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Abstract
Aims This study aimed to investigate how efficiently
assimilated carbon (C) is incorporated in plant biomass
at an intensively managed old permanent grassland,
how C is partitioned between shoots and roots and what
are the implications for C sequestration.
Methods Using the eddy covariance technique, the
atmosphere-biosphere exchange of CO2 was measured
for two years at a sandy grassland site in northern
Germany. In addition to aboveground net primary production (ANPP), belowground NPP (BNPP) was observed using the ingrowth core method.
Results The grassland showed a high productivity in
terms of biomass yield (14.8 Mg dry matter ha−1 yr−1)
and net CO2 uptake (−2.82 Mg CO2-C ha−1 yr−1). Photosynthetically assimilated C was converted to biomass
with a high carbon use efficiency (CUE) of 71% during
Responsible Editor: Elizabeth M Baggs.
A. Poyda (*) : T. Reinsch : I. J. Struck : C. Kluß :
F. Taube
Institute of Crop Science and Plant Breeding, Grass and Forage
Science/Organic Agriculture, Kiel University,
Hermann-Rodewald-Str. 9, 24118 Kiel, Germany
e-mail: apoyda@gfo.uni-kiel.de
R. H. Skinner
USDA-ARS, Pasture Systems and Watershed Management
Research Unit, Building 3702, Curtin Road, University Park, PA
16802, USA
F. Taube
Grass Based Dairy Systems, Animal Production Systems Group,
Wageningen University (WUR), Wageningen, The Netherlands

the growing season. However, a comparably low fraction of 17% of NPP was allocated to roots (fBNPP).
Consequently, the main fraction of NPP was removed
during harvest, turning the site into a net source of
0.29 Mg C ha−1 yr−1.
Conclusions Our study showed the flexibility of grass
root growth patterns in response to alterations in resource availability. We conclude that highly fertilized
grasslands can lose their ability for C sequestration due
to low belowground C allocation.
Keywords Carbon partitioning . Plant carbon use
efficiency . Root growth . Eddy covariance . Permanent
grasslands . Black sands . Carbon equilibrium
Abbreviations
AGB
Aboveground biomass
AGC
Automatic gain control
ANPP Aboveground net primary production
BGB
Belowground biomass
BNPP Belowground net primary production
CAN
Calcium ammonium nitrate
CUE
Carbon use efficiency
EBR
Energy balance ratio
EC
Eddy covariance
fBNPP Fraction of belowground net primary
production on NPP
G
Ground heat flux
GPP
Gross primary production
GWL Groundwater level
H
Sensible heat
IRGA Infrared gas analyzer
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LE
NBP
NEE
NPP
POM
Ra
RECO
RFT
Rh
RLD
Rn
SOC
SOM
SRL

Latent heat of vaporization
Net biome productivity
Net ecosystem exchange
Net primary production
Particulate organic matter
Autotrophic respiration
Ecosystem respiration
Root functional traits
Heterotrophic respiration
Root length density
Net radiation
Soil organic carbon
Soil organic matter
Specific root length

Introduction
Permanent grasslands cover about one third (34%) of
the utilized agricultural area in EU-28 (Coyette and
Schenk 2013). In the temperate zone, grasslands represent a highly productive feed source for livestock production (Hopkins 2000), particularly for dairy cattle.
Besides its agricultural importance, grasslands act as
significant sinks for atmospheric carbon dioxide (CO2)
with a potential CO2 uptake capacity larger than forest
ecosystems (Gilmanov et al. 2010). Compared to annual
crops, larger fractions of assimilated C are allocated to
roots under perennial grassland vegetation, thus the
conversion of croplands to permanent grasslands is
among the most effective measures for greenhouse gas
(GHG) mitigation in agriculture (Smith et al. 2008;
Soussana et al. 2010). Accordingly, the German Agricultural Soil Inventory documented that mean soil organic carbon (SOC) contents in German grassland soils
are more than twice as high as cropland SOC contents
(Vos et al. 2018).
Micrometeorological methods (e.g. Baldocchi et al.
1988) have been applied in numerous investigations to
estimate the exchange of CO2 and other trace gases,
water vapor and energy between ecosystems and the
atmosphere. For the micrometeorological eddy covariance (EC) method, flux networks, covering ecosystems
and climate zones all over the world (Dolman et al.
2008), were developed to determine the exchange of
carbon (FLUXNET, Baldocchi et al. 2001) or nitrogen
(NitroEurope, Skiba et al. 2009). Data on net ecosystem
exchange (NEE) of CO2 obtained by EC measurements

on grassland sites in Europe showed uptakes of up to
−6.5 and losses up to 1.7 Mg C ha−1 yr−1, with most sites
CO2 sinks. Net CO2 losses were associated with organic
soils, over-grazing and heat stress (Gilmanov et al.
2007).
The fraction of assimilated C that can be recovered in
grassland biomass (i.e., the carbon use efficiency (CUE)
of the grassland plants) might vary in a wide range
between 0.32 and 0.88 (Riederer et al. 2015). Thereby,
the CUE increases with better availability of belowground resources as shown by Saliendra et al. (2018)
in a semiarid environment. Grasses are able to cope with
changing belowground resource availabilities by
adapting the production and specific length (i.e., thickness) of roots (James et al. 2010). According to the
functional equilibrium theory (Brouwer 1963), a decrease in belowground resource availability will enhance the fraction of belowground allocated
photoassimilates used for root growth. Evidence for this
mechanism was documented for grasslands in a semiarid environment by Li et al. (2011). A high percentage of
the belowground allocated C, however, is released into
the soil as labile organic compounds (rhizodeposition),
which are rapidly utilized by microorganisms (Hütsch
et al. 2002). Productive grass species such as perennial
ryegrass (Lolium perenne) might translocate high
amounts of organic C, with a magnitude of up to
2.8 Mg C ha−1, into the soil during a single vegetation
period (Domanski et al. 2001; Kuzyakov et al. 2001).
As postulated by Cotrufo et al. (2013), labile plant
constituents are the main source for the formation of
stable SOM. This hypothesis is based on the higher
microbial substrate use efficiency of labile compounds
and their relative dominance in microbial products with
strong chemical bonding to the mineral soil matrix. As
this chemical stabilization of SOM is mainly located on
the clay fraction, the C sequestration potential generally
increases with clay content (Hütsch et al. 2002). Furthermore, the finest mineral particle fractions (clay +
fine silt) determine the physical protection of SOM
through aggregation processes and the formation of
microaggregates within macroaggregates (Six and
Paustian 2014).
In contrast to the described mechanisms, high SOC
contents can also be found in sandy soils of northwestern Europe that are poor in clay. These so-called “black
sands” are often found at sites of former heathland
vegetation and their SOC stocks have a stable chemical
composition mainly present in particulate organic matter
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(POM) as the stabilization capacity on mineral surfaces
is very low (Vos et al. 2018). In northern Germany, high
C losses have been observed for grasslands on organic
soils (Poyda et al. 2016) but there is a lack of information on the C budgets of grassland on C-rich mineral
soils such as black sands.
Depending on their sward age, C sequestration potential and management intensity, permanent grasslands
do not necessarily act as C sinks. The C sequestration
potential describes that C accumulation is a non-linear
process and tends towards an equilibrium of humification and decomposition. This potential depends on site
properties and initial C content, and the sward age when
an equilibrium is reached might be >120 yr (Poeplau
et al. 2011). As high amounts of fixed C during net
primary production (NPP) of plants can be removed
from grasslands through cutting or livestock grazing
and are only partly returned as manure, slurry or excreta,
grasslands that were intensively managed over decades
have been reported to act as net C sources (Skinner
2008, 2013; Soussana et al. 2010). Even though several
studies have focused on the effects of grassland management on C sequestration, there is a lack of data
regarding the efficiency of converting photosynthetically fixed C to plant tissue and the partitioning of this
assimilated C between shoots and roots. Furthermore,
knowledge related to the temporal dynamics of the plant
CUE and allocation in grassland swards as well as its
relationships with environmental effects under field
conditions is still scarce.
In this study, CO2 fluxes measured by the EC
technique as well as above- and belowground productivity were determined at an intensively managed old permanent grassland site on a sandy and
C-rich soil in northern Germany. Root samples
were analyzed for specific functional traits such
as root length density and specific root length.
By the combination of these different measurements, the following hypotheses (H) will be tested:
H1: Due to high resource availability, intensively
managed temperate grasslands are able to convert
the photosynthetically fixed C to plant biomass
with high efficiency.
1 The fraction of assimilated C allocated to root biomass is higher at lower belowground resource availability and due to high fertilization rates, the C
partitioning at the study site is mainly affected by
water availability.

