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Abstract

Purpose Flower strips have been shown to increase
insect biodiversity and improve agricultural yields
through increased pollination and pest predation. Less
is known about their potential to increase soil organic
carbon (SOC). We aimed to investigate the biomass
production and SOC sequestration potential of flower
strips as a sustainable management option of temper-
ate agricultural soils.
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Methods 23 flower strips across varying soil types
and climatic regions in Germany were sampled for
aboveground and belowground peak biomass in
order to estimate the annual carbon input to the soil.
Those were used as 23 scenarios to model the poten-
tial SOC sequestration of the flower strips compared
to a business-as-usual scenario for 1533 sites of the
German Agricultural Soil Inventory using the RothC
model.

Results On average, flower strips sequestered
0.48+0.36 Mg C ha™! year™! in the initial 20-year
period after establishment. Converting 1 % of the
total German cropland area into flower strips would
thus lead to a mitigation of 0.24 Tg CO, year™!,
which equals 0.4 % of current agricultural green-
house gas emissions in Germany.

We found a negative correlation between C sequestra-
tion rate and the number of plant species in the flower
strips, mainly related to grasses outcompeting herba-
ceous species.

Conclusion Flower strips are one overlooked option
for increasing SOC stocks of croplands that has mul-
tiple benefits for agro-ecosystems. However, within a
flower strip it might not be possible to maximise both
plant biodiversity and SOC sequestration.

Keywords RothC - Soil organic carbon -

Sustainable soil management - Biodiversity - Climate
change mitigation - German agriculture
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Introduction

Soil organic carbon (SOC) sequestration is acknowl-
edged as an essential element of achieving car-
bon-neutral societies and mitigating greenhouse gas
emissions (Freibauer et al. 2004; Jacobs et al. 2020;
Sanderman et al. 2017). Therefore, so-called carbon
farming practices are being actively incorporated into
political strategies, including the European Union’s
“Farm to Fork Strategy” and the Common Agricul-
tural Policy (European Commission 2022). Addi-
tionally, a voluntary carbon market, in which CO,
certificates are traded based on SOC sequestration is
emerging (Jacobs et al. 2020).

Historical land use changes and long-term agri-
cultural management is estimated to have caused a
loss of 116 Pg C from soils to the atmosphere, which
amounts to about 17 % of total atmospheric CO,
(Sanderman et al. 2017). Cropland soils are often
depleted in SOC (Prout et al. 2021). One of the major
drivers of these historic and ongoing SOC losses is
a reduction in carbon input, due to a high human
appropriation of the net primary production (NPP)
in agricultural systems (Haberl et al. 2007). Increases
in SOC can therefore only be achieved by a higher
return of biomass to the soil, which should be aimed
at by e.g. maximising the photosynthetic activity on
the field (Janzen et al. 2022). Measures like cover
cropping, agroforestry, hedgerows or increasing the
proportion of permanent crops such as grasses are
currently considered as most efficient for increasing
SOC stocks in cropland soils (Bellassen et al. 2022;
Drexler et al. 2021; Lugato et al. 2014). All of these
measures have in common that they not only increase
SOC, but also create synergies such as increasing bio-
diversity, reducing soil erosion, or taking up excess
nutrients (Blanco-Canqui et al. 2015; Fan et al. 2015).

Such synergistic effects also apply to flower
strips, as a feature of a more sustainable agriculture
in several countries that exercise intense, industri-
alised agricultural production. In these production
systems, flower strips, i.e. parts of agricultural fields
that are seeded with mostly diverse flower mixes, are
a broadly recognised, effective method for increas-
ing biodiversity of both plants and animals, particu-
larly insects, in the agricultural landscape (Haaland
et al. 2011; Nicholls and Altieri 2013; Pfiffner et al.
2019; Sutter et al. 2017; Thomas and Marshall 1999).
Furthermore, they have been shown to increase
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agricultural yield of both cereal crops (Carreck
and Williams 2002; Tschumi et al. 2015) and fruit
orchards (Foutain 2022; Garibaldi et al. 2013) through
increased pollination (Buhk et al. 2018; Feltham et al.
2015) as well as through increased predation of harm-
ful insects (Tschumi et al. 2016). Moreover, they have
been shown to provide additional ecosystem services
such as animal habitats, particularly in winter (Gon-
tijo 2019; Haaland et al. 2011; Harwood et al. 1994),
and improved landscape aesthetics (Westphal et al.
2015). Finally, flower strips are likely to produce
large amounts of biomass that is not removed from
the field at harvest, thereby increasing not only the
photosynthetic carbon input into agricultural soils
during growth, but also via incorporation of above-
ground biomass during regular tillage, suggesting a
potential for increasing SOC stocks and soil carbon
sequestration. Thus, flower strips provide multiple
ecosystem functions in agriculture systems; increas-
ing biodiversity, and through that improving yields,
as well as potentially mitigating greenhouse gas emis-
sions through increased carbon sequestration.

Although the effect of flower strips on insect bio-
diversity and agricultural yields have been studied
thoroughly, the characterization of flower strips them-
selves is rarely the focus of examination. Numerous
aspects of the flower strip itself remain unknown,
including the biomass production potential and their
effect on SOC stocks. The aim of this study was to
1) comprehensively measure aboveground and below-
ground peak biomass under various pedo-climatic
conditions, ii) assess if short-term effects on SOC
stocks are detectable and iii) estimate the SOC
sequestration potential of flower strips using a SOC
turnover model in combination with observed bio-
mass and estimated C input data using 1533 points
from the German Soil Inventory. The study was
performed on German agricultural soils as a model
region for temperate, intensive agriculture.

