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Abstract The quantity and quality of organic carbon
(Corg) input drive soil C,q stocks and thus fertility and
climate mitigation potential of soils. To estimate
fluxes of C,, as net primary production (NPP),
exports, and inputs on German arable and grassland
soils, we used field management data surveyed within
the Agricultural Soil Inventory (n = 27.404 cases of
sites multiplied by years). Further, we refined the
concept of yield-based C,,, allocation coefficients and
delivered a new regionalized method applicable for
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agricultural soils in Central Europe. Mean total NPP
calculated for arable and grassland soils was 6.9 £ 2.3
and 5.9 £ 2.9 Mg C,, ha~' yr~!, respectively, of
which approximately half was exported. On average,
total C,e input calculated did not differ between
arable (3.7 &+ 1.8 Mg ha™' yr™!) and grassland soils
3.7+ 1.3 Mg ha™! yr_l) but C,, sources were
different: Grasslands received 1.4 times more Cg,
from root material than arable soils and we suggest
that this difference in quality rather than quantity
drives differences in soil C,, stocks between land use
systems. On arable soils, side products were exported
in 43% of the site * years. Cover crops were cultivated
in 11% of site * years and contributed on average 3%
of the mean annual total NPP. Across arable crops,
total NPP drove C,, input (R? = 047) stronger than
organic fertilization (R2 = 0.11). Thus, maximizing
plant growth enhances C,, input to soil. Our results
are reliable estimates of management related C,,
fluxes on agricultural soils in Germany.

Keywords Carbon sequestration - Manure - Net

primary productivity - Carbon balance - Net biome
productivity

Introduction

The content or stock of soil organic carbon (SOC) in
agricultural soils is regarded as the key parameter
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sustaining soil fertility and health. Moreover, the
carbon (C) cycle of agricultural systems plays a role in
climate change mitigation: since the more C is stored
as organic C (C,,) in the soil and the longer it is stored
for, the less it contributes to climate change as the
major greenhouse gas CO, (Minasny et al. 2017). It is
widely acknowledged that farming practices can
influence SOC levels to a certain extent (Freibauer
et al. 2004). On field scale, SOC stocks are strongly
correlated with the amount of C,,, input, which is the
almost exclusive source of SOC (Kitterer et al. 2012).
However, on a national scale, there are very few data
available on the amount of C,, input to agricultural
soils.

The quantity, and also the quality, of organic inputs
play an important role in SOC build-up and dynamics.
For example, recent studies suggested that root- and
manure-derived C,,, has stronger effects on SOC
stocks than straw-derived C,, (Kitterer et al. 2011;
Rasse et al. 2005). Both the quantity and quality (e.g.
Corg to nitrogen ratio of organic material) of C,,, input
to soil are controlled by the farmer through the choice
of crop rotation, amount and type of mineral and
organic fertilizers applied, and harvest residue man-
agement. The farmer also determines total net primary
production (NPP,,; Mg Coe ha™! yr_l), the fraction of
NPP that is harvested as the main product, and the
amount of C,,, ultimately returned to the soil. There
are five main pathways of C,, input to agricultural
soils, governed by: (1) type and amount of above-
ground harvest residues if left in the field, stubbles
always remaining in the field or mulch if left in the
field, (2) type and amount of organic fertilizers
applied, (3) type and amount of excreta produced by
grazing animals, (4) cover crops used for green
manure, and (5) belowground biomass as dead roots
and rhizodeposition. This implies that agricultural
soils have C-sink potential and that implementation of
certain management practices could help mitigate
climate change (Minasny et al. 2017).

To understand, predict, and report SOC stock
changes in agricultural systems, information on man-
agement and related C,, fluxes from and to the soil is
of critical importance. In addition, knowledge on the
regional distribution of harvest exports and inputs of
Corg to soil is required for development of climate-
smart and sustainable solutions in agriculture. How-
ever, field-specific data are often not available at
national scales preventing ‘C,;, management’ from

@ Springer

being closely linked to SOC dynamics. The absolute
magnitude of the major management-related annual
fluxes of Cog On agricultural soils, i.e. NPP, Corg
export from the site, and C,, input from external
sources are generally not well quantified. Estimates of
Corg input to soil, e.g. when modeling SOC dynamics
within the context of greenhouse gas reporting, are
thus often derived from national or regional agricul-
tural yield statistics (Andren et al. 2008). These
statistics are than combined with plant-specific harvest
indices and C, allocation coefficients which are
published for the major crops, forages (wheat, barley,
oat, triticale, oil seed rape, grain maize, silage maize,
potato, sugar beet, mustard, some legumes) and
grasslands (Bolinder et al. 2007, 2015; Gan et al.
2009). Manure application rates can be roughly
estimated from the number of animals reported in a
specific region, while harvest residue management is
not given in agricultural yield statistics. However,
residue management is somewhat important for Ce,,
input to soil since some harvest residues are removed
from the field, e.g., for bioenergy provision and some
are left in situ.

Apart from obvious uncertainties in agricultural
activity data, another major source of uncertainty is
the use of C,, allocation coefficients and harvest
indices derived from global reviews. However, Cg,
allocation coefficients are needed to convert yield data
into root- and shoot-derived C,,, input. Keel et al.
(2017) and Riggers et al. (2019) demonstrated that the
choice of allocation coefficients used for C,, input
estimation strongly influences the SOC trends mod-
eled. Region-specific up-to-date allocation coeffi-
cients and harvest indices are required to minimize
this source of error. So far, region-specific allocation
coefficients are not applied for estimates of C,, input
although validated values for, e.g., crop-specific
harvest indices are available.

The specific aims of this study were to

(1) establish a sound method for estimation of mean
annual NPPy,, C,, inputs, and C,, exports
from arable and grassland sites under Central
European environmental conditions.

(2) quantify and compare mean annual NPP, Coe
inputs and C,,, exports across land use systems
in Germany.

(3) determine the spatial distribution of C,, input
and its sources in Germany.
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Data from the first German Agricultural Soil
Inventory were used in the analysis. These comprised
10 years of management data, including crop type,
yield, fertilization practices, harvest residue manage-
ment, field operations, and other key variables such as
livestock density, for each of 3104 arable and grass-
land sites surveyed within the Agricultural Soil
Inventory. Based on this ‘first-hand’ dataset and on
regional harvest indices, we estimated NPP,, on
arable and grassland sites, total C,,, export via harvest
of main products, and sources of C,, input across
Germany.

Materials and methods
Database of agronomic and grassland management

The German Agricultural Soil Inventory collected
samples of soils under agricultural land use in a
8 km x 8 km grid across Germany (Jacobs et al.
2018) accompanied by collection of arable and
permanent grassland management data through a
questionnaire sent to the farmers on whose sites soil
sampling was performed. Thereby, for the definition of
‘permanent grassland’ (referred to as ‘grassland’ in the
following), we referred to the one used in agricultural
practice where a grassland is permanent after five
years of continuous grassland use. Farmers were asked
to record type of crop rotation, fresh matter yield of the
main product, harvest residues management regimes,
cover crops management regimes, and the amount and
type of organic fertilizers used. For grassland sites,
farmers were asked to record dry matter yield, number
of cuts per year, mulching, amount and type of organic
fertilizers used, and number and species of grazing
animals. If possible, farmers were supposed to deliver
the respective data on the previous decade of man-
agement, if possible. However, in the present analysis,
we had to exclude some records (site * years) from the
data set due to incomplete information especially on
(1) crops and cover crops indicated as ‘unknown’ or
‘unspecified’ (n = 79 and 247, respectively), (2) data
entries with no information on harvest residues
management (n = 485), (3) data entries on use of
organic fertilizer that did not state the amount or type
(n = 45), and (4) data entries on pastures with no
information on grazing animals or farm’s livestock
(n = 631). This left 2097 arable sites and 718

grassland sites for the evaluation. These values were
multiplied by the site-specific management years, and
thus a total of 19,987 arable site * years and 7417
grassland site * years in the period 2001-2016 were
evaluated as cases in the present study. If not stated
otherwise, results are shown as mean of site * years.

Method’s development: Organic carbon allocation
coefficients for arable crops grown under Central
European conditions

Based on crop-specific harvest indices and on a set of
coefficients of C,, allocation among crop compart-
ments taken from the literature, we derived Cge
allocation factors specific for cultivation conditions in
Central Europe in order to estimate annual C,, input
(Mg Cyq ha™" yr~") to soil based on yield information.
The concept of C,,, allocation, as described in detail
by Bolinder et al. (2007), is based on the assumption
that the sum of C,, within all plant compartments
equals NPP, (Mg C,,, ha™! yr_l) and that all Cg
allocation factors add up to 1.