2 Due to its sandy texture and the long-term intensive
management, the SOC stock of the study site is at an
equilibrium state.

Material and methods
Study periods
This study was conducted during the years 2012–2014.
However, the different measurements were not consistently applied over the full experimental period. CO2
flux measurements covered a period of two full years
from 1 August 2012–31 July 2014. Harvest yields will
therefore be related to these two years as well. In contrast, measurements of total aboveground (including
stubbles) and belowground productivity were measured
from 29 October 2013–8 October 2014. Six intervals
were defined to determine the productivity during the
non-growing season (29 October 2013–14 January 2014
and 15 January – 1 April 2014) and the four growth
periods in 2014 (2 April – 20 May, 21 May – 4 July, 5
July – 7 August and 8 August – 8 October). In the
following, these intervals will be referred to as I1 – I6.
Study area
The investigated grassland site with a size of 4.4 ha is
situated in a lowland area in the federal state of Schleswig-Holstein, northern Germany at 54.3 °N, 9.5 °E. The
study area is located close to the coasts of North Sea
(45 km) and Baltic Sea (25 km) and therefore characterized by a maritime temperate climate. For the period
1981–2010, the closest meteorological station of
Germany’s National Meteorological Service (DWD)
(5 km) showed a mean annual temperature of 8.6 °C
and a mean annual precipitation of 814 mm. Soil formation in the region took place in consequence of
glacial melting at the end of the last ice age (Weichsel
glacial stage). Meltwater deposits of the glacial outwash
plains formed the parent material for pedogenesis. In the
lower western parts of these plains, the meltwater sands
are often overlain by eolian sands, deposited during the
late-glacial stage (Blume and Brümmer 1986).
Due to poor soil quality, the region is not suitable for
arable cash crop production and has traditionally been
utilized as grassland for forage production in dairy farms.
In recent decades, dairy production systems experienced
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an ongoing intensification. In the study area, this resulted
in grassland conversion for silage maize production and
intensification of the remaining grassland to ensure high
forage yields. The study site has been used as a grassland
without interruption or renovation of the sward since
many decades (> 40 yr) and was utilized conventionally
and with high intensity, including mineral and organic
fertilization. According to WRB (2015), the soil type of
the study site was classified as Humic Podzol. The vegetation composition at the site was dominated by perennial ryegrass (Lolium perenne), the typical grass for intensive grasslands of the temperate zone ensuring high
forage quality (HOPKINS 2000). However, unsown grass
species potentially reflect the specific conditions at the
study site. Thus, relatively high proportions of cough
grass (Elymus repens) and orchard grass (Dactylis
glomerata) might indicate a periodically low water availability (Table 1).

During the period 2012–2014, the site was cut
three times per year and subsequently grazed by
dairy cattle for 2–3 weeks in autumn. Cattle slurry
was deployed in early spring and after each defoliation with decreasing amounts. Around the same
dates as slurry application, mineral N was fertilized
as calcium ammonium nitrate (CAN). On average,
the ratio of total slurry N to mineral fertilizer N
applied was almost balanced (1.02) with a total N
fertilization rate of 465 kg N ha−1 yr−1 on average
over the study period (Table 1).
Site characteristics
Weather
Meteorological data was collected at the eddy covariance (EC) station in the center of the study site.

Table 1 Soil and land use characterization of the study site
Property

Value

Sand / Silt / Clay (%)ac

93.7 (1.7) / 3.1 (0.6) / 3.2 (0.2)

SOC (%)ab

4.1 (1.0)

C/Nab

15.8 (0.6)
−3 ac

Bulk density (g cm )

1.41 (0.01)

C stock (Mg ha−1)ac

174 (1)

pH (CaCl2)ad

4.93 (0.15)

P2O5 (mg 100 g−1)ad

14.6 (4.9)

K2O (mg 100 g−1)ad

3.1 (1.3)

−1 ad

Mg (mg 100 g )

10.1 (2.0)

Groundwater level (cm below surface)e

118 (21)

N fertilization (kg N ha−1 yr−1)f
Grassland cuttings

Grazing

Main plant species (%)

465 (517, 501, 377)
2012

20 May, 2 Jul, 14 Aug

2013

31 May, 14 Jul, 30 Aug

2014

15 May, 25 Jun, 7 Aug

2012

23 Sep – 9 Oct

2013

3 Oct – 25 Oct

2014

8 Oct – 27 Oct
Perennial ryegrass (Lolium perenne): 59
Couch grass (Elymus repens): 29
Orchard grass (Dactylis glomerata): 4
Common dandelion (Taraxacum officinale) 4
White clover (Trifolium repens) 3

