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Abstract

Mitigating climate change is a critical challenge, and establishing agroforestry systems is identified as
an effective strategy to increase carbon (C) sequestration in agricultural areas. However, the C
storage potential of agroforestry systems, especially hedge agroforestry, still needs to be quantified
in temperate areas. This study was performed in three mixed crop-livestock areas of western France
and focused on hedges planted 20 years ago and on hedges inherited from the traditional hedge
landscape and planted 40-120 years ago. We quantified soil organic carbon (SOC) stocks to a depth of
90 cm in 21 agricultural fields adjacent to a hedge, at 1, 3, 6 and 18 m from the hedge. Additional
SOC storage by hedges were estimated in comparison to a reference plot, which corresponded to the
18-m measurement. SOC storage dynamics was empirically modeled from the measurements. SOC
distribution by particle-size fraction at 0-30 cm depth was also measured. Compared to those in a
reference plot, SOC concentrations and stocks were significantly higher in the adjacent field up to 1
m from the hedge at 0-60 cm depth, and up to 3 m from the hedge at 60-90 cm. However, 56-65% of
the additional SOC was stored at 0-30 cm depth and within 1 m of the hedge. Additional SOC stocks
equaled 30-50% of the C stored in non-harvested biomass. Estimates of SOC accumulation rates over
30 years after tree planting ranged from 0.034-0.096 Mg C yr! per 100 linear m of hedge. In the first
30 cm, 59-85% of the additional SOC was stored in the labile particulate organic matter fraction. Our
study demonstrated hedges’ significant potential to store SOC locally around themselves; combined
with other practices to store C, they could help increase C storage potential at the scale of an
agricultural landscape. Results also highlight the high variability in hedge storage potential,
depending on hedge characteristics and intrinsic soil properties, whose underlying controlling

processes remain to be understood.

Keywords: agroforestry systems, shelterbelts, windbreaks, field margins, perennial vegetation, soil

carbon sequestration



35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

1 Introduction

The Intergovernmental Panel on Climate Change (IPCC) recently established that limiting global
warming to 1.5°C above pre-industrial levels implies reaching net zero CO, emissions globally by ca.
2050 (Masson-Delmotte et al., 2018). This ambitious goal of balancing anthropogenic greenhouse gas
emissions with ecosystem sequestration of CO; is now required in most national and international
climate policies. Soils are the largest terrestrial pool of organic carbon (C), and the IPCC highlights the
relevance of sustainable land management solutions to help achieve this goal (IPCC, 2019). With a
total estimated storage of 2400 Gt of organic C (to a depth of 2 m), soils store 2-3 times as much C as
the atmosphere (Batjes, 1996). As emphasized in the “4 per 1000” initiative — “Soils for Food Security
and Climate” — (http://4p1000.0rg), a slight change in soil organic C (SOC) stocks thus has a large
impact on atmospheric CO; concentration. In this context, the major role of reforestation and
planting of trees in agricultural areas is increasingly recognized as one of the most effective solutions
for sequestering C (Zomer et al., 2016; Bastin et al., 2019). Establishing agroforestry systems is an
effective way to plant trees while preserving most area for crop production and providing many
agroecological functions (Moreno et al.,, 2018; Shi et al., 2018). These systems are complex
agroecosystems that combine woody perennials (e.g. trees or shrubs) and crops or grasslands in the
same land management unit (Nair, 1993). Agroforestry includes a wide range of land uses,
agricultural practices and spatial arrangement of the woody and crop vegetation. Among this
diversity, hedges are an agroforestry system consisting of linear rows of woody perennials planted on
field margins, either on arable land, in ley-arable systems or on permanent grasslands. Despite their
strong decline over the past several decades, due to land-use change and intensive management of
agricultural areas, they remain a dominant agroforestry pattern in many parts of the world and
specifically in northwestern Europe (Baudry et al, 2000; Carlier and Moran, 2019). Recent
agricultural and environmental policies, as well as development of the local fuelwood industry, have
renewed the interest in hedges and prompted new planting and sustainable management of new