For arable crops, we applied the following five,
crop-specific C,, allocation factors (CA,):

CAwp + CApg + CAgr + CAg + CAgp = 1
(1)

where MP is the main product, HR is the harvest
residues, ST is stubbles as the part of HR always
remaining in the field, R is dead roots, and RD is
rhizodeposition.

We calculated the C,,, allocation factors for arable
main products, harvest residues, and stubbles based on
Core content, dry matter content, harvest index, and a
stubble index for arable crops obtained in a literature
search prioritizing German references (Table 1). The
selection criteria for the search were, in descending
order: (1) agricultural management representative of
commercial farming in Germany, (2) factors quotable,
and (3) factors consistent with each other. We
generally took the mean value when more than one
value was available. There are generally no data
available specifically for cultivars used in organic
agriculture although it is known that the physiology,
and thus C,,, allocation, of these cultivars differs from
that of cultivars used in conventional agriculture. In
this study, only 5% of the arable sites evaluated were
under organic management and we ignored this

@ Springer



Nutr Cycl Agroecosyst (2020) 118:249-271

252

1soarey doxo

1001 10 () = S ‘199q IeSns se Hyy AHY 0100 €¢0'0 0000 1CC0 ¥PLO 000 ,;9L°0 Y0 $SY0 1clo 199q Iappoq
1s9a1ey do1d J001 10§ () = S 0100 £;9;€€0°0 0000 691'0 88,0 000 ,,I80 6170 $SY0 1£C°0 109q 1eSng
JsoAIRY
do1o 300110 () = IS ¢, SSewoIq [eIMNOLIZE
pue SN09JBQIAY, I0J onfea MHY ANy 0100 £;9;€€0°0 0000 091'0 86L0 000 1£8°0 oL7°0 oL¥'0 1€C0 $903e10d
S[ea190 se IS 6900 11¢CCT0 6500 Tee0 020 SI'0 448€0 opezlV’0 €90 1160 ader poas[iQ
1X9)
905 9SIMISYIO ‘ATUO UOTBATI[ND [EnUUE IO
My Ay (JIN o [enba st was, ol (yuerd opoym)
Wy saarey ssewolq [810) 10 | = TH 010 o160C€0  YIT'0 0000 SSV0 (STO 00°1 ocygIV 0 210C0 soun3oa| 19ppoq
1X9) 995 9STMIAYJO ‘ATUO UONBANI[ND [enuUE (sureis)
Joj Ay Ay ¢ ssewolq [eINI[NOLISe sownga[ J[qeraoa
pue sn0ddeqIAY, 0y onfea = ING [450X0) 169910 0v0'0  12€°0  08€0 (OI'0  4L¥VO ¢SYV'0 oL¥'0 198°0 pue Isppoq
1X9) 998 ISIMIAYIO ‘A[UO UOTJBATI[NO [ENUUR
J0J Ay Ay S[RAID Sk (S { SSewolq
[PIM[NOLISE PUE SNOADLQIAY, 10§ onfea 4Ny c01°0 o10C€0 9L00 0ev’'0 €900 SI°0 (110 oL¥'0 1160 (5pa9s) 19A01D
1X9) 995 ASIMIAYIO ‘ATUO UOTIBATI[ND [ENUUE
Ioj @y Ay {qIN oyl [enba s1  wos,
01321 UL IS9AIRY SSBWOLQ 8101 10J | = [H c01°0 o10C€0  YIT°0 0 SSY0 4SCT0 I <IV0 ¢10T°0  (uerd ajoym) 1oA0[)
wny3Ios
JSoAley ssewolq [ejo} 10J [ = JH S¥0°0 sSY1I'0 6200 0 TLLO ¢SO0 I 0zEV°0 g11€°0 ‘ozrew o3e[Ig
0900 or6761°0  S€0°0  SIE0  96£0 (OI'0 ;080 ozeV0 870 21980 U100 199M8 ‘UI0)
S[Ba130 [ Jo ueow Ay)
‘Aopreq Surids se MHY <Ny “WNNG TH 29070 00T0 LY0'0 8920 TTHO SI°0 LSO 90 90 98°0  s[ea1ad Juuds YO
S[ea1ad Iauim [[e JO Ueawl Gs00 8LI'0 TSO'0 TO6TO €TV0 4S1°0 (990) 90 90 98°0  S[e190 IuIM 19YIO
Aorreq Suids se ANy £80°0 orl9C0  1S0°'0 88C0 <CIE0 (SI°0 1870 0czST0 90 198°0 O
910°0 sOV1'0 8500 9T€0 ITV0 4ST1°0 1£6°0 970 $SY0 198°0 o[ednLy UM
STeAIA0 IAMUIM [[B JO ueowW ¥y 600 8LI'0O ¥S0'0 80€0 +OV0 4SI°0 1€6°0 pezl?'0 cel¥0 198°0 o1 oI
S[Ba1ad [[B JO uesw :¥yD 2900 00C°0 LY0O'0O 89C0 TCr0 SI'0 LSO eIV 0 OY0 198°0 Kopreq Suudg
¥50°0 ors7LT'0 6¥0°0  6LT0 PP 0 (ST'0 LSO ggpe9V0 cel¥0 198°0 Kapreq royurm
6S0°0 (1010610 0500 +8CTO0 LIY'O (SI'0 4SS0 gigoprec9V0 970 198°0 Jeaym IUIM
(SN SN (S 3N (,_3IN S
opew suonsa3sns ‘s)uaIio) ) dyd ISyp ¥yp Myp IS IH HHY D NN do1p

I1X9) 9U) UI PAqQLIOSIP Se PAJe[no[ed
(uonisodopoziyr = @y ‘s1001 = ) sdoxo unpm (YD) Uoqies drueSIo I0J SJUSIOYJFI0d
uoneoo[[e pue ‘payjodxe o1oM YH USYM (IS = XOpul 9[qqnis) d[qqnis Sse Py
oy} ur Suturewal YH JO JUnowe oY) I0J Xpul ‘(YH JO ULy} ouwres oy} 9q 0} Pajsaiins

sem (I1.S) so[qqmis Jo D) (YH) SONPISAI JSAAIRY PUNOITIAOQE Pue (JIN) PoISQAIey
yonpoxd urewr Jo (,_NQ ,_SIN D SIN) D) JUSIUOD UOQIEd dIULSIO pue ‘((,_Ienew

uysay |

SIN INA SIN) ‘INQ) Jowew AIp ‘((SOnpIsal JSQAIey JO SSewolq + jonp
-oxd urewr jo ppEIk)ponpord urewr jo peIk = [H) Xopul

1S0ATRH T d[qelL

pringer

As



253

Nutr Cycl Agroecosyst (2020) 118:249-271

sdo1o 10A00 OYI[-9[qe1a39A,
se ysiper 1oppoj ‘drurm ‘opams ‘03eqqed
19ppoj ‘eder diuin) jo anjea uedw

2y £90uUa1INd00 9[qqnIs ou 10J () = IS

sdoxd 19A00 oYI[-9[qeIa39A,
se ysipes 1oppoj ‘drurm ‘opams ‘0Feqqed
19ppoj ‘oder diuiny jo onfea ueow

2y {90UaIINd20 J[qqnis ou 10J () = IS

sdo1d 19A00 ,9Y1[-9]qeIa39A,
se ysipel 19ppoj ‘druin) ‘opams ‘a3eqqed
19ppoj ‘eder druin) jo anfea ueow

2y £90UaLIND00 J[qqNIs Ou I0f () = [S

sdo1o 10A00 OYI[-9[qe1a39A,
se ysiper 1oppoj ‘drurm ‘opoms ‘03eqqed
19ppoy ‘eder diuin) jo anjea uedw

2y) {90uUaLIMdd0 9[qqnIs ou 10J () = IS

sdo1o 10A00 OYI[-9]qe1a30A,
se ysipel 1oppoj ‘druin) ‘opams ‘o3eqqed
19ppoy ‘ader druin) Jo anfea ueaw

2y {90Ua1INd20 J[qqnIs ou 10J () = IS

399q 1e3ns pue seojejod jo ueow My

9soarey doId J0or 10J () = IS ¢,Ssewolq

[eIn)[nouSe pue SnoaoeqIay, Joj anfea
ANy f)soATey SseWOIq [810) 10) | = [H

punoISMo[aq st ssewolq
JO 9, ¢¢ St uonewnse umo Ay) ¢'0 = TH
JIM puNoISOAOQeE SI SSBWOIq JO 9,99
se uonsaddns umo [ ANy ‘Q0ULIMO00
91qqmis ou Ioj () = IS ¢ Ssewolq
[eInotISe pue SnoddeqIdy, Ioj

anfea = ¥Hy «dN5 tgonsaddns umo = [H

1X9)
995 ISTMIAYIO ‘ATUO UOIBATI[ND [BNUUE JOJ
@y Ay N oy [enba st wdys, | Ul
ANy soATey ssewolq 810} 10J [ = [H
1X3) 93S ISTMISYIO
‘A[uo uoneAnno [enuue 10§ :WyH
Ay S9AIRY SseWOIq 810} 10J | = [H