a
Values are for the 0–30 cm soil depth. b Mean value and standard deviation from biannual samplings during the period October 2012 –
March 2014 (n = 4). c Mean value and standard deviation of soil samples taken in May 2013 (n = 4). d Mean values and standard deviation of
samples taken in March 2013 and July 2014 (n = 8). e Mean value and standard deviation of linear interpolated weekly measurements during
the period July 2012 – July 2014. f Mean annual sum of applied nitrogen from organic and mineral fertilizers during the study period (2012–
2014) and the amounts for the respective years (in brackets)
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Measurements covered air temperature and relative humidity in 2 m height (HMP45C temperature and RH
probe, Vaisala, Woburn, MA, USA), precipitation in
1 m height (TE525 tipping bucket rain gauge, Texas
Electronics, Dallas, TX, USA), net radiation roughly
1.7 m above canopy (Q7.1-L net radiometer, Campbell
Scientific Inc., Logan, UT, USA) and photosynthetic
active radiation in 3 m height (190SZ quantum sensor,
Li-COR Biosciences, Lincoln, NE, USA). Data was
stored on a CR5000 data logger (Campbell Scientific
Inc., Logan, UT, USA).
Groundwater and soil
For the monitoring of groundwater level (GWL), a
perforated PVC tube (d = 5 cm, l = 200 cm) was inserted
into the ground. The GWL was recorded manually with
a minimum of one GWL record per week. For the
calculation of annual mean values, the recorded GWLs
were linear interpolated to avoid overestimation of periods with more frequent measurements.
Soil samples were taken fortnightly at three consistent spots around the EC station and a depth of 0–20 cm
using a soil auger. The gravimetric water content of soil
samples was obtained by oven drying at 105 °C until
constant weight. Soil volumetric water content was estimated by multiplying with dry bulk density, which was
determined according to DIN ISO 11272 (HBU 1998).
Contents of SOC and total N were analyzed for the
depths of 0–30, 30–60 and 60–90 cm with an elemental
analyzer (Vario Max CN, Elementar, Hanau, Germany).
The soil pH was determined in the laboratories of the
AGROLAB Group according to VDLUFA (1991) for
samples of 0–30 cm soil depth. At the EC station, soil
temperature in 5 cm (Campbell Scientific Model 107
soil temperature probe) and soil moisture (Campbell
Scientific CS616 water content reflectometer) in 5 and
30 cm were recorded in 20 min intervals.
Vegetation measurements
Aboveground biomass
The sward composition as well as the relative abundance of species was determined according to Klapp
and Stählin (1936) in August 2014. To quantify the total
harvestable biomass, vegetation above a height of 5 cm
was manually sampled at three consistent positions of
0.25 m2 around the EC station at the times of grassland

cuttings. During periods of grazing, three exclosures of
roughly 25 m2 were installed to determine the amount of
aboveground biomass (AGB) before and the growth rate
during grazing. After a grazing period, the remaining
biomass was determined at the grazed area to estimate
the pasture yield. During I1 – I6, the total AGB including non-harvestable stubble and litter biomass was sampled with nine replicates. The dry matter content of all
AGB samples was determined after oven drying at
60 °C until constant weight. Subsequently, the material
was milled to a particle size of 1 mm using a centrifugal
mill (Cyclotech mill, Tecator, Foss, Hillerød, Denmark)
and the C and N concentrations were measured using the
elemental analyzer.

Belowground biomass
To quantify the net root growth of the grassland sward
during I1 – I6, the ingrowth core method (Steingrobe
et al. 2000) was used. The ingrowth cores were installed
at nine equidistant positions around the EC station and
at an angle of 45° to a vertical depth of 30 cm using a
spiral hand auger (Eijkelkamp Soil & Water, Giesbeek,
The Netherlands). We followed the procedure as described in detail by Chen et al. (2015). The accumulated
root biomass over a certain period was defined as the
belowground net primary production (BNPP). In combination with the simultaneously measured aboveground net primary production (ANPP), total net primary production (NPP = ANPP + BNPP) as well as the
fraction of BNPP on total NPP (fBNPP) was calculated:
f BNPP ¼

BNPP
ANPP þ BNPP

ð1Þ

To quantify the total length of roots within the ingrowth cores, the intersection method as proposed by
Tennant (1975) and applied by Chen et al. (2016) was
used. When the total root length of the ingrowth core
(RLIC, cm) was determined, root functional traits (RFT)
such as the root length density (RLD) and the specific
root length (SRL) were calculated from the volume of
the ingrowth core (VIC = 534 cm3) and the total fresh
root mass within the ingrowth core (mr_IC, g), respectively.
RLD ¼

RLIC
VIC

ð2Þ
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SRL ¼

RLIC
mr IC

ð3Þ

CO2 exchange
Flux measurements and data processing
The micrometeorological eddy covariance (EC) technique was used to estimate the CO2 exchange between
the grassland ecosystem and the atmosphere. The EC
system was equipped with a LI-7500 open path CO2/
H2O infrared gas analyzer (IRGA; LI-COR Biosciences,
Lincoln, NE, USA) and a CSAT3 3-D sonic anemometer (Campbell Scientific Inc., Logan, UT, USA),
installed at a height of 1.75 m above the ground. Data
was collected at 10 Hz and stored on a CR5000 data
logger (Campbell Scientific Inc., Logan, UT, USA). The
EC system was set up in the center of the study site and
powered by 12 V marine batteries that were charged by
two 64 W solar panels.
Raw data was processed with the software package
TK3.1 (Mauder et al. 2013) to compute the CO2 fluxes
for 30-min intervals. By using this software, spike detection (Vickers and Mahrt 1997), planar fit coordinate
rotation (Wilczak et al. 2001), correction of spectral loss
(Moore 1986), conversion of sonic temperature into
actual temperature (Schotanus et al. 1983) as well as
correction for density fluctuations and vertical mass
transport (Webb et al. 1980) were applied to the data.

Flux filtering and quality control
Quality classification of computed flux values followed
the nine class flagging scheme of Foken et al. (2004). To
remove inaccurate and unreliable data from the dataset,
a three-step filtering approach was applied. Firstly, data
flagged >6 (7–9) was discarded and secondly, flux
values with an associated automatic gain control
(AGC) value >56 were filtered out. The AGC is an
indicator for pollution of the focus lens of the IRGA.
As described by Schmidt et al. (2012), inaccuracies of
the IRGA can be identified by comparing measurements
of absolute humidity at the combined temperature and
humidity probe with those at the IRGA. At AGC > 56,
absolute differences as well as the variability of differences strongly increased with IRGA measurements

mainly underestimating absolute humidity. As a third
step, a median filter was used for the remaining data
(Demyan et al. 2016; Poyda et al. 2019). Thereby, fluxes
that were 6-times greater than the median of the absolute
flux values of the previous four days were removed.
As a standard quality criterion for EC measurements,
the energy balance ratio (EBR) was calculated for every
time step with available high quality data as follows:
EBR ¼

H þ LE
Rn −G

ð4Þ

where H and LE are the turbulent fluxes of sensible and
latent heat, respectively, and the difference between net
radiation (Rn) and ground heat flux (G) is the available
energy, with all units in W m−2. As described in detail
by Eshonkulov et al. (2019), G was calculated calorimetrically as the sum of the mean measured soil heat
flux at 8 cm soil depth (2 HFT3-L, Campbell Scientific
Inc., Logan, UT, USA) and the calculated soil heat
storage in the soil layer above the heat flux plates. The
uncertainty of computed turbulent fluxes was obtained
as the sum of the random error and the instrumental
noise calculated by the TK3.1 software.
Gap filling and flux partitioning
In order to calculate budgets of NEE, ecosystem respiration (RECO) and gross primary production (GPP) for
certain periods, missing values of NEE were filled and
the gap-filled NEE was partitioned into RECO and GPP
both by using the REddyProc web application (Wutzler
et al. 2018). For details on the gap-filling process, the
reader is referred to Poyda et al. (2019). The nighttimebased approach of Reichstein et al. (2005) was used to
partition NEE into RECO and GPP fitting the Lloyd and
Taylor (1994) model to the dataset of nighttime NEE
(global radiation <10 W m−2) versus air temperature for
four-day intervals and calculating GPP as the difference
between gap-filled NEE and estimated RECO.

