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Abstract

Hedgerows are a traditional form of agroforestry in the temperate climate zone. The establishment of hedgerows may be a
promising strategy to promote carbon (C) sinks for climate change mitigation. We therefore conducted a meta-analysis compiling
data from 83 sites on soil organic carbon (SOC) stocks beneath hedgerows in comparison with adjacent croplands and grasslands,
plus biomass data from 64 hedgerows. On average (+ SD), the establishment of hedgerows on cropland increased SOC stocks by
32 £ 23 %. No significant differences were found between the SOC stocks of hedgerows and those of grassland. The average
above-ground biomass stock was 47 =29 Mg C ha™'. Only one study reported measurements of below-ground biomass stocks
and root/shoot ratios. Based on these measurements, an average below-ground biomass stock of 44 + 28 Mg C ha ' was
estimated, but with high uncertainty. In total, hedgerows were estimated to store 104 + 42 Mg ha ' more C than croplands, with
biomass contributing 84 % (87 +40 Mg C ha ") and soil 16 % (17 + 12 Mg C ha ") to this amount. Total C sequestration with the
establishment of hedgerows on cropland could be between 2.1 and 5.2 Mg ha ' year ! for a period of 50 and 20 years,
respectively. Our results indicate that C stocks in hedgerows are on average comparable to estimates for forests. The establish-
ment of hedgerows, especially on cropland, can therefore be an effective option for C sequestration in agricultural landscapes
while enhancing biodiversity and soil protection.
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Introduction

Global efforts are being made to combat climate change. All
mitigation scenarios rely not only on reducing greenhouse gas
emissions, but also on having negative emissions (Fuss et al.
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2014). Land-use, land-use change and forestry activities,
which are included in greenhouse gas inventories, offer the
possibility of negative emissions by sequestering carbon (C)
(Schlamadinger et al. 2007). Biological C sequestration is
defined as the net removal of carbon dioxide (CO,) from the
atmosphere and storage in long-term C pools, including
above-ground and below-ground biomass, deadwood and lit-
ter and the relatively stable pool of soil organic carbon (SOC)
(IPCC 2006c; Lal 2008). SOC sequestration in particular is
seen as part of the solution to mitigate climate change (Lal
2004). With around 2400 Pg C stored in the upper 2 m of soils
worldwide, SOC is the largest terrestrial C pool (Batjes 2014).
Thus, even a small SOC increase can play a significant role in
the global C cycle. This has recently been promoted by the “4
per 1000” initiative, which underlines the importance of the
soil C pool. The theoretical calculation of a global annual
increase in SOC of 4 %o is equal to the total annual anthropo-
genic CO, emissions (Minasny et al. 2017).

The implementation of agroforestry is a generally accepted
C sequestration option and is acknowledged as an afforestation
activity under the United Nations Framework Convention on
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Climate Change (UNFCCC) (Albrecht and Kandji 2003;
Montagini and Nair 2004; Pandey 2002). In agroforestry sys-
tems, woody perennials and crops and/or animals are combined
within the same site for a variety of benefits (Nair et al. 2009;
Schoeneberger 2008). The benefits of agroforestry systems de-
pend on the context, e.g. the type of agroforestry or the geo-
graphical region. Overall, however, agroforestry has a positive
effect on the ecosystem, such as increasing soil fertility and
biodiversity and reducing soil erosion (Torralba 2016).
Agroforestry systems store on average more C in the above-
and below-ground biomass and in the soil than grasslands or
croplands (Chatterjee et al. 2018; De Stefano and Jacobson
2018). The higher plant biomass of agroforestry systems is
perennial and has a longer rotation compared with crops that
are harvested annually. During growth, the biomass captures
and stores CO, and acts as a semi-permanent, non-forest woody
C sink. The periodically harvested biomass can be used as an
energy source, substituting fossil fuels and offsetting their C
emissions (Gruenewald et al. 2007; Holzmueller and Jose
2012; Kiirsten 2000). The main reasons for increased SOC
stocks in agroforestry systems are increased C inputs from
above-ground litter and increased below-ground C inputs, es-
pecially deep soil C inputs from trees with extensive root sys-
tems (Cardinael et al. 2018a; Oelbermann et al. 2005; Sierra
and Nygren 2005). Moreover, increased SOC stocks in agro-
forestry systems are attributed to altered microclimatic condi-
tions and less soil disturbance (Lorenz and Lal 2014). In a
recent quantitative review, Feliciano et al. (2018) showed that
the potential for C sequestration and storage in agroforestry
systems differs considerably depending on the type of agrofor-
estry, climate, time since land-use change and the previous
land-use. The average C sequestration rate after agroforestry
establishment ranged from 0.5 to 13.0 Mg C ha™' year ' in
the above-ground biomass and from —4.0 to 6.7 Mg C ha™’
year | in the soil. In another global meta-analysis, Ma et al.
(2020) found that in particular tree species richness influences
biomass C storage of agroforestry systems and accelerates the
C sequestration process, emphasising that besides site proper-
ties, the type of agroforestry needs to be taken into account
when considering SOC sequestration potential.

A traditional type of agroforestry is hedgerows. Hedgerows
are commonly found in Western Europe, especially in Great
Britain and France, but are distributed all over the temperate
climate zone (Burel 1996). Hedgerows vary widely and can be
classified based on their dominant species (e.g. hawthorn), their
function (e.g. windbreaks), their shape (e.g. hedge-banks) or
their origin type (planted or remnant), and they differ in their
length, width, height, management, species composition and
age (Forman and Baudry 1984; Kiihne et al. 2000; Weber
2008). There is no common definition of the term hedgerow
(Haddaway et al. 2018), and shelterbelts or windbreaks are often
also considered hedgerows (Mayrinck et al. 2019). Moreover,
local names such as “bocage” in France or “Knick” in Germany
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are used to describe the type of vegetation or landscape of
hedgerows. Particularly with regard to their ecological function,
a differentiation should be made between hedgerows and other
linear agroforestry types or field margins consisting of only one
or more rows of trees. The positive effects of hedgerows can
only be fully achieved if they are adequately managed and pres-
ent in their traditional form. This includes a dense woody struc-
ture with shrubs. The structure of hedgerows influences e.g. the
wind-erosion control provided (Bird et al. 2007) and has effects
on biodiversity. Hannon and Sisk (2009) showed that the dense
shrub layer present only in mature hedgerows is a preferred
habitat for native bees in Arizona. Dunn et al. (2016) found that
farmland songbirds prefer hedgerows with high vegetation cov-
er for nest site selection and that hedgerow management affects
songbird survival because nest predators are favoured by
patchy, open hedgerows. Based on Burel (1996), Baudry et al.
(2000) and Van Vooren et al. (2017), we thus define hedgerows
here as managed, linear structures composed of perennial shrubs
or shrubs and trees established adjacent to agricultural fields.
Shelterbelts and windbreaks were included if they contained
not only trees but also a proportion of shrubs.

As with other types of agroforestry, hedgerows are thought to
store and sequester substantial amounts of C in their biomass
and soil. The establishment of hedgerows as a management
practice to sequester SOC is mentioned within the scope of the
“4 per 1000” initiative (Minasny et al. 2017), and hedgerows are
an explicitly listed agroforestry practice in the IPCC guidelines
on National Greenhouse Gas Inventories (IPCC 2006c¢).
Recently C storage coefficients were defined specifically for
hedgerows for different climate zones (Cardinael et al. 2018b)
and included in the 2019 Refinement to the 2006 IPCC
Guidelines for National Greenhouse Gas Inventories (IPCC
2019a). In Germany, hedgerows become increasingly relevant
in the context of climate change mitigation, as they are men-
tioned as a measure for C sequestration on cropland in the
German government’s recently presented Climate Action
Programme 2030 (Federal Government 2019). There has been
a general decline in hedgerows in most regions of the world for
more than 70 years, with negative effects on biodiversity and
soils (Amichev et al. 2020; Barr and Gillespie 2000; Poschlod
and Braun-Reichert 2017). Thus, there is great potential to es-
tablish new hedgerows to compensate for these historical losses.
Aertsens et al. (2013) estimated that the SOC sequestration po-
tential in the EU-27 may be 18 million Mg C year ' for the
establishment of 100 m hedgerow per hectare of agricultural
land. This estimate was based on a study conducted in a long-
established hedgerow network in France (Walter et al. 2003)
and calculations by Arrouays et al. (2002). Arrouays et al.
(2002) estimated a SOC sequestration rate of 0.1 = 0.05 Mg C
ha ' year ' for the establishment of 100 m hedgerow per hectare
of agricultural land, and a transition time between equilibrium
SOC values of 20 years. However, the C stocks within the
sampled hedgerow network showed a high spatial variability,
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and as the sampled hedgerows were perpendicular to the slope,
translocation effects could have added uncertainty to the
estimation of SOC stocks. Falloon et al. (2004) estimated a C
sequestration potential for field margins of between 0.1 and 2.4
% of the 1990 UK CO, emissions, depending on the field mar-
gin type and width. For hedgerows, Falloon et al. (2004) took
data from agricultural set-aside land representative of the C se-
questration in hedgerow biomass and assumed SOC sequestra-
tion to be intermediate between grass margins and tree strips.

The potential of hedgerows to mitigate climate change
seems substantial. However, comprehensive and quantitative
overviews comprising both soil and biomass C in traditional
hedgerow ecosystems in the temperate climate region are
scarce. Previous estimates were based on only a few studies
with variable data and no clear definition of hedgerow, or only
having other types of vegetation representing hedgerows. This
hampers not only the reporting of hedgerow sink activities in
national greenhouse gas inventories, but also the assessment
and resulting promotion of hedgerows within the context of
climate change mitigation. The aim of this meta-analysis and
review was therefore to derive comprehensive estimates of C
stocks in both soils and biomass of hedgerows. On the basis of
this analysis, we assessed the C sequestration potential from
the establishment of new hedgerows.

Material and methods
Soil organic carbon stocks
Data collection

In order to quantify SOC stocks and estimate the SOC seques-
tration potential of hedgerows, we carried out a literature sur-
vey based on the ISI Web of Science database, applying the
following search string: (hedge* OR bocage OR “field mar-
gin$” OR shelter$belt OR wind$break) AND (carbon OR
“*organic* *matter*”” OR humus) AND soil. The reference
lists of the obtained articles were also searched for eligible
studies. The literature search was updated until May 2020
without date restrictions.

All the identified studies were screened for reported SOC
contents or stocks in hedgerow soils. Only studies with a
paired-plot design, in which adjacent agricultural fields were
sampled as a control, were included. We looked for original
studies with measured data; model studies were not consid-
ered. To be included, the control plot had to have a compara-
ble soil type, especially a comparable texture, with that of the
hedgerow plot. Another study selection criterion was compli-
ance with our definition of a hedgerow. To obtain a complete
picture of all studies dealing with hedgerows, we included
different types of field margins in our search term. Studies
analysing other types of field margins, e.g. windbreaks

consisting of one tree line and no shrubs or field margins with
mainly herbaceous vegetation, were excluded. Our analysis
was restricted to the temperate climate zone with a mean an-
nual temperature (MAT) of between 0 and 18 °C, according to
the IPCC definition of temperate climate (IPCC, 2019b).

From the selected articles, we compiled data on SOC con-
tents, SOC stocks, bulk densities, corresponding standard de-
viations (SD) and sample sizes (n) for each experiment
consisting of a hedgerow plot and an adjacent agricultural
field. When a transect perpendicular to the hedgerow was
sampled, we chose the furthest subplot as the control. For
graphically presented data, authors were contacted to provide
data, or alternatively data were extracted using
WebPlotDigitizer (Rohatgi 2019). When only standard errors
(SE) were given, standard deviations were calculated as fol-
lows: SD = SE x \n. If standard deviations were missing,
averaged standard deviations of all other studies with the same
land-use and unit (SOC content or stock) were imputed. SOC
contents or stocks were extracted for all available sampling
depths. In the case of more than one sampled depth increment,
SOC stocks and corresponding variances were summed over
all continuous sampling depths. SOC contents were averaged
over all continuous sampling depths. Furthermore, we com-
piled data on soil texture, mean annual precipitation (MAP)
and mean annual temperature (MAT) as potential explanatory
variables. When information on MAP and MAT was missing,
we filled the values with data from weatherbase.com,
selecting the closest weather station.

Meta-analysis

The difference in SOC between the hedgerow soils and the
soils of adjacent agricultural fields was studied through meta-
analysis. For the quantification of C storage in the context of
climate change mitigation, SOC stocks are preferentially se-
lected. We therefore used SOC stocks (Mg C ha™") for com-
parisons when reported, while SOC contents (g C kg soil ')
were used in the remaining cases. For the conversion from
SOC contents to SOC stocks, bulk density values are required.
For our dataset, bulk densities were only given in two out of
nine studies (measured for the same depth increment as SOC
content). Therefore, it was not possible to derive reasonable
bulk densities from the existing dataset and to convert SOC
contents into SOC stocks. For studies with reported SOC
stocks, we used mass-corrected SOC stocks where possible
(two out of nine studies). For the comparison of SOC stocks of
different land-uses with different bulk densities, it is necessary
to compare equivalent soil masses to investigate absolute
changes in SOC (Ellert and Bettany 1995). However, if only
one depth increment is sampled, response ratios of SOC
stocks with mass correction are the same as response ratios
of SOC contents. This was the case for four studies.
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For the meta-analysis, we chose the response ratio (RR) as
effect size. The RR quantifies the proportionate difference
between a treatment mean (X,) and a control mean (X.) and
is generally log-transformed prior to meta-analysis in order to
linearise and normalise the raw ratios (Hedges et al. 1999).
Unique effect sizes with corresponding 95 % Wald-type con-
fidence intervals were calculated for all studies as follows: In
(RR) = In(X)) - In(X,). When more than one comparison be-
tween a hedgerow soil and an adjacent agricultural field was
given, effect sizes were calculated for each individual paired-
plot comparison. Overall effect sizes were derived for the
subgroups “cropland control” and “grassland control”. Both
subgroups showed considerable heterogeneity between the
studies, tested with Cochran’s Q-test and I? statistics
(Higgins and Thompson 2002). Correspondingly, we applied
a random effects model to calculate the overall effect sizes
(Borenstein et al. 2010). The individual effect sizes were
therefore weighted by the inverse of their variance
(Borenstein et al. 2010). Lastly, all response ratios were
back-transformed into percentages to aid interpretation.
Analyses were performed with the metafor package
(Viechtbauer 2010) in R version 3.5.3 (R Core Team 2019).

Biomass carbon stocks

Analogously to the literature survey on SOC, we compiled
data on the biomass C stocks of hedgerows using the follow-
ing search string until May 2020 without date restrictions:
hedge* OR bocage OR “field margin$” OR shelter$belt OR
wind$break AND biomass. Furthermore, we included own,
unpublished data on biomass measurements from 49 hedge-
rows in Germany. The material and methods of this data and
the raw data can be found in the supplementary material
(Online Resource, Table S.1). The accurate and precise esti-
mation of C storage in biomass requires destructive sampling,
excavation of the root systems and drying and weighing of the
biomass (Vashum and Jayakumar 2012). Since this procedure
is very time-consuming, biomass data from destructive sam-
pling are often limited, and allometric equations are used to
derive biomass estimates. Allometric equations use easy mea-
surable factors, such as diameter at breast height, to estimate
above-ground biomass. Estimates based on allometric equa-
tions can be as accurate as destructive sampling techniques,
but only when appropriate coefficients for the site and species
are used (Dittmann et al. 2017). To our knowledge, there are
no such adapted functions for hedgerows in the temperate
climate zone. Thus, we excluded biomass data derived from
allometric equations (e.g. Thiel et al. 2015). Studies with re-
mote sensing approaches (e.g. Black et al. 2014) were also
excluded because the necessary ground truth data for these
biomass estimates were not available. We compiled data on
above-ground and below-ground biomass C stocks, along
with additional information characterising the hedgerow
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(width, height, age, management, species composition).
Biomass dry weight was converted to biomass C stocks if
not already converted, based on the assumption that 47.5 %
of biomass dry weight constitutes C (Schlesinger and
Bernhardt 2013). When width, height and age were given as
a range over several sampled hedgerows, we calculated mean
values. Descriptive statistics were applied to describe the bio-
mass dataset and included mean, minimum/maximum values
and variance, given in the text as standard deviations. All
estimates of C stocks of hedgerows are given per hectare of
hedgerow.

Carbon sequestration

Based on the estimates of C stocks in the biomass and soils of
hedgerows, we calculated potential C sequestration rates from
the establishment of new hedgerows. C sequestration must be
quantified for a given duration. Only three studies with crop-
land as control land-use reported the time since hedgerow
establishment and SOC stocks. We thus calculated SOC se-
questration rates for only these studies as well as based on all
studies with two scenarios assuming that both the SOC con-
tent of the hedgerows and that of the agricultural land were in
equilibrium at the time of sampling. Based on the IPCC guide-
lines on National Greenhouse Gas Inventories (IPCC 2006c¢),
we chose the Tier 1 default of 20 years as the period of tran-
sition between equilibrium SOC values. Additionally, we cal-
culated a second scenario with a transition time of 50 years
since it is known that the afforestation of croplands can lead to
a long-lasting C sink and equilibrium will only be reached
after decades (Poeplau et al. 2011). We assumed an average
SOC stock of cropland of 54 Mg C ha™! in the topsoil accord-
ing to Batjes (2010) and IPCC (2019a) as the baseline value
for typical temperate croplands and the overall estimated rel-
ative increase of SOC after hedgerow establishment to calcu-
late an annual SOC sequestration rate:

_ ASOC*SOCuseline

SOC sequestration rate [Mg ha ! yrfl} At

(1)

where ASOC represents the estimated relative SOC change
(response ratio) after hedgerow establishment, SOCyasejine rep-
resents the baseline SOC stock (54 Mg C ha ') and At refers to
the duration of the period of transition between equilibrium
SOC values (20/50 years).

The management of hedgerows includes trimming, mostly
annually and periodic rejuvenation through coppicing or
layering, with techniques specific to the region (Baudry
et al. 2000; Burel 1996). This leads to fluctuations in the
biomass C stock (Fig. 1). To estimate a C sequestration rate
in the biomass of hedgerows, we assumed that the biomass
accumulation of hedgerows is linear until an average biomass
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Average biomass C stock

Biomass C stock [Mg ha']

0 20

Coppicing—____

30
Time since hedgerow establishment [years]

[ | Above-ground biomass [ | Below-ground biomass

Fig. 1 Conceptual diagram of the dynamics of biomass accumulation
after hedgerow establishment with regular trimming and coppicing.
Carbon (C) sequestration was estimated as a linear rate until an average
biomass C stock is reached for a period of 20 and 50 years, respectively,

C stock is reached (Fig. 1). Thus, the calculated sequestration
rate represents an average C sequestration in hedgerow bio-
mass and does not consider any dynamics of tree growth over
time or fluctuations due to trimming and coppicing activities.
We chose two scenarios until an average hedgerow biomass is
accumulated, 20 and 50 years, respectively. Based on our
results (Fig. 2), 20 years seems a realistic period for hedge-
rows to reach maturity. However, many hedgerows in the
temperate climate zone also consist of trees. As trees need
longer periods to reach maturity than shrubs, 50 years was
chosen as the second scenario. To calculate C stock changes
after hedgerow establishment, C stock changes due to the
removal of C stored in the biomass of croplands and grass-
lands also need to be accounted for (IPCC 2019a). To com-
pare the C stored in the biomass of hedgerows to adjacent
agricultural fields, we assumed an average C stock in the

°
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_g 50 1 L
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m 254
3 #|e=3 L
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Years since last coppicing

thus representing the average sequestered carbon in hedgerow biomass
and not taking biomass fluctuation due to management activities into
account. The above-ground biomass (AGB) regrowth rate represents
AGB accumulation after coppicing

biomass of annual croplands of 4.7 Mg C ha ' and in the
biomass of grasslands of 10.7 Mg C ha"' (IPCC 2006a).

Results
Soil organic carbon stocks
Included studies

The initial literature search yielded a total of 356 records, of
which 46 were assessed in full-text. A flowchart of the study
selection according to Moher et al. (2009) can be found in
supplementary material (Online Resource Figure S.1). Our lit-
erature survey identified nine studies with 83 sampled hedge-
rows that matched the defined selection criteria and were used
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Fig. 2 Above-ground biomass (AGB) carbon stocks of the analysed hedgerows based on years since the last coppicing and hedgerow height
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for the meta-analyses. Eight of these studies had been peer-
reviewed, and one study had not. Most of the studies were not
included due to uncertainty about whether the sampled hedge-
row matched our hedgerow definition or was another type of
field margin (e.g. D’ Acunto et al. 2014; Wiesmeier et al. 2018).
Other studies investigated SOC storage in hedgerow soils but
had to be omitted due to a lack of control plots, in this case
adjacent agricultural fields with a defined land-use (e.g. Walter
et al. 2003). The included studies had been conducted all over
the temperate climate zone (Table 1). Sampling depths ranged
from 5 to 60 cm, with up to three sampled depth increments.
Five studies reported SOC stocks, while four reported SOC
contents. The average sampling depth of all studies with a crop-
land control was 28.4 cm. For studies with a grassland control,
the average sampling depth was 15.5 cm, weighted on the num-
ber of observations. Hedgerow age was reported in 55 % of the
studies and was weighted on the number of observations on
average 39 years for hedgerows with a cropland control plot
and 22 years for hedgerows adjacent to grassland.

Effect of hedgerows on soil organic carbon stocks

The meta-analysis showed that the establishment of hedge-
rows on cropland leads to a significant increase in SOC stocks

Table 1
temperature, lowercase letters mark individual sites within one study)

(Fig. 3). The SOC stock under hedgerows was on average 32
% higher than in the adjacent cropland, with a 95 % confi-
dence interval ranging from 15 to 51 %. Using the case of
average temperate cropland, this translates into an SOC stock
increase of 17 = 12 Mg C ha™' with the establishment of
hedgerows on cropland. In contrast, the difference between
SOC under hedgerows and adjacent grasslands was close to
zero (average of 9 %). The 95 % confidence intervals for the
grassland overall estimate ranged from —30 to 19 % and thus
overlapped zero, indicating that the establishment of hedge-
rows compared with grassland has no statistically significant
effect on SOC (Fig. 3). For both subgroups, considerable het-
erogeneity between the studies was observed (Fig. 3).
Response ratios for the subgroup “cropland control” varied
from —26 to 84 % and for “grassland control” from —45 to
22 %. Test for heterogeneity was significant for both sub-
groups (cropland control: Q = 34.15, df =9, p value <0.001;
I’ =78.82 %:;, grassland control: Q = 21.45, df = 5, p value
<0.001; > =83.23 %). However, except for the site of Paulsen
and Bauer 2019 b in the “grassland control” subgroup, the
confidence intervals of all studies overlapped with the overall
estimate. Therefore, the direction and average magnitude of
the treatment effect were robust for both subgroups. With the
current dataset, it was not possible to identify an influence of

Site characteristics of the included studies for the analysis of soil organic carbon stocks (MAP mean annual precipitation, MAT mean annual

Reference Country MAP MAT Texture or soil type Hedgerow Dominant species
[mm] [°C] age [years]
Baah-Acheamfour Canada 448463 19— Dark grey/black chernozemic 40-100 Populus tremuloides, Betula papyrifera,
etal. (2014) 24 soils; grey luvisolic soils Populus balsamifera
Dhillon and Van ~ Canada 455 32 Brown soil 18 Caragna arborescens
Rees (2017)
Follain et al. France 746 10.3 Loam Several Castanea sativa, Quercus robur
(2007) hun-
dreds of
years
Ford et al. (2019) UK 2500 9.0 Loam/clay 1— 40 Crataegus monogyna, Prunus spinosa, Corylus
avellana
Holden et al. UK 674 9.2 Loam No data Crataegus monogyna, Sambucus nigra, llex aquifolium
(2019)
Monokrousos Greece 506 15.7  Loamy-clay No data Rubus ulmifolius, Phragmites australis, Artemisia
et al. (2006) vulgaris
Paulsen and Bauer Germany 735 8.7 Loam No data Fagus sylvatica, Corylus avellana, Crataegus
(2008) monogyna, Salix spec., Lonicera periclymenum,
Acer campestre, Quercus robur
Thiel et al. (2015) Canada 1228 10.6  Silty-loam a: 9-19 a: Thuja plicata, Acer rubrum, Acer macrophyllum,
Alnus rubra, Rosa nutkana, Cornus sericea
b: 38 b: no data
Van Vooren et al. Belgium 784 11.9  Sandy-loam/loam a: >100 a: Crataegus monogyna
(2018) b: 13 b: Crataegus monogyna
c: 8 c:  Crataegus monogyna, Sambucus nigra,
Corylus avellana, Fraxinus excelsior
d: 10 d: Carpinus betulus
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Reference SoC SOoC SO(? Sampling on
Control Hedgerow unit depth [cm] (sites)

Cropland Control :

Baah-Acheamfour et al. 2014 53.1 65.2 gkg' 10 12 ._-—.—.

Dhillon & Van Rees 2017 73.7 795 Mgha' 50 10 l—-—I—c

Holden et al. 2019_a 19.0 31.0 gkg™ 7 3 ——

Monokrousos et al. 2006_a 12.9 9.6 g kg’ 10 1 =

Monokrousos et al. 2006_b 15.2 28.0 gkg™’ 10 1 ——

Paulsen & Bauer 2008_a 98.0 163.0 Mg ha™' 60 1 ——

Thiel et al. 2015_a 80.8 106.5 Mgha" 40 4 Do

Thiel et al. 2015 _b 72.9 76.7 Mgha™ 40 4 .—-—.

Van Vooren et al. 2018 ¢ 32.3 455 Mg ha 20 1 : -

Van Vooren et al. 2018_d 40.5 46.1 Mg ha™’ 20 1 l—I—l

Overall Percent Change [95% CI] | —— 32.0 [15.0, 51.4]

Grassland Control

Follain et al. 2007 36.0 44.0 gkg™ 5 1 —i

Ford et al. 2019 62.1 68.2 Mgha" 15 38 HH

Holden et al. 2019_b 29.0 31.0 g kg’ 7 3 l—-—I—c

Paulsen & Bauer 2008_b 296.0 163.0 Mgha™ 60 1 ——

Van Vooren et al. 2018_a 40.6 39.8 Mg ha™' 20 1 n—l—|

Van Vooren et al. 2018_b 39.2 38.3 Mgha" 20 1 ' i

Overall Percent Change [95% CI] —. -8.6 [-30.1, 19.4]
| i | |

-65 0 100 220

Fig. 3 Effect of hedgerows on soil organic carbon (SOC) stocks. Shown
are individual mean effect sizes and 95 % confidence intervals (CIs) as a
percentage change (back-transformed log response ratio) for all studies. If
a study provided data on more than one comparison between a hedgerow
soil and an adjacent agricultural field, effect sizes were calculated for each

hedgerow age, soil texture or climate on the effect of hedge-
row establishment on SOC storage (Online Resource
Figure S.3). However, the fact that we could not observe a
correlation with environmental parameters is not due to the
lack of influence of these parameters on SOC accrual, but is
due to the small dataset.

Biomass carbon stocks
Included studies

The dataset on biomass C stocks consisted of four peer-
reviewed studies plus our own data, totalling measurements
of 64 hedgerows located in the UK and Germany. The mean
hedgerow width was 4.0 + 2.1 m, with a range from 1.0 to
11.6 m, and the mean hedgerow height was 5.0 + 1.6 m, with a
range from 2.5 to 9.9 m. Years since the last coppicing was on
average 11.0 + 5.6 years, ranging from 4 years to 28 years.
The most frequently mentioned management techniques were
annual/occasional trimming, hedge laying and periodic

Percent Change in SOC

individual site within one study (marked by lowercase letters). The dia-
mond shows the overall estimated percentage change using a random-
effects model for the two subgroups “cropland control” and “grassland
control”

coppicing. Blackthorn (Prunus spinosa), hazel (Corylus
avellana) and willow (Salix spec.) were the most abundant
species (Online Resource Table S.2).

Biomass carbon stocks

Hedgerows stored on average 47 =29 Mg C ha ' in the above-
ground biomass. Above-ground biomass C stocks varied con-
siderably, ranging from 4 (recently coppiced hedgerow) to
132 Mg C ha'. Above-ground biomass C stocks showed
increasing trends with years since the last coppicing and
hedgerow height (Fig. 2), with a correlation between years
since last coppicing and hedgerow height (Pearson’s correla-
tion coefficient (r) = 0.38, p < 0.01). Below-ground biomass C
stocks were only reported in two studies (Axe et al. 2017,
Crossland 2015). Axe et al. (2017) measured three hedgerows
down to 1 m depth. These sampled hedgerows had a mean (+
SD) root/shoot ratio of 0.94 + 0.26 (Axe et al. 2017). In con-
trast, Crossland (2015) derived below-ground C biomass
stocks from above-ground biomass C stocks via a fixed root/
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shoot ratio of 0.33. This assumed root/shoot ratio was not
specific for the sampled hedgerows and therefore seems to
underestimate below-ground biomass compared with the em-
pirical values. Therefore, we took the measured root/shoot
ratio by Axe et al. (2017) to estimate an average below-
ground biomass C stock. Axe et al. (2017) included the root
crowns and the stools in the below-ground biomass. These
components accounted for 43 % of the below-ground biomass
C stock and thus contributed to the high root/shoot ratio.
However, since the data on above-ground biomass C stocks
were derived from harvesting above-ground biomass with
practices common for the region, the majority of the stools
were not included in these C above-ground biomass stocks.
The total biomass C stocks were therefore reasonably estimat-
ed. Accordingly, the below-ground biomass C stock of hedge-
rows was 44 + 28 Mg C ha ', but with high uncertainty. In
sum, the total biomass C stock of hedgerows was 92 + 40 Mg
Cha.

Carbon sequestration

The establishment of hedgerows on cropland could result in
an additional SOC stock of 17 Mg C ha™' and thus in a SOC
sequestration of 0.9 Mg C ha ' year ' over a 20-year period.
Based on a 50-year scenario to reach equilibrium, the SOC
sequestration rate would be 0.3 Mg ha ' year '. We obtained
amean SOC sequestration rate of 0.7 Mg C ha ' year " ifonly
studies that reported hedgerow ages and SOC stocks (3 out of
7 studies) were included. This value is similar to the mean
SOC sequestration range obtained from all studies.
Assuming hedgerow biomass reaches maturity after 20 years
of hedgerow establishment on cropland, 4.3 Mg C ha ' year ™’
accumulates in the hedgerow biomass over this 20-year peri-
od. With an establishment time of 50 years, the C accumula-
tion in the hedgerow biomass would be 1.7 Mg C ha ' year .
In total, hedgerows stored 104 + 42 Mg C ha ' more C than
croplands, with biomass and soil contributing about 84 % and
16 %, respectively. Therefore, the total estimated C sequestra-
tion with the establishment of hedgerows on cropland was
5.2 Mg C ha ' year ' for a period of 20 years or 2.1 Mg C
ha ' year ' for a 50-year scenario. Hedgerow establishment
on grassland did not sequester additional SOC, but did accu-
mulate similar amounts of biomass. On grasslands, hedgerows
stored additional 81 + 40 Mg C ha™' in the biomass.

Discussion
Soil organic carbon stocks
Our study showed that by establishing hedgerows on former

cropland in the temperate climate zone, SOC increased by 32
+ 23 % on average. This result is similar to estimates of land-
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use change from cropland to forests. In their meta-analysis on
the effect of afforestation on SOC stocks, Barcena et al. (2014)
showed a SOC stock increase of 20 % in 0—10 cm sampling
depth after the afforestation of croplands. Poeplau and Don
(2013) found a SOC accumulation of 21 £+ 13 Mg ha ! after
the land-use change from cropland to forest, which is in good
agreement with our estimate for the establishment of hedge-
rows (17 + 12 Mg ha ).

As one of the few reviews analysing the effect of hedge-
rows, Van Vooren et al. (2017) estimated that the SOC stock
beneath hedgerows is 22 % higher than that in adjacent agri-
cultural fields. The estimate was based on eight published
studies and their own data. However, tree rows and alley
cropping systems were also counted as hedgerows, and no
differentiation was made between cropland and grassland as
the control, which could have produced the lower estimate.
We only compiled data from studies with hedgerows that
contained shrubby vegetation and had a clear control land-
use (cropland/grassland). Therefore, our included studies dif-
fered from those considered in the review by Van Vooren
et al. (2017). In their global meta-analysis on C storage of
agroforestry systems, Cardinael et al. (2018b) also differenti-
ated hedgerows. Based on five studies with 21 observations,
Cardinael et al. (2018b) found a relative increase of 21 % SOC
comparing hedgerows to cropland in the temperate climate
zone. Similar to Van Vooren et al. (2018), Cardinael et al.
(2018b) included data from shelterbelts, windbreaks and live
fences. Thus, the definition of hedgerows is different from this
study, and consequently the studies considered by Cardinael
etal. (2018b) differ (overlap of two studies) from the data used
in our meta-analysis.

We could not observe a statistically significant trend in
SOC storage for the establishment of hedgerows on grass-
lands. This is also consistent with other studies and meta-anal-
yses, which found no significant SOC changes comparing
different agroforestry systems and grassland (Beckert et al.
2015; De Stefano and Jacobson 2018; Fornara et al. 2018).
As regions dominated by cropland are under more environ-
mental pressure than grasslands (Kay et al. 2019), the estab-
lishment of hedgerows on cropland is also likely to achieve
the best synergies with other ecosystem functions, such as
enhancement of biodiversity, improvement of microclimatic
conditions and erosion control. It must be considered that the
gain in SOC is reversible. However, as the establishment of
hedgerows is often associated with a permanent obligation
from the landowner, e.g. in Europe through European Cross
Compliance Regulations (Regulation (EU) No 1306/2013
2013), it is a promising management option for permanent
SOC storage.

Considerable heterogeneity was observed between the
studies. One reason for the heterogeneity could be that the
analysed hedgerow types were quite diverse, although we ap-
plied a narrow hedgerow definition as study selection
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criterion. Plant composition and hedgerow characteristics,
such as height, affect hedgerow SOC storage (Dhillon and
Van Rees 2017). Hedgerow age also likely has an impact on
SOC, although we could not observe an influence of hedge-
row age on the effect of hedgerows on SOC storage due to the
limited dataset. Chatterjee et al. (2018) and Dhillon and Van
Rees (2017) showed that older agroforestry systems have larg-
er SOC stocks than newly established systems. However, after
decades, a new steady state will be reached in SOC if envi-
ronmental conditions and management are unchanged. The
effect of hedgerow age on SOC storage is probably not
visible due to an overlap with other influencing factors. In
addition, Ford et al. (2019) stated that hedgerows are often
replanted where hedgerows once existed. Such land-use his-
tory could also blur the effect of hedgerow age on SOC.
Owing to the limited number of studies and reported explan-
atory variables, we could not further analyse other influencing
factors on SOC storage of hedgerows.

Inconsistencies in study design and a lack of standardised
sampling procedures could have added heterogeneity in the
study effects and influenced the overall outputs. The sampling
depths differed greatly between 5 and 60 cm and often were
not deep enough. Tree and shrub roots in agroforestry systems
extend to deep soil horizons and thus can critically affect the
subsoil’s SOC stock (Haile et al. 2010). Nair (2012)
emphasised that tree-based systems need to be studied to at
least 1 m depth to detect the complete impact of land-use on
SOC stocks. Mulia and Dupraz (2006) found fine roots up to
2.5 m depth in a poplar agroforestry system and up to 3 m
depth in a walnut agroforestry system in France. Cardinael
etal. (2015) even sampled fine roots down to 4 m depth within
that walnut agroforestry system in France and found that roots
within the agroforestry system were more pronounced in
deeper soil layers compared to walnut trees planted in mono-
culture. Another issue was that four of the nine compiled
studies reported SOC contents only and no stocks. Even when
SOC stocks were reported, bulk densities were mostly not
given. Therefore, it was not possible to account for differing
bulk densities of the paired-plots and perform a mass correc-
tion for all data (Ellert and Bettany 1995). Due to higher SOC
contents, the bulk densities under hedgerows were lower in all
studies with reported bulk densities (Dhillon and Van Rees
2017; Ford et al. 2019; Holden et al. 2019; Paulsen and Bauer
2008; Thiel et al. 2015). This could lead to an underestimation
of mass-corrected SOC stocks in hedgerow soils compared
with adjacent croplands. Regarding the sampling design,
some soil samples were taken from directly beneath the
hedgerow, whereas other samples were taken next to the
hedgerow (e.g. Van Vooren et al. 2018). If an SOC gradient
from inside the hedgerow to the outside can be assumed, sam-
pling next to the hedgerow could also have led to an underes-
timation of hedgerow SOC. Although the area close to the
hedgerow may still be influenced by the root system and

litterfall of the hedgerow, the area directly beneath the hedge-
row is likely to store more SOC (Cardinael et al. 2015). These
limitations stress the need for more comprehensive studies
analysing the SOC stocks of hedgerow soils.

Biomass carbon stocks

With an average of 92 + 40 Mg C ha !, hedgerows can store
similar amounts of biomass C to forests. Temperate forests in
Germany store on average 103 Mg C ha ', according to the
National Forest Inventory (Wellbrock et al. 2017). The report-
ed above-ground biomass C stocks of hedgerows ranged from
4 to 132 Mg C ha'. This variability can be explained by
hedgerow characteristics, e.g. height, age and species compo-
sition, and by site characteristics, e.g. precipitation, which
influence primary production. Furthermore, hedgerow man-
agement, such as trimming and coppicing frequency, influ-
ences the biomass of hedgerows (Crossland 2015;
Czerepowicz et al. 2012). The hedgerows in our dataset were
coppiced different times ago, ranging from 4 to 28 years
(Online Resource Figure S.4). The average of 92 =40 Mg C
ha ' is thus representing the average amount of C in a hedge-
row system independent of fluctuations due to hedgerow
management.

For our dataset, we could confirm a biomass C stock in-
crease with years since the last coppicing and hedgerow height
(Fig. 2). Robertson et al. (2012) showed that hedgerow height
is also correlated with hedgerow type, with tree-dominated
hedgerows being taller and storing more C than shrub-
dominated hedgerows. They proposed that hedgerow height
could be used to estimate the biomass of hedgerows. Axe et al.
(2017) confirmed this relationship, but with limitations re-
garding recently trimmed hedgerows. Our results suggest that
time since the last coppicing event could also be used instead
of’height to estimate above-ground biomass because we found
a correlation between time since last coppicing and hedgerow
height.

As only one of the studies measured below-ground C
stocks, there is clearly a need for more field-based measure-
ments, especially of below-ground biomass stocks of hedge-
rows, to derive more thorough estimates. Roots contribute
substantially to the overall C stock of hedgerows. Axe et al.
(2017) measured almost equivalent below-ground and above-
ground biomass stocks. Their measured hedgerow root/shoot
ratio 0f 0.94 + 0.26 is much higher than the root/shoot ratio of
temperate forests, which was estimated to be between 0.30
and 0.46, depending on forest vegetation type and shoot bio-
mass, in a global meta-analysis by Mokany et al. (2006).
However, it was not as high as the root/shoot ratio for shrub-
land at 1.84 (Mokany et al. 2006). The high root/shoot ratio of
hedgerows in the temperate climate zone could be attributed to
the regular above-ground disturbance by periodic trimming
and coppicing. Regular above-ground disturbance generally
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leads to higher root/shoot ratios (Mokany et al. 2006).
Additionally, specific hedgerow management, such as laying
and coppicing, results in multiple, small stems growing from
one stool. The stool and root crowns add substantial biomass
to the root biomass stock (Axe et al. 2017).

Carbon sequestration

We calculated a SOC sequestration rate of between 0.3 (50-
year scenario) and 0.9 Mg C ha ' year ! (20-year scenario) for
the establishment of hedgerows on cropland. Cardinael et al.
(2018b) also derived SOC sequestration rates for the estab-
lishment of hedgerows on cropland in the temperate climate
zone. Their estimate of 0.45 Mg C ha ' year ' is closer to our
50-year scenario. According to our data, between 1.7 and
43 Mg C ha ' year ' accumulated in the hedgerow biomass
after hedgerow establishment on cropland over 50 and 20
years, respectively. Assuming a hedgerow width of 5 m, the
estimate provided by Cardinael etal. (2018b)is 1.7 Mg C ha "
year ' above-ground biomass production and 0.5 Mg C ha™'
year ' below-ground biomass production, totalling 2.2 Mg C
ha ' year ', and is thus closer to our 50-year scenario.
Although acknowledged by the IPCC (IPCC 2019a), the bio-
mass C sequestration estimates derived by Cardinael et al.
(2018b) are based on only one study in which above-ground
biomass of 12 shelterbelts was measured. Below-ground bio-
mass was estimated with a fixed root/shoot ratio of 0.26.
According to the empirical data by Axe et al. (2017), this
root/shoot ratio underestimates below-ground biomass of
hedgerows in the temperate climate zone. Thus, we have as-
sumed a higher accumulation of below-ground biomass.
Moreover, the estimates for hedgerow biomass given by
Cardinael et al. (2018b) are not on an area basis but on per
km hedgerow; comparisons are difficult.

Estimating C stocks and sequestration of linear objects,
such as hedgerows, on an area basis is prone to errors since
it is hard to measure the exact hedgerow width. The hedgerow
width can be defined either as the crown width or as the width
of'the stems at the hedgerow base, which are usually different.
This context also leads to the conclusion that as well as
establishing new hedgerows, allowing existing hedgerows to
grow wider will also sequester C. This was suggested by Axe
et al. (2017) and by Falloon et al. (2004), who theoretically
calculated C sequestration potentials for different hedgerow
widths.

Our study clearly showed that the establishment of hedge-
rows increases C stocks, both in the soil (on former croplands)
and in the biomass, and is therefore an effective option for C
sequestration. The overall potential to increase the C stock
was substantial, although the calculated sequestration rates
are only a first estimation due to the lack of field data on the
dynamics of C sequestration under hedgerows. Hedgerows
are permanent vegetation and thus can assimilate C without
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a fallow period throughout the year if leaves are present.
Compared to annually harvested cropland, there is no or only
minor export of biomass from hedgerows, which increases C
inputs to the soil. In addition, extensive root systems can de-
velop under hedgerows over the years. Root litter has been
found to contribute considerably to building up SOC (Kiétterer
et al. 2011; Rasse et al. 2005). Hedgerows have a complex
structure, with mostly a combination of trees and shrubs and
often grass cover beneath and next to them. Compared with
forests, hedgerows have stems of a smaller diameter, but with
denser spacing (Axe et al. 2017). This promotes a high bio-
mass both above- and below-ground and subsequently fa-
vours C input to the soil and SOC formation. Substantial parts
of the overall C pool in hedgerow ecosystems are also stored
in the organic layer, in surface litter, in deadwood and, if
present, in herbaceous vegetation (Axe et al. 2017; Welsch
et al. 2016). From the included studies, the extent to which
these components were included in biomass data, if at all, was
not always clear. This could have caused an underestimation
of'total hedgerow C stocks. Litterfall from hedgerows and root
systems exceeding the hedgerows may also contribute to
building up SOC in the vicinity of the hedges, as found by
Cardinael et al. (2015). This additional C sequestration effect
could not be accounted for in our study either due to the lack
of data.

Hedgerow biomass is traditionally harvested with regular
trimming and periodic coppicing every 5 to 15 years.
However, in most regions, this practice has been performed
less and less in recent decades due to the considerable work-
load, high costs and insufficient options to use or sell the
woody biomass of hedgerows (Lotfi et al. 2010; Wolton
2012). If the biomass is cut, it is often not used (e.g. for
heating purposes) but left on the ground as woody debris or
burnt on site. Not using the biomass affects not only the
hedgerows’ ecological functions, but can also have a negative
effect on the total C budget, thus reducing the maximum
achievable climate mitigation potential of hedgerows. The an-
nual energy production of hedgerows can be 76 GJ ha™'
year ', based on an above-ground biomass regrowth rate of
4 Mg dry mass ha ' year ' (Axe et al. 2017; Lingner et al.
2018; Seidel et al. 2015) and a calorific value of woodchips
from hedgerows of 19 GJ Mg ' (Chambers et al. 2015). One
hectare of hedgerow biomass would therefore provide heating
energy for about two households, with an average annual en-
ergy consumption for heating of 37 GJ per dwelling in the
European Union in 2017 (Odyssee-Mure 2020). Using Tier
1 default factors (IPCC 2006b) for (net) calorific values and
CO, emission factors, one hectare of harvested hedgerow bio-
mass could substitute 1.6 Mg natural gas or 1.8 Mg light fuel
oil per year. This translates a mitigation of 1.2 Mg C ha™’
year ' (substituting natural gas) or 1.5 Mg C ha ' year '
(substituting light fuel oil). Compared with the total C seques-
tration of 5.2 Mg C ha ' year ' (20-year scenario), this is a
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relevant component increasing the mitigation effect of hedge-
rows by about a quarter. Compared to our 50-year scenario
(2.1 Mg C ha ' year '), the use of biomass would even in-
crease the mitigation effect by about two-thirds.

The above derived estimates can only give an initial esti-
mation of the amount of possible fossil fuel substitution
through the use of hedgerow biomass. For a full life cycle
assessment, biomass losses along the supply chain and other
emissions, e.g. for transportation, must be taken into account
(Wolf et al. 2016). However, the calculation shows that the
use of hedgerow biomass can have a substantial additional
climate mitigation effect by substituting fossil fuels.
Crossland (2015) modelled the C stocks and fluxes of cop-
piced versus un-coppiced hedgerows and found that while un-
coppiced hedgerows sequester larger quantities of C, total C
savings are higher when hedges are managed by coppicing
due to the substitution of fossil fuels via the production of
wood fuel. In contrast to C sequestration in the biomass and
soil of hedgerows, which occurs once, this climate change
mitigation potential exists repeatedly while non-renewable
energy that can be substituted is used. However, even in a
100 % renewable energy world where fossil fuels are no lon-
ger required to be substituted, hedgerow biomass can contrib-
ute to energy security with bioenergy from agriculture pro-
duced mainly in rural areas.

Conclusions

The positive effects of hedgerow establishment on C stocks
and potential fossil fuel substitution have not been sufficiently
recognised up to now. This study provides a quantitative over-
view of C stocks in hedgerow ecosystems, based on own
biomass data and data from other empirical studies.
Hedgerows were strictly defined as linear structures contain-
ing perennial shrubs or shrubs and trees. Our results clearly
indicate that the establishment of hedgerows in agricultural
areas, especially on cropland, can be an effective and multi-
functional measure to sequester C. Conversely, the removal of
hedgerows would be a potential C source. We found an aver-
age relative SOC increase of 32 + 23 % after the establishment
of hedgerows on cropland and a hedgerow biomass C stock of
92 40 Mg C ha . Since hedgerows are permanent elements
in the landscape, the problem of loss of sequestered C
(reversibility) is largely solved. This makes the establishment
of hedgerows for C sequestration a particularly promising
option for climate change mitigation. Moreover, hedgerows
provide a wealth of additional ecosystem services, and they
only require a small area of agricultural land, thus leaving
most agricultural land for food production. In Germany, for
example, hedgerows only cover about 0.2 % of agricultural
land today, according to the digital landscape model. Our
results can help quantify changes in C stocks associated with

the removal or establishment of hedgerows and support the
promotion of hedgerow preservation and establishment in dis-
cussions about climate change mitigation and adaptation.
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