<L00

¢LO0

¢LO0

¢LO0

<L00

0100

¥60°0

2600

¥e1°0

o1 TET0

o1:¢1¢€C0

o1:¢1¢€C0

o1:¢1¢€C0

o1¢1C€C0

€00

c0€0

01656T°0

8610

0000

000°0

000°0

000°0

0000

0000

000°0

080°0

Sv0°0

8CC0

9LT0

091°0

L8T0

90

000°0

20€°0

000°0

000°0

89%¥°0

120

9¢60

60¥°0

0s+°0

LS6°0

c0¢0

£€5°0

€0¢°0

S0

S0

(€90

1950

L0

(S0

1090

050

£50

£10

£70

£70

L£5°0

oLV0

LIS0

150

L15°0

IS0

L15°0

oLt0

oLt0

LepST0

L0F°0

L£T°0

10

10

10

10

010

Q010

020

41020

IomopIne)

11000019

93eqqQqeo UdAIn

a8eqqeo poy

So[qe)adaa 190,
79 98eqqEO AYM

sn3eredsy

SOLLIDQMEBIIS

(querd
J[oym) sewngof
oYM SSBID)

(querd opoym)
sownJ9[ Yim SseIn

Jpew SUONsA3INS ‘suWWOD)

)

qyD

Fm/\u

MI<U

n:>_<U

IS

IH

(.S SIW) (,_SIN SW)

N_IU

n:ZU

(,_3 3D
n__ZEQ

doxp

penunuod | Jqel,

pringer

As



Nutr Cycl Agroecosyst (2020) 118:249-271

254

1XQ] 995 ISIMIAYIO ‘A[UO UONBATIND
[enuue 10} :PyH Ay (punoiZmo[aq st
SSBUWIOI] JO 9 €€ S uonsagsns umo Ay
1 JO IH Ue J3Im punoi3oroqge SI sseworq
JO 95,99 se uonsagsns umo AWy
{(uerd sjoym) sswnga| 19ppoJ se IS
¢ SSewolq [eIN)[NOLISE pUB SNOAJBQIAY,
10} anfea [ AN {sownJoy noyim sserd
se [ dNA[(T ‘ISQATRY SSewolq [e)0) 10 | = [H
sdoxd 10A00 oYI[-91qeIaZ9A,
se ysipel 1oppoJ ‘druin) ‘opams ‘o3eqqed
1oppoj ‘eder druin) jo anfea ueow
2y {90ua1INd20 J[qqnis ou I0J () = IS

sdo1d 19A00 ,9Y1[-9]qeIa39A,
se ysipel 1oppoj ‘diuin) ‘opams ‘ofeqqed
19ppoj ‘eder diuin) jo anjea uedw

2y) {90UaLIMdd0 9[qqnIs ou 10J () = IS

sdo1o 10A00 OYI[-9]qe1a39A,
se ysiper 1oppoj ‘drurm ‘opams ‘03eqqed
19ppoy ‘ader druin) jo anfea uesw

Ay 19dUAIIND00 J[qqMIs OU I0J () = IS

sdoxd 10A00 ,9YI[-9[qeIa30A,
se ysipel 1oppoj ‘druin) ‘opams ‘a3eqqed
I9ppoy ‘eder druin) jo anfea ueaw

2y £90UaLIND00 J[qqNIs ou I0f () = [S

sdo1d 19A00 ,9YI[-9]qeIa39A,
se ysiper 1oppoj ‘drurm ‘opams ‘oFeqqed
19ppoj ‘eder diuin) jo anjea uedw

2y) {90UaLIMdd0 9[qqnIs ou 10J () = IS

393q 1e3ns pue saojejod jo ueswr
Ay {90UaIINd00 J[qqnIs ou I0J () = [S
399q 1e3ns pue seojejod jo ueowr
Ry {90UaLINd00 J[qqnIs ou I0J () = [S
399q 1e3ns pue seojejod jo ueowr
2y $90UaIINd00 J[qqnIs Ou I0J () = [S
393q 1e3ns pue saojejod jo ueawr
Ay {90UaLINd00 J[qqnIs ou I0J () = [S
399q 1e3ns pue seojejod jo ueowr
Ry {90UaLINd00 J[qqnIs ou 10j () = [S

¥60°0

¢LO0

¢Lo0

<L00

¢LO0

¢LO0

0100

0100

0100

0100

010°0

c0¢0

o1:¢1¢€C0

o161 ZET0

o1:61CEC0

o1:¢1¢€C0

o1:¢1¢€C0

£€0°0

€00

£€0°0

€€0°0

€00

110

000°0

000°0

0000

000°0

000°0

0000

000°0

0000

0000

000°0

0000

€S0

I11o

90C°0

YLI'O

orlo

891°0

8LT°0

010

881°0

SIro

£87°0

£evs o

G850

061°0

ccso

L18°0

68L°0

6LL°0

G680

69L°0

w80

§To

€1

ciSL0

180

aL9°0

G CL0

1£8°0
¢108°0
(l6L°0
¢188°0
alLL0

¢198°0

£70

£70

£50

£10

£0
£7°0
£
£70
£7°0

£70

oLF0

L15°0

IS0

L1S0

150

IS0

L1S0

L15°0

L1S0

L15°0

L15°0

00

10

10

10

10

10

10

10

LT°0

10

10

SQIOH

yoeurdg

pe[ES

unjdung

Joquinon))

hlaiclle)
uoruQ
ysipey
ystpel [rews
1001390

jo1re)

Jpew SUONsA3INS ‘suWWOD)

)

qyD

Fm/\u

MI<U

n:>_<U

IS

IH

(,—3N 3D

(,_S SN

(,_3 3D
n__ZEQ

doxp

penunuod | Jqel,

pringer

As



255

Nutr Cycl Agroecosyst (2020) 118:249-271

(9102) 'Te 1 195neT ,; “(6007) (TALM) WeyoSHIMPULT I9p UL UISIMNEE Pun YIUYOIL, Iy WNHOEINY, (ST0T) US[CHSIM
-UIRYIPION,, ‘(8107) AONeAZNY pue yosned,, “(1107) e 1 3[12d, “(ST0T) 'Te 12 Jopurjog,, “(6007) T 10 ueD | “(L661) Te 1 Iy, “(L00T) ‘Te 10 3purjog, *(LO0T) 'T& 19 UI0Z,
“(2661) "2 30 YUY, “(0107) T8 30 AS[ISSEA, *(8107) HAWD dwasAsar31ousorg SOId, ‘(#661) UIPION, (9007) ‘Te 10 19810qu1dqQ; *(1107) Te 1 oyueld , (L107) snowkuouy |

PpaiIseAIRy jou

ST YOIy SseId (199junjoA) £q PaIoA0d ST
[10S YoIyA SULINp UOTIBAN[NO-UOU JO SIEAK
se Jnq mo[[ej a1eq se pajardidur oq 03 Jou

‘(uerd s[oym) sownJo[ INOYIM sseId sy 600 §6C°0 0800 0000 ¢€€S0 SI0 I Sv'0 00 Mo[[eq
azrewr a3e[IS se
My IS “IseAley sseWolq [103 10f | = TH Sv0°0 SyI'0 6£0°0 0000 CTLLO SO0 [ ol¥’0 10%°0 dwoy
s9[qe1agoa
punoigosoqe se Ay {90UaIIN000 A[qqNIs
ou J0J () = IS ‘1999 JeSns Jo sonpIsal
1soATey se AW 1$[qeIR59A JO UBAW TH <L00 ¢eC0 0000 0€C’0 99¥'0 000 L9°0 oL¥'0 ol¥'0 0C0 035eqO L,
odex poas[io se ¥y s[ea1ad sk :[§ 690°0 ¢Cc0 6500 Lg€O  €I€0  SI°0 10¥°0 S0 c¢S0 1160 paosul]
sdoo T10
ader paasyio se Ay s[eated se IS 690°0 ¢cc0 L90°0 6LE0 t¥9T0  SI°0 1€€°0 44l <¢S0 160 J°o, % lomopgung
1XQ) 998 ISIMIAYIO ‘ATUO
uoneAnnod [enuue Joj : Ay Ay ((uerd
Jloym) sewnSay oYM sseid se Ay
{$TeI0D Sk S ¢ ssewolq [eImnoLise (spa9s) sown3o|
pue snosoeqIay, 10y anfea = 4Ny 600 §6C°0 1800 09%'0 <TLOO SIO (11°0 1¢pSY0 ol¥'0 198°0 noym sselny
S[BAI0O [[B JO UBAW
Ay fozrew aZe[Is se (IS 041 10)UIM (querd
se N Ysoarey ssewolq [e10) 10} | = [H 290°0 00C0 S€0'0 0000 <TOLO SO0 I LYo 1S€°0  2[oym) aTe[is [ea1e)
(SN SW) (SN 3W) (,_SIN SIN)
opew suonsadsns ‘sjuowwioy | Ay dyp ISyp ¥yp dyp IS H [se) e INNa dorp

penunuod | Jqel,

pringer

As



256

Nutr Cycl Agroecosyst (2020) 118:249-271

circumstance and applied the mean values we found to
all records.
The C,, allocation factor of the main product
(CApp) was calculated as:
A—MP % DMMP * CMP

CAyp = 2
Mp NPP,, )

where A-MP is the fresh matter yield of the main
product of an arable crop (Mg ha™' yr™"), DMyp is its
dry matter content (Mg Mg~ l), Cywp is the Cy content
(Mg Mg~! dry matter™") (Table 1), and NPP,, (Mg
Corg ha™! yrfl) was calculated as described below.