Net biome productivity
To calculate full annual C budgets, all relevant C fluxes
at the field-scale have to be considered. As losses via
dissolved organic carbon were not captured in this study
and the C exchange as CH4, which was measured using
manual chambers, was on a negligible level (mean
annual uptake of 0.32 kg CH4-C ha−1 yr−1), the net
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biome productivity (NBP) was calculated as follows:
NBP ¼ NEE þ C in þ C ex

ð5Þ

where NEE is the cumulative gap-filled net ecosystem
exchange for a certain period (kg CO2-C ha−1), Cin is the
C input by slurry application and excreta from grazing
cattle (kg C ha−1), and Cex is the C export by grassland
harvest and grazing cattle (kg C ha−1). The amount of C
input via organic fertilization with cattle slurry was
calculated from the total amounts of applied slurry
(m3 ha−1) reported by the farmer and the mean C concentration in fresh slurry (45.6 kg C m−3) as measured
using the elemental analyzer. According to Skinner
(2013), it was additionally considered that during grazing, cattle returned 37% of consumed biomass to the site
as excreta, which was based on digestibility results of
Soder et al. (2006). Cex was derived from manual samplings of harvestable and grazed biomass and the respective C concentrations.
Plant carbon use efficiency and carbon residual.
Partitioned GPP and RECO were cumulated for I1 – I5
as EC measurements as well as ANPP and BNPP were
available for this period. The plant carbon use efficiency
(CUE) was calculated for each interval as the fraction of
GPP converted to biomass C (Waring et al. 1998):
CUE ¼

ANPP þ BNPP
GPP

ð6Þ

The remaining fraction of GPP, not recovered in
NPP, was defined as C residual:
C residual ¼ GPP−ðANPP þ BNPPÞ

ð7Þ

random factor. Using these models, analyses of variance
were conducted to test for significant effects of the fixed
factors on data variability. Furthermore, multiple contrast tests (Bretz et al. 2011) were performed in order to
identify significant differences between the periods or
intervals.

Results
Site characteristics
Weather
Compared to the long-term (1981–2010) mean annual
temperature, the experimental years 2012 and 2013
showed no distinct differences, while 2014 was a comparably warm year (Table 2). In 2013, temperatures
below average were observed in the beginning of the
year, while from May 2013, no month of the remaining
experimental period, with the exception of August 2014,
had temperatures clearly below the long-term average
with many substantially warmer months.
Regarding annual precipitation sums, the years 2012
and 2014 showed higher amounts than the long-term
mean, while 2013 had less precipitation (Table 2). In
2012, the months May – August were all wetter than
1981–2010, while 2013 had a dry period in July and
August. Also in 2014, a period with very low precipitation was recorded in summer but one month earlier than
in 2013.

Statistical analyses

Soil moisture and groundwater level

The plant data were evaluated using the statistical software R (R Core Team 2019). Evaluation started with the
definition of an appropriate statistical mixed model
(Laird and Ware 1982; Verbeke and Molenberghs
2000). The yield data were assumed to be normally
distributed and homoscedastic, while ANPP, BNPP
and RFT data were assumed to be normally distributed
and heteroscedastic due to the different intervals. These
assumptions were based on a graphical residual analysis. The period was included as a fixed factor into the
yield model. In the productivity and RFT model, the
interval was treated as fixed factor and the effect of the
different replicates on data variability was treated as a

The soil volumetric water content at the study site
showed a typical annual pattern and ranged between
0.08 ± 0.03 m3 m−3 at the last sampling day (24 July 2014) and 0.43 ± 0.05 m3 m−3 at 29 January 2013
(Fig. 1). Comparably low soil moisture was also observed in July and August 2013. The GWL, which
ranged between −160 (27 September 2013) and −
54 cm (5 February 2013), followed a similar annual
course. However, there was a time-lag between the
increase in soil moisture and GWL in autumn, while
the drop of GWL in spring occurred earlier compared to
that of soil moisture.
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Table 2 Mean monthly air temperature and precipitation during the period 2012–2014 compared to the long-term average (1981–2010)
Period

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Year

Temperature (°C)
2012

2.5

−0.6

6.3

6.7

12.5

13.5

16.2

16.9

13.2

9.1

5.8

0.5

8.6

2013

1.0

0.0

−0.5

6.4

11.9

14.6

17.9

17.2

13.0

11.1

5.4

4.9

8.6

2014

1.7

5.0

6.3

9.6

12.2

15.3

19.9

15.9

15.3

12.4

6.9

3.3

10.3

1981–2010

1.1

1.3

3.6

7.3

11.6

14.7

17.2

16.7

13.3

9.4

4.8

2.1

8.6
846

Precipitation (mm)
2012

107

24

11

44

57

92

122

94

77

65

56

98

2013

79

28

9

20

89

106

52

54

82

83

59

79

739

2014

68

43

30

74

88

38

51

123

73

65

23

193

867

1981–2010

68

50

58

44

51

76

82

79

77

85

70

74

814

Vegetation

2013 was on a high level, not significantly different
compared to the AGB at the first two cuttings in 2014.
In January 2014, mean AGB was distinctively lower but
variability had strongly increased since October 2013,
thus differences were not significant. Productivity of the
first two growth periods in 2014 (I3 and I4) were similar, while it was significantly lower and almost halved
during the third and fourth growth period (I5 and I6).
Between 29 October 2013 and 8 October 2014, cumulative BNPP was 2.9 Mg DM ha−1 (Fig. 2b). The
significantly lowest BNPP of 0.1 Mg DM ha−1 was
detected during the first ingrowth core interval until 15
January 2014. Root productivity was greatest during I3
(0.9 Mg DM ha−1) and it significantly decreased during
the second growth period until 4 July 2014 (I4). While
the net root production between the second and third cut

Above- and belowground productivity
The dry matter (DM) yield significantly increased in the
second year of the study period, while the differences in
C and N yields were not significant (Table 3). A similar
result was obtained regarding the different cutting and
grazing events, which did not differ significantly between the two years in terms of C and N removals.
The DM yields were higher at every cutting in the
second year but this difference was only significant for
the first cutting.
Measurements of total aboveground biomass (AGB)
ranged between 1.8 and 5.0 Mg DM ha−1 on 2 April and
20 May 2014, respectively (Fig. 2a). AGB in October
0.5

0

SWC
GWL

0.4

-30

-60
0.3
-90
0.2
-120
0.1

-150

0.0
1 Jul

-180
1 Oct

2012

1 Jan

1 Apr

1 Jul

2013

1 Oct

1 Jan

1 Apr

1 Jul

2014

Groundwater level (cm)

Soil water content (m3 m-3)