Materials and methods

Study sites and sampling procedure

In this study, 23 flower strips located adjacent to
cropland in Germany were investigated. The sam-

pling sites were selected in order to cover the diverse
pedo-climatic conditions of Germany (Fig. 1, S. Tab
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23 flower stri ps

Above- and

(SOC stock)

Fig. 1 Diagram of the experimental setting, sampling design
and modelling process. The location of the 23 flower strips are
shown as green circles on the map of Germany in the top left-
hand side. The sampling design for the soil cores (brown cir-

1). Flower strips were already established but not yet
mulched down at the time of sampling (July—Sep-
tember 2021). The different site characteristics (clay
content, silt content, pH, age of the flower strip,
mean annual temperature, mean total annual precipi-
tation) are provided in S. Tab 1. Flower strips were
not fertilised nor harvested, so that the entire biomass
remained on the flower strip. There were both annual
(i.e. reseeding each year) and perennial flower strips.
The annual flower strips were mulched, tilled and
reseeded every year with an annual flower mix, while
few sites (GG1, Ha, HB and Lue) were seeded once
and not disturbed afterwards.

In each flower strip, five plots were established
for sampling the aboveground and belowground bio-
mass. These plots were 50X 50 cm in size, 12 m apart
from each other and at least 12 m from the top and

belowground biomass

Soil, management
& climate data
from 1533
inventory sites

RothC
A=

23 flower strip scenarios

Flower strip C
sequestration potential

cles) are shown in the cropland and flower strip at each flower
strip location, as well as the sampling areas for the above-
ground and belowground biomass sampling in the flower strips
(green squares). Created with Biorender.com

bottom edges of the flower strip in order to avoid
edge effects. No specific distance to the cropland was
maintained because the flower strips were of differ-
ent widths ranging from 6 to 30 m. The flower strips
were sampled between July and September 2021, at
the expected time of greatest standing biomass (Ram
et al 1989; Wang et al. 2020).

The aboveground biomass (AGB) growing within
the sampling plot was harvested by cutting it 1 cm
above the soil. The individual plants cut from the
sampling plot were identified to species-level, and
the number of each observed species was recorded.
Afterwards, the total AGB sample was air-dried to
weight constancy.

The belowground biomass (BGB) was sampled in
the upper topsoil layer (0-10 cm) and the lower top-
soil layer (10-30 cm). In the upper topsoil layer, the
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Table 1 Median values of aboveground C input (AGC, Mg
C ha™), belowground C input (BGC, Mg C ha™!), C input
from organic fertilisers, and BGC:AGC ratio (belowground C
input:aboveground C input, no unit, excluding C input from
organic fertilisers) for the BAU scenario, and the flower strip
scenarios. Due to the non-normal and/or skewed nature of the

data (Fig. 7), the 95 % confidence interval is asymmetrical and
thus given as the upper and lower bound. The asterisks signify
significance level of the difference between the median BAU
measurement and the flower strip scenario measurement, from
a Sign-test; *** signifies P <0.001

BAU scenario Flower strip scenario Significance
n=1533 Lowerbound Upperbound n=23 Lowerbound Upper bound
AGC 1.84 1.75 1.92 322 2.31 4.03 ok
BGC 0.68 0.66 0.70 1.10 0.77 1.66 HkE
Organic fertiliser 0.36 0.33 0.40 - - - -
Total organic C input 3.12 3.06 3.17 4.25 3.55 5.13 o
BGC:AGC from biomass ~ 0.38 0.36 0.40 0.33 0.20 0.70 ok

total soil mass was excavated and spread on a canvas
and all bigger central roots were picked out manually.
To determine the mass of the smaller roots, a repre-
sentative composite sample of the upper topsoil layer
was taken.

In the lower soil layer (10-30 cm), three samples
per plot were collected true to volume using a root
corer (4.7 cm diameter). The collected BGB, was
washed to separate it from soil and other organic
materials. Before washing, the composite soil sam-
ple from the 0-10 cm layer with the finer roots was
weighed and analysed for water content. Root sam-
ples were washed with a root washer (GVF, Benzo-
nia, MI, USA). Each root sample was collected on a
0.63 mm sieve. Any other litter material (e.g. straw)
was sorted out by hand. After washing, the roots
were dried at 75 °C until constant weight and then
weighed. While the 10-30 cm root biomass and the
0-10 cm coarser central root biomass were calculated
per volume (all roots sampled per given volume), the
0-10 cm finer root biomass was calculated based on
a root:soil weight ratio in combination with soil bulk
density. We chose that for this complex and unref-
erenced root sampling setup, due to the fact that the
diversity and patchiness of plants in the flower strips
made representative core sampling almost impos-
sible. At the same time, excavating and washing the
whole 0-30 cm layer at an area of 50X50 cm was
also not feasible. A compromise of manually picking
out coarser topsoil roots from the whole soil volume
plus representative sampling of finer roots was thus
attempted.

