasture time” of 25.9days applies to
Foresp,off aNd Fc-excreta,off-

Annual animal-related C fluxes were aggregated from
average daily animal exchange rates Ec., (in units

Biogeosciences, 13, 2959-2969, 2016
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ofgChead~d~1) over the mean number of animals
(ncow =19.7) and allocated to the total pasture area
(A =36000m?):

Fex = Ecx - n(j:W Ty, (4)
where T, is the accountable time period for the flux Fc.,
as described above. The sign may change between Fc., and
Ec-, depending on the examined system boundaries. The
uncertainty of the NECB was calculated by Gaussian error
propagation of the individual uncertainties of the fluxes con-
tributing to the budget. A detailed description of the individ-
ual error determination can be found in the Supplement, if
not specified in the main text.

2.3 Determination of area-related fluxes
2.3.1 CO> fluxes

Net CO, exchange of the pasture was determined as net
ecosystem exchange (NEE) using the EC technique as de-
scribed in Felber et al. (2016). NEE was determined under
the micrometeorological sign convention (negative for down-
ward/uptake, positive for upward/loss), thus Fc.co, used
here has the opposite sign of NEE. Annual Fc.co, was
calculated either from gap-filled flux data including cases
with cow respiration (Fc.co,.tot) Or only from data with-
out cow respiration contribution (Fc.co,past). The selec-
tion of Fc_co,,past data was achieved using GPS cow posi-
tion information and the flux footprint distribution. The un-
certainties of the annual CO» fluxes were determined from
combined random and systematic uncertainties. Random un-
certainty was estimated from varying the input data be-
fore gap filling (adding random noise or additional gaps)
and systematic uncertainty was estimated from varying the
applied selection threshold for low-turbulence conditions
(us filtering). The difference between the Fc.co,.tot and
Fc.co,,past COrresponds to the area-related cow respiration
flux, which could be converted to an average cow respiration
Ec-resp =4.6 kg Chead— d~1. Felber et al. (2016) estimated
different uncertainties for cow respiration, here we use the
rather conservative uncertainty of +1.6 kg C head—1d—1.

2.3.2 CHy fluxes

CHg emissions of the pasture soil and surface (Fc-cHy,soil)
were determined from EC data without direct cow in-
fluence (for details see Felber et al., 2015). Flux inter-
vals were selected based on GPS data of cow positions.
Small, generally positive fluxes in a typical range of 0 to
15nmolm—2s~1 were found. Even though some temporal
variations in median diurnal and seasonal cycles were ob-
served, a constant soil/surface CH4 emission over the year
of 4+ 3nmolm~2s~1 is assumed for the budget calculation.
This value integrates emissions induced from cow excreta
and CH4 sources and sinks of the soil. The uncertainty of
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the pasture CH,4 fluxes was estimated from the uncertainty
range of £50% covering the temporal variation of weekly
medians.

Felber et al. (2015) also determined in situ animal
CH4 emissions from EC data. Cow CHgs fluxes were cor-
rected by the weights of individual cow position contri-
butions to convert area integrated data into emissions per
animal. The average animal CH4 emission amounted to
4234 24gCH4head~1d~1. This seasonal average animal
exchange rate was converted to a carbon exchange and back
to a corresponding area-related flux Fc_cH,,cows UsSing Eq. (4)
for the timespan of total grazing days.

2.3.3 Fertilizer application

In the study year, two fertilizer applications took place: Be-
fore the beginning of the grazing season (6 March) cattle
slurry was applied by trailing hose at a rate of 43m3ha~!.
Dry organic matter of the slurry was determined according
to VDLUFA (2000) recommendations and the C content of
the dry matter of 52 % was adopted from previous compar-
isons with elemental analysis for a similar slurry. The uncer-
tainty of the slurry C import was assumed to be 17 % (Am-
mann et al., 2009). Nitrogen applied by the slurry amounted
to 70kg N ha—1. An additional 50 kg N ha—! was applied as
urea in June. Due to the C / N ratio of 1/2 in urea, this corre-
sponds to a very small C import.