Fig. 1 Volumetric soil water
content (SWC) in samples from
the 0–20 cm layer as well as
groundwater levels (GWL) at the
study site during the two-year
study period. Error bars for SWC
represent standard deviation (n =
3)
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Table 3 Yields of dry matter (DM), carbon (C) and nitrogen (N)
of the study site for single utilization events and in total for the two
main study periods as well as the overall mean of both years.
Different superscripted lowercase letters indicate significant

differences between the two periods (p < 0.05). Values in brackets
are standard errors (n = 3). C = cutting, G = grazing; subscripted
numbers indicate the number of a cutting or grazing event in a
calendar year

DM (Mg ha−1)

C (Mg ha−1)

N (kg ha−1)

2.2 (0.1)a

1.0 (0.0)a

68 (2)a

a

a

62 (8)a

a

169 (5)a

a

148 (5)a

13.3 (0.5)

a

6.1 (0.2)

446 (10)a

3.4 (0.6)a

1.6 (0.3)a

104 (16)a

a

a

51 (9)a

a

152 (8)a

5.4 (0.8)

a

2.4 (0.4)

120 (14)a

Total

16.3 (0.9)b

7.4 (0.4)a

427 (22)a

Mean

14.8 (0.7)

6.8 (0.3)

437 (11)

Period
2012/2013
C3: 2012–08-14
G1: 2012–09-23 – 10-09
C1: 2013-05-31
C2: 2013-07-14
Total

1.9 (0.3)

0.9 (0.1)

a

4.6 (0.4)

2.1 (0.2)

a

4.6 (0.1)

2.1 (0.0)
a

2013/2014
C3: 2013-08-30
G1: 2013-10-03 – 10-25
C1: 2014-05-16
C2: 2014-06-25

1.3 (0.2)

b

6.3 (0.4)

a

increased again and was not significantly different compared to the primary growth, it significantly declined to
a similar level as in I2 thereafter.
As AGB declined during the first two intervals over
winter, ANPP was set 0 and consequently, fBNPP
equaled 1 (Fig. 2b). After 2 April 2014, ANPP clearly
exceeded BNPP and fBNPP therefore declined to 0.22
during the first growth period (I3). The fraction declined
further to a value of 0.12 until the second cut (I4).
However, during I5, fBNPP doubled (0.24) but strongly
decreased after the third cut to a value of 0.09 (I6). The
variability of fBNPP was generally high, particularly
during the period 4 July – 7 August 2014.
Root functional traits
The root length density (RLD) in 0–30 cm varied between 1.2 cm cm−3 for roots grown during I2 (15 January – 2 April 2014) and 6.7 cm cm−3 during I3 (2 April
– 20 May 2014). During the non-growing season (I1 and
I2) as well as the late growing season (I6), a significantly
lower RLD compared to the main growing season was
observed (Fig. 3a) while the RLD did not differ significantly between the first three growth periods in 2014
(I3 – I5).
Roots that grew during I1 had a rather small diameter, expressed as a significantly higher specific root
length (SRL, 487 m g−1) compared to the other periods.

0.6 (0.1)
2.8 (0.2)

During I2, SRL significantly decreased to 104 m g−1.
Subsequently, SRL significantly increased and
remained on a rather constant level between 200 and
235 m g−1 during I3 – I5. At the end of the study period
(I6), SRL decreased to a value of 150 m g−1 and in I5
and I6 the SRL was not significantly different compared
to I2 before the onset of the growing season.
Carbon exchange and allocation
Eddy covariance flux measurements
The net ecosystem CO2 exchange (NEE) at the study
site showed a typical annual course with mainly CO2
release from autumn until late winter and predominant
CO2 uptake during the growing season (Fig. 4a). However, the CO2 uptake was interrupted by grassland cuttings, leading to net CO2 emissions during the subsequent days and a time lag until the CO2 sink activity was
recovered. Maximum daily CO2 uptake was −99.8 kg
CO2-C ha−1 d−1 on 12 July 2013. The maximum daily
CO2 release (62.3 kg CO2-C ha−1 d−1) was observed on
1 June 2013, one day after the first harvest of that year.
During the two-year period 1 August 2012–31 July 2014, the daily sum of NEE was negative on 319 days
and positive on 411 days.
Energy balance ratio (EBR) and availability of high
quality data might indicate the quality and reliability of
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All grass growth periods of the years 2012–2014 that
were fully covered by EC measurements were analyzed
according to their mean diurnal courses of net CO2
exchange (Fig. 5). For the first growth, measurements
beginning on 1 April were included in the analysis and
the end of the fourth growth was set at 31 October.
While the highest mean CO2 uptake rate was observed
for the primary growth period in 2014 (−3.6 kg CO2-C
ha−1 30 min−1 at 12:30), generally higher nighttime CO2
release occurred during the second growth period compared to the first. Maximum mean CO2 release was
1.4 kg CO2-C ha−1 30 min−1 at 23:30 in the second
growth phase of 2013. The daily amplitude was lowest
in the fourth growth periods where peak CO2 uptake
reached only −1.37 kg CO2-C ha−1 30 min−1 in 2013.
Annual differences were most pronounced in the first
growth periods with much lower daytime CO2 uptake
rates in 2013 compared to 2014. This inter-annual variability was less for the other three growth periods.

a
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Carbon budgets

2014

Fig. 2 Grassland productivity during the period October 2013 –
October 2014. (a): Temporal development of total aboveground
biomass between sampling intervals (I). Note that the field was
harvested after the samplings in May, July and August 2014. Error
bars represent standard deviation (n = 9) and different lowercase
letters indicate significant differences between the sampling dates
with p < 0.05. (b): Cumulative net primary production (BNPP) as
measured by the ingrowth core method as well as the fraction of
BNPP (fBNPP) on total net primary production for I1 – I6. Grey
shaded areas represent standard deviation (n = 9) and different
lowercase letters indicate significant differences between the
BNPP of the respective intervals with p < 0.05

measured CO2 fluxes at the EC station and associated
seasonal budgets. Both parameters showed a distinct
annual pattern with lower values in autumn or winter
and highest values in spring (data availability) or summer (EBR) (Fig. 4c). During the two-year study period,
mean daytime EBR was 0.65 and ranged between
monthly means of 0.41 (January and February 2013)
and 0.82 (July 2013). When the energy balance closure
was analyzed as turbulent (H + LE) vs. available energy
(Rn - G) for all available daytime measurements (n =
8121), the slope of linear regression was 0.74. The
availability of NEE data after flux filtering averaged
63% for the two-year period and reached a minimum
of 40% in December 2012 while it maximized with 80%
in March 2013 and April 2014.