The C,, allocation factor of harvest residues
(CAgRr) was calculated as:

A—MP x 22 s (1 — HI) % Cpg + (1 — SI)

CApg =
HR NPP,,,

(3)

where A-MP is the fresh matter yield of the MP of an
arable crop (Mg ha™! yr™"), DMyp is its dry matter
content (Mg Mg_l), HI is the harvest index, Cyg is the
Corg content of harvest residues (Mg Mg~ ! dry
matter '), SI is the stubble index as the proportion
of HR always remaining in the field as stubbles and
therefore supposed to be calculated as a separate
compartment of the crop (for crops for which MP is
total aboveground biomass harvested, it is a proportion
of MP) (Table 1), and NPP; (Mg C,,, ha™! yr_l) was
calculated as described below.

The C,, allocation factor for stubbles (CAgt) was
calculated as:

A—MP 2 (1 — HT) % ST % Cyg
NPP,,

CAgr = (4)
where A-MP is the fresh matter yield of the main
product of an arable crop (Mg ha™' yr™"), DMyp is its
dry matter content (Mg Mg™"), HI is the harvest
index, Cyg is the C,,, content of the harvest residues
(Mg Mg™" dry matter™"), SI is the stubble index
assuming that stubbles have the same C,,, content as
harvest residues (Table 1); NPP, (Mg Core ha™! yrfl)
was calculated as described below.

To develop the C,,, allocation factor for roots, we
used crop-specific constant ratios of aboveground NPP
(NPP0ve) to belowground NPP (NPPy,).) allocation
empirically derived from different studies following
the general concept of C,,, allocation (Table 1). We
applied the NPP,ove: NPPpejow 1atio to NPP 0. (see
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below) although there are recent findings that at least
wheat has rather a fixed than a yield-dependent
NPPyeiow (Taghizadeh-Toosi et al. 2016). However,
these results were not proven for the broad spectra of
arable crops we evaluated here and thus we used the
conventional concept of C,, allocation based on
findings of Bolinder et al. (2007).

To derive the C,, allocation factor for rhizodepo-
sition, we used a recent values published in a review
by Pausch and Kuzyakov (2018) who concluded that
rhizodeposition is 0.31 * root-C,, for most arable
crops. The term rhizodeposition as used here is equal
to the net rhizodeposition defined by Pausch and
Kuzyakov (2018) as the part of C,,, remaining longer
in soil since it is not mineralized by soil organisms
immediately after being released into the soil.

Calculation of annual net primary production
on arable sites

For arable crops, calculations of annual NPP,,, (Mg
Corg ha™! yrfl) for each site * year was based on the
fresh matter yield of the respective main product,
which in most cases (79% of site * years evaluated)
was recorded by the farmer. Missing values were
replaced as accurately as possible by statistical values
in a three-step procedure: (1) If available, the year-
specific yield of the main product at site-specific
NUTS3 level (Landkreis) was used; (2) otherwise, the
year-specific mean value of the respective Federal
State was used; (3) if still not available, a statistical
mean of Germany was used or a rough estimate was
made (Graf et al. 2005; Kuratrorium fiir Technik und
Bauwesen in der Landwirtschaft (KTBL) 2009;
Landwirtschaftskammer Niedersachsen 2007, 2014,
Statistisches Bundesamt (Destatis) 2003-2018, Tech-
nologie- und Forderzentrum (TFZ) im Kompetenzzen-
trum Nachwachsende Rohstoffe 2007). The statistical
values of yield of the main product were adjusted to
the yield level of the specific farm: For each farm and
crop, a ‘recorded:statistical’ factor was calculated
when the respective yield was recorded at least for 2
years; otherwise, the factor was calculated as the mean
factor across all crops recorded. If no records were
available, no adjustment was made.

If a record indicated that an arable crop was not
harvested and all biomass was tilled into the soil, as
done for fallow (unharvested grass; 3% of the site *
years evaluated) or after extreme weather events
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(0.3% of the site * years evaluated), the yield of the
main product was set as zero. However, in further
calculations, e.g. NPP,,,ve, We needed an equivalent to
the potential yield and estimated it as being about 50%
of a default fresh matter yield (own suggestions as a
rough estimate based on Graf et al. 2005; Kuratrorium
fiir Technik und Bauwesen in der Landwirtschaft
(KTBL) 2009; Landwirtschaftskammer Niedersach-
sen 2007, 2014; Statistisches Bundesamt (Destatis)
2003-2018; Technologie- und Forderzentrum (TFZ)
im Kompetenzzentrum Nachwachsende Rohstoffe
2007): fallow: 15 Mg fresh matter ha™', grass:
15 Mg fresh matter ha~', winter rye: 2.5 Mg fresh
matter ha™', clover (whole plant): 17.5 Mg fresh
matter ha™', grass with legumes (whole plant):
17.5 Mg fresh matter ha', fodder legumes (whole
plant): 17.5 Mg fresh matter ha~', winter wheat: 4 Mg
fresh matter ha™', fodder legumes (grains): 1.5 Mg
fresh matter ha~', grass without legumes (grains): 0.5
fresh matter Mg ha™', winter oilseed rape: 18 Mg
fresh matter ha™".

On arable sites, NPP,,, comprised all aboveground
and belowground biomass compartments of the main
crop and the cover crop. For perennial cultivation of
grass, legumes, and herbs, NPPy,, Was calculated as
for permanent grasslands (see below) except in the last
year of the cultivation period. For cover crops, yield
and belowground biomass were not recorded, and
were thus estimated based on a literature search and a
default C,,, content of 0.47 Mg Mg ! dry matter™'
(‘herbaceous and agricultural biomass’ in Vassilev
et al. (2010)) to obtain NPP,,,,. and NPPy.,, for
cover crops (Table S1). Rhizodeposition by cover
crops was set at 0.31 * root-C,, (Pausch and
Kuzyakov 2018).

The annual NPP,, (Mg C,,, ha~! yr~!) on arable
sites (A-NPP,,) was calculated as the sum of NPP e
and NPPy.,, of the main product and the cover crop
(CC-) (Eq. 5). For A-NPP,;,,,. and A-NPPyjow, Core
allocation factors were applied to the fresh matter
yield (Egs. 6, 7).

A—NPP,; = A—NPPpore + A—NPPpeiony
+ CC—NPP pppe + CC—NPPpejy (5)

A—NPP spove = (A—MP * DMyp x Cyp)

Cup
A—MP x DM
* ( P A

* CAHR>

MP

Cup
A—MP x DM,
+ ( * DMup * =

* CAST>

(6

MP

~

C
A—NPPyyip, =  A=MP % DMyp % —" % CAg
CAup

Cup

A—MP + DM,
+( * EMmp oy

* CARD>

(7)
where A-MP is the fresh matter yield of the main
product of an arable crop (Mg ha™! yr_l), DMpp is its
dry matter content (Mg Mg~ 1), Cuwp is its Cop content
Mg Mgf1 dry matterfl), CApp is the Cg, allocation
factor of the main product, CAyp is the C,,, allocation
factor of the harvest residues, CAgr is the Cgy
allocation factor of the stubbles, Cogr is the Cg,
allocation factor of the roots, and CAgp is the Co
allocation factor of the rhizodeposition (Table 1).