For the chemical analysis of the soil (C, N, pH,
soil texture), five disturbed samples were taken with
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a thin auger (2 cm diameter) and pooled according
to the depth intervals 0—10 cm (upper topsoil) and
10-30 cm (lower topsoil) in the flower strip and in
the adjacent cropland. The soil samples were dried at
60 °C until constant weight, and then sieved at 2 mm
and milled in a ball mill. Afterwards, the soil samples
were analysed for organic carbon and total nitrogen
contents by dry combustion in an elemental analyser
(LECO TruMac, St. Joseph, MI, USA).

Whole soil bulk density was determined by volu-
metric samples using steel cylinders (n=>5, 250 cm?)
in the flower strips and the adjacent cropland for each
layer. The rock fragment fraction was neglected in
this study. The bulk density samples were dried at
105 °C for one week and then weighed. SOC stocks
(Mg ha™!) were calculated by multiplying bulk den-
sity with sampling depth and SOC content. SOC
stocks were compared based on equivalent soil mass
(Wendt and Hauser 2013).

Carbon input calculation and RothC modelling

Due to the low age of the flower strips (on average
three years since establishment), we were not able
to base any SOC sequestration estimates on meas-
ured SOC stock changes alone. Therefore, we used
the measured flower strip biomass data in a compre-
hensive modelling approach to estimate the carbon
sequestration potential of flower strips in German
cropland topsoils (0-30 cm). Flower strip carbon
input was calculated using measured above- and
below-ground biomass with established conversion
factors (0.45 for above- and 0.4 for below-ground
respectively; Kitterer et al. 2011). The latter value
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originates from an earlier root washing study and is
lower than for aboveground biomass due to a slight
dilution with mineral particles (Poeplau et al. 2018).
To account for root exudates, 31 % of belowground
biomass C was added to the total belowground C
input (Pausch and Kuzyakov 2018).

Each set of C inputs (AGC and BGC) from the
sampled flower strips was used as an input scenario.
All 23 flower strip scenarios were used as C inputs on
a total of 1533 selected sites from the German Agri-
cultural Soil Inventory. In the German Agricultural
Soil Inventory, a grid of 8 X8 km covering a total of
3104 sampling points (2234 on croplands) was sam-
pled with the primary purpose of used to estimating
a baseline SOC stocks of German agricultural soils
to a depth of 1 m (Poeplau et al. 2020). From these
data, 1533 cropland sites were selected from the com-
plete inventory of agricultural soils based on avail-
ability of management data and soil type criteria; a
minimum of six consecutive years of reliable man-
agement data (main crop type and yield, fertiliser and
manure application) was required, and organic soils
(> 87 g kg™ SOC) were excluded. The available man-
agement including information on crop yields, cover
crops and organic fertilisers were used to calculate
OC inputs for a business-as-usual (BAU) scenario
with allocation coefficients (Riggers et al. 2019). The
input estimation as described by (Franko et al. 2011)
was applied here, since it gave the best fit to 139 Ger-
man long-term monitoring sites (Riggers et al. 2019).
All 23 flower strip scenarios as well as the BAU sce-
nario were run on all 1533 points, so that a total of
36,792 model runs were completed using the RothC
model (Coleman and Jenkinson 1996) as modified by
(Dechow et al. 2019).

RothC is a model describing soil carbon decompo-
sition using first order kinetics (Eq. 1) and a system
of four interacting SOC pools each characterised by a
specific reference decomposition rate (k,,») (Coleman
and Jenkinson 1996). These decomposition rates are
modulated by rate modifying factors considering the
effects of temperature (a), soil water deficit () and
soil cover (c). This reference decomposition rate is
applied to calculate the change in SOC stock (Y) over
time (Eq. 2).

k = abck, 1)

dy
il 2

Monthly climate data required for RothC mod-
elling was retrieved from DWD (German meteoro-
logical service) for the period 2001-2017, for each
of the individual Inventory points. Both climate
and management time series were repeated for
400 years, to run the model into equilibrium.

The ratio of decomposable plant material (DPM)
and resistant plant material (RPM) (DPM/RPM
ratio), as a parameter for organic matter decomposa-
bility, was assumed to be equal for cereal crops and
flower strips (1.44).

In the flower strips scenarios, it was assumed
that the soil was covered by vegetation the whole
year, while fallow periods occurred between con-
secutive crops in crop rotations of the BAU sce-
nario. In RothC, crop coverage has implications for
the decomposition rate modifying factor ¢ (Cole-
man and Jenkinson 1996) that is used to differen-
tiate between SOC decomposition for periods with
(¢ =0.6) and without vegetation cover (c=1.0) on a
monthly basis, so that in the end the actual decom-
position rates are slightly lower under flower strips
compared to fallow periods in the BAU scenario.
Vegetation cover has a strong effect on soil mois-
ture, which has been shown to slow down organic
matter decomposition as compared to bare soil
(Sparling et al. 1982). This is incorporated into the
RothC model by Coleman and Jenkinson (1996).