Cumulative NEE and net biome productivity (NBP)
differed due to management-related C inputs and removals, which overcompensated the CO2-C sink of the
grassland after two years (Fig. 4b). In the first year
(August 2012 – July 2013), cumulative NEE was
−1.56 Mg CO2-C ha−1 while this net uptake increased
to −4.07 Mg CO2-C ha−1 in the second year. In contrast,
cumulative annual NBP was positive with 0.44 Mg C
ha−1 in the first year and 0.13 Mg C ha−1 in the second
year. The C inputs from slurry application and cattle
excretion were 4.1 Mg C ha−1 in the first year and
3.3 Mg C ha−1 in the second year.
Partitioned gross primary production (GPP) and ecosystem respiration (RECO) reached maximum monthly
budgets of −3.13 Mg CO2-C ha−1 in June 2014 and
1.97 Mg CO2-C ha−1 in July 2013, respectively. GPP
dominated over RECO during the growing season but
RECO started to overcompensate GPP from October in
both years, which became apparent in positive monthly
budgets of NEE (Fig. 6). In 2013, NEE turned negative
in April again while in 2014, this was already the case in
March. The month with highest cumulative net CO2
uptake was June 2014 (−1.47 Mg CO2-C ha−1) and
highest cumulative net CO2 release occurred in November 2012 (0.58 Mg CO2-C ha−1). Greatest differences
between NEE and NBP occurred in those months where
only slurry application or only biomass removals took
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Fig. 3 Temporal development of
the root functional traits root
length density (a) and specific
root length (b) during the
intervals (I) 1–6 from October
2013 – October 2014. Extracted
roots have been grown into ingrowth cores since the previous
sampling. Grey shaded areas represent standard deviation (n = 9)
and different lowercase letters indicate significant differences of
respective root traits between the
different intervals with p < 0.05
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place. Thus, slurry application in autumn (November) or
spring (March) decreased NBP compared to NEE, while
grassland cuttings in May strongly increased NBP.
Allocation of assimilated carbon
Highest productivity (NPP) was observed during intervals with highest GPP (Fig. 7a). However, the
partitioning between ANPP and BNPP was substantially different between the intervals. While assimilated C
was solely allocated to roots during I1 and I2 with low
CO2 fixation (i.e., BNPP = NPP), BNPP remained at a
comparably low level during the growing season (I3 –
I5), whereas ANPP largely increased. The CUE was low
(< 0.2) during the non-growing season, resulting in a
large fraction of the C residual. During the primary
growth phase (I3), the CUE substantially increased to
0.81 and decreased progressively during the two subsequent regrowth periods to values of 0.71 (I4) and 0.62
(I5). RECO did not follow the same pattern as GPP since
it decreased from I1 to I2 and maximized later (I4) than
GPP (I3).

1 Feb
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In a multiple regression analysis, CUE was related to
cumulative GPP and mean soil moisture at the 5 cm
depth during the five analyzed intervals (Fig. 7b). While
CUE increased linearly with increasing GPP, the relationship of CUE vs. soil moisture followed an optimum
function. CUE was low in the non-growing season at
high soil moisture around 0.2 m3 m−3, whereas it was
substantially higher at lower soil moisture during the
growing season. However, CUE decreased successively
with further decreasing soil moisture from I3
(0.18 m 3 m − 3 ) over I4 (0.12 m 3 m − 3 ) to I5
(0.07 m3 m−3).

Discussion
Resource availability determines carbon use efficiency
As pronounced in H1, the study site was characterized
by a high CUE for the conversion of photoassimilates to
plant biomass. On average, we observed a CUE of 0.71
during the 2014 growing season with a maximum value
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Fig. 4 (a): Daily sums of gap-filled net ecosystem exchange
(NEE) of CO2 measured at the eddy covariance station during
the period 1 August 2012–31 July 2014. The uncertainty range
represents daily averages of measurement uncertainty as the sum
of random error and instrumental noise. (b): Cumulative NEE and
net biome productivity (NBP) for the same period. Grey dotted

lines and grey shaded areas in (a) and (b) represent grassland
cuttings and grazing periods, respectively. Arrows in (b) represent
slurry applications. (c): Monthly averages of daytime energy balance ratio (EBR) and proportion of available high quality data after
flux filtering. EBR was calculated for all time steps with available
high quality data and Rn - G ≥ 20 W m−2

of 0.81 for the primary growth. In a semiarid environment, Saliendra et al. (2018) obtained a CUE of only
0.26 for a grassland, while the CUE reached 0.43 for an
alfalfa field. The authors explained the higher efficiency
of alfalfa by its ability to access water from deeper soil
layers, unavailable for shallow rooting grasses. This
comparison underlines the favorable conditions of humid temperate climates for efficient forage production
from grasslands on the one hand and the strong effect of
belowground resource availability on the CUE of

photoassimilates on the other hand. Corresponding to
the CUE presented here, several partitioning studies
have been conducted on grasses or grasslands, most of
which using pulse labeling with 13C or 14C over rather
short periods of a few days or weeks. In an overview
presented by Riederer et al. (2015), the fraction of
recovered C in grassland biomass ranged between 0.32
and 0.88 with a mean value of 0.61. Despite different
methodological approaches, the observed CUE of this
study fits well into this range and confirmed the
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Fig. 5 Mean diurnal courses of net ecosystem exchange (NEE)
during different growth periods at the studied grassland site. The
beginning of the first growth period was set on 1 April and the end

of the fourth growth period was set on 31 October. The growth
periods 2–4 started on the first day after grassland defoliation

expected high efficiency at this intensively managed
grassland site.
Since GPP and CUE were positively correlated (Fig.
7a and b), C was more effectively used for biomass
production during periods of highest photosynthetic
activity. Under unfavorable growth conditions, such as
during the non-growing season (I1, I2) or at very low
soil moisture (I5), not only GPP was reduced but also
the efficiency in converting the fixed C to plant biomass.
The C residual not recovered in biomass can be either
lost via autotrophic respiration (Ra) from shoots, roots
and microbial respiration of root exudates or via root
exudates incorporated in microbial biomass and SOM
(net rhizodeposition) or leached from the soil profile as
dissolved organic C. Since only RECO can be estimated
using the EC approach, Ra cannot be quantified. The
increase in cumulative RECO between I3 and I4 (Fig. 7a)
can be attributed to increasing temperature. Although
the temperature further increased, RECO decreased during I5. It seems most likely that soil microbial activity

was limited by the low soil moisture during this period
and a reduction in heterotrophic respiration (Rh) was
responsible for the lower RECO. This was underlined by
the constant C residual between I4 and I5, indicating
that Ra did not substantially change while NPP decreased and thus CUE.
Under conditions of heat and drought stress, plants
use their stomata to regulate transpiration and prevent
high water losses (Manzoni et al. 2013), which, as a
tradeoff, reduces the intensity of CO2 uptake. Consequently, productivity decreases while CO2 losses via
nighttime respiration might not necessarily be reduced
as an effect of higher temperatures. This can be partly
perceived from the mean diurnal courses of net ecosystem CO2 exchange (NEE) since nighttime NEE was
generally higher during the summer regrowth periods
compared to the primary growth when temperatures
were lower (Fig. 5). In 2013, for example, nighttime
NEE increased from 0.65 (growth 1) to 1.2 (growth 2)
and 1.0 kg CO2-C ha−1 30 min−1 (growth 3), while mean
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Fig. 6 Monthly budgets of
ecosystem respiration (RECO),
gross primary production (GPP),
net ecosystem exchange (NEE)
and net biome productivity (NBP)
as well as C inputs via slurry application or excretion of grazing
cattle and C removals via harvest
during the two-year study period.
RECO and GPP were partitioned
from eddy covariance measurements of NEE. NBP was calculated as the sum of NEE, C inputs
and C removals
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daytime NEE remained on a similar level (roughly
−1.3 kg CO2-C ha−1 30 min−1). However, the specific
responses of Ra and Rh to altered environmental conditions remain uncertain.
Large uncertainties also exist concerning site-specific
quantification of rhizodeposition. During periods with
high f B N P P , C translocation to the soil via
rhizodeposition is potentially increased, thus lowering
plant CUE. At the study site, significant photosynthetic
activity was observed during the non-growing season
and roughly 1690 kg CO2-C ha−1 were assimilated by
a