MP

Calculation of annual net primary production
of grassland sites

For grassland sites, annual NPP,; (Mg Co ha™! yrfl)
was again based on the °‘yield’, which was also
recorded in the questionnaire. Three different types of
grassland were distinguished and we developed
specific approaches to fill gaps in yield data and to
estimate NPP,,ove for these grassland types: meadows
(grassland mown), pastures (grassland grazed) and
mown pastures (grassland grazed and mown).
Missing yield data for meadows (42% of site *
years recorded) were replaced with statistical values,
in the same way as for arable crops, to derive the
amount of biomass exported. However, for meadows,
the average values obtained from NUTS3 statistics did
not distinguish between different management inten-
sities. The biomass exported from meadows is corre-
lated to the number of cuts per year which is also an
indicator for management intensity. Wendland et al.
(2018), representing the agricultural extension service
in Bavaria, published a linear relationship
(y = 16.2 + 25; R* = 0.99) for intensively managed
meadows for the use of official fertilization recom-
mendations. Based on these long term experiences, we
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adjusted the statistical values as follows: We assumed
that the statistical grassland yield values reflect a
common number of cuts, which we set equal to the
country-wide average number of cuts (2.66) recorded
in the Agricultural Soil Inventory database. We then
adjusted the statistical grassland main product by the
number of cuts recorded using specific factors
(Table S2), based on a linear relationship between
yield and number of cuts derived from field observa-
tion (Wendland et al. 2018). Thus, for meadows with
two or fewer cuts, we reduced the statistical yield,
while for meadows with of three or more cuts we
increased it.

For pastures, yield data recorded were assumed to
be an estimate of total uptake by grazing animals,
which we refer to as grassland main product taken-up.
When no yield for pastures was recorded, biomass
uptake was calculated from recorded livestock units
grazing on the site and mean biomass uptake values for
all cattle specimen used in the German National
Inventory Report (R6semann et al. 2017). This was the
case for 23% of all site * years recorded for pastures.
Missing data on livestock units grazing were replaced
by dividing the number, species, and days of animals
grazing recorded for the entire farm by the total
pasture area recorded for the farm. This was the case
for 71% of all site * years recorded for pastures. The
major assumption in this approach was that grazing
animals were equally distributed over the total pasture
area of the farm. Default values used to calculate
species-specific grassland main product taken up are
given in Table S3.

For mown pastures, the yield recorded was divided
into main product yield and biomass taken up in the
following way and as a rough approximation (for
details, see Table S4): If one cut was performed, it
accounted for 25% of the total yield, two cuts
accounted for 50%, and more than two cuts accounted
for 75% of the yield, while the rest was assigned to
biomass taken up. When the yield was not recorded for
mown pastures, we calculated the biomass taken up as
described for pastures and multiplied the number of
cuts recorded by 1.7 Mg dry matter ha~' as the best
estimate of yield, based on the equation given above.
This was the case for 38% of the records evaluated for
pastures.

If not stated otherwise, we assumed that a record
indicating mulching was one cut of 1.7 Mg dry matter
ha™' remaining in the field.

@ Springer

The calculation of annual NPP,,,. on grassland
sites (G-NPPpove; Mg Coprg ha™! yr_l) was the sum of
all grassland biomass grown on the site (for exact
calculation, see Table S4):

G—NPP gppre = (G—MP + G—MP,, + MU) % 1.215
* 0.45

(8)

where G-MP is the dry matter yield of the main
product of the grassland site (Mg ha=' yr™"), G-MP,,,
is the biomass taken up by animals (Mg ha~' yr™"),
MU is the biomass mulched (Mg ha™' yr™'), the
factor 1.215 represents the part of biomass that grows
each year after the last cut or before/after grazing
period of animals which is about 30% of the biomass
measured as G-MP or G-MP,, or MU (Christensen
et al. 2009) and of which 50% decays within the year
evaluated (Poeplau 2016), and 0.45 is the C,,, content
(Mg Mg ™! dry matter") of the aboveground biomass
(Bolinder et al. 2007).

Grassland specimen were lately proven to be
extremely variable in the ratio of NPP,,qye to NPPy,.
low (also known as ‘root:shoot ratio’) with increasing
values due to management intensity, especially due to
fertilization (Ammann et al. 2009; Cong et al. 2019;
Poeplau 2016; Sochorova et al. 2016). Meanwhile, the
studies cited showed that belowground biomass of
grassland specimen was rather unaffected by manage-
ment. In accordance to that, an earlier study (Poeplau
et al. 2018), in which seven different long-term
fertilized grassland experiments in Germany were
sampled, we statistically proved that NPPy.j,, was
unaffected by fertilization and site. The average root-
Core stock to a depth of 100 cm in that study was
3.38 &£ 1.15 Mg C,, ha™ ! Within the dataset used for
the present study, the entire range of fertilization
intensity was represented and the application of C
allocation as a ratio of NPP,;,,ve t0 NPPyjow Would
have caused large errors. Thus, we made use of our
data published in Poeplau et al. (2018) and established
a fixed and yield-independent value to estimate
NPPyc1ow as it appeared advisable according to latest
publications. Based on the root-C,,, stock of 3.38 Mg
Corg ha™"' found by Poeplau et al. (2018), we assumed
an average annual root turnover of 50% (Gill and
Jackson 2000) and an additional 31% of annual root-
Corg produced being allocated belowground as rhi-
zodeposition (Pausch and Kuzyakov 2018). The
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grassland’s NPPyo,, was thus fixed to 2.2 Mg C,,
ha~' yr~!, assuming that the assessment of root
biomass to a depth of 100 cm approximately captured
the total root biomass.

Calculation of annual carbon export from arable
land and grassland

For arable sites, total annual C,,, export (Mg C,,o ha™!
yr~ ') occurs via the main product harvested, harvest
residues when exported as side products, and cover
crops when harvested for fodder or energy use. If a
record indicated that a main product was not harvested
and all biomass was tilled into the soil, as done for
fallow (grass unharvested) or after extreme weather
events, COrg export was set to zero. Information on
whether harvest residues and/or cover crops were
exported from the field was retrieved from the farmer
questionnaire. If the use of a cover crop was not
recorded, it was assumed here that its biomass was not
exported, since this is estimated to be applied
in > 80% of cases.

Total annual C,, export from arable sites (A-EX;
Mg Cope ha™! yrfl) was calculated as the sum of Cy,,
export via main product, harvest residues and cover
crops (CC-) harvested (Eq. 9). For export via main
product and harvest residues, C,,, allocation factors
were applied to NPP,, of the arable site (Egs. 10, 11).
For cover crops which were exported from the site it
was suggested that export accounts for 75% of the
biomass only (Bolinder et al. 2007) (Eq. 12).

A—EX;y; = A—EXyp + A—EXyg + CC—EX (9)

A—EXyp = A—NPP,,, % CAyp (10)
A—EXyr = A—NPP,; x CApr (11)
CC—EX = CC—NPP 4y % 0.75 (12)

where A-EXyp is the C,,, export via the arable main
crop Mg Cyre ha™! yr_l), A-EXyp is the C,,, export
of the harvest residues as side products (Mg Cg,e ha™!
yr 1), CC-EX is the Corg €xport via the cover crop
harvested (Mg Corg ha™' yr™'), A-NPP,, is the NP,
of the arable site (Mg Coyyq ha™! yr”), CApyp is the
Core allocation factor of the main product, CAyg is the
Core allocation factor of the harvest residue, CC-

NPP,,ove 18 the NPP,,.. of the cover crop (Mg Cye
ha™' yr™"), and 0.75 is the factor for the part of CC-
biomass exported.

For grassland sites, the total annual C,, export (G-
EXio; Mg Core ha™! yrfl) occurs via the yield as the
main product on meadows and mown pastures, and via
biomass uptake as the main product on pastures and
mown pastures. It was calculated as:

G—EX;ys = (G—-MP + G—MP,,) * 0.45 (13)

where G-MP is the dry matter yield of the main
product of the grassland site (Mg ha~' yr™"), G-MP,,,
is the biomass taken up by animals (Mg ha~' yr™ "),
0.45 is the C,y content (Mg Mg_1 dry matter_l) of
aboveground biomass (Bolinder et al. 2007).

Calculation of plant-derived annual carbon inputs
on arable and grassland soils

On arable sites, the plant-derived annual C,,, input to
soil (Mg C,, ha™! yr_l) occurs via harvest residues if
left in the field (as recorded in the questionnaire),
stubbles which always remain in the field, roots,
rhizodeposition, and cover crops. For this study, it was
not differentiated in which soil depth the C,, was
incorporated by tillage since the focus was rather on
the amount of C,,, left on the site. If a cover crop was
recorded as being exported, it was assumed that 25%
of its NPP,,.. was left in the field as stubbles
(Bolinder et al. 2007).

The total C,,, input to arable soils (A-IN; Mg Cyre
ha~' yr~') was calculated as (although sources of
plant-derived C,,, input are shown separately):

A—IN,;; = (A—NPP,,; — A—EX,1) (14)

where A-NPP, is the NPP, of the arable site (Mg
Corg ha™! yr- 1) and A-EX, is the C,,, export from the
site (Mg Coyg ha™! yrfl).