2.4 Determination of animal-related fluxes

The animal-related carbon fluxes can be examined under the
aspect of the animal C budget (in units g C head—1 d—1) bal-
ancing gain with loss and storage terms:

Ec-intake = Ec-resp + Ec-CHa,cow + EC-milk + EC-meat
+ EC-excreta- (5)

Ingested C in feed (Ec-intake = Ec-grazing + Ec-feed,off) iS par-
titioned into respired CO2 (Ec-resp), loss of CHy by enteric
fermentation (Ec-cH,,cow), the C in milk (Ec-milk) and live
weight gain (Ec-meat), and the C in the excreta (Ec-excreta)-
The determination of Ec.resp and Ec.cH,,cow Was already de-
scribed in the previous sections. The quantification of the
other terms is explained in the following.

2.4.1 Products

The animal production terms Ec.milk and Ec-meat Were es-
timated from monitored daily milk yield and live weights
measured after milking. Milk was sampled individually on
1 day per week and analyzed for fat, protein and lactose con-
tent. Energy-corrected milk yields (ECM) adjusted to a gross
energy content of 3.14 MJ kg~ were calculated from daily
milk yields according to Arrigo et al. (1999) using fat, pro-
tein and lactose contents. The C content was calculated using
an energy to C content ratio of 21 4 1.9 g C MJ~1 (for details

www.biogeosciences.net/13/2959/2016/
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see Sect. S1.2 in the Supplement). Using data from the entire
grazing period an average milk C output per cow and day
(Ec-milk) was derived with an uncertainty of 9 %.

The live weight (LW) of the dairy cows slightly in-
creased by around 6% over the entire grazing season of
209 days corresponding to an average daily increase of
0.2 kg LW head—1d ~1. Applying the value of 0.14kg C (kg
fresh meat) ! (Avila, 2006) the C incorporated into meat re-
sults in 0.025 kg C head— d—1, which is less than 2 % of milk
C yield and thus negligible here. Even for beef cattle, Ec-meat
is generally small (Allard et al., 2007) and thus sometimes
neglected in carbon budget calculations (e.g., Soussana et al.,
2007).

Fcproducts Was calculated from Ec.miik by Eq. (4) using
the number of total grazing days.

2.4.2 Feed intake

The dry matter (DM) feed of the cows was estimated using
two different approaches: (i) by the Tier 2 model given in the
IPCC Guidelines (IPCC, 2006) and (ii) based on the Swiss
feeding recommendations and nutrition tables for ruminants
(Arrigo et al., 1999). The former approach estimates gross
energy intake of the cows from net energy requirements for
maintenance, activity (grazing), and production (milk yield).
The gross energy intake is then converted to DM intake us-
ing the default factor of 18.45 MJ (kg DM)~ (IPCC, 2006).
The second model uses the following equations (Eg. (6a) for
primiparous and Eq. (6b) for multiparous cows):

EpM-intake = 0.33- ECM + 0.29 - lacW — 0.0047

-lacW? + 6.0 (6a)
EpM-intake = 0.33- ECM + 0.17 - lacW — 0.0025
-lacW? + 8.8, (6b)

where ECM is in kg head=1 d~1 and lacW is the actual lac-
tation week of the cow. Additional intake corrections were
applied for deviations from standard live weight (600 and
650 kg LW for Egs. 6a, b, respectively) and standard annual
milk production (6500 and 7500 kg respectively). Estimated
EpM-intake Was (i) 18.8 and (ii) 18.5kg DM head—1d—1. We
used 18.54 2.7kgDMhead~1d~? for the further calcula-
tions because this value is based on the actual production
state of the cows in contrast to the value from approach (i),
which is based on the IPCC standard parameterization.

Besides the grazing on the pasture, the cows were offered a
minor amount of supplement feeding (concentrates) depend-
ing on individual milk production level of each cow. Daily
concentrate intake was recorded for each cow, on average
it amounted to 1.3 + 0.2 kg DM head—! d~* over the grazing
period.