The SOC sequestration potential of flower strips
was estimated for each individual inventory site and
for each scenario as follows:

ASOC stock; =Flower strip scenario SOC stock;

— BAU SOC soil stock; (3)
where the flower strip scenario SOC stock; (Mg
C ha™!) is the modelled soil C stock at time i for a
given combination of inventory site and flower strip
scenario C inputs, and BAU SOC stock (Mg C ha™!)
is the modelled soil C stock at time i with the cor-
responding inventory C inputs. Flower strip NPP was
not directly associated with soil properties or climate
(Fig. 6). We thus ran all possible combinations and
argue that the range of estimated sequestration rates
will reflect the variability of the potential C seques-
tration of flower strips.
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Statistics

Correlations between the measurements of the
flower strips (AGB, BGB, total biomass, root:shoot
ratio, age of the flower strip, total number of plant
species), soil parameters (sand, silt and clay con-
tent, pH), climatic parameters (mean temperature
and total precipitation of the vegetation period
(April—September)) as well as the Shannon index,
Pielou index and the average C sequestration rate
for the initial 20 years were assessed using Spear-
man’s correlation.

Shannon Index, quantifying plant species diver-
sity, was calculated according to (Shannon and
Weaver 1964):

H=-Y" p In@) )

where S is the total number of species observed in the
flower strip, and p; is the proportion of plants of spe-
cies i out of the total number of plants in the flower
strip.

Pielou Index, referring to plant species evenness,
was calculated according to (Pielou 1966):

J = H

=S Q)

where H’ and S are as defined above.

Fig. 2 Boxplots of a) dry a

Paired t-tests were used to determine the sig-
nificance of the differences in SOC stocks between
flower strips and cropland.

Modelling and statistical analyses were performed in R 4.1.1
(R Core Team 2020). RothC was run using the SoilR package
(Sierra et al. 2012), and analysis of the modelling results was
done with linear models. Differences in C input between the
BAU scenario and the 23 flower strip scenarios were assessed
with paired Sign-tests from the BSDA package (Amholt and
Evans 2021) as the distributions of the variables were skewed.
Confidence intervals for median values were calculated using
the DescTools package (Signorell, et mult. al. 2022).

Results

Flower strip biomass and carbon stocks

In the flower strips, the mean total biomass was
9.8+3.3 Mg ha!. The mean AGB production was
7.4+3.4 Mg ha™!, which corresponds to 75 % of the
total biomass. BGB contributed a smaller share of the
total biomass production (2.4+ 1.5 Mg ha™!; 25 %).
The coefficient of variation between sites for BGB
(62.5) was larger than that of AGB (33.7).

The mean root:shoot ratio was 0.4 +0.3 (Fig. 2B)
with two flower strips having root:shoot ratios greater

b

matter (Mg ha™") of the

flower strips (n=23); AGB 20 % ® 1.25
(aboveground biomass),
BGB (belowground °
biomass), Total Biomass
(AGB +BGB) and b) — -1.00
root:shoot ratio (unitless). Y 15 - :
Observations shown as (] ®
dots; outliers signified by L o o
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5 104 o r ° 1 [ .
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than 1, meaning a greater biomass belowground com-
pared to aboveground.

The SOC stocks for the sampled sites and for each
soil layer are shown in Fig. 3A. The upper topsoil
layer showed significantly higher mean values of SOC
stocks in the flower strips (25.9+6.7 Mg ha™!) com-
pared to cropland (23.0+7.2 Mg ha™'). In the lower
topsoil layer, the flower strips showed a slightly higher
mean value of SOC stocks (42.6+15.8 Mg ha™1)
compared to cropland (40.5+13.3 Mg ha™!), but
these differences were not significant.

The mean stocks for the complete soil depth of
0-30 cm were 68.4+20.9 Mg ha~! for the flower
strips and 63.5+ 18.4 Mg ha™! for cropland, but these
values were also not significantly different (P> 0.05).
For 15 out of 23 sites, the mean value of SOC stocks
of the complete topsoil profile in the flower strips was
higher compared to that of the cropland (Fig. 3B).

RothC modelling

Across all combinations of inventory sites and flower
strip scenarios, the mean SOC sequestration potential
of the flower strips after 50 years was 16.5+12.9 Mg
C ha™! (Fig. 4). 92 % of all model runs of the flower
strip scenarios result in a gain of soil C after 50 years
compared to the BAU scenario.

After the first 20 years, a mean of 9.6+7.3 Mg
C ha™! has been accumulated in the soils under
flower strips compared to the BAU scenario. This

a 004 . b

~ 1504 -
T . -

2 . pe
=] [=)]
= 1004 =
Q . Q
@}

3 . 3

0-10cm 10-30 cm 0-30 cm

ES Cropland E3 Flower strip

Fig. 3 SOC stocks (Mg ha™!) of the cropland (blue) and adja-
cent flower strips (green) for the upper (0-10 cm), lower (10—
30 cm) and complete topsoil layer (0-30 cm) a) in boxplots
(n=23), and B) the difference between the flower strip SOC

)

b

b=
L

A soil C stock (Mg Cha™’
=]

-404
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40 50

Fig. 4 Combined violin plot and scatter plot of the change
in SOC (Mg ha™!) of flower strips across 50 years, with a fit-
ted GAM (generalised additive model) line (black), where the
potential total sequestered C is the difference between the BAU
scenario and the flower strip scenario. Years 10, 20, 30, 40,
and 50 are included in the figure, and the black GAM-line is
fitted to the same years as well as through 0. A linear model
(green) is fitted to years 0, 10 and 20. For each year, n=35,259

corresponds to an average yearly sequestration rate of
0.48+0.36 Mg C ha™! year™..

