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of this study was therefore to quantify both above-ground biomass (AGB) and

systems by destructive sampling at three sites in northern Germany. The total
biomass C (TBC) stock of the sampled hedgerows was 105+11Mgha™" on aver-
age. An additional 11+2Mgha™" were found in hedgerow litter and dead roots.
Coarse roots (34% of TBC), stumps (22%) and harvestable biomass (20%) were the
largest biomass C pools of the hedgerows. The BGB:AGB ratio was 0.7 + 0.1, show-
ing the importance of BGB in old hedgerow systems. Compared with other woody
systems, these old hedgerows seem to have a different biomass distribution, with
more biomass allocated below-ground. About 15% of BGB C stock was stored in
fine roots, whereas 85% was stored in coarse roots. The topsoil (0-30cm) con-
tained 85% of coarse root biomass C and 51% of fine root biomass C. Hedgerow C
stock exceeded that of average German forests, and thus demonstrated their large
potential for C sequestration when newly planted. This study provides detailed
empirical data on C stocks in old hedgerow systems, and thus can be used to take
hedgerow C sinks into account in C farming frameworks.
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1 | INTRODUCTION climate change, ambitious climate protection goals have
been set in recent years at international and national lev-
Climate change is one of the most urgent and serious cri- els. To achieve net zero targets, the land use, land-use

ses we have to face globally in the 21st century. To mitigate =~ change and forestry sector (LULUCF) is supposed to play
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an important role as it is the only sector under the United
Nations Framework Convention on Climate Change
where negative emissions from C sinks are possible. The
European Commission wants to achieve climate neu-
trality in the EU by 2050, including ambitious targets for
the LULUCEF sector at 310 million Mg CO, equivalents in
2030 (European Council, 2022). At a national level, even
stricter targets have been set, for example, in Germany net
zero should be achieved by 2045 with the help of natural C
sinks, which are expected to compensate for unavoidable
emissions of 40 million Mg CO, equivalents in 2045 (KSG,
2019).

One potentially promising measure that could help in-
crease terrestrial C sinks to meet these goals is to establish
new hedgerows. Hedgerows are a traditional type of agro-
forestry and widely distributed in the temperate climate
zone (Burel, 1996). Hedgerows can be defined as man-
aged, linear structures composed of perennial shrubs or of
shrubs and trees established adjacent to agricultural fields
(Drexler et al., 2021). Besides climate change mitigation,
hedgerows could help with adaptation to climate change
by improving the microclimate, shading and enhanc-
ing water storage in adjacent agricultural fields (B6hm
et al., 2014; Cleugh et al., 2002; Sanchez et al., 2010).
In combination with livestock, hedgerows can provide
shading and reduce heat stress (Mader et al., 1999).
Moreover, hedgerows provide multiple other co-benefits,
such as better erosion control and increased biodiversity
(Montgomery et al., 2020). Hedgerows provide a habitat,
shelter and resources for a wide range of species, includ-
ing plant, birds, mammals and invertebrates, and support
functionally important taxa such as pollinators and natu-
ral enemies of pests (Castle et al., 2019; Litza et al., 2019;
Morandin et al., 2014). This multifunctionality makes
the establishment of hedgerows a particularly promis-
ing measure to increase terrestrial C sinks in agriculture
(Haddaway et al., 2018; Kay et al., 2019). In addition,
hedgerows require little area (e.g. in Germany around
0.2% of agricultural land), allowing the majority of agri-
cultural land to be used for food production, thus mini-
mizing leakage effects.

Detailed information on the C stocks of hedgerows are
needed in order to account for C stock changes due to the
establishment and removal of hedgerows, for example,
for national greenhouse gas reporting, and to estimate
associated C sequestration potentials. Estimates of the C
sequestration potential of hedgerows have recently been
published in meta-analysis and modelling studies, and
indicate a high C sequestration potential in both soil and
biomass (Drexler et al., 2021; Mayer et al., 2022; Zellweger
et al., 2022). Golicz et al. (2021) estimate that there are
currently around 900,000ha of small woody landscape
features, such as hedgerows or woodlots, in Germany.

Based on the meta-study by Drexler et al. (2021), these
were estimated to store a total of 36.3+22.2 Tg C in the
biomass and 74.8 +30.3 Tg C in the soil, corresponding to
about 34% of total agricultural biomass C stock and 6%
of total agricultural soil organic carbon (SOC) stock in
Germany. Golicz et al. (2021) state that the conversion
of 1-10% of German cropland to hedgerows could se-
quester between 14 + 52 and 143 +107 Tg C over 30years.
However, these calculations were based on limited empir-
ical data on hedgerow C stocks. Recent empirical studies
have focused on SOC storage and sequestration of hedge-
rows (e. g. Biffi et al., 2022; Chiartas et al., 2022; Van Den
Berge, Vangansbeke, Baeten, Vanneste, et al., 2021; Viaud
& Kunnemann, 2021), despite more than 80% of the ad-
ditional C stocks of hedgerows, compared with crop-
land, being found in the biomass (Drexler et al., 2021).
Empirical data on hedgerow biomass, particularly data
on below-ground biomass (BGB), remain limited because
sampling is labour-intensive and time-consuming.

To estimate BGB, fixed BGB:above-ground biomass
(AGB) ratios are often applied. However, BGB:AGB ra-
tios are land use and vegetation specific, and are thus not
easily transferable (Mokany et al., 2006; Xing et al., 2019).
Cardinael et al. (2018) defined Tier 1 emission factors
for AGB and BGB C sequestration specifically for hedge-
rows adapted to different climate zones. These were sub-
sequently included in the IPCC Guidelines for National
Greenhouse Gas Inventories (IPCC, 2019). For the tem-
perate climate zone, the estimates on C sequestration
in hedgerow biomass were based on just one study that
sampled prairie shelterbelts for AGB in Saskatchewan
and Manitoba, Canada (Kort & Turnock, 1999). Cardinael
et al. (2018) estimated hedgerow BGB by applying a
fixed BGB:AGB ratio of 0.26, which was based on an
estimate for forests in the temperate climate zone by
Cairns et al. (1997). Other widely used BGB:AGB ratios
are between 0.2 and 0.5 for temperate forests according
to Mokany et al. (2006). Levin et al. (2020) used an even
lower BGB:AGB ratio of 0.19 in their study about bio-
mass change in non-forest woody vegetation in Denmark
according to the IPCC default for temperate forests
(IPCC, 2019). The only empirical study about the BGB of
hedgerows in the temperate climate zone found a mean
BGB:AGB ratio of 0.94+0.26 from the sampling of three
old hedgerows in the United Kingdom, established up to
220years ago (Axe et al., 2017). However, Axe et al. (2017)
included stumps in the BGB pool. This ratio is very differ-
ent from the above-mentioned BGB:AGB ratios, suggest-
ing that BGB:AGB ratios derived from forest data are not
applicable to hedgerows.

The aim of this study was therefore to quantify biomass
C storage of established, temperate hedgerow systems
using biomass harvesting, soil excavation and soil coring
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methods at typical hedgerow sites in northern Germany.
We determined how much C is stored in the different
hedgerow biomass components, both in AGB and BGB,
and their contribution to total C storage. Based on the em-
pirical data, we calculated BGB:AGB ratios and analysed
the depth distribution of the different C pools.

2 | MATERIALS AND METHODS

2.1 | Study sites

Three sampling sites with hedgerows typical of the region
were selected: Rixdorf, Barkau and Droegendieck. All
three sites are located in the Schleswig-Holstein uplands
in northern Germany (Figure S1). The area is character-
ized by a dense network of hedgerows, known locally as
‘Knicks’, which were widely established in the 18th cen-
tury to mark property boundaries (Baudry et al., 2000). The
sampled hedgerows all date back to this period. They were
created by first raising a bank of soil material, and then
planting lines of shrubs and trees on top. Management
includes regular trimming and periodic coppicing of the
shrub layer about every 10-20years, while some mature
trees are left standing every 40-60m. The climate in the
study area is sub-oceanic, and is characterized by moder-
ately warm summers and mild winters. Between 1991 and
2020, the mean annual temperature at the closest weather
station in Dornick, located on average 13km away from
the sampling sites, was 9.2°C and mean annual precipita-
tion was 731 mmyear ' (DWD, 2022). A young moraine,
hilly topography, formed during the last glacial period,
shapes the landscape. Soil textures are sandy-loam to clay-
loam, as identified by texture-by-feel analysis in soil pits at
all three sites. At each of the three study sites, three hedge-
row plots 100m long and with different species composi-
tion were selected. The most dominant species across all
hedgerow plots were blackthorn (Prunus spinosa L., 37.1%
of total shoots), raspberries/blackberries (Rubus spec. L.,

15.8% of total shoots) and hazel (Corylus avellana, 14.2%
of total shoots; Figure 1). The average hedgerow width
was 5.9m, and was calculated as the midpoint between
the maximum crown width and the minimum stem width
measured in the field and verified via aerial pictures
(Figure S2).

2.2 | Sampling and sample processing

To determine the C stored in the hedgerow biomass, we
sampled the following biomass pools: AGB, subdivided
into harvestable biomass, mature trees and stumps; lit-
ter, subdivided into leaf litter and dead wood litter; and
BGB, subdivided into coarse roots (>2mm) and fine roots
(<2mm). Coarse roots were further subdivided into coarse
root biomass and coarse root necromass. Additionally,
SOC stocks were measured down to a depth of 1m. All
C pools were sampled on respective subplots (Figure S3).

2.2.1 | Above-ground biomass

Harvestable AGB was sampled destructively by cutting
all hedgerow biomass at the usual coppicing height in
10 subplots 10 m long per hedgerow plot (n=90). Usual
coppicing height was around 20cm and ranged up to
50cm, depending on the relief and the associated ac-
cessibility by harvesting machines. All biomass was
weighed directly fresh in the field per subplot. Due to
local conditions the segments had to be weighted on two
different scales: by a telescopic handler with minimum
load of 0.7t and 50kg resolution or on a mobile truck
scales with a minimum load of 1.1t and 10kg resolu-
tion. Three aliquots (approximately 5L each) per sub-
plot were taken to the laboratory and dried in a drying
oven at 105°C until constant mass was achieved to de-
termine water content and subsequently dry matter for
all subplot samples.

1001
. Acer campestre
80 . Carpinus betulus
. Corylus avellana
E‘ 60 . Crataegus monogyna
S |
7 . Prunus spinosa
o
8 - Rosa corymbifera
Q401
(2] . Rubus spec.
. Salix
207 . Sambucus nigra
. ses Other
FIGURE 1 Species composition and 0 .
characteristics of the sampled hedgerow Site Rixdorf Droegendiek Barkau
plots as a percentage of the total number Plot ! 2 3 ! 2 3 1 2 3
. . . Width 6.4 58 4.9 43 9.1 7.4 4.2 47 6.7
of shoots. Only dominant species with a tdth fm}
. L. Height [m] 54 4.8 6.1 7.0 9.8 6.9 3.9 36 43
proportion>5% are shown. All species in !
. Yearssince last 45 16 16 17 28 21 16 14 20
the hedgerows can be found in Table S1. coppice
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After coppicing, stumps are left standing. This stump
biomass was sampled at one hedgerow plot per site,
each with five subplots covering an area of 1m? (n=15;
Figure S4). The subplots were selected in a stratified ran-
dom sampling approach with the strata representing the
diversity of vegetation and different vegetation densities
in the hedgerow plot covering the whole hedgerow width.
Hedgerow width was defined as midpoint between the
maximum crown width and the minimum stem width.
After cutting the harvestable biomass at the usual cop-
picing height, the remaining above-ground stumps were
cut at ground level to clearly differentiate between AGB
and BGB. The stumps were cleared from soil as much
as possible in the field and then transported to the lab-
oratory. Large stumps were shredded in a wood chipper.
Subsequently, the entire biomass was washed by hand
with a high-pressure water hose over a 2mm sieve, and
dried in a drying oven at 60°C until constant mass was
achieved to determine dry matter.

Mature trees could not be felled for AGB determina-
tion. Therefore, diameter at breast height was measured
for all mature trees and species-specific allometric equa-
tions were used to determine their AGB covering the
whole above-ground part (Zianis et al., 2005). The mature
trees were each assessed within the 10 subplots per hedge-
row plot for harvestable biomass of 10m length.

2.2.2 | Litter biomass

Litter biomass was sampled on the same 1 m?(n=15) sub-
plots as the stump biomass. All leaf litter and deadwood
were collected manually in the sampling subplot. Litter
samples were transported to the laboratory, separated into
leaf litter and dead wood, dried in a drying oven at 60°C,
and weighed to determine dry matter.

2.2.3 | Below-ground biomass and
soil organic carbon

Coarse root biomass and necromass were determined by
excavating the soil to a depth of 1 m with a mini-digger,
and divided into topsoil (0-30m) and subsoil (30-100cm)
in the same 1 m? sampling subplots as for stump biomass
and litter (n=15). Coarse roots were cleared of soil as
much as possible in the field and separated directly into
biomass and necromass visually and by plasticity. After
transporting the samples to the laboratory, large coarse
roots were shredded in a wood chipper, the entire biomass
was washed by hand with a high-pressure water hose over
a 2mm sieve, and then dried in a drying oven at 60°C until
constant mass was achieved to determine dry matter.

In each of the hedgerow plots, 10 subplots were ran-
domly selected to determine fine root biomass and SOC
(n=90). Using a paired-plot approach, in one hedgerow
plot per site the adjacent cropland 30m away from the
hedgerow edge was also sampled to determine SOC in
five randomly selected subplots. The sampled adjacent
croplands were intensively managed and planted with
rapeseed (Rixdorf), winter cereals (Droegendieck) or
grass ley (Barkau) at the time of sampling. Soil cores with
a diameter of 6cm were taken to a depth of 1m using a
machine-driven soil auger in each subplot. The soil cores
were divided into six depth increments: 0-5cm, 5-10cm,
10-30cm, 30-50cm, 50-70cm and 70-100cm. If compac-
tion or stretching of the soil core occurred, the depth incre-
ments were corrected in situ by the difference between the
core length and borehole depth (Walter et al., 2016). Soil
samples for SOC determination were stored at 4°C until
further analysis, subsequently dried at 60°C until constant
mass was reached, and weighed. Visible living fine roots
and stones were removed and the soil sieved to <2mm.
Stone and root weight were recorded to determine fine soil
mass. An aliquot of fine soil was milled for subsequent C
analysis. Soil samples for fine root determination were fro-
zen at —17°C. To analyse fine root biomass, the roots were
thawed and separated from soil using a hydropneumatic
elutriation system (Gillison's Variety Fabrication, Inc.).
The washing procedure was performed using a 630 pm
sieve to avoid loss of fine root biomass. Any above-ground
litter residues, coarse roots (>2 mm) or remaining soil par-
ticles were removed manually using tweezers. Fine roots
were dried at 60°C until mass constancy, and weighed.

2.3 | Carbon analysis and carbon stock
calculation

Total C and total nitrogen (N) content were determined by
dry combustion on a milled subsample for each biomass C
pool using an elemental analyser (LECO TruMac CN). For
SOC, all soil samples were analysed. Soil samples with a
C/N ratio >13 or inverse depth gradients in C/N ratio or
C content were assumed to contain carbonates. For these
samples, aliquots were combusted for 16 h in a muffle fur-
nace at 400°C. The remaining C fraction was defined as
total inorganic C, and was subsequently measured again
with the elemental analyser. SOC content was then cal-
culated by subtracting the total inorganic C content from
the total C content for these samples. For the other sam-
ples, total C content was assumed to equal total organic C
content.

C stocks were calculated for each C pool depending on
its C content (Table 1) and the area sampled. Fine root
biomass C stock [Mgha™'] in each depth increment was
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TABLE 1 Average carbon (C) and nitrogen (N) contents and C/N ratios (+ SD (standard deviation)) of the different hedgerow biomass pools.

Reference/number of samples

analysed

Average nitrogen content

[gkg™]

Average carbon content

[gkg™]
475

Average C/N ratio

Carbon pool

Average according to Schlesinger and

Harvestable biomass, mature trees

Bernhardt (2013)

131+49
21+4

488 +7
386+59

Stumps

481 +5

Leaf litter

55+18

482+6

Dead wood litter

10
10
50

83+32
55+11

475+15

Coarse root biomass

392+63

Coarse root necromass

37+20

Fine roots

Note: Carbon contents were determined by dry combustion on subsamples for each carbon pool or were based on literature values.

calculated according to Equation (1) and summed up to
1 m depth to obtain overall fine root biomass C stocks:

DMﬁnefrootsi X CcontentﬁnejomS
x 10

Fine root biomass C stock; =

Area .

@

where DM roots, IS the dry mass of the fine roots [g] of the
respective depth increment i, Coonenty, .. IS the average C
content of the fine roots [gkg '], and Area,,,, is the area of
the soil core [cm?].

SOC stock [Mgha™] in each depth increment was
calculated in accordance with Poeplau et al. (2017)
Equation (2), and summed up to 1 m depth to obtain over-
all SOC stocks:

Massfine_soili X Ccontentﬁne_soﬂi

()

SOC stock; =
: Area g, X 10

where Massgpe i, IS the mass of the fine soil <2mm [g],
Ceontenty, ol is the C content of the fine soil [gkg™'] of the
respective depth increment i and Area,, is the area of the
soil core [cm?].

C stocks for harvestable biomass, mature tree biomass,
stumps biomass, coarse root biomass, coarse root necro-
mass, leaf litter and dead wood litter [Mgha™'] were cal-
culated for each individual subplot in accordance with
Equation (3):

DM x C,

. tent
Biomass C stock = confen

3

Areagppo X 10

where DM is the dry mass of the harvestable biomass/ma-
ture trees/coarse roots/litter [g], Ceonien 1S the average C
content of the respective C pool according to Table 1, and
Areagppo is the area of the sampling subplot [cm?]. For
coarse roots, the two sampling depths (0-30cm and 70-
100cm) were calculated individually and summed up to 1m
depth to obtain their respective overall biomass C stocks. For
harvestable biomass and mature tree biomass, the subplot
area was calculated based on average hedgerow width.

To analyse depth gradients, the fine root biomass den-
sity [mgem™] in each depth increment was calculated ac-
cording to Equation (4):

DMﬁnefrootsi

Volume,.

Fine root biomass density; =

“)

where DMine roots; i the dry mass of the fine roots [mg],
and Volume,,, is the volume of the soil core [cm’] of the
respective depth increment i. Moreover, by multiplying fine
root biomass density by the average C content of the fine
roots, fine root C density was calculated.
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Coarse root biomass density [mgcm™] in the topsoil
and subsoil was calculated according to Equation (5):

DM

Volume

coarse_roots;

Coarse root biomass density; =
excavation subplot;

©)

where DM garee_roots; 1S the dry mass of the coarse roots [mg]
and Volumee,cayation subplot, iS the volume of the excavation
subplot [cm?] of the respective depth increment i.

SOC density [mgcm™] in the topsoil and subsoil was
calculated in accordance with Equation (6):

Massﬂne,soil,- X Ccontentﬁneisoﬂi

Volume x 1000

core;

SOC density; = (6)

where Massg. i, is the mass of the fine soil <2mm [mg],
Ceontentgy, o 1S the C content of the fine soil [gkg™] and
Volumeco;ei is the volume of the soil core [cm®] of the re-
spective depth increment i.

To analyse C stock change, that is, C sequestration
potential, with the establishment of hedgerows on crop-
land, the C stocks of the cropland have to be subtracted.
Therefore, the SOC stocks of the reference croplands were
averaged and subtracted from the average SOC stock of
the hedgerows. It is also necessary to take into consid-
eration changes in the C stock caused by the removal of
C from agricultural biomass (IPCC, 2019). To calculate
this change in biomass C stock, an average total biomass
C (TBC) stock of 6.41+0.75Mgha™" for German crop-
land was assumed (Umweltbundesamt, 2022). The AGB
of hedgerows fluctuates greatly due to regular coppicing
(Drexler et al., 2021). We estimated long-term average C
stocks for all C pools independent of the time within the
rotation cycle. All nine sampled hedgerows were to be
coppiced in the year of biomass sampling. The harvest-
able AGB sampled thus represents peak biomass before
coppicing. To calculate the long-term average C stock in
hedgerow biomass, we assumed linear growth in harvest-
able biomass and calculated a long-term average of har-
vestable biomass halfway through the rotation period.
Although, hedgerow growth may be not completely lin-
ear, but slightly slower in the beginning and also when
approaching maximum biomass (Biffi et al., 2023). BGB,
mature trees and stumps are only marginally influenced
by coppicing and were therefore assumed to be constant
in its contribution to C storage.

2.4 | Data analysis

Data analysis and visualization were performed in R v4.0.3
(R Core Team, 2023) using Rstudio v1.2.1335 (RStudio

Team, 2020). Data used for this study are publicly accessi-
ble at Drexler et al. (2023). To obtain robust estimates, for
all C pools the C stocks of the subplots (sampling areas/
soil cores) were averaged within the three sites, and the
mean values across the three sites were reported. Mean
C stocks between sites were compared using one-way
ANOVAs for stump and coarse root biomass, which were
sampled at one hedgerow plot per site. Two-way nested
ANOVAs were conducted for AGB and fine root biomass
C stocks (sampled at three hedgerow plots per site), with
plots nested in site. To assess the correlation between
hedgerow AGB and possible influencing factors, Pearson's
correlation coefficient was determined at a significance
level of p<0.05. All mean values are given with standard
deviations (SDs).

3 | RESULTS

3.1 |
stocks

Above-ground biomass carbon

Total long-term average AGB C stock was
62.9+9.4Mgha™ on average across the three sites,
with harvestable biomass contributing 34%, stumps
37% and biomass of mature trees 28%. Long-term aver-
age harvestable biomass C stock was 21.4+5.5Mgha™
on average across the three sites, with significant dif-
ferences between the sites (p<0.0001). Mean long-
term average harvestable biomass C stock (+SD
between plots) at each site ranged from 15.1+1.5
in Barkau, to 23.7+3.5Mgha™! in Droegendiek and
25.4+7.7Mgha™" in Rixdorf. The long-term average
harvestable biomass C stock between hedgerow plots
was significantly different (p=0.01), with a minimum
of 13.7Mgha™! and maximum of 33.5Mgha™". The co-
efficient of variation was 26% between the sites, 30%
between the hedgerow plots and 49% between the
subplots (Figure 2). Peak harvestable biomass C stock
across the sites was 42.8+11.0Mgha™' on average. C
sequestration potential in harvestable biomass depend-
ing on years since the last coppicing event ranged from
1.4MgCha 'year™ for a hedgerow coppiced 28years
ago (Droegendiek 2) to 4.2Mg Cha'year™" for a hedge-
row coppiced l6years ago (Rixdorf 3). The average
C sequestration rate in the harvestable biomass was
2.5+0.7MgCha'year™'. Biomass C stock of the ma-
ture trees was 17.9+6.6 Mgha™ on average across the
three sites. Mean biomass C stock of the mature trees
(+SD between plots) at each site ranged from 13.2 +18.2
in Rixdorf, to 15.2+19.6Mgha™' in Droegendiek and
25.4+19.1Mgha™" in Barkau, thus opposite to the har-
vestable biomass C stock. On a subplot-level biomass C
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stock of mature trees and harvestable biomass C stocks
were negatively correlated (Pearson's correlation coeffi-
cient r(88)=—0.38, p<0.001), thus indicating that there
are minor differences between mature trees and shrubs
regarding C storage per area. When combining harvest-
able biomass C stock and C stock of the mature trees,
no significant differences between sites (p =0.5) or plots
(p=0.06) were found. Looking at species-specific cor-
relations, a significant positive correlation was found
between the proportion of maple shoots (Acer campes-
tre) and the long-term average harvestable biomass C
stock, and a significant negative correlation between
the proportion of elderberry shoots (Sambucus nigra)
and the long-term average harvestable biomass C stock
(Figure S5).

Stump C stock was 23.5+9.3Mgha™ on average
across all sites. Mean stump C stock was not statisti-
cally significant between the sites (p=0.41), but showed
a high variability within the hedgerow plots. Average
site stump C stock (£SD between subplots) ranged from
14.4+16.9Mgha™ in Rixdorf, to 23.2+21.9Mgha™"
in Barkau and 33.0+24.2Mgha™! in Droegendiek. For
stump biomass, which was sampled at five soil excavation
subplots per site, species composition was also recorded
at subplot level. Our sample size was too small to deter-
mine general correlations, but a clear relationship can be
seen between high stump biomass C stock—and thus cor-
related with that also coarse root biomass C stock—and
species with generally larger stem diameters (Acer camp-
estere L., Carpinus betulus L., Corylus avellana L.), and a
lower biomass where shrubs with generally smaller stem
diameters dominate (Crategus monogyna Jacq., Prunus
spinosa L., Rubus L., Sambucus nigra L.; Figure S6).

3.2 | Below-ground biomass
carbon stocks

Total BGB C stock was 42.4+2.3Mgha™ on average
across the three sites, with about 15% of root C stored in

Rixdorf Droegendiek Barkau

0_30 --
30-100 }

0 4 8 12 16 20 24

Depth [cm]

Root biomass density [mg cm'3]

|:| Fine roots . Coarse roots

FIGURE 3 Root biomass density of fine roots (<2mm) and
coarse roots (>2mm) in topsoil (0-30cm) and subsoil (30-100cm)
as the mean across the three sites (n=3). Error bars represent
standard deviation of the mean.

fine roots and 85% stored in coarse roots. Coarse root bio-
mass density was relatively high in the topsoil, while in
the subsoil the distribution of fine and coarse root biomass
was even (Figure 3). The topsoil (0-30cm) contained 85%
of the coarse root biomass C stock and 51% of the fine root
biomass C stock.

Coarse root biomass C stock across the three sites was
36.0+2.5Mgha™" on average within 1m soil depth. The
mean coarse root C stock (+ SD between subplots) was not
statistically significant between the sites (p =0.94), ranging
from 34.2+26.5Mgha™"! in Rixdorf, to 34.8+21.8 Mgha™*
in Barkau and 38.9+17.5Mgha™" in Droegendiek. Coarse
root biomass was positively correlated with stump bio-
mass at a subplot level, indicating a relationship with har-
vestable biomass as well (Figure 4).

Fine root biomass C stock was 6.4+0.7Mgha™" on av-
erage within 1 m soil depth. Mean fine root biomass C (+
SD between subplots) did not differ significantly between
sites (p=0.23), ranging from 6.0+3.8Mgha™' in Barkau
to 6.1+3.1Mgha™" in Droegendiek and 7.2+3.0Mgha™*
in Rixdorf. Fine root biomass C stock between hedgerow
plots was significantly different (p=0.01), ranging from
3.5+1.1Mgha™" to 8.9+3.0Mgha™'. The coefficient of
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variation between the sites was 11%, between the hedge-
row plots 25% and between the subplots 51% (Figure 5).
Furthermore, the variability within the hedgerow plots
was high, with a minimum fine root biomass C stock
per soil core of 1.1Mgha™ up to a maximum stock of
21.0Mgha™ both within one hedgerow plot (Barkau 3;
Figure 5). Fine roots were found up to a soil depth of 1 m,
with average fine root biomass density decreasing sharply
with increasing depth (Figure S7). The depth gradients of
fine root biomass C and SOC were well aligned, whereas it
has to be considered that SOC stocks were about 10 times
higher than the fine root biomass C stocks (Figure 6).

3.3 | Litter and coarse root necromass
carbon stocks

Leaf litter C stock across sites was 1.9+1.2Mgha™' on
average. Dead wood litter C stock was 4.3+1.0Mgha™
on average. The median ratio of wood litter to leaf litter
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FIGURE 4 Relationship between stump and coarse root
biomass C stocks for individual sampling subplots of 1 m? (n=15).

was 2.4, ranging from 1.2 to 26.4. Coarse root necromass
stock was 4.4+2.3Mgha™"' within 1m depth on average
across the sites. The proportion of coarse root necromass
to total coarse roots ranged from 6% (Barkau) to 10%
(Droegendiek) and 17% (Rixdorf) (Figure S8).

3.4 | Total carbon stocks

Total C stock across the sites was 264 +13Mgha™" on av-
erage, divided into a TBC stock of 105+11Mgha™", a lit-
ter and necromass C stock of 11 iZMgha_l, and a SOC
stock within 1m soil depth of 148 + 5Mgha™". TBC stock
across sites varied between 95Mgha™" in Rixdorf and
117Mgha™" in Droegendiek. Coarse roots (average of 34%
of TBC stock), stumps (average of 22% of TBC stock) and
harvestable biomass (average of 20% of TBC stock) were
the most important biomass C pools. The BGB:AGB ratio
was 0.7+0.1 on average across the sites, when stumps,
harvestable biomass and biomass of mature trees were
combined as AGB and fine and coarse roots were com-
bined as BGB. Without considering mature trees the
BGB:AGB ratio was 1.0+0.1. When defining stumps
as BGB and only harvestable biomass as AGB, the aver-
age ratio was 1.7+0.3. The contribution of the differ-
ent C pools to the total C stock was relatively consistent
across all three sites (Figure 7). Total SOC stock made
by far the largest relative contribution to total ecosystem
C stock with a mean of 56% (Figure 7). However, when
considering only C additionally stored with the estab-
lishment of new hedgerows on cropland, biomass C had
a larger share than SOC. Averaged across the three sites,
reference cropland SOC stock within 1m soil depth was
85+13Mgha™", thus leading to an average additional SOC
stock of hedgerows of 63Mgha™" (Figure 7). Compared
with the average biomass C stock of cropland in Germany
of 6.41+0.75 Mgha'1 (Umweltbundesamt, 2022), the
long-term average additional TBC stock was 99Mgha™.
Additionally, 11+2MgCha™' would be stored within
the litter layer and coarse root necromass with the

FIGURE 5 Fine root biomass carbon
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establishment of hedgerows on cropland. Thus, for the
studied sites, C stock change with hedgerow establish-
ment on cropland totalled 173Mgha™', with biomass

Rixdorf | |Droegendiek| | Barkau I

0-51
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0 10 20 30 0 10 20 30 0 10 20 30
Contribution to C density profile total [%]

Fine roots —e= SOC

FIGURE 6 Relative contribution of each depth increment
to overall carbon (C) density [mg C cm™] for fine roots and soil
organic carbon (SOC), calculated for each depth increment as C
density per depth increment divided by total C density.
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contributing 57%, soil 37% and litter and necromass 6%.
This number can be converted into a CO, sequestration
potential of 63kg CO, for each square metre of new hedge-
row. This sequestration potential will be fully achieved
when a new equilibrium of C stocks is reached, which will
require several decades.

4 | DISCUSSION

4.1 | Total biomass carbon stocks are
comparable to previous estimates

Total biomass carbon stocks in our study were within the
same range as previous estimates, indicating that despite
differences in species composition, hedgerow type and
hedgerow management, robust average values can be
derived to estimate, for example, C sequestration poten-
tials. In a meta-analysis on hedgerow C stocks, Drexler
et al. (2021) compiled data from 64 sites and estimated a
TBC stock of 92+40Mgha™" for hedgerows in the tem-
perate climate zone. With 105+11MgCha™" stored in the
hedgerow biomass at the sampled sites, our estimate was

(b) Rixdorf

57.4%

0y
104% 570, o0

2.9% 27% 1.8% 05%

(d) Barkau
57.1%

9.5%

5.6%
2.2%

08% 2% 1.2%
e e,

Necromass Soil

Biomass

. Soil organic carbon

FIGURE 7 Carbon stock of the different hedgerow carbon pools and their percentage share of the total carbon stock as (a) the average

across the three sites and (b), (c) and (d) for the individual sites averaged across the sampled subplots. For soil organic carbon (Soil), the

hatched lower area indicates the soil organic carbon stock of the reference cropland plot, thus the non-hatched area indicates the additional

soil organic carbon sequestered in the hedgerow soil. Error bars represent standard deviation of the mean.
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similarly high. However, although within the same range,
AGB and BGB in the old hedgerows sampled in our study
were slightly different from previous estimates: the long-
term average harvestable biomass C stock of hedgerows
was estimated to be 47 +29Mgha™' (Drexler et al., 2021).
This estimate, however, included mature tree biomass.
Combining harvestable biomass and mature tree biomass
C stock our estimate would be 39+2Mgha™' which is
thus lower than the estimate by Drexler et al. (2021). Axe
et al. (2017) measured also a slightly higher estimate of
harvestable biomass C stock in hedgerows in the United
Kingdom and found between 32+4 and 42+5MgCha™
for hawthorn and blackthorn-dominated hedgerows at a
medium growth stage. Much higher estimates were re-
ported for hedgerows in Ireland by Black et al. (2023),
with an AGB C stock of 58 Mgha™, and for hedgerows in
Denmark by Levin et al. (2020), with an AGB C stock of
62Mgha™!, both from LIDAR estimates with hedgerows
sampled for ground truthing. However, stumps may be
included in these AGB C stock estimates, as no differ-
entiation was made between harvestable biomass and
stump biomass. This is also the case for the recent study
on ABG C stocks of hedgerows in the United Kingdom by
Biffi et al. (2023). In their study, AGB biomass C stocks
between 8.3Mgha™" for recently established hedgerows
up to 40.4Mgha™" for old hedgerows were found. These
estimates, however, probably also included tree stumps,
as plants were cut at ground level. Thus, these estimates
are lower compared to our total AGB C stock estimate of
62.919.4Mgha_1, which includes mature tree, harvest-
able and stump biomass. The BGB biomass of the old
hedgerows sampled in the present study was higher than
previous estimates. Drexler et al. (2021) estimated BGB
C stock including stumps to be 44 +28 Mgha™" based on
Axe et al. (2017). BGB and stump biomass C stock com-
bined (66 +11 Mgha™") were on average 50% higher in our
study than that reported in the meta-analysis by Drexler
et al. (2021), indicating the underestimated importance of
BGB built up over decades in hedgerow systems.

4.2 | BGB:AGB ratios need to be adapted
to hedgerow ecosystems

The high hedgerow BGB C stock measured in our study
resulted in high BGB:AGB ratios, which were even higher
than those estimated by Axe et al. (2017). Axe et al. (2017)
sampled stumps as BGB and found a BGB:AGB ratio of
0.9+0.3 compared with an average ratio of 1.7+ 0.3 in our
study (when also considering stumps as BGB). While BGB
is rarely sampled directly in the field, AGB can be meas-
ured more easily both destructively and non-destructively,
for example, using UAV and LIDAR scanning analysis

DREXLER ET AL.

(Green et al., 2019; Lingner et al., 2018). When estimating
BGB from AGB data via a fixed ratio, it is therefore impor-
tant to consider which biomass components are measured
as AGB. With destructive biomass sampling, AGB is often
cut at the usual coppicing height rather than at ground
level, thus potentially neglecting stumps. However, in our
study, the stumps of hedgerow shrubs stored on average
22% of TBC stock and thus significantly influenced the
BGB:AGB ratio. We defined stumps as AGB, and thus also
estimated a BGB:AGB ratio for this allocation of 0.7 +0.1.
Independently of the definition, the empirically measured
BGB:AGB ratios of hedgerows were higher than the es-
timates of BGB:AGB ratios for temperate forests, for ex-
ample, established by Mokany et al. (2006) in their global
meta-analysis. Applying the BGB:AGB ratio of 0.26 used
by Cardinael et al. (2018) according to Cairns et al. (1997)
would have underestimated TBC stock by 25%, with an
estimated BGB C stock of 16Mgha™' rather than the
42Mgha™" measured in the present study. If only harvest-
able biomass and mature trees and not stump biomass
was included in the AGB, TBC would be underestimated
by as much as 53%. The high BGB C stock of the sampled
hedgerows can be explained by regular above-ground dis-
turbance by hedgerow management (trimming and cop-
picing), which is known to lead to increased root growth
(Mokany et al., 2006). Hedgerow management results
in several little stems sprouting from a single stool, as
shown by Axe et al. (2017). Stumps and coarse roots in the
topsoil were large C pools in our study, and together ac-
counted for more than half of TBC stock. Van Den Berge,
Vangansbeke, Baeten, Vanhellemont, et al. (2021) showed
that while total AGB was the same between trees grown
in hedgerows and forests, tree architecture in hedgerows
differs from those in forests due to reduced shading, in-
creased physical growing space and potential benefits
from fertilization residues from adjacent agricultural land.
Compared with trees growing in forests, trees in hedge-
rows comprise more branch wood relative to stem wood,
and develop more symmetrical, large crowns (Van Den
Berge, Vangansbeke, Baeten, Vanhellemont, et al., 2021),
which could influence BGB allocation. Relative BGB rises
with increasing light intensity for most tree species, as
shown by Annighofer et al. (2022) for young forest trees
grown in a meta-analysis with over 3000 observations,
mostly from Germany.

Besides these growth characteristics of hedgerows,
hedgerow management influences BGB:AGB ratios due
to fluctuations in biomass. AGB fluctuates greatly due
to regular coppicing in hedgerows, while BGB fluctua-
tions are smaller as root systems are likely to stay largely
intact after coppicing (Proe et al., 2002). This leads to
a fluctuation in calculated BGB:AGB ratios, and might
require adapted ratios to account for the time of AGB
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sampling within a rotation, for example, ratios could
be developed depending on the number of years since
the last coppicing event. Adjustment of BGB:AGB ratios
might also be necessary depending on hedgerow age. The
hedgerows sampled in our study were almost 300 years
old. BGB:AGB ratios were shown to correlate negatively
with stand age (Mokany et al., 2006), whereas intensive
root systems, such as those of the hedgerows sampled in
this study, may need some time and repeated coppicing
to develop. The BGB:AGB ratios presented here refer to
long-term average biomass and thus represent an aver-
age C storage in hedgerows, irrespective of hedgerow
management. BGB:AGB ratios were also found to vary
with hedgerow management (Black et al., 2023). In their
study, Black et al. (2023) sampled eight hedgerows in
Ireland, differing in hedgerow management between
regular shaped hedgerows with frequent management
and irregular wide hedgerows with less frequent man-
agement. The BGB:AGB ratios they measured ranged
from 0.16 to 0.74, with higher ratios in more intensely
managed hedgerows. Black et al. (2023) thus suggest de-
veloping adapted BGB:AGB ratios depending on hedge-
row type and management to account for this variability.
In addition to the management frequency, management
techniques can differ between hedgerows. Besides cop-
picing, where all AGB is removed, another hedgerow
management technique commonly used in the temper-
ate climate zone (nowadays mostly practiced in United
Kingdom) is hedge laying. Hedge laying involves remov-
ing only part of the AGB and laying selected main shrub
stems (pleachers) horizontally on the ground (Staley
et al., 2015). This may affect root growth differently and
thus also lead to differing BGB:AGB ratios. However,
mean C stocks between sites were not significantly dif-
ferent for all C pools in our study. This suggests that
for similar hedgerow sites, either the calculated ratios
can be applied to obtain robust long-term average BGB
estimates depending on the long-term average AGB, or
alternatively fixed average AGB and BGB C stocks can
be used.

4.3 | Stumps and coarse roots are
important biomass C pools of hedgerows

Besides harvestable biomass, coarse roots and stumps
were the most important biomass C pools in the sampled
hedgerows. The contribution of fine roots to overall C
stocks is marginal compared with coarse roots in woody
permanent vegetation (Fortier et al., 2013; Martani
et al., 2021), although fine roots play an important
role in SOC build-up (Rasse et al., 2005). In our study,
only 6% of TBC was found in fine roots. This stresses

the importance of sampling stumps and coarse roots
in hedgerows when estimating their TBC stock, where
regular coppicing leads to larger stumps, especially in
old hedgerows. It also shows that regular coppicing of
hedgerows removes only a small fraction of total bio-
mass based on our data (22% on average). Moreover, the
coarse root sampling method is important when evalu-
ating C stocks of tree-based ecosystems: We found that
coarse root biomass in hedgerow systems was underesti-
mated systematically when sampled by soil coring. This
is in contrast to Addo-Danso et al. (2016) who found
no significant differences between coarse root biomass
sampled via soil coring and sampled via soil excava-
tion using soil pits in a method comparisons on 11 for-
est sites. Coarse root C stock derived from soil coring in
our study was just 9.4 +0.7 Mgha™" across the three sites
(data not shown), compared with 36.0+2.5Mgha™! via
the soil excavation method, thus underestimating coarse
root biomass C stock by 81%.

Their high allocation of biomass below-ground
and the high stump biomass due to regular coppicing
seem to distinguish hedgerows from other woody veg-
etation. Surprisingly, with a total average C stock of
264+13Mgha™! across the sampled hedgerow sites, the
C stored is even higher than the average C stock of for-
ests in Germany of 224 Mg C ha™! (Wellbrock et al., 2017).
Thus, planting 1ha hedgerow can be equally efficient
in sequestering C as planting 1ha forest. For the region
of Schleswig-Holstein hedgerows currently comprise
around 20% of the terrestrial biomass pool of this region,
with forests in Schleswig-Holstein storing around 12TgC
(Wordehoff et al., 2012). When comparing hedgerows and
forests, the contribution of C pools to TBC appears to differ,
with more biomass allocated below-ground in hedgerows:
Wellbrock et al. (2017) found 53% of the total C stock in
the soil including organic layers, 40% in AGB, 6% in BGB
and 1% in dead wood averaged across all German forests,
compared with a hedgerow C pool distribution of 56% in
the soil, 24% in AGB, 16% in BGB and 4% in litter at the
three old hedgerow sites sampled in our study (Figure 8).

In our study, all hedgerow C stock estimates are re-
ported in Mg C per hectare of hedgerow to aid compar-
isons with C stock estimates of other hedgerows and
land-use types, for example, forest or cropland. However,
in reality, hedgerows are linear features, and thus esti-
mates need to be upscaled based on the area sampled for
each C pool. Since it is hard to define the exact hedgerow
width, this might result in errors. Hedgerow width can
be defined either as the crown width or as the width of
the stems at the hedgerow base. In our study, the crown
width was about double the width of the stems at the
hedgerow base. Thus, C stock of mature tree and har-
vestable biomass combined would be 66.4 Mgha™" using
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FIGURE 8 Distribution of carbon stocks in above-ground biomass, below-ground biomass and soil (1 m depth) of hedgerows compared

with forests and cropland in Mg Cha™'. Hedgerow carbon stock given as a long-term average across the three sampled sites in this study,

forest carbon stock as the average of all German forests according to Wellbrock et al. (2017), cropland biomass carbon stock as the average

of all German croplands according to Umweltbundesamt (2022), and cropland soil organic carbon stock as the average of the three reference

croplands sampled in this study.

minimum stem width for calculations and 29.8 Mgha™
with maximum crown width, instead of 39.3Mgha_1
with our medium width definition. This large deviation
will not be the case for all hedgerows. For hedgerows
which are often trimmed and consist of shrubs only, not
including mature trees, crown width and the width of
the stems at the hedgerow base will be closer together.
However, particularly for hedgerows including mature
trees the large difference between crown width and stem
width stresses the importance of considering the area
to which the C stock refers, for example, when combin-
ing area change derived by remote sensing techniques
with C stock estimates to calculate C stock change with
hedgerow establishment or removal. Our estimates
were based on an average hedgerow width, which was
defined as the midpoint between the maximum crown
width and the minimum stem width. The idea behind
the concept of an average hedgerow width is that areas
within the hedgerow, which are grown wider (mostly
mature trees), balance out with narrower grown areas
(Figure S2). Harvestable biomass and biomass of ma-
ture trees was calculated directly based on this average
width. For all other C pools, the subplot area sampled
(e.g. 1m?) was upscaled, as the subplots were chosen
representatively within the whole hedgerow area with
differing vegetation densities. The estimates should thus
only be applied to hedgerow area data with the same
area definition. Other area definition could, for exam-
ple, include the whole grassy hedgerow edge or be based
on maximum crown width, both leading to lower TBC
stocks as compared to our definition.

4.4 | Coarse roots mostly dominant
in the topsoil contribute to high C stocks

Both fine and coarse roots were found to a soil depth of
1m in our study, demonstrating that systems with perma-
nent woody vegetation reach deep soil layers with their
roots. However, most of the root biomass C was stored
in the topsoil. For coarse roots, 85% of total coarse root C
stock and for fine roots 51% of total fine root C stock were
found in the topsoil (0-30cm). This is comparable with
other findings for regularly coppiced, permanent woody
vegetation: Martani et al. (2021) found that 79% of BGB
C stock (including stumps, coarse roots and rhizomes) of
black locust, poplar and willow in a short-rotation cop-
pice 11years after establishment was stored in the topsoil
(0-30cm), whereas only 21% was stored in the subsoil
(30-100cm). These woody plants had particularly high
proportions of C stocks in the topsoil compared with her-
baceous perennial energy crops of giant reed, miscanthus
and switchgrass. For poplar riparian buffers sampled in
Canada, 61-73% of coarse root biomass was found in the
topsoil (0-20cm; Fortier et al., 2013). Rooting depths of
at least 1m in the sampled hedgerows demonstrate the
need to account for roots at these depths when estimating
BGB C stocks. Deep roots play an important role in water
and nutrient uptake and SOC storage in deep soil layers
(Germon et al., 2020). It is likely that both coarse and es-
pecially fine roots exceeded the sampling depth of 1m.
However, since most root C was found in the topsoil, this
indicates that the total C pool of hedgerows is marginally
underestimated by our sampling depth of 1m. Fine root
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biomass C pool at 70-100cm depth accounted for only
16% of the total fine root biomass C pool and 1% of the
TBC pool of the sampled hedgerows. We found a strong
alignment between the depth gradient of roots and SOC
density (Figure 6), underlining the importance of roots in
SOC formation. However, no direct correlation could be
found between SOC and fine root biomass C for any sam-
pling depth except the 70-100cm sampling depth (data
not shown). This is probably due to a mismatch in the
time when SOC under the hedges had accumulated (cen-
tennial) compared with root growth periods (decades).

4.5 | SOC stock change was higher
than expected

We found a higher total C sequestration potential, includ-
ing both soil and biomass C, of hedgerows than previ-
ous estimates. In a meta-analysis for temperate climate
regions, Drexler et al. (2021) calculated that hedgerows
store 104 +42Mgha ™! more C than cropland. The C stock
difference in our study was estimated to be 173Mgha™"
with hedgerow establishment on cropland, although it
takes decades to build up this long-term average C stock
(Figure 8). The greater C stock difference can be attrib-
uted to a larger change in SOC stock. The hedgerows sam-
pled in this study were established almost 300years ago.
Data on hedgerow age were only reported in 55% of the
studies included in the study of Drexler et al. (2021), but
these hedgerows were much younger, with an average age
of 39years. The high SOC stock change could thus support
the hypothesis that hedgerow SOC stock does not reach a
new steady state within a few decades, but instead keeps
building up SOC over much longer periods. For hedge-
rows sampled in England aged between 2 and 37years,
SOC storage was found to increase with hedgerow age
(Biffi et al., 2022). Although SOC sequestration declined
after 37years, older hedgerows continued to sequester
SOC. Moreover, it has to be noted that the sampled sites
are so-called ‘Knicks’, where a bank was raised before the
hedgerow was planted. To build this hedgebank, usually
topsoil and subsoil material from directly adjacent agri-
cultural fields was piled up in combination with the con-
struction of a ditch (Kurz et al., 2011), which could partly
contribute to the high SOC accrual. The mean SOC stock
of the reference cropland (85+13Mgha™) is in good
agreement with data from the German Agricultural Soil
Inventory for sites with similar soil properties (Drexler
et al., 2022; Poeplau et al., 2020). Besides the higher SOC
accrual, the consideration of litter and necromass C stock
(totalling 11 +2Mgha™"/4% of total C stock) also resulted
in more C, as this C stock was not accounted for in previ-
ous estimates (e.g. Drexler et al., 2021; Golicz et al., 2021).

Gross et al. (2022) also highlight the importance of dead-
wood for C stocks in hedgerows. Their study sampled lit-
ter and deadwood separately in five hedgerows in Alberta,
Canada, and found that besides litter (2% of total C stock
in their study), deadwood also contributed considerably
to the total ecosystem C stock with a mean of 7%. In our
study, deadwood outside the litter layer was not sampled
separately. Deadwood components may thus be included
in stump and harvestable biomass.

An additional C stock increase could be achieved in the
vicinity of the hedges through root systems exceeding the
hedgerows. To obtain a first estimate of this C sequestra-
tion potential, coarse roots, the most important additional
below-ground C pool, were sampled from six subplots
at the hedgerow edge (mostly grassy vegetation in the
transition area from the hedgerow to the cropland) and
three subplots on cropland directly adjacent to the hedge-
row edge. Coarse root biomass C stock declined sharply
from within the hedgerow to the hedgerow edge and
the adjacent cropland, with a mean C stock across sites
of 36.0+2.5Mgha™" in the hedgerow, 6.0+4.0Mgha™
at the hedgerow edge and 2.2+1.2Mgha™" in the crop-
land directly adjacent to the hedgerow edge (Figure S9).
These additional root C stocks that have advanced from
the hedgerow can be accounted for as additional C stock
with hedgerow establishment. Summed up, an addi-
tional coarse root biomass C stock of 0.8 Mgha™' would
be achieved with an average hedgerow width of 5.9m, as-
suming an additional edge with a width of 0.5m and a 1 m
cropland strip being influenced by the hedgerow. This ad-
ditional C stock change is minor compared with the total
C stock change of 173Mgha™'. However, further studies
are needed to better quantify these additional biomass C
stocks adjacent to the hedgerows and also further into the
adjacent croplands. Besides BGB C stocks, SOC stocks can
also be influenced outside but adjacent to the hedgerow
area by hedgerow roots and litterfall. Lesaint et al. (2023)
found significantly higher topsoil SOC stocks adjacent to
hedgerows up to 2m away from the hedgerow. Pardon
et al. (2017) even found SOC contents differ in an agrofor-
estry system compared with a treeless reference up to 30 m
from the row of trees.

5 | CONCLUSIONS

Hedgerows are a climate change mitigation measure that
offers multiple co-benefits. We quantified all C pools of
old hedgerow systems in northern Germany and showed
that the biomass C stock of hedgerows is high, indicating
a large C sequestration potential with the establishment
of hedgerows in agricultural landscapes. Hedgerow TBC
stock of the almost 300-year-old hedgerows sampled
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exceeded the average forest TBC stock potentially due to
high light availability, fertilization from adjacent fields
and favourable soil conditions. BGB C stocks were par-
ticularly important in the sampled hedgerows, indicat-
ing that hedgerow plants allocate a greater proportion
of biomass below-ground. This potentially increases
the resilience of hedgerow ecosystems to disturbances
such as drought stress, which is particularly important
for adaptation to climate change. On average 63% of the
hedgerow biomass was found below-ground and in the
stumps. Coarse roots in particular contribute substan-
tially to C storage in hedgerow systems. This demon-
strates the need to take these C pools into account and
to adapt frequently used BGB:AGB ratios for hedgerow
ecosystems. Applying commonly used forest BGB:AGB
ratios would have resulted in a strong underestimation
of the C stock of the old hedgerows sampled in our study.
Our study provides robust estimates of C storage by all
hedgerow components. C stocks between sites were not
significantly different for all C pools. The estimates can
thus be applied to assess C stocks of hedgerows with
similar characteristics, including species composition
and hedgerow age, and help refine emission factors for
both national greenhouse gas reporting and for CO, cer-
tificates in C farming frameworks. Combined with the
identification of changes in the hedgerow area, for exam-
ple, by remote sensing techniques, these estimates can
be used to account for emissions related to the establish-
ment and removal of hedgerows.
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