C residual
ANPP
BNPP
RECO
CUE

3500
3000

Nov

Feb

0.9

b

I1
I2

0.4
0.2

0.7

0.5

0.6

I3

0.5
2000
0.4

0.7

I4

0.1
0.0
1

2

3

4

5

Interval

Fig. 7 (a): Cumulative gross primary production (GPP) and ecosystem respiration (RECO) partitioned from eddy covariance (EC)
measurements of net ecosystem CO2 exchange for intervals 1–5 of
the period 29 October 2013–7 August 2014 as defined in Fig. 2.
GPP was further partitioned into aboveground (ANPP) and belowground net primary production (BNPP) as well as a carbon (C)
residual defined as the difference between GPP and net primary
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the grassland between October and April although no
net shoot growth was observed (Fig. 7a). Consequently,
all assimilates were respired or allocated belowground
with a very low plant CUE of 0.11–0.16. During I1,
RECO was much larger compared to the C residual,
indicating a high fraction of Rh on total RECO. In a
conservative approach, the minimum amount of net
rhizodeposition during I2 can be calculated when it is
assumed that the C residual = Ra in I1 and the subsequent decrease in RECO is fully attributed to Rh. In this
case, net rhizodeposition would be 565 kg C ha−1,
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production (NPP) where NPP = ANPP + BNPP. The carbon use
efficiency (CUE) was calculated as the fraction of NPP on total
GPP. (b): Multiple regression analysis of CUE vs. cumulative
GPP and mean soil moisture at the 5 cm depth measured at the
EC station during the specific intervals. I1 – I5 relates to the five
intervals from panel a
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corresponding to three-times the BNPP and 47% of
GPP. It can be concluded that despite comparably high
photosynthetic activity during the non-growing season
(Fig. 2), most of the assimilated C was immediately
deposited to the soil or respired by the plants.
Pausch and Kuzyakov (2018) suggested that the ratios between gross and net rhizodeposition and C allocated to roots are rather constant among plant species
(crops or grasslands) despite different C allocation patterns and are generally around 0.7 and 0.5, respectively.
Using these ratios results in an estimated amount of
2 Mg C ha−1 deposited to the soil during one year of
BNPP measurement (Fig. 2) and roughly 1.5 Mg C ha−1
of these deposits remaining in the soil as microbial
biomass or SOM. For the non-growing season, the ratio
of 0.5 results in low estimates of net rhizodeposition
accounting for only 6 (I1) and 9% (I2) of the C residual.
This approach suggests that most of the assimilated C
was lost via R a . Using the ratio of 0.5, net
rhizodeposition reached 232 kg C ha−1 during the primary growth, which accounted for 31% of the C residual. This fraction was lower during the first (13%) and
second regrowth period (18%). However, the exact
quantification of rhizodeposition remains challenging
and its temporal dynamics over the course of the year
are rarely studied. Accordingly, Remus and Augustin
(2016) demonstrated for a rye crop that C partitioning
coefficients are highly dynamic and depend on absolute
shoot growth and the phenological stage of the plant,
challenging their generalization.
Shoot-dominated carbon allocation
In line with the functional equilibrium theory (Brouwer
1963), the very high nutrient availability is the most
likely reason for low root growth at the study site as
belowground resources can be easily accessed without
substantial investment in a dense rooting system. For a
grassland ecosystem in Inner Mongolia, Li et al. (2011)
showed that the addition of the currently limiting belowground resource (water or N) reduces fBNPP, while
strongly increasing ANPP. The observations from a
temperate grassland in this study fit well into this pattern, and thus confirm our H2, as the high N fertilization
rates and the soil P2O5 concentration (Table 1), which
characterized the site as phosphor (P)-oversupplied according to the German P classification system
(VDLUFA 2018), were associated with high dry matter
and N yields (Table 3) but low BNPP.

In contrast to high harvest yields and ANPP, the
fBNPP was considerably low during the growing season
2014, particularly when compared to observed fBNPP of
permanent grassland sites under semi-intensive management with low external N supply in northern Germany
(Loges et al. 2018). On average of unfertilized and
fertilized treatments, Loges et al. (2018) measured net
primary production (NPP) of 13.3 Mg organic matter
(OM) ha−1 with an fBNPP of 0.32. NPP of the grassland
under study was 17.2 Mg OM ha−1 while the fBNPP was
only 0.17. In their review on C allocation patterns,
Pausch and Kuzyakov (2018) obtained mean values of
0.45 and 0.34 for C allocation to shoot biomass in
annual crops and grasslands, respectively. These values
originated from several short-term 13C or 14C labeling
studies. Our multi-method approach resulted in a value
of 0.53 for aboveground C allocation during 29 October
2013–7 August 2014 (I1 – I5). The retention of C in
shoots maximized with 0.69 during the primary growth
period. Thus, the study site was characterized by an
atypically strong retention of assimilated C in shoots,
although care has to be taken due to the comparability of
the different methodological approaches.
The rather low root length density (RLD) at the study
site, which reached a maximum of 6.7 cm cm−3 during
the primary growth in 2014, corresponds to the low
belowground C allocation. This value was comparable
to maximum RLD found in a pot experiment with
different grass species by Ravenek et al. (2016). In
contrast, Chen et al. (2016) measured maximum RLD
of 18 cm cm−3 in semi-intensive managed permanent
grassland swards in northern Germany. However, they
found a significant effect of sward age on RLD, which
decreased to a mean value of roughly 10 cm cm−3 under
5 year-old swards when pooled over the four growth
periods compared to 17 cm cm−3 under 1-year old
swards. At the old permanent grassland of this study,
mean RLD over the four growth periods was only
4.4 cm cm−3.
These strong discrepancies between two differently
managed permanent grassland systems under similar
climatic conditions emphasize the importance of soil
nutrient availability on C allocation and root growth in
grasslands. Lorenz and Rogler (1967) already reported
decreasing root:shoot ratios under elevated N fertilization levels several decades ago. Under conditions of
limited N availability (Chen et al. 2016), significantly
thinner roots were observed during the regrowth periods
compared to the primary growth (SRL up to 450 m g−1),
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compensating for reduced BNPP and maintaining a high
rooting density in the soil. In this study, this pattern was
only observed during the first half of the winter, possibly as a reaction on reduced N availability due to
leaching losses. Potential N leaching was illustrated by
a strongly increasing groundwater level (GWL) between
October 2013 and January 2014 and the time shift
between increased soil moisture and GWL rise indicated
the downward movement of water through the soil (Fig.
1).
Due to the sandy texture of the study site, field
capacity was estimated with only 0.13 m3 m−3 while
total porosity was 0.42 m3 m−3 (Schaap et al. 2001),
indicating a large fraction of coarse and fast draining soil
pores. This low water holding capacity makes the site
susceptible to drought and soil water availability the
more relevant resource for limiting grass growth
compared to nutrient availability under the current
management. During I4 in July 2014, ANPP was
significantly reduced at very low soil moisture,
confirming results by Li et al. (2011) who demonstrated
that nitrogen use efficiency (NUE) decreases when water is the main limiting factor for grass growth. In this
period, C allocation to roots was stimulated as indicated
by the increased fBNPP (Fig. 2). Since grassland N uptake was limited by low water availability, high amounts
of residual N might have been available after the third
cut. The high precipitation in August 2014 suddenly
increased the availability of this residual soil N, which
explains the very low fBNPP and the strong decline of
RLD during I6.
Carbon losses from intensive permanent grassland
The study site acted as a net sink for CO2 when measured and gap-filled CO2 fluxes were cumulated for the
two-year study period. However, the study site was a net
source for C when management related C fluxes (organic fertilization, harvest) were considered (Fig. 4b). This
result confirmed our H3 since it documented that the site
was not in a phase of increasing SOC stocks, thus
equilibrium had already been reached. Compared to
results from a Europe-wide study across 19 European
grasslands (Gilmanov et al. 2007), our site can be classified as a strong CO2 sink as its mean annual net CO2
uptake of −2.82 Mg CO2-C ha−1 yr−1 was slightly
stronger than the 75% percentile (−2.62 Mg CO2-C
ha−1 yr−1) observed by Gilmanov et al. (2007). However, most of the study sites were managed with low