The modelled rate of change in SOC stock within
the initial 20 years of flower strip establishment
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stock and the cropland SOC stock (Mg ha™") for the individual
flower strip locations. Flower strip “Siggen” (Si) has very high
SOC stock compared to the cropland, and has therefore been
excluded from b) to increase readability of the graph
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varies greatly between flower strip scenarios, and
scales with total biomass (Fig. 5). Only the GG 2 and
TE 2 scenarios appear to have a considerable number
of model runs with a negative rates of change in SOC
stocks after 20 years, both of which have relatively
low flower strip biomass.

The sequestration rate of the flower strips correlated
significantly and positively with both aboveground
biomass, belowground biomass and total biomass.
Simultaneously, there was a significantly negative cor-
relation between the mean C sequestration rate and the
number of species observed in the flower strip as well
as Shannon index and Pielou index. Generally, total

biomass was also significantly negatively correlated
with the number of observed plant species, as well as
the Shannon and Pielou indices, albeit not statistically
significant at P <0.05 (Fig. 6).

No individual plant species correlated signifi-
cantly with aboveground biomass with the exception
of grasses (as an order), where a negative correlation
was observed. However, a significant positive cor-
relation between grasses and belowground biomass
was also observed, resulting in no significant correla-
tion between grasses and total biomass.

Both the median aboveground C inputs and the
median belowground C inputs were significantly

Fig. 5 Distribution of the
modelled rate of change
in SOC stock Mg C Z0 4
-1 -1 PR
ha™ year™) of thf: initial TE 2
20 years for each inven-
tory site (n=1533) for TE 11
each of the 23 flower strip SiH
scenarios. The colour scales Sch 4
with the total biomass in the
flower strip scenario (Mg Me 2 4
ha™"). A difference of 0 is Me 14
shown by a grey line, and Lue 4
the striped line signifies the
mean rate of change in SOC Kr 24
stock across all combina- Kr 1+
tions of inventory sites and Is
flower strip scenarios
Hoe 2 1
Hoe 14
HB -
Ha
GG 21
GG 11
Em -
Do 2+
Do 14
Br-
BG 21
BG 11

0.0

05 1.0

SOC change rate (Mg C ha ' yr'"), 20 years
Total flowerstrip biomass (Mg ha ' )

5
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Fig. 6 Correlogram of influences of soil characteristics,
weather data and count of different species on biomass pro-
duction, root:shoot ratio, C sequestration rate, age and diver-
sity parameters in the flower strips. The colour indicates the
Spearman’s correlation coefficient p and the asterisks indicate
the significance level (*<0.05, **<0.01, ***<0.001). Pre-
cipVeg21 is the precipitation of the vegetation period (April

greater (P <0.001) in the flower strip scenarios than for
the BAU scenario (Tab. 1). Further, the BAU scenario
had a greater BGC:AGC ratio compared to the flower
strip scenarios (Fig. 7, Table 1, P<0.001), which is
related to the fact that a significant amount of the AGC
was exported from croplands as yield. The median val-
ues of AGC, BGC and BGC:AGC ratios were com-
pared, as the distributions of observations for both the

Sand
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to September) 2021, TempVeg2l is the mean temperature
of the vegetation period (April to September) 2021. C seq
rate, 20 years is the mean C sequestration rate for the initial
20 years of that flower strip scenario compared to the BAU
scenario. The plant names (e.g. Sunflower, Buckwheat) is the
count of the individual plant species

BAU scenario and the flower strip scenarios were posi-
tively skewed. In addition to being skewed, all three C
inputs in the flower strip scenarios had multiple une-
venly distributed peaks (Fig. 7), which may be caused
by the relatively low number of observations and great
variation between flower strips (n=23).

In the BAU scenario, organic fertiliser was part
of the C input to the soil while in the flower strip
scenario, we assumed that no organic fertiliser

Below ground C input

BGC:AGC ratio

Above ground C input

BAU
Flowerstrip

Probability density (%

Mg C ha’

Fig. 7 Probability density (%) graph of the a) aboveground
C (AGC, Mg C ha™!) input, excluding organic fertiliser, b)
belowground C (BGC, Mg C ha™') input and ¢) BGC:AGC
ratio (unitless) for the BAU scenario (blue) and the flower
strip scenarios (green). In C, 28 inventory sites (1.8 % of 1533

Mg C ha’

BGC:AGC ratio (-)

sites) have been excluded to increase readability of the figure,
as their BGC:AGC ratio is greater than 3. The dashed blue
line represents the median value of the BAU scenario input
(n=1533), while the solid green line depicts the median of the
flower strip scenarios (n=23)
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was applied. Even though the median C input from
organic fertilisers across all inventory sites was
0.36 Mg C ha™!, the median total C input from all
sources is still significantly greater in the flower strip
scenarios compared to the BAU scenarios (Table 1).

The sites with the greatest mean sequestration rate
for flower strips are located in Central and Eastern
Germany (Fig. 8, darkest blue colour). The median
sequestration rate is negative at 49 sites (3.2 % of all
inventory sites) across all flower strip scenarios, of
which one site has a negative sequestration rate for
all flower strip scenarios. The sites that have near-
Zero or negative mean sequestration rates are primar-
ily located in the North-Western areas of Germany as
well as the Southernmost regions (Fig. 8).

In Germany, 12.67 mio hectares of mineral soil
(<87 g C kg™ are currently used as cropland (Fed-
eral Environmental Agency 2021). Converting 1 % of
the German cropland area with mineral soils (approx-
imately 0.13 mio ha) to flower strips with an average
sequestration rate of 0.48 Mg C ha~! year™! in the
first 20 years, will result in a yearly increase of 0.065
Tg C in the top 30 cm of soil per year.