On grassland sites, the plant-derived annual Cg
input to soil occurs via mulch, decaying aboveground,
and belowground residues of the main product.
Decaying aboveground residues were suggested to
comprise 50% of the biomass produced that was not
harvested or grazed (Poeplau 2016). The C,, input
from decaying belowground residues (roots and
rhizodeposition) was equal to NPPyjow (2.2 Mg Coye
ha™' yr~!). This was based on the notion that in a
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mature permanent grassland, annual root biomass
growth and turnover are in a steady state.

The annual C,,, input to grassland soils (G-IN;
Mg Core ha™! yrfl) was calculated as:

G—IN,y, = [MU % 0.45] + [(G—NPPapore

15
—G—EX,y, — (MU % 0.45)) % 0.5] +2.22 (15)

where MU is the dry matter biomass mulched
Mg ha™! yr_l), 0.45 is the C,,, content (Mg Mg_1
dry matter ") of aboveground biomass (Bolinder et al.
2007), G-NPP p0ve i the NPP 0, Of the grassland site
(Mg Corq ha™! yr_l), G-EXo is the C,,, export from
the grassland site (Mg Coe ha™! yrfl), 0.5 is the factor
respecting the 50% biomass decaying (see above), and
222 Mg Cgpg ha™! yrfl is the C,, input from
decaying belowground residues (see above).

Calculation of annual carbon inputs via organic
fertilizers and grazing animal excreta

For arable and grassland sites, the annual C,,, input
via organic fertilizers (FER,-IN; Mg C,, ha™! yrfl)
was calculated according to information recorded in
the questionnaire:

FERorg—IN = FEROrg * DMFER * CFER (16)

where FER , is the fresh matter amount of the specific
organic fertilizer applied (Mg ha™' yr™') where a
density of 1 Mg m™> was assumed for all liquid
organic fertilizers, DMggg is its dry matter content
Mg Mgfl), CFggr is its Cye content (Mg Mg{l dry
matterfl) which both were obtained in a broad
literature search (Table S5).

To estimate the annual C,, input to soil from
animal excreta on pastures and mown pastures, the
number and species of animals on the site were
multiplied by excretion rates expected for species, as
estimated by Rosemann et al. (2017) (Table S3). When
the respective information was not recorded, missing
data were replaced by dividing the number and species
of animals grazing on the entire farm (as given in all
cases) by the amount of grassland grazed on the farm.

The annual C,,, input to the soil via grazing animals
excreta (FER,,-IN; Mg Cgpo ha™! yrfl) was calcu-
lated as:

FERi — IN = FER.y * Crer (17)
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where FER,, is the dry matter amount of grazing
animals excreta (Mg ha™! yr_l) and Cggg 18 its Copg
content (Mg Mg ™" dry matter™'; Table S5).

Results

Net primary production on and export of organic
carbon from arable and grassland sites

The majority of crops cultivated on German arable
soils between 2001 and 2015 were winter wheat, silage
maize, oil seed rape, and winter barley which were
cultivated in 65% of all arable site * years evaluated
(Table 2). Carbon fixation as mean annual NPP,, by
main crops and cover crops on arable sites was
6.9 & 2.3 Mg Corg ha™' yr™' (Fig. 1). The values of
the main crops’ NPP,pove and NPPy. ., Were specific
for each crop type (Table2). On average,
74.9 + 9.7% of NPP,; on arable sites was in above-
ground biomass while 25.1 + 9.7% was allocated to
roots and rhizodeposition of main crops and cover
crops. Cover crops contributed 3 £+ 10% of NPP,,, and
were grown in 11% of all arable site * years evaluated.
They were most often cultivated after cereals (winter
barley, summer barley, winter triticale, winter rye,
winter wheat) or were associated with silage maize
cultivation. In this group of main crops, cover crops
were grown on an average of 16% of all site * years
evaluated (Table S6). Mean annual total C,,, export
from arable sites via harvest of main product, harvest
residues exported as side product and cover crops was
3.7 £ 1.8 Mg Cy ha™' yr' (Table 2, Fig. 1), of
which 0.4 £ 0.8 Mg Co ha™' yr' was in side
products, such as straw. Harvest residues were
exported as side product in 43% of all arable site *
years evaluated (Table S6).

On grasslands, mean annual NPP, was
5.9 £ 29 Mg Cyyp ha~' yr~!, which was on average
lower than on arable sites (Fig. 1). However, NPPpqjow
of grassland sites, which was estimated with a fixed
value of 2.2 Mg C,,q ha™' yr™!, contributed to a larger
share (average 43 £+ 14% of NPP,,,) to NPP, than on
arable sites. Mean annual C,, export was
30 £23Mg Cog ha™' yr~' (Fig. 1) of which
1.9 £ 1.4 Mg Cgp ha™' yr~' was via cutting of
meadows and mown pastures and 1.1 & 2.2 Mg C,,,
ha™' yr~! was taken up by grazing animals. Meadows
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Table 2 Share of main crops cultivated of annual fluxes of
organic carbon (Cg; Mg Core ha™! yrfl) as net primary
production (NPP) for main crops (total and belowground) and
cover crops, Co export via main product and via harvest
residues exported as side products, and plant-derived Cog

input; values are the mean and standard deviation (SD)
calculated from the multiplication of sites and years (site *
years) recorded within the German Agricultural Soil Inventory
and are given for crops with a minimum share of 1% across all
records

Crop Share of NPP Corg €Xport Core input
site * years - - - - -
(%) Main crop  Main crop Cover crop Main Side Fertilizer Total
(NPPga1) (NPPyciowground) product product
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Arable
Winter wheat 26.4 7.2 14 1.8 0.4 0.3 09 3 0.6 0.8 1.0 03 07 4 1.6
Silage maize 14.1 7.7 1.7 15 0.3 0.3 1 5.9 13 0 0 1.2 1 32 14
Oil seed rape 12.2 6.8 1.5 2.0 0.4 0.1 04 22 05 0.1 03 03 0.6 49 1.3
Winter barley 11.9 6.1 1.3 14 0.3 0.6 1.1 27 0.6 0.8 09 04 0.8 3.5 1.6
Winter rye 5.9 4.7 1.8 1.1 0.4 0.4 1 1.9 0.7 0.8 0.8 0.3 0.7 27 1.6
Summer barley 4 4.8 1.1 13 0.3 0.5 1.1 2 0.5 05 06 03 06 3 14
Sugar beet 39 8.7 1.6 04 0.1 0.2 0.7 6.9 13 0 0.1 0.6 14 26 1.6
Grain maize 37 104 27 27 0.7 0.1 04 4.1 1.1 0.1 0.7 05 0.7 6.8 1.8
Winter triticale 3.3 55 1.5 1.1 0.3 0.5 1.1 23 06 1 09 04 0.6 3.2 1.7
Fallow’ 3 3.6 04 2.1 0.4 0 02 13 0 0 0 0 0o 37 04
Potato 22 54 1.3 02 0.1 0.2 0.8 43 1 0 0 04 0.7 1.7 1.1
Grass without 14 5.7 22 25 0.6 0.1 05 3 15 0 0 07 0.8 34 1.3

legumes

(whole plant)
Summer oat 14 5.8 1.8 2.0 0.6 0.2 0.8 1.8 0.6 09 09 05 0.8 3.8 1.6
Grain legumes 1.1 35 1.8 0.7 0.4 0.3 08 13 07 0 0.1 0.2 0.7 2.6 1.6
Grass with 1.1 53 2.1 2.6 1.3 0.1 04 23 1.1 0 0 07 09 3.7 1.7

legumes

(whole plant)
Other crops 43 4.9 1.8 1.8 0.7 0.3 07 23 09 0.2 03 04 0.6 32 1.3
Average 6.6 2.1 1.6 0.4 0.3 09 3.2 1.7 1.1 1.1 05 0.8 3.7 1.8
Grassland
Meadow 44.5 5.6 14 - - 28 1.2 0.0 0.0 0.7 09 35 1.0
Mown pasture 40.3 6.4 33 - - 34 2.7 0.0 0.0 1.0 1.0 4.0 14
Pasture 15.2 5.6 43 - - 27 35 00 0.0 0.7 0.8 3.5 1.5
Average 59 29 - - 30 24 0.0 00 0.8 1.0 3.7 1.3

I“Fallow’ is not to be interpreted as bare fallow but as years of non-cultivation during which soil is covered by (volunteer) grass

which is not harvested

mown up to six times per year were the prevailing
management type on grasslands (44% of all grassland
site * years evaluated), while pastures used only for
grazing represented 15% of all grassland site * years
evaluated (Table 2).