Carbon (and N) content of pasture forage and concen-
trates were measured by dry combustion (VDLUFA, 2000)
of weekly sampled pasture forage and from periodically ana-
lyzed concentrate samples (n = 6 over the grazing period). A
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carbon content of 433 +9gC (kg DM)~! was measured for
pasture forage and 430+ 9gC (kgDM)~? for the concen-
trates. With this information the total average daily carbon
intake (Ec-intake) Per cow was derived. Fc-feed off Was calcu-
lated from the daily concentrate intake alone. Fc.grazing Was
calculated for the total grazing days from the difference be-
tween Ec.intake aNd Ec-feed,off With an uncertainty of £16 %
(see Table S2).

2.4.3 EXcreta

Excreta output could not be measured directly in this study,
and it is generally difficult to measure for grazing animals.
But the ratio of Ec_excreta relative to the animal intake was
estimated from the analysis of the feed digestibility. For this
purpose, 50 grass samples taken during the grazing season
were analyzed by Tilley and Terry (1963). This resulted in
an average feed organic matter digestibility of 0.72 with an
uncertainty range of & 0.07. Because the carbon content in
the excreted dung (c. 50 % of organic matter, see e.g., Pet-
tygrove et al., 2010) is higher than in the feed (43 % of or-
ganic matter acc. to sample analysis) the effective carbon di-
gestibility reduces to 0.68. Accordingly Ec-excreta Was esti-
mated as 32 & 8 % of the animal carbon intake. Fc.excreta,past
and Fc_excreta,off Were calculated from Ec_excreta fOr the effec-
tive pasture time and the off-pasture time, respectively, using

Eq. (4).
2.5 Comparison to other pasture greenhouse gas fluxes

For a quantitative comparison of the NECB to the other rel-
evant GHG fluxes of the pasture system, the CH, and N>O
emissions were converted to CO, equivalents based on their
global warming potential (GWP). Here we used the 100-
year GWPs; 25 COz-eq. for CH4 and 298 CO»-eq. for N2O
(Solomon et al., 2007). The system boundaries were the same
as for the determination of the NECBiq, i.€., the effects of
the investigated pasture including the animals during pasture
days are taken into account. Correspondingly, area-related
fluxes are accounted for the entire year, while cow-related
fluxes are accounted for the total pasture days (time spent on
the pasture plus the adjacent milking periods).

The average CH4 emissions of the soil and the cow emis-
sions were derived by EC measurements as mentioned in
Sect. 2.3.2 and allocated to the respective time periods.

Emissions of N»O in terms of N mass were estimated ac-
cording to

FN-No = (FN-fertil + FN-resid + FN-dep)
- 1+ FN-excreta - f2, (7

where  Fn-fertil, FiN-resid and Fin.gep are the N inputs by
fertilizers, plant residues, and atmospheric deposition, and
f1=0.01 and f> =0.02 are the default N>O emission fac-
tors due to the respective N inputs according to the IPCC
guidelines (IPCC, 2006). Fn-fertii Was determined from man-

Biogeosciences, 13, 2959-2969, 2016
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Figure 3. Average daily carbon (blue arrows) and nitrogen (green
arrows) budget of the studied dairy cows. The budget was closed by
adjusting the amount of excreta loss.

agement records and the analysis of the applied slurry (see
Sect. 2.3.3) and amounted to 120 kg N ha~! in total for the
study year. The amount of N deposited from the atmosphere
was estimated to be 25kg Nha=1yr=! based on the report
of the Swiss Federal Commission for Air Hygiene (FCAH,
2014).

The other two terms in Eq. (8), were estimated with the
help of the animal N balance, which can be formulated in
a similar way as the animal carbon balance in Eq. (5) but
without gaseous pathways:

EN-intake = EN-milk + EN-meat + EN-excreta- (8)

EN-intake 1S the uptake of N in the feed and the average
value was quantified based on the average N content of
pasture forage (28 gN (kg DM)~1) and concentrates (17 g N
(kgDM)~1). The intake of the cow is portioned into N
in milk (En-milk), live weight gain (En-meat), and excreta
(EN-excreta)- Average milk N output (En-milk) was determined
from the mean ECM vyield (22.7 kg head—1 d—1) and associ-
ated measured protein contents ranging from 2.8 to 4.5 % and
a protein-to-N conversion factor of 6.38 (IPCC, 2006). Nitro-
gen accumulation in meat due to weight gain (see e.g., Ester-
mann et al., 2002) was very small and thus assumed negli-
gible (like for C, see Sect. 2.4.1). EN-excreta Was estimated
by closing the N balance (Eg. 8) and was used to calculate
Fn-excreta 1N @analogy to Eq. (4) for the effective pasture time
resulting in a value of 152 kg Nha=tyr—1.