Discussion

Carbon sequestration of flower strips

Our estimated sequestration rate of the first 20 years
of flower strips on German croplands was 0.48 Mg C
ha™! year™!. The mean sequestration rate for the first
50 years was 0.33 Mg C ha™! year™! which is similar
to that of cover crops, estimated by Seitz et al. (2022)
to be 0.28—0.33 Mg C ha~! year™! for Germany in
the initial 50 years, as well as the mean estimate of
0.32 Mg C ha™! year™! from a global review study by
(Poeplau and Don 2013).

In addition to cover crops, other proposed car-
bon sequestration measures related to potentially
increased NPP in situ include land use conversion to
grasslands as well as agroforestry, such as hedgerows
(Bellassen et al. 2022).

Estimates of the C sequestration potential of agri-
cultural land converted to grasslands range from
0.4—1.9 Mg C ha™! year™ for a 20-year period, with
an average of 0.85 Mg C ha™! year™! (Freibauer et al.
2004; Hu et al. 2019; Johnston et al. 2009; Poeplau
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and Don 2013). The estimated SOC sequestration
potential of agroforestry in Europe is 0.22 Mg C
ha™! year‘1 (Bellassen et al. 2022; Pellerin et al.
2020), while Kay et al. (2019) estimates the poten-
tial of various combinations of agroforestry prac-
tices in Europe to range between 0.09—7.29 Mg C
ha~! year~! in soil and woody biomass combined.

The carbon sequestration rate of hedgerows has
been estimated to be 2.1—5.2 Mg C ha~! year™! for
the whole ecosystem including woody biomass (Drex-
ler et al. 2021), and ranging between 0.3—1.5 Mg C
ha™! year~! of C sequestration in the 0-30 cm layer of
the soil (Biffi et al. 2022; Drexler et al. 2021). Hedge-
rows can serve similar biodiversity functions in an
agricultural landscape as flower strips (Montgomery
et al. 2020; Thiel et al. 2015), but flower strips have a
more positive effect on pollinators and yield improve-
ments through predation (Albrecht et al. 2020).

Thus, the C sequestration potential of measures
with permanent woody biomass on croplands is cer-
tainly higher than that of flower strips. However, the
implementation of agroforestry requires structural
and system-wide changes to agricultural management
practices, which make these measures difficult and
expensive for farmers, and may additionally result
in a net loss of income through lost productivity.

A

&0 16 220 i

Mean change in SOC (Mg Cfhafyear)

14 ] L

Fig.8 Map of the mean rate of change in SOC (Mg C
ha™! year™) for all of the flower strip scenarios of the ini-
tial 20 years, for the 1533 Inventory sites. Red signifies loss
of SOC compared to the BAU scenario, while blue signifies
increases in SOC compared to the BAU scenario
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Similarly, hedgerows can be immense commitments
for farmers, as they are established long-term in one
site and need regular care with cutting. In compari-
son, flower strips are relatively simple to implement,
inexpensive and do not require long term commit-
ment from the farmers. However, the benefits in terms
of C sequestration of both measures require continued
long-term commitment since the sequestered C can
be released back to the atmosphere when the measure
is stopped.

Generally, an increase in C input to the soil has
the potential to increase the SOC stock (Janzen et al.
2022; Riggers et al. 2019). Overall, the flower strip
scenarios create greater total C inputs to the soil,
particularly from aboveground biomass compared
to the BAU scenario, (Fig. 7, Table 1), which can
be explained by the harvest and subsequent export
of biomass from croplands which does not occur
on flower strips. Additionally, the C sequestered by
application of manure in the BAU scenario does not
count towards net C sequestration. Since the flower
strips do not receive manure, the net C sequestration
of flower strips as compared to the BAU scenario
was thus even slightly underestimated. The flower
strip scenarios also had a 3 % higher median below-
ground C input, which can be caused by the presence
of perennial plants (grasses, clovers), particularly in
more established (older) flower strips as the plant spe-
cies composition may shift towards grasses (Fig. 6).
Added C from fertiliser and manure accounted for
12 % (median) of total added C in the BAU, but this
did not compensate for the differences in plant bio-
mass C input between the flower strip scenarios and
the BAU scenario.

As climatic variables and soil parameters were
identical for the BAU scenario and flower strip sce-
narios, the differences in C input can drive the
observed C sequestration effect of the flower strips.
In addition to differences in C input, the flower strips
scenarios also assume full soil coverage across the
year, while the BAU scenario can have fallow periods
between annual crops in accordance with the manage-
ment information. Thus, the decomposition rates of
the modelled SOC pools in RothC were slower for the
flower strips, as soil cover reduces the decomposition
rate of a pool.

The greatest effect on SOC stock occured when the
yearly aboveground C input of the flower strip was
much larger than the BAU scenario (>5 Mg C ha™!,

S. Figure 1). However, significant positive changes
in SOC stock were also observed when the total bio-
mass C or AGC input of the flower strip scenarios
were similar to or slightly less than that of the BAU
scenario (S. Figure 1). In these cases, the BGC:AGC
ratio was relatively high, so that the acknowledged
and implemented relatively higher stabilisation effi-
ciency of root-derived C may have outweighed the
lower total C input.