intensity, thus, they were not representative for grasslands of highly intensive dairy systems in northwest
Europe. At a low-intensity mountain grassland in the
Austrian Alps for example, Wohlfahrt et al. (2008)
documented a near-neutral NEE over six years of EC
measurements, while Peichl et al. (2011) observed a
similar net CO2 uptake (−2.77 Mg CO2-C ha−1 yr−1) at
an intensively managed grassland in Ireland compared
to this study. The comparably high CO2 sink of our
study site therefore reflects its high productivity and
points to the fact that RECO does not increase proportionally with GPP across different sites as also shown by
a slope of 0.76 in the study of Gilmanov et al. (2007).
With the combined measurements conducted in this
study, these observations were clearly confirmed by
the higher CUE at increasing GPP (Fig. 7).
Net C losses due to high biomass removals from
intensively utilized fields have mainly been reported
for croplands (Kutsch et al. 2010; Poyda et al. 2019;
Schmidt et al. 2012) but also for grasslands (Skinner
2008, 2013; Soussana et al. 2010) in studies based on
the same methodological approach. The observed net C
loss of 0.29 Mg C ha−1 yr−1 on average over the two
study years was lower than that reported by Skinner
(2008), which averaged 1.13 Mg C ha−1 yr−1 for a
grass-based pasture in Pennsylvania. Consistently, Skinner (2013) observed substantial C losses from two pastures with high and low N fertilization that increased
with N addition and averaged 1.22 (High-N-pasture)
and 1.02 Mg C ha−1 yr−1 (Low-N-pasture). Both results
were explained by a possibly saturated C sequestration
potential due to grassland age (> 35 yr) and C removals
with harvested biomass larger than the annual net CO2C uptake.
Contrasting results from different grassland systems
underline that no universal relationship between management intensity (i.e., N fertilization) and the C budget
of a grassland site exists. This relationship strongly
depends on grassland age and preliminary management
and results might point to contrasting conclusions depending on these factors. Thus, linking recent trends in
SOC stocks to recent management practices without
careful consideration of past land use and management
might lead to misinterpretations (Powlson et al. 2010).
For example, Kim and Henry (2013) observed no effect
on NEE but a 100% increase of aboveground plant
biomass by the addition of 60 kg N ha−1 yr−1 on a
long-term (25 yr) unfertilized grassland in Canada. In
contrast, an intensively managed grassland in
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Switzerland (230 kg N ha−1 yr−1, 4–5 cuts yr−1) acted as
a net C sink, while an extensively managed field without
fertilization was a net C source (Ammann et al. 2009).
While the grassland studied by Kim and Henry (2013)
was adopted to N limitation and likely reacted to enhanced N availability with a strongly reduced fBNPP, the
Swiss site was previously converted from arable
cropping. To realize the large C sequestration potential
after grassland establishment, fertilization is needed to
ensure a certain level of productivity and therefore C
inputs to build up SOC stocks (Ammann et al. 2009;
Loges et al. 2018). The management intensity that optimizes C sequestration, therefore, is highly site-specific.
Our results underline that permanent grasslands do
not sequester C per se and suggest that a reduced fertilization intensity will be beneficial for C sequestration on
intensively managed grasslands confirming the conclusion of Jones and Donelly (2004). The soil properties of
our study site might classify it as “black sand” according
to Vos et al. (2018). For arable sandy and C-rich top
soils, Springob and Kirchmann (2002) proved that a
major fraction of the SOM is present as particulate and
refractory compounds and is not in process of net decomposition. The high C stock of the study site might
therefore reflect historical land use and vegetation rather
than management during the previous few decades. In
addition to the already low C sequestration potential at
the study site, our results clearly documented that only a
minor fraction of the assimilated C was allocated belowground, most likely as an adaptation mechanism to
very high soil nutrient availability. As high amounts of
fertilizers are available on this dairy farm in the form of
slurry, a strong reduction of mineral N fertilization
seems reasonable and could stimulate root production
and therefore increase the residence time of C in the
system. This measure might already be sufficient to
compensate for the comparably small recent C source
of the site.

Conclusions
Permanent grasslands are able to convert photosynthetically assimilated C to plant biomass with a high efficiency, generating high absolute C inputs to the plantsoil system. However, the natural mechanism of perennial grasses to allocate large fractions of assimilated C to
root biomass can be impeded by adaptation mechanisms
to high nutrient availability, decreasing the amounts of

C remaining in the system. While the C sequestration
potential of grasslands is affected by site conditions,
grassland age and historical land use, the recent management determines to which degree this potential is
realized. Due to its sandy texture and high C content
as well as the long-term utilization as permanent grassland, the recent C sequestration potential of the study
site is low. Management measures should therefore
focus on preventing C losses, which is also fundamental
to maintain a high soil fertility. A strong reduction of
mineral N fertilization is likely to promote the natural
ability of the grassland for belowground resource acquisition by investing in dense rooting systems and thereby
increasing soil C inputs. This would also promote the
grassland’s resilience to unfavorable conditions and reduce the need for grassland renovation threatening its C
stocks.
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