Nitrogen input from plant residues
Fresid =51kgNha=tyr~1 was estimated as 25% of
the livestock N intake during the grazing period based on
Walther et al. (1994) and AGRIDEA (2007).

Biogeosciences, 13, 2959-2969, 2016

Determination of the carbon budget of a pasture

3 Results and discussion
3.1 Carbon budget of the dairy cows

Animal C budget considerations serve to estimate, constrain
or validate animal-related C fluxes that contribute to the pas-
ture system NECB. Results derived for the mean daily C
budget for the cows used in this study are shown in Fig. 3
together with the N budget (detailed numbers can be found
in Table S1). The values represent averages over all cows
in the herd and over the entire grazing season. The average
cow needed a daily feed intake of 18.5 kg DM corresponding
to 8.0 kg C. The determination of the feed intake was a very
important factor for the assessment of the cow budget. Be-
cause in situ determination of forage intake during grazing is
challenging (Undi et al., 2008), the total feed intake was cal-
culated based on the net energy requirements of the animals,
which in turn were based on the actual animal performance
(milk yield, live weight). The applied models (Sect. 2.4.2)
showed only a small difference of 0.3kg DM head—1d~1.
Gibb et al. (2007) reported intake values for grazing dairy
cows between 25 and 30gDM (kg LW)~L. For the live
weight of the cows in this study, this would result in intake
rates of 16 and 18 kg DM head—* d—*, which is within the es-
timated uncertainty range (£2.7 kg DM head—d~1) of our
result.

Of the total C intake the largest share (57 %) was emitted
as CO; and a much smaller part (4 %) as CH4. A consider-
able amount (19 %) of the C intake was processed into the
milk and 32 % was released as excreta. The animal carbon
budget shows an imbalance of 12 % (see Table S1), which
reflects the overall budget uncertainty. Most of C was lost by
respiration, which also has the largest uncertainty. The value
was determined from EC measurements and was found to be
at the upper range of animal respiration rates for dairy cows
reported in the literature (see Felber et al., 2016 and refer-
ences therein). In contrast to the carbon budget, the largest
part of the N intake (75 %) was excreted in urine and dung.

The relative share of excreta C loss is very similar to
the 34% share in terms of DM reported by Woodward et
al. (2012) for dairy cows. The resulting imbalance of the an-
imal budget, although within the range of uncertainties, may
indicate that the estimated C loss due to respiration tends to
be overestimated. Indeed the value of 4.6kgChead=1d~!
lies in the upper range of measurements with compara-
ble cows (see Felber et al., 2016). However, Soussana et
al. (2010) investigating cow C budgets for cut forage, which
was fed off-pasture, found that 56 to 59 % of intake C was
respired as COs».

3.2 Carbon budget of the pasture system
Carbon budget components and balance results for the two

different NECB approaches (system boundaries) used in this
study are shown in Fig. 4 (detailed numbers are listed in
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Figure 4. Components and uncertainties (95 % confidence range)
of annual carbon budget determined with (a) the total system and
(b) the pasture system approach as illustrated in Fig. 3. NECB was
calculated according to Egs. (2) and (3). Flux direction is defined
according to ecological sign convention: positive values indicate
imports to the system, negative values indicate export (loss) from
the system. Filled bars indicate values derived from direct measure-
ments, hatched bars indicate values that are modeled with measured
and modeled data.