The fact that the difference in amount of C input
was the major driver of difference in SOC stock
between the BAU scenario and the flower strip sce-
narios is also delineated in the spatial pattern of
C sequestration through flower strip implementa-
tion across Germany (Fig. 8). The greatest C inputs
from crop residues and organic fertilisers as well as
the NPP production patterns were found in North-
West and South-East Germany (Jacobs et al. 2020).
This pattern is reflected in where the effect of flower
strip implementation was observed to be smallest
(Fig. 8). The highest SOC sequestration potential
of flower strips might thus be found in Central and
North-Eastern Germany, assuming that the pedo-
climatic conditions are suitable everywhere to reach
comparable flower strip NPP as measured in the pre-
sent study. Our assumption that the pedo-climatic
conditions allow for a similar NPP production across
Germany can be questioned, particularly for the drier
and less fertile areas of Eastern Germany. However,
1) the obtained dataset of flower strip biomass in this
study was not correlated to climate variables and only
weakly correlated with soil properties (Fig. 6) and ii)
the flower strips sampled in exactly this rather dry
part of Germany had the fourth, seventh and eight-
eenth highest total biomass, which suggests that these
flower strips do not produce consistently less biomass
than those sampled in other regions of Germany.
Thus, we have no observations that indicate that the
flower strips should not be representative for various
climate and soil conditions within Germany.

As presented above, the modelled SOC seques-
tration rates in this study appear reasonable and are
well in the range of comparable measures. We also
detected short-term significant differences in SOC
stocks in 0—10 cm and a positive tendency also in the
10-30 cm layer (Fig. 3). We interpret this as an indica-
tion that flower strips increase SOC stocks when kept
for a certain time. However, i) the missing significant
difference in 0-30 cm, ii) the low average flower strip
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age of 3.2 years, as well as iii) the absent correlation
of SOC stock change and age of the flower strip pre-
vented us from deriving sequestration rates based on
measured SOC stocks. This also highlights the diffi-
culty of detecting changes in SOC stocks after only a
few years (Smith 2004), which is, however, commonly
attempted by upcoming carbon certification schemes.

The dynamics of other greenhouse gases such as
methane and nitrous oxide have not been investigated
for flower strips. Other carbon sequestration methods,
such as cover cropping, have been shown to increase
e.g. nitrous oxide emissions under certain circum-
stances (Basche et al. 2014), and the total effect of
flower strips on climate change requires these esti-
mates to be thorough. It is however likely that nitrous
oxide emissions will drop significantly upon flower
strip establishment due to the cessation of fertilisation
(Shcherbak et al. 2014).

Currently, about 117.057 ha of flower strips are
established in Germany as of 2019 (Fritz 2019),
which corresponds to approximately 1 % of the crop-
land area. If an additional 1 % of cropland on mineral
soils in Germany was converted to flower strips, 0.065
Tg C year! (0.24 Tg CO, year™') could potentially
be sequestered annually in the top 30 cm of the soil.
This corresponds to a small proportion of the annual
greenhouse gas emissions from agriculture in Germany
(0.4 %, NIR 2021). However, i) SOC sequestration is
only one positive feature of flower strips, ii) the likely
reduction in N,O emissions would increase the climate
mitigation potential of flower strips and iii) on the path
towards climate neutrality, even options with relatively
limited potential should be considered if they do not
interfere with or prevent options of greater impact.
The goal of a 1 % conversion of cropland to long-term
flower strips is ambitious, yet not unrealistic.

Uncertainties

The estimated C inputs from above- and below-
ground biomass from flower strips come with uncer-
tainties. Firstly, the biomass was sampled only once,
at the estimated overall peak biomass. Secondly, no
estimates for flower strip biomass, from which the C
inputs are derived, have previously been published,
and thus there are no references to directly compare
and evaluate our observations with. However, within
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a multi-species flower strip as well as across flower
strips of varying species composition, it is unlikely
that we actually caught this exact moment of peak
biomass at all sampled sites. Some of the unexplained
variation across flower strip biomass might thus arise
from the differences in sampling dates. It is likely that
we underestimated total biomass due to the fact that
NPP was either ongoing or concluded weeks ago for
some species at the chosen sampling dates between
July and September. At the same time, belowground
C inputs could be overestimated, since we converted
the full root biomass into C inputs, while this would
only be the case for annual plants. Perennial plants
like grasses maintain a proportion of their roots so
that root biomass does not equal C inputs to the soil
(Gill and Jackson 2000). However, it was not possible
to differentiate between annual and perennial roots
in the samples. It could not be assessed, which effect
caused a larger error or whether they cancel each
other out.

Further uncertainties arise from the modelling
exercise from various sources. On the one hand, the
strengths of the used set of inventory points are that 1)
they originate from a systematic random sample (mon-
itoring grid) that is considered as representative for
German croplands and that ii) quality checked manage-
ment information that directly correspond to measured
SOC stocks could be used for the BAU scenario, which
reduce the uncertainty. On the other hand, it has been
shown that SOC turnover models are very sensitive to
C input estimates. These estimates can be derived by
many different sets of allocation coefficients, which
have been found to result in a wide range of average C
inputs to the soil (Keel et al. 2017; Riggers et al. 2019).
Still, the chosen combination of model and input esti-
mation approach was found to perform well on 139
long-term monitoring sites in Germany (Riggers et al.
2019). Furthermore, we are confident that using the
recalibrated version of the RothC model (Dechow et al.
2019), which is also capable of distinguishing between
different types of input (AGC/BGC, organic fertiliser),
reduced the model-error compared to the more widely
used standard version. The magnitude and range of
modelled SOC sequestration in this study appeared
reasonable, although we were not able to directly vali-
date the model results due to the lack of long-term
SOC timeseries under flower strips.
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Synergies, trade-offs and potential leakage effects

Flower strips contribute with numerous ecosystem ser-
vices, including increased plant and insect biodiver-
sity, provide nesting and foraging habitats for animals,
reduce soil erosion and minimise nutrient leaching, as
well as improve landscape aesthetics and can be used
for human recreational purposes (Haddaway et al. 2018;
Marshall and Moonen 2002; Westphal et al. 2015).
There was a significant positive correlation between
the mean C sequestration rate of the initial 20 years
and both the total biomass as well as belowground
biomass of the flower strip (Fig. 6), suggesting that
highly productive flower strips have higher sequestra-
tion potential. Further, we found that flower strips with
many different plant species and evenly distributed and
more diverse plant populations had lower C sequestra-
tion rates. Thus, in contrast to a previous study showing
that cover crop diversity may have a positive effect on C
inputs (Gentsch et al. 2020), the present study suggests
a potential trade-off between C sequestration and plant
species diversity in the flower strips.

Flower strips are not always resown in spring so
the plant species composition can shift from deliber-
ately sown species (sunflowers, buckwheat, phacelia)
towards spontaneously occurring plant species, some of
which are not included in typical flower strip mixtures
(grasses, thistle) (Fig. 6). If flower strips are not re-
established after a few years, it is possible that the inten-
tionally sown flower species may be outcompeted by
grasses (Piqueray et al. 2019), which can result in lower
plant biodiversity than intentionally diverse flower
strips. However, the diversity of multi-species grassland
has also been shown to support high pollinator biodi-
versity (Cong et al. 2020). In this study, no direct cor-
relation between C sequestration rate and presence of
grass in the flower strip was found (Fig. 6). However,
the abundance of grasses was positively correlated to
the root:shoot ratio of the flower strip, which may suc-
cessively translate into a higher sequestration efficiency
(Kitterer et al. 2011; Poeplau et al. 2021), which may
influence the lack of correlation between species diver-
sity and C sequestration of the flower strips.

Unlike cover crops, it is not feasible to implement
flower strips on large proportions of the cropland
area, and the total potential effect for climate change
mitigation is thereby comparatively lower. However,
converting edges of agricultural fields to flower strips
can be done independently of the crop and the related

management, and thus, flower strips are a more ver-
satile management tool for increasing the total SOC
stock in cropland areas.

Additionally, Klimm (2020) has shown that flower
strips need to be tailored to the regional environmen-
tal conditions to have significant positive impacts on
ecosystem services, including provision of food and
shelter for native insects.

Conversion of cropland to flower strips reduces
the area under cultivation, potentially compromis-
ing the production of agricultural goods. This could
cause land-use spillover where land use change in one
region causes land use change in another region (Mey-
froidt et al. 2020); if the agricultural yield in Germany
decreases due to implementation of flower strips, it is
possible that a comparable area will be converted to
agricultural land somewhere else to sustain food, feed
and fibre production on a global scale. Leakage effects
should thus be considered when the overall benefits of
flower strips are discussed. However, obligations for
European farmers to set cropland aside are increasing
and flower strips seem one promising option to do so.
Furthermore, they may even have positive effects on
per area yield (Pywell et al. 2015), which might com-
pensate for losses of cropping area.

Conclusion

For the first time, biomass of flower strips has been
determined and analysed in relation to plant biodi-
versity. We found a significant negative correlation
between the total number of unique plant species in
the flower strip and its total biomass production, sug-
gesting that highly diverse flower strips are less pro-
ductive. The biomass of the flower strip is not har-
vested or removed, and thus flower strips have a much
greater input of C to the soil compared to croplands.

Additionally, the C sequestration potential of flower
strips has also been modelled for the first time. We esti-
mate that flower strips can sequester 0.48 Mg+0.36 C
ha~! year™! in the initial 20 years after establishment in
temperate, intensively used mineral soils. This rate is
comparable to other C sequestrations methods, includ-
ing cover crops and land use conversion to grassland.
As with the total biomass, there is a negative correla-
tion between C sequestration rate and biodiversity; thus
there may be a trade-off between maximising plant bio-
diversity and C sequestration in flower strips.
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If an additional 1 % of German cropland on min-
eral soils was converted to flower strips, an additional
0.065 Tg C would be sequestered in the soil, which
corresponds to 0.4 % of all GHG emissions from the
German agricultural sector. Converting cropland to
flower strips is not a fail-safe C sequestration method.
Areas with already-high inputs of organic C from
organic fertilisers, including manure, and biomass
will see a lower potential C sequestering effect of
flower strips. Furthermore, only a permanent flower
strip can act as a significant C sink for climate miti-
gation. However, flower strips often improve agricul-
tural yields through increased pollinator attraction
and pest predation and have synergistic relations with
overall ecosystem biodiversity. Therefore, implement-
ing flower strips as a simple and easy-to-implement
management option by farmers can improve multiple
critical agro-environmental issues simultaneously.
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