and older hedge networks, particularly by emphasizing their role in regulating the global C cycle.
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The C sequestration potential of agroforestry systems in plant parts and soils has been estimated in
studies in tropical and temperate areas, and reported in recent reviews (Kumar and Nair, 2011;
Lorenz and Lal, 2014; Cardinael et al., 2019) and meta-analyses (Chatterjee et al., 2018; De Stefano
and Jacobson, 2018; Feliciano et al., 2018; Shi et al., 2018). Estimates of SOC accumulation in soils in
agroforestry systems vary widely at the global scale (30-300 Mg C ha™ yr™ to a depth of 100 cm
(Feliciano et al., 2018)), depending on biophysical context, land use and type of agroforestry system.
On average, Shi et al. (2018) report that SOC stocks are 19% higher than those in crop or grassland
soils. Multiple mechanisms and processes are responsible for the higher SOC stocks in agroforestry
systems than in mono-cropping systems. Trees can increase SOC stocks by increasing aboveground
and belowground organic matter inputs into soils. Belowground biomass represents a particularly
large C input into the soil by incorporating dead roots and exudates, and deep roots can significantly
increase SOC stocks in soil layers deeper than 30 cm (Upson and Burgess, 2013; Germon et al., 2016).
The lower intensity of human management (e.g. tillage) next to the trees than to crops can also favor
SOC stabilization and protection (Udawatta et al., 2008). Variability in an agroforestry system’s
potential to sequester SOC is expected, however, depending on inherent soil properties, the age of
the woody perennials, stand structure and management practices, which influence tree productivity

and resulting C inputs into the soil (Albrecht and Kandji, 2003).

The distribution of SOC among particle-size fractions also provides important insight into how
agroforestry systems influence the quality and long-term stability of organic matter in soils.
Particulate organic matter (POM), is sensitive to changes in land management practices than total
SOC and is used mainly as indicator of change in the soil ecosystem (Kaschuk et al., 2010). This
fraction tends to respond the most to in-field agroforestry systems (Mao et al., 2012; Baah-
Acheamfour et al., 2015; Ramesh et al., 2015), and may therefore provide early information about
effects of agroforestry on SOC dynamics. However, they generally have a shorter turnover time than

other fractions (Balesdent et al., 2000).
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Although the potential for hedge systems to store C is acknowledged (Falloon et al., 2004; Follain et
al., 2007; Thiel et al., 2015), they have been studied less often than in-field agroforestry, and
guantitative estimates of SOC storage potential remain rare, especially in the European temperate
areas. In addition, data from control plots without trees are not always available, so while SOC stocks
under hedges can be estimated, the additional SOC storage compared to SOC stocks of adjacent
fields cannot always be calculated. Walter et al. (2003) estimated SOC stocks for seven hedges,
residuals from traditional “bocage” landscape in Brittany (France). These hedges stored an additional
1-30 Mg C hain the first 30 cm in an area 5 m wide on either side of the hedge (i.e. 0.1-3.0 Mg C per
100 linear m (100 m)), without considering their potential role in controlling soil erosion. Among the
studies available, few knew when the hedges had been planted, which is necessary to estimate
storage dynamics as a function of hedge age. In their review, Arrouays et al. (2002) considered the
maximum additional SOC stock at equilibrium in the presence of hedges as 5 Mg C ha in the first 30
cm, in a landscape with a hedge density of 100 m ha™. Using an exponential equation, they estimated
the mean additional SOC storage rate constant as 0.025 yr!, and the mean net SOC storage rate over
20 years as 0.1 Mg C 100 m* yr. Using a model, Falloon et al. (2004) predicted a mean SOC
accumulation rate of 0.62 Mg C ha? yr? for a 2 m wide hedge in England (i.e. 0.0124 Mg C 100 m™*
yr1). Dhillon and Van Rees (2017), studying six hedges planted with different tree species in the
Canadian Prairies measured an additional SOC stock of 5.8-38.0 Mg C ha™! at 0-50 cm depth (0.5-3.7
Mg C 100 m) for hedges ranging in age from 18-31 years. Overall, studies show that larger SOC
stocks are generally measured near hedges than in adjacent plots, but the additional quantities

stored vary greatly.

The objective of this study was to assess the contribution of hedge systems to SOC storage. For this,
(1) we quantified SOC stocks and estimated storage dynamics in hedge systems from soil sampling in
three study areas of western France under contrasting soil conditions and for two classes of hedge
age and (2) we assessed potential impacts of hedges on SOC biogeochemical composition in topsoil

using early indicator of SOC response to changes in land management (i.e. POM). This study was
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based on the hypothesis that SOC stocks next to hedges are larger than those in adjacent fields at

distances beyond which the hedges can influence SOC stocks.