Carbon inputs to agricultural soils

Total mean annual C, input to soils did not differ
between arable (3.7 &= 1.8 Mg Cg, ha™! yrfl) and
grassland sites (3.7 £ 1.3 Mg Cgy ha™! yrfl)
(Fig. 2). Across all arable crops, NPP, (R2 = 047),
rather than C,,, input via organic fertilizer (RZ=0.11)
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Export
via
harvest organic
fertilizers

Net primary

production Input

into soil

Arable land

Main crops 6.6

Cover crops 0.3

Grassland

Fig. 1 Mean fluxes of organic carbon (Coy,, Mg Coe ha™! yro 1)
on agricultural soils in Germany calculated for the multiplica-
tion of sites and years recorded within the German Agricultural
Soil Inventory (arable: n = 19,987; grassland: n = 7417); for
grassland soils, harvest includes biomass uptake of animals and
fertilizers include excreta of animals

ez organic fertilizers (incl. animal excreta)
I cover crops

[ harvest residues (incl. mulch in grassland)
[Jstubbles

roots and rhizodeposition

< )

19,987 7,417

input (Mg hef1 yr-l)

org

C

arable land grassland

Fig. 2 Sources of mean annual input of organic carbon (C,,,) to
arable and grassland soils calculated for the multiplication of
sites and years recorded within the German Agricultural Soil
Inventory; mean value and standard deviation. C, input via
roots and rhizodeposition in grassland estimated as a fixed value
(see text for details) of 2.2 Mg ha™' yr_l and therefore shown
without standard deviation
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or C,,, export (R2 = (0.03), was the main driver of total
Corg input to the soil (Figure S1).

The largest proportion (83 £ 23%; 3.0 = 1.5 Mg
Corg ha™! yrfl; Fig. 2) of total mean annual C,,, input
to arable soils was via above- and belowground plant
material of the main crop with 1.6 & 0.7 Mg C,,,
ha™' yr~' from roots and rhizodeposition,
0.3 £0.1 Mg C,, ha~' yr~! from stubbles, and
1.1 £ 1.1 Mg C,, ha™" yr™' from harvest residues
left in the field. Cover crops accounted for 5 £ 15% of
the total mean annual C,,, input to soil with on average
0.3 £ 0.8 Mg Copp ha™' yr~'. Organic fertilizers
accounted for 12 & 18% of the total mean annual
Corg input to arable soils with 0.5 £ 0.8 Mg C,,, ha™!
yr~'. They were applied on 71% of all arable sites and
in 43% of all site * years evaluated and derived mainly
(94%) from animals (including biogas digestates).
Among arable crops, the highest average C,, input
was found for grain maize cultivation, due to very high
average NPP,, (10.4 &+ 2.7 Mg C,,, ha™' yr')and a
low portion of C,,, export via harvest (40%, Table 2).
The lowest C, input (lower quantile = 1%) was
found for potato cultivation (1.1 & 0.3 Mg C,,, ha™!
yr~ ') mainly due to its high harvest index of 0.83. Sites
with very high C,, input (> 7.6 Mg C,, ha™! yrfl)
(upper quantile = 99%) had a regular cover crop
cultivation and/or were fertilized with compost and/or
manure.

As found for arable soils, the largest proportion of
total mean annual C,,, input to grassland soils was
again via plant biomass (83 £ 15% or 2.9 + 0.5 Mg
Corg ha™! yrfl) (Fig. 2) of which the fixed value of
22 Mg Corg ha™' yr~! deriving from roots and
rhizodeposition had the largest share. The remaining
0.7 £ 0.5 Mg C,, ha™' yr~! derived from above-
ground residues and mulching. Mulching of grassland
was recorded for 2% of all grassland site * years
evaluated. Organic fertilizers accounted for
17 £ 15% of total mean annual C,,, input to grassland
soils with 0.8 £ 1.0 Mg C, ha™' yr~'. They were
distributed on 81% of grassland sites and in 45% of all
grassland site * years evaluated. This high number
reflects the fact that excreta from grazing animals were
considered here as organic fertilizers. Meadows
received organic fertilizers in 51% of all grassland
site * years evaluated. There were only two cases
where organic fertilizers did not derive from animals
(sewage sludge, potato processing sludge). Sites with
low Cop input (< 2.3 Mg Cepy ha™! yrfl) (lower
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quantile = 1%) were characterized by low yield level
and no organic fertilization. Sites with a high C,,
input (> 7.6 Mg C,, ha~' yr~') (upper quan-
tile = 99%) were pastures with high animal grazing
density or received a large amount of organic fertilizer
and/or had a high yield level expressed as high number
of cuts per year.

Spatial distribution of net primary production
and inputs and exports of organic carbon

The highest NPP, and C,, export values were
obtained for north-west and south-east Germany
(Fig. 3a). Figure 4 shows the spatial distribution of
the crops most often cultivated, i.e., winter wheat,
silage maize, oilseed rape, sugar beet, grain maize, and
other winter cereals. Each of the crops is preferentially
grown in certain areas, which partly explains the
spatial pattern of NPP,, found in this study. In
particular, the distribution of silage maize cultivation
explains the high values of NPP,, and C,,, export in
north-west and south-east Germany. The C,,, input
from cover crops was also highest in these areas
(Fig. 3b), most likely driven by high precipitation
(mean annual precipitation of, e.g., 910 mm in
Bavaria in contrast to the German average of
771 mm; mean values of 1881-2019 of Deutscher
Wetterdienst 2020) and the specific crop rotation
(maize-dominated). North-west and south-east Ger-
many are also areas of high livestock density,
explaining the high amounts of C,,, input via organic
fertilizers (Fig. 3b). Regions with the most fertile
soils, such as the young moraine soils of north-east
Germany and the central German chernosem area,
were dominated by the cultivation of winter wheat and
oilseed rape. In these regions, the major source of Cy,o
input to soil was harvest residues left in the field. In the
central German chernosem area in particular, but also
in large parts of eastern Germany, cover crops did not
play any role in the crop rotation. This can be
explained by the lower annual precipitation, e.g., with
an average of 566 mm and 600 mm in Brandenburg
and Mecklenburg-Western Pomerania (mean values of
1881-2019 of Deutscher Wetterdienst 2020). More-
over, crop rotations in those areas are winter crop-
dominated.

Finally, C,, input was more regionally variable
and site-specific than C assimilation by plants,
estimated here as NPP,,. However, the pattern of
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NPP,, was still visible in the map showing the spatial
distribution of C,,, input (Fig. 3a), confirming NPP,,
as a strong driver for C,,, input.

Discussion

More than half of carbon assimilated is exported from
German agricultural soils

Based on our method, mean annual NPP,, on
arable sites in Germany was estimated 6.9 Mg C,,,
ha™' yr~' and was slightly higher than on grasslands
(5.9 Mg C,, ha™' yr™') despite the fact that grass-
lands are characterized by permanent vegetation
cover and, thus, potentially maximized C-assimila-
tion. This is well in line with global estimates of
NPP,.. Using the earth surface model LPJ, Haberl
et al. (2007) estimated mean annual global NPP,, of
6.1 Mg C,, ha™' yr~! on arable land and 4.9 Mg
Corg ha™' yr~! on grazing land. The higher values we
obtained in the present study might be due to
intensive management regime in German agriculture
and to generally fertile and relatively young soils.
Management, e.g. fertilization, and differences in
pedoclimatic site properties are the most important
drivers for the differences in NPP,,, between arable
land and grassland. Grasslands in Germany are
characterized by a range of management intensities,
from unmanaged to intensively managed, whereas
arable sites are mostly intensively managed and
fertilized. Further, a large proportion of permanent
grasslands in Germany are established in conditions
that do not favor cultivation of arable crops, e.g., on
wet soils in floodplains, shallow and stony soils, and
colder mountainous regions.

On average, 53% of the NPP,, on arable sites was
found to be exported each year. Of this exported Co,o
portion, 11% was in harvest residues which were
exported as side products. This fact was strongly crop-
dependent: Aboveground biomass of crops dedicated
for forage or energy production, e.g. silage maize,
does not deliver any side products, while harvest
residues of cash crops other than cereals, such as
oilseed rape, sugar beet or potatoes, are completely left
on the site (Table S6). Among all cereals, 40% of all
arable site * years evaluated, which is equivalent to
42% of all cereal straw biomass (not shown), was
recorded with an export of straw as side product. This
value is somewhat larger than the 27-38% estimated
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in a review on biomass potentials in Germany by
Brosowski et al. (2016). Of the C,,, portion exported,
only 15% ended up in organic fertilizers returned to
arable soils as C,, input. This is comparable to other
estimates for Europe showing 47% of NPP,, being
exported via harvest of arable crops and 10% of NPP,,
being returned as organic fertilizers (Schulze et al.
2009). German grasslands are characterized by high
productivity and a relatively high portion of NPPy
being exported (51%). At European scale, it was
estimated that only 37% of grassland NPP,, is exported
via harvest (Schulze et al. 2009), which underlines the
high intensity of German grassland usage. Of the C,,
portion exported, 27% ended up in organic fertilizers
(including animal excreta) returned to grassland soils as
a C,y input. On a global scale, Haberl et al. (2007)
estimated that the proportion of NPP, harvested was
83% on arable land and 19% on grazing land. This
indicates that C,,, export via harvest is subject to
uncertainties and strongly region-specific.