Table S2). While for NECByy a small negative and for
NECBpast @ small positive value was determined, both re-
sults are attributed to a considerable uncertainty range and
are thus not significantly different from zero nor from each
other. NECBpast with the larger uncertainty also resulted
from larger budget components (fluxes). A total C import
of 429gCm~2yr—1 to the pasture (soil/vegetation ecosys-
tem) was balanced by a total C loss of —406gCm—2yr—1.
For the NECByt approach, total import (176 gCm—2yr—1)
and total export (—202gCm~2yr—1) were less than half as
large (it has to be noted that in this consideration the an-
nual net CO, exchange is used, not the gross exchange). This
difference is due to the predominantly “internal” process-
ing of the biomass in the NECB;; system. Accordingly, the
largest budget term in the NECBt approach was the milk ex-
port (Fc-products = —829 Cm~2 yr~1), while the largest term
in the NECBpast approach, the biomass export by grazing
(Fc-grazing = —4049C m~2yr—1), was five times larger. Ad-
ditionally, combining the C lost as respired CO2 when the
cows were off-pasture and the net C imported as CO; into the
system resulted in a zero-sum situation for the CO; exchange
in the NECByyt approach, but was the main contributor to
the NECByt uncertainty. As discussed in detail in Felber et
al. (2016), the difference in the net CO2 exchange between
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the two approaches corresponds to the (annually averaged)
effect of cow respiration while on the pasture. Although this
annual cow respiration flux (180gCm~2yr=1) is typically
much lower than the respiration of the pasture soil/vegetation
(Jéréme et al., 2014), it is larger than many other carbon bud-
get terms and thus very important for the NECB quantifica-
tion.

The time that the cows spent each day in the barn for milk-
ing represents an important “disturbance” of the NECBigt.
The sum of the three specific off-pasture fluxes (Fc-feedoff,
Fcoresp,off, Fc-excretaoff) results in a net off-pasture carbon
loss of —71gCm~2yr~1. The relatively small C import
due to concentrate feeding only partially balanced the loss
through animal respiration and excreta.

While the resulting NECB values for a single year cannot
be considered as fully representative for the site nor for pas-
ture systems in general, they show the contribution of differ-
ent C fluxes to the total budget and the effect of their (propa-
gated) uncertainty in an exemplary way. As shown in Fig. 4,
the resulting uncertainty of NECBpast (£76gCm~—2yr—1)
was larger than for NECByot (£62gC m~2yr—1). These un-
certainties are comparable to the uncertainty ranges reported
by Rutledge et al. (2015) for annual NECByyt values of
a dairy pasture system (+50 to+86gCm~2yr-1). It may
be argued that the larger absolute uncertainty of NECBpgst
compared to NECByo; was due to the larger individual C
fluxes in this approach. This mainly applies to the largest
flux Fc-grazing that dominated the NECBpast uncertainty. The
grazing intake was inferred using an empirical model based
on measured milk yield, composition and animal live weight.
The model uncertainty is also the main contributor to the un-
certainty of Fc.grazing (See Sect. S1.1). However, direct intake
measurements on the pasture are difficult and would proba-
bly not yield more accurate results.

The largest uncertainty contribution in the NECByy: ap-
proach was due to the CO, exchange flux, although the mag-
nitude of this term was not very large. The uncertainty of
Fc.co, was mainly determined by the gaps in the CO; flux
measurement and although the calculation of Fc.co, tot IS
based on a larger flux data set than Fc.co,,past (for which all
fluxes influenced by cows were removed before gap filling)
the former had a larger uncertainty (for details see Felber et
al., 2016). The uncertainty of the annual CO2 exchange has
an absolute rather than a relative characteristic because, like
the NECB, it is itself the result of large compensating fluxes
of opposite signs (Ammann et al., 2009; Felber et al., 2016).

Another important component in both NECB approaches
was the C import by slurry application, which was also
shown for other managed grasslands (Ammann et al., 2007;
Soussana et al., 2007). Only by specific sampling and analy-
sis of the applied slurry, the relative error could be limited to
<20 %, because the DM and thus also the C content in slurry
can easily vary by a factor of four.

Carbon lost as CH4 from the soil was the lowest flux in
both systems accounting for less than 1% of total C loss.

Biogeosciences, 13, 2959-2969, 2016
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While this term appears to be negligible, this is not the case
for the animal CH4 emission (Fc-cH,.cows) With a contribu-
tion of 8 % to the total C loss in the NECBy; system. In any
case the CH4 fluxes play a much more prominent role when
compared to other GHG fluxes in terms of global warming
potential (cf. Sect. 3.4).

Beside the quality and representativeness of the determina-
tion of the various C fluxes, the completeness of the budget
with all relevant components is also important. In the present
study, the loss of C through leaching and erosion was not
measured, but assumed to be small compared to the other C
fluxes. Carbon loss through leaching in other managed grass-
lands was found to be in the range of 5 to 11gCm~2yr1
(Allard et al., 2007; Zeeman et al., 2010; Rutledge et al.,
2015). The loss through erosion can be assumed to be again
smaller due to the flat topography and the closed vegetation
cover in this study. Even if a value for leaching and erosion in
the order of 109 Cm~2yr—1 were to be included in the bud-
get calculation, the result of the budgets would hardly be af-
fected (i.e., the NECB values would remain non-significant).

3.3 Applicability of the NECB approaches

The applicability of the two different NECB approaches de-
pends on their specific requirements and the corresponding
available information for the investigated pasture system. For
the NECBpast approach the adequate determination of the rel-
atively large CO2 exchange flux relies on the capability to
distinguish between measurement intervals with and without
cow influence.

In the present study, GPS position information of the cows
in combination with a flux footprint model allowed an ex-
plicit distinction of fluxes with and without cow contributions
and a detailed determination of times when the cows were
on- or off-pasture. The separation of CO2 (and CHy) fluxes
was achieved based on the actual stocking density in the flux
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footprint (for details see Felber et al., 2015). The effect of the
chosen threshold for this separation on the resulting annual
net CO, exchange is illustrated in Fig. 5. Above an average
stocking rate of about 3 heads ha~! in the footprint the cow
respiration led to a strong change of the net CO, exchange,
although these cases accounted for only about 5 % of all flux
data (before gap filling).

The required degree of detail of the position information
depends on the grazing management, stocking density and
division of the pasture around the measurement tower. Fel-
ber et al. (2015) showed that information of paddock occupa-
tion and the assumption of homogeneously distributed cows
within the paddock resulted in comparable results of cow
CH4 emission estimates for the division used in this experi-
ment. For pasture systems with a distinct alternation of graz-
ing and non-grazing phases (e.g., Jéréme et al., 2014) a sim-
ple time schedule based flux separation, without further ani-
mal position information, may also be sufficient, but needs
to be tested. However, for a free-range (continuous graz-
ing) pasture system where the cows are allowed to graze all
around the measurement tower at all times, the NECBpast ap-
proach would not be feasible; pasture/soil CO, and CHy4 ex-
change (Fc-co,,past and Fc-cH,,soil) Can only be determined
if sufficient and defined periods without cow influence on the
EC flux measurement are available.

While the NECBpast approach necessitates a proper iden-
tification of pasture CO, fluxes without cow respiration, it
does not rely on off-pasture information. However, the im-
port and export of C in excreta and forage needs to be deter-
mined. Thus the NECBpast approach may be suitable for sys-
tems with known animal performance and/or short intensive
grazing phases, for which the grazing export can be well con-
strained. The NECBpast approach is also suitable for grass-
land systems with mixed management (grazing and harvest),
because the harvest export can be treated in the same way as
grazing export (Skinner, 2008).

The NECByt approach is more suitable (or even the only
choice) for continuous grazing systems (e.g., Allard et al.,
2007). For beef cattle pastures, the NECBy, approach can
even be simplified, because the off-pasture phases are avoid-
able. While a separation of the fluxes influenced by cow res-
piration is not necessary in this approach, it needs to be as-
sured that cow respiration contributions are fully represented
in NECBqqt, i.e. that the cows show a temporally represen-
tative presence in the flux footprint (see Felber et al., 2015).
Otherwise the annual Fc_co,,tt Would be affected by a sys-
tematic error as also noted by Kirschbaum et al. (2015).

Generally, for any pasture system it is advisable to record
as detailed information of non-gaseous C fluxes, cow posi-
tions, and grazing time schedules as possible, because the
simultaneous application of both approaches and their inter-
comparison provides the most defensible results for the C
budget. Because the two NECB approaches partly include
the same fluxes (e.g., Fc-fertil) Or are based on the same in-
formation (e.9., Fc-excretapast aNd Fc-excreta,off) they cannot
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Figure 6. Comparison of greenhouse gas fluxes of the pasture sys-
tem including cows during pasture use to the NECBs for the two
system boundaries. The ecological sign convention is used: nega-
tive values indicate a source from the system to the atmosphere.
N>O emissions are modeled, whereas the other emissions are mea-
surements. Detailed numbers can be found in Table S3.

be considered as totally independent. However, the dominant
contributions and their uncertainties may be considered as
statistically independent.

3.4 Comparison to other greenhouse gas fluxes of the
dairy cow pasture

The NECB results are compared to the effect of other GHG
fluxes for the investigated pasture system in Fig. 6. In terms
of CO, equivalents, the CH,4 emissions from the animals con-
tributed the most to GHG emissions, while the CHz emission
from soil (including animal excreta) was 10 times lower but
not negligible. NoO emissions contributed about one fourth
to the total emissions. Due to the non-significant effect of the
C storage change (near neutral NECB) this grazing system
may not be considered as a C sink and thus a mitigation op-
tion for GHG emissions as suggested by other studies (Sous-
sana et al., 2010; Rutledge et al., 2015).

However, for a reliable assessment of the C budget of a
pasture, measurements over several years are crucial. Envi-
ronmental as well as management factors will have a large
influence on the annual budget and determine whether a sys-
tem acts as a C sink or a source. For example, plowing dur-
ing restoration process of a pasture can lead to a considerable
loss of C that was sequestered over several years, also affect-
ing N2O emissions (Ammann et al., 2013; Merbold et al.,
2014).

In contrast to NECB and CH4 emissions, which were de-
termined experimentally using the EC method, N2O emis-
sions were roughly estimated here based on modeled N cy-
cling of the cows and applied fertilizers relying on standard-
ized emission factors. A more comprehensive picture, ac-
counting for the specific environmental conditions, could be
achieved by the direct determination of N O fluxes also using
the EC method. Such measurements will be performed in a
follow-up project investigating the N cycling of the same pas-
ture (NiceGras: Nitrogen Cycling and Emissions of Grazing
Systems).
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4 Conclusions

The C storage change of a grazed pasture system was de-
termined by two NECB approaches with different system
boundaries to investigate their data requirements and asso-
ciated uncertainties. While both approaches yielded similar
results indicating a near carbon-neutral budget, both meth-
ods resulted in considerable uncertainties, with slightly lower
uncertainties for the NECByo approach (system boundaries
including cows). Whereas the C budget results for the inves-
tigated single year cannot be considered as fully represen-
tative for the longer term, they demonstrate the contribution
of the different C fluxes to the total budget and the effect
of their (propagated) uncertainty in an exemplary way. The
simultaneous application and comparison of both NECB ap-
proaches provides a useful consistency check for the NECB
determination and can help to identify and eliminate larger
systematic errors. Additionally, the consideration of the cow
C budget can be used to quantify and check the consistency
of animal fluxes needed in the determination of the NECB.

The NECB result was compared to the effect of the other
GHG fluxes from the pasture system (CH4 and N2O normal-
ized to CO; equivalents). While CH4 emission by the cows
played a very minor role in the C budget, it clearly dominates
the GHG emissions due to its larger greenhouse warming po-
tential. Due to its relatively low variability the CH,4 emission
from enteric fermentation (depending on animal state and
performance) has a much lower uncertainty than the NECB
of the pasture field, which is the net effect of large fluxes of
opposite sign.

While the determination of the non-gaseous fluxes in the
C budget could mostly be improved by more comprehensive
sampling and analyses, the uncertainty due to the CO; ex-
change measurements is to a certain part inevitable for the
given site and management regime, because the accuracy of
the CO», exchange monitoring by eddy covariance is limited
by the (micro-) meteorological conditions, especially calm
nighttime conditions, and by the variability of the animal
presence and density in the footprint. However, the uncer-
tainty may be reduced to some degree by better constrained
animal C budgets (especially intake and respiration). This
may be achieved by prolonged field measurements over sev-
eral years in combination with C cycling measurements on
the individual animals.

The Supplement related to this article is available online
at doi:10.5194/bg-13-2959-2016-supplement.
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