2 Materials and methods

2.1 Study areas
The study was performed in three areas of northwestern France: the “Pays du Roi Morvan” (MO)
next to Gourin (48°08'24.5"N, 3°36'44.2"W), the “Pays des Mauges” (MA) next to Maulevrier
(47°00'36.1"N, 0°44'49.6"W) and the “Pays Vallée de la Sarthe” (SA) next to Le Mans (48°00'52.1"N,
0°13'36.7"E) (Figure 1). The climate in all areas is classified as temperate oceanic (KOppen
classification) but is wetter in MO than in MA or SA (Table 1). Mean SOC concentration is also higher
in MO (Table 1). In each area, we selected hedges from farmers interested in implementing
sustainable management plans for hedges and advised by the Chambers of Agriculture of the
Brittany and Pays de la Loire regions. These hedges are pruned on average every 15 years for fuel
wood production. We distinguished “young” hedges, which had been planted 20 years ago on field
margins that had never had trees and from which wood had never been harvested, from older
hedges, which had been planted 45-120 years ago and which may have experienced several pruning
management cycles. MO, MA and SA contained four (MO1-MO4), five (MA1-MAS5) and three (SA1 to
SA3) hedges, respectively. Where possible, the impact of hedges on SOC stocks was assessed on both
sides of hedges, yielding a total of 21 fields adjacent to these hedges. The plots we selected also had
relatively flat topography, to avoid asymmetric soil erosion processes on the two sides, which could
interfere with SOC storage. Vegetation composition, pruning management, soils and adjacent land

use of the hedges were recorded (Table 2).
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2.2 Carbon stocks in aboveground and belowground biomass
C content in biomass was estimated as an indicator in this study to compare to SOC stocks in soils.
For each of the 12 hedges, aboveground biomass was estimated using allometric equations. To date,
there is no specific equation for estimating the biomass of hedge trees, so for high-stem trees or
stems of coppices, we used an equation of Deleuze et al. (2014) parameterized for 28 species in

French forests.

(1)

where V; (m3) is total volume of aboveground biomass; DBH (m) is trunk or stem diameter at 1.30 m
(Diameter at Breast Height); H: (m) is total trunk height; and a (unitless), b (m®°) and c (unitless) are

parameters defined by tree species.

We used the mean values of parameters a, b and c of Deleuze et al. (2014) for deciduous trees:
0.522, 0.661 m®%, and -0.002, respectively. For the trunk of pollard trees, we used another equation

of Deleuze et al. (2014):

mDBH?
4

V=07 H (2)

where V (m?) is volume of the trunk and H (m) is trunk height.

Aboveground biomass equaled the total volume of the tree multiplied by the wood density (dry
weight per unit volume). Wood density and aboveground biomass C content were assumed to equal
0.546 Mg dry matter m and 0.475 Mg C Mg! dry matter, according to means calculated by Lousteau
(2004) for deciduous trees in France. C stock in aboveground biomass was expressed in Mg C 100 m™
of hedges. To estimate belowground biomass, we used a root-expansion factor, defined as the ratio
of total biomass to belowground biomass. As recommended by Lousteau (2004) for deciduous trees,

we set the root-expansion factor to 1.28.
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Since most hedges were multispecies, to represent their biomass well, the trunk height and diameter
of each tree planted on a section of each hedge were measured (Table 3). The volume of each tree
was estimated from Eq. 1 or 2. The total volume of the section of the hedge equaled the sum of
individual tree volumes. For pollard trees and coppices, most aboveground biomass is periodically
harvested and used as fuelwood. The C contained in the fraction of harvested and burned biomass
was thus considered as temporarily stored. Relying on field measurements conducted by the
Chambers of Agriculture (unpublished data), we assumed that only 30% of the C stock in the
aboveground biomass is perennial. Since we obtained one estimate per hedge, these data were not

analyzed statistically.

2.3 Soil sampling protocol and soil analyses
The soil sampling protocol was defined to capture the spatial distribution of SOC stocks in each of the
21 adjacent fields, with sampling points at varying distances from hedges (Figure 2). The soils were
sampled in April 2018, before fertilization and tillage operations for annual crop seeding occurred.
Sampling points were located along three transects perpendicular to the hedge, at fixed distances
from the tree trunks: 1, 3, 6, and 18 m. Root density and the presence of a bank along most hedges
prevented sampling any closer to the trees. At each distance, soil was sampled with a manual auger
from three depths: 0-30, 30-60 and 60-90 cm. For a given distance and depth, the three samples
collected from the three transects were bulked. The composite sample was sieved at 2 mm, air dried
and stored at room temperature. Subsamples were analyzed for particle-size distribution (pipette
method, NF X31-107 (AFNOR, 2003)) and SOC concentration (dry combustion, NF ISO 10694 (AFNOR,
1995)). For the distances 1 and 18 m from the hedge, subsamples from the 0-30 cm depth were
analyzed to determine the C concentration of particle-size fractions, according to a procedure
adapted from Balesdent et al. (2000): the soil sample (25 g) was suspended in 100 mL of deionized

water by shaking it along with glass beads for 12 h and then wet-sieved to 53 um to separate the
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POM (53-2000 pum) from the mineral-associated organic matter (MAOM) fraction (< 53 um),
consisting of clay and silt particles. Organic C concentrations in the fractions were determined by dry
combustion (NF ISO 10694 (AFNOR, 1995)), and the SOC concentration in each fraction was

calculated (g C kg™ soil).

At each sampling point and depth, bulk density was estimated using the pedotransfer functions. We
tested five pedotransfer functions including different numbers of soil parameters (Table 3). The
quality of prediction of these pedotransfer functions was assessed by measuring bulk density in each
field sample 1 and 18 m from the hedge: undisturbed soil was sampled using a manual core sampler
15 cm high with an 8 cm internal diameter. The samples were weighed and dried at 105 °C for 48 h to
determine gravimetric water content and bulk density. Comparison between observed and predicted
values of bulk density was performed using several complementary indices: the mean prediction
error (MPE), the standard deviation of the prediction error (SDPE), the root mean square prediction

error (RMSPE), and the prediction coefficient of determination (R2).

SOC stock (Mg C ha?) for each layer sampled was calculated using the following equation:

S, = 0C,.p,.hy. (1-252).1071 (3)

Where S, is the SOC stock (Mg ha?) in layer z, OC; is the SOC concentration (g kg?) of fine earth in
layer z, p,is bulk density of fine earth of layer z (g cm?), h; is the thickness (cm) of layer z, Vce, is the

volumetric fraction of coarse elements (> 2mm) in layer z.

SOC stock was then calculated for each soil profile by summing the SOC stocks through the soil
profile. The SOC stocks were then adjusted for an equivalent soil mass (Ellert and Bettany, 1995;
Wendt and Hauser, 2013) to enable comparison among distances from the hedge regardless of
differences in bulk density. Based on previous studies in northwestern France (Walter et al., 2003;
Lacoste et al., 2014), we assumed that SOC stock measured 18 m from the hedge was not affected by

hedges; it was therefore considered as the reference SOC stock of the field.
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2.4 SOC data analyses
Statistical analyses were performed using R version 3.6.0 (R Core Team, 2018), with differences
considered significant at p < 0.05. When the data were not normally distributed, the inter-decile
interval (D1-D9) was used to quantify the error. In the analyses, the statistical individual was the
field, (i.e. one side of a hedge). Since SOC concentration measured in each sampling plot may have
been influenced both by agricultural practices in the field and the hedge, each field adjacent to a

hedge was considered a replicate.

For each depth, we determined the influence of the distance from the hedge and of hedge age on
SOC concentrations, SOC stocks and SOC distribution in particle-size fractions. We considered age as
a qualitative factor with two classes: young (20 years) and old (= 40 years). The sampling design
exhibited specific features: sampling locations were nested by fields, fields nested by hedges, and
hedges nested by study sites. To analyze this design, we fit mixed-linear models testing the effects of
distance, age class and their interaction on the SOC concentrations and SOC stocks of the soil layers:
distance and age class were the main fixed effects, with study area, and fields as a random effect (R
package nlme (Pinheiro et al., 2018)). The Shapiro-Wilk test was used to check the normality of data
distributions. Data were log-transformed when necessary. When the required assumptions were
met, ANOVA was performed on these models, and the Tukey HSD test was used for post-hoc
pairwise comparisons (R package multcomp (Bretz et al., 2011)). When ANOVA assumptions were
not met, we performed the non-parametric Friedman test (R package agricolae (de Mendiburu,
2017)).

For the distances at which SOC stocks differed significantly from those measured 18 m from the
hedge, we calculated the additional SOC stock due to the hedge (Mg C ha?) as the SOC stock

measured at the given distance minus the reference SOC stock in the field.

foof _¢f
AS) =S — Sig (4)

10
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where A4S is additional SOC stock (Mg C ha') at distance d from the hedge (with d =1, 3 or 6 m) in
field f, S/ is SOC stock (Mg C ha) measured at distance d in field f, and S/ is the reference SOC stock

(Mg C ha) in field f measured 18 m from the hedge.

Total additional SOC stock in the field (Mg C 100 m™ of hedge) was calculated by summing SOC stocks
over the distance affected by the hedge, assuming that SOC stock was homogenously distributed
within 1 m of the hedge and then decreased exponentially from 1 m to the longest distance affected
by the hedge. A statistical analysis similar to that presented above and accounting for the specific

sampling design was implemented to determine the influence of hedge age on additional SOC stocks.

Assuming a first-order one-compartment model, based on a first-order exponential decay function,
mean SOC stock accumulation rate F (Mg C 100 m™ yr) for a period T (yr) after hedge planting was

calculated by the following equation:

F(T) — Chedge(T)_ Cref(T) =A (1_eXp(kT))

T T

(5)

where Chedge(T) (Mg C 100 m™?) is SOC stock under the hedge at T, Cr¢(T) is the reference SOC stock at
T (Mg C 100 m1), the range 4 is the difference in SOC stock at equilibrium between the hedge and

the reference plot (Ceq_hedge —Ceq_ref) (Mg C 100 m™), and k is the decay rate constant (yr?).

We assumed that SOC stocks at 1 m from hedges planted more than 100 years ago had reached
equilibrium; the range A was thus derived from the additional SOC stocks estimated for these
hedges. F was calculated from the additional SOC stocks estimated for young hedges; given Fand 4,
parameter k was derived from our dataset. We simulated mean annual SOC accumulation rates over

15 and 30 years (i.e. one and two pruning management cycles, respectively).

11
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3 Results

3.1 Carbon stocks in aboveground and belowground biomass
In the study areas, estimated C stocks in the aboveground biomass of hedges ranged from 1.2-21.6
Mg C 100 m? depending on hedge management, tree density and age class (Table 4). They ranged
from 0.7-6.1 Mg C 100 m™ in belowground biomass. The largest perennial stocks (10.1-15.2 Mg C 100

m?) were estimated for older high-stem hedges.

3.2 SOC concentrations
Mean SOC concentrations at 0-30 cm depth were 3.7, 2.1 and 1.6 g C kg'X, in MO, MA and SA,
respectively. SOC concentrations decreased significantly with increasing depth at all distances from

the hedge.

Hedge age class and its interaction with distance from the hedge had no significant impact on SOC
concentrations, which depended significantly only on distance for all depths and all study areas
(Table 5). In the 0-30 and 30-60 cm layers, SOC concentration was significantly higher 1 m from the
hedge than that 3, 6 or 18 m from the hedge. Mean SOC concentrations were 30.7 g kg for soils
sampled 1 m from the hedge and 22.3 g C kg for the other distances at 0-30 cm depth; they were
11.9 g Ckg' 1 m from the hedge and 6.5 g C kg™ for the other distances at 30-60 cm (Figure 3). In the
60-90 cm layer, mean SOC concentration measured 1 m from the hedge was significantly higher than
that 6 and 18 m from the hedge, while that 3 m from the hedge was intermediate (5.1, 2.9 and 2.7 g
Ckg? at 1,3 and = 6 m from the hedge, respectively). SOC concentration 1 m from the hedge varied

the most.

12
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3.3 SOC stocks

The quality of the fit of the pedotransfer function for bulk density are presented in Table 3. To
compute SOC stocks, we took on the predictions of the function from Manrique and Jones (1991),

which presented the best fit to measured data.

SOC stocks decreased significantly with increasing depth at all distances from the hedge. Hedge age
class and its interaction with distance had no significant impact on SOC stocks, which depended
significantly only on distance for all depths and all study areas (Table 5). In the 0-30 and 30-60 cm
layers, SOC stock was significantly larger 1 m from the hedge than that 3, 6 or 18 m from the hedge
(Figure 4). Mean SOC stocks were 84.8 Mg C ha™ for soils sampled 1 m from the hedge and 63.2 Mg C
ha for the other distances in the 0-30 cm layer; they were 46.8 Mg C ha? 1 m from the hedge and
31.5 Mg C ha? for the other distances in the 30-60 cm layer. In the 60-90 cm horizon, mean SOC
stock was significantly larger 1 m from the hedge (23.8 Mg C ha) than that 6 and 18 m from the

hedge (14.2 Mg C ha?), while that 3 m from the hedge was intermediate (14.5 Mg C hal).

3.4 Additional SOC storage around hedges
Since study area had a statistically significant influence on additional SOC storage by hedges, results
from MO area were analyzed separately from those form SA and MA area. Additional SOC storage by
hedges at 1 and 3 m from the hedge (where hedges significantly influenced SOC concentrations and
stocks) varied greatly between distances and among depths (Table 6). Hedge age class had no
significant effect on additional SOC stocks except in the first 30 cm 3 m from the hedge, with mean
additional SOC stock significantly larger for old hedges (34.4 Mg C ha’l, all areas combined) than
young ones (17.9 Mg C ha?, all areas combined). In a depth of 0-30 cm, hedges in MO had
significantly larger mean additional SOC stock (49.0 Mg C ha?) than those in SA and MA. Mean
additional SOC stock at 0-30 cm depth up to 3 m from the hedge ranged from 0.54 Mg C 100 m for

young hedges in MA and SA to 2.64 Mg C 100 m™ for old hedges in MO (Table 6). In the 0-90 cm

13
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layer, it ranged from 0.81-4.71 Mg C 100 m™. Additional SOC stock in the 0-30 cm layer equaled 30 to

50% of the total additional SOC stock in the soil profile.

3.5 SOC storage dynamics

Estimates of parameters A and k, as well as of net annual storage fluxes for 15 and 30 years after
hedge planting, varied with depth and among study areas (Table 8). Median reference C stocks at O-
90 cm depth were 151.5 and 82.2 Mg C ha! in MO and MA-SA, respectively (i.e. 9.1 and 4.9 Mg C,
respectively in a 100 m x 6 m area, which corresponds to the area of influence on both sides of the
hedge). Thus, our results indicated that annual additional SOC storage equals 1.3% and 0.9% of the
reference stock in a 100 m x 6 m area, which corresponds to the influence of hedges in MO and
MA/SA, respectively, 15 years after hedge planting. Assuming a landscape composed of 1 ha square
fields (100 m x 100 m) enclosed by hedges (400 m of hedges around each field), hedges would
increase initial SOC stocks at the field scale by 0.15% and 0.10% per year in MO and MA-SA,
respectively, after 15 years (mean annual SOC accumulation rate over 15 years estimated for 100 m
of hedge multiplied by 4, and divided by 2, because each field is only concerned by one side of
hedge). Assuming 5 ha square fields (223.6 m x 223.6 m) enclosed by hedges, hedges would increase
initial SOC stocks at the field scale by 0.07% and 0.05% per year in MO and MA-SA, respectively, after

15 years.

3.6 Distribution of SOC in particle-size fractions

Distribution of C in particle-size fractions was assessed only in the first 30 cm 1 and 18 m from the
hedge (Figure 5). In all study areas, mean SOC concentration in the POM fraction was significantly
higher 1 m than 18 m from the hedge (p < 0.001 in MA and SA, p < 0.001 in MO). In MA and SA, mean

SOC concentration in the MAOM fraction was similar 1 and 18 m from the hedge. Conversely, in MO,
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it was significantly higher 1 m than 18 m from the hedge (p < 0.01). On average, the POM fraction
contained 59% and 85% of additional SOC stored in the first 30 cm 1 m from the hedge in MO and
MA/SA, respectively. Age class had no significant effect on SOC concentrations in POM or MAOM

fractions.

4  Discussion

4.1 Spatial and depth distribution of SOC around hedges
The general objective was to quantify additional SOC storage due to hedges in mixed crop-livestock
agricultural landscapes of western France, given the range of climate conditions and soil
characteristics (primarily reference SOC stock) in this area. Our study was performed in areas where
many hedges, traditional landscape structures, have been razed since the 1940s; however, new
dynamics of hedge planting have emerged there in the past 20 years. Simultaneous study of hedges

with contrasting planting age enabled us to assess dynamics of SOC storage around hedges.

As expected, higher SOC concentrations were measured in MO than in the two other areas. These
concentrations were slightly higher than those reported in national soil observation databases for

these areas (Table 1).

In the hedge systems studied, the 0-90 cm soil profile stored a substantial amount of C: additional
SOC stocks in soils equaled 30-50% of the C stored in non-harvested biomass. Soils under hedges
generally had higher SOC concentrations and larger SOC stocks than the adjacent agricultural fields
did. Similar trends have been observed for hedges (Walter et al., 2003; Follain et al., 2007; Lacoste et
al., 2014; Dhillon and Van Rees, 2017; Pardon et al., 2017) and in