Total organic carbon inputs into soils do not differ
between land use systems

The C,, input to arable soils estimated by our
method was slightly higher (3.7 Mg ha™" yr™') than
estimated for Swedish arable soils: Andren et al.
(2008) estimated C,, inputs in a range of 3.3 Mg C,,
ha™" yr~! in the south of Sweden to 2.6 Mg Corg ha™!
yr~ ! in the north. Considering the climate advantages
for crop cultivation in Germany compared to Sweden,
Corg inputs estimated in the present study were
comprehensible. Across arable crops, we found that
Corg input to soil was strongly driven by NPP,, while
neither input as organic fertilizer nor C,, export
correlated with C,,, input. Thus, in the context of
increasing SOC stocks for climate change mitigation,
maximizing NPP,, e.g., by cover crop cultivation, has
a considerable potential to increase C,,, input to soils.

We found no difference between mean annual C,.,
input to arable soils (3.7 Mg C,, ha™! yr_l) and to
grassland soils (3.7 Mg C,, ha™! yrfl). This was
surprising, since SOC stock measured in the top
0-30 cm layer on the sites evaluated here was on
average 1.4 times higher in mineral soils under
grassland (89 £ 36 Mg C,, ha™') than under arable
use (62 + 30 Mg C,, ha™!; for details see Jacobs
etal. 2018). This difference was often explained by the
reduced physical disturbance (tillage) of grassland
soils which enhances SOC storage (Six et al. 2000) on
the one hand and by higher C,,, inputs to grassland

soils (Hu et al. 2019) on the other hand. However, the
type of C,, serving as C,,, input varies considerably
between the two land use systems. The C,,, input to
grassland soils was dominated by root-derived Coe
and the proportion was on average 1.4 times higher in
the grassland than in the arable soils. This is in line
with Pausch and Kuzyakov (2018) who reported that
annual crops allocate less C,, belowground (21%)
than grassland specimen (33%). However, it needs to
be noted that we used a fixed value for root-derived
Corg in grasslands (see below). Root-derived C,,, was
reported to contribute more to SOC stabilization as
shoot-derived C,, for various reasons including
higher chemical recalcitrance, physical protection by
aggregates (Rasse et al. 2005 and papers cited therein)
and microbial C-use efficiency (Sokol and Bradford
2019). For example, Kitterer et al. (2011) reported a
2.3 times higher stabilization rate of roots compared
with shoots in a Swedish long-term field experiment.
Further, in our study, C,, input to soil via organic
fertilizers (mainly animal manure) was 1.6 times
higher on grassland than on arable sites. Manure was
also reported to build up SOC at a higher rate than
fresh aboveground harvest residues, e.g. straw,
(Katterer et al. 2011) since the labile C,,, fraction is
preferentially decomposed and already lost during gut
passage and storage of manure. Straw was found to
have a retention rate of about 10% or less (Lemke et al.
2010), while manure often reached retention rates of
up to 30% (Kitterer et al. 2011) with a global average
of 12% (Maillard and Angers 2014).

An adapted method for estimation of organic
carbon inputs to soils in Central Europe

The C,, input estimation method we developed is a
revised version of allocation coefficients previously
published (Bolinder et al. 2007; Gan et al. 2009; Li
et al. 1997) adapted to regional conditions. For arable
sites, we used regional harvest indices and the latest
findings on rhizodeposition (Pausch and Kuzyakov
2018). However, recent studies claim that appyling
yield-dependent ratios of NPP oy t0 NPPycoy in Corg
input  estimation methods might be an
oversimplification.

Such findings were clear and reliable for grassland
specimen for which several independent studies
showed that NPPy.,,, is not a function of NPP e
in managed grasslands (Ammann et al. 2009; Cong
et al. 2019; Poeplau et al. 2018; Sochorova et al. 2016)
and that the ratio of NPP,qye to NPPy o can vary
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greatly upon management intensity and yield. Thus,
the application of a yield-dependent ratio of NPP e
to NPPy1ow Wwould most likely cause large errors for
the estimation of NPPyo (Poeplau 2016). This was
supported by a recent publication of Taghizadeh-
Toosi et al. (2020) who also claimed that using a fixed
value for belowground C,, input in leys improved
SOC model simulations for several long-term field
experiments compared to the application of a fixed
ratio of NPPyove t0 NPPyo for the estimation of
belowground C,,, inputs. Thus, for grassland sites, we
made a fundamental change regarding the conven-
tional estimation of belowground C,, input based on a
ratio of NPP.ove t0 NPPpow: We adopted the
assumption of a fixed value for NPPy.,, and made
use of a large German dataset of a related study of
Poeplau et al. (2018). Based on these results, we
assumed a fixed average root-derived C,,, input of
22 Mg Cyp ha~' yr~'. This value is supported by
Ammann et al. (2009) who measured root C,,, stocks
of 2.3 and 2.1 Mg Cg ha™' in intensively and
extensively managed Swiss grassland, respectively.
For arable crops, recent findings are less profound:
It was shown in two Swiss and one British field trial
that maize and wheat have a much stronger above-
ground than belowground response to fertilization
(Hirte et al. 2018; Taghizadeh-Toosi et al. 2016) and a
fixed root-C,,, input value was regarded more robust
for wheat (Taghizadeh-Toosi et al. 2016). However, at
this current point of research, it is impossible to
deduce reliable values replacing conventional Cge
allocation coefficients by fixed root-C,,, input for
arable crops. Such values are not available for the
majority of crops but crop types differ strongly in
physiology. Thus, we decided to stick to the conven-
tional assumption well proven by Bolinder et al.
(2007) and provided regionally sound mean values of
NPPyeow (€qual root-C,,, input) as a starting point for
future research. A SOC modeling study on German
arable long-term monitoring sites using five different
Corg input estimation methods (Riggers et al. 2019)
supported this procedure: C,,, input estimated by the
here presented regional approach led to lower model
errors than the original one of Bolinder et al. (2007).
This is most likely because the latter summarized
studies mainly from North America. To summarize,
the C, inputs we calculated for German arable and
grassland soils can be regarded as most reliable.
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The size and representativeness of the dataset used
in this study to estimate management related C,.,
fluxes on German agricultural soils make it unique.
Yield data are usually available on strongly aggre-
gated scales or for certain crops only or they are gained
from experimental sites that do not reflect commercial
agriculture. Field-scale fertilization or residue man-
agement data are scarcely available at all. Here, we
took the opportunity to comprehensively analyze a
decade-long dataset obtained directly from about 1%
of all German farmers through a questionnaire. Due to
this unique dataset and the region-specific method we
developed, the present study delivered the first robust
estimates of C-assimilation (NPP,) and C,, inputs
and exports from German agricultural soils. Anyway,
results are subject to two sources of uncertainty: one
related to the dataset as such and the other related to
assumptions used in the method. We hold that the
priority for improvement of the method is to continue
with crop- and site-specific quantification of root
biomass in arable land and grasslands, as critical
component of total plant-derived C,, input to soils.

Conclusions

Our study revealed that maximizing plant productiv-
ity, measured as NPP, has the greatest potential to
maximize C,,, inputs to soil and thus SOC stocks in
agriculture. Any decrease in plant productivity, e.g.
due to climate change induced droughts, threatens
current SOC stocks. Surprisingly, total C,,, inputs did
not vary between grasslands and croplands, suggesting
that large differences in SOC stocks usually observed
between both land use types cannot be explained by
differences in total C,,, inputs. Quality and allocation
of C, input matter and point toward a pivotal role of
roots for building SOC. A more profound understand-
ing of the stabilization rates and pathways of various
Corg input sources is thus necessary. We recommend
using the method and data presented here for Central
European agricultural soils as it complies the up-to-
date data sources available for this region. Yet, more
field studies are needed to further improve C,,, input
estimates. For example, the role of different pedocli-
matic regions as well as cultivars on allocation
coefficients and C,, input estimates are widely
neglected to date. The latter might be especially
relevant for comparisons between organic and
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conventional farms, since organic agriculture uses
with different cultivars. The role of breeding on
allocation coefficients and, thus, root derived Cg
input is poorly understood. The C,, input to soil is a
large C-flux that is directly controlled by agricultural
management. All efforts to maintain or increase SOC
stocks can only be successful when we understand the
effects of agricultural management of this flux in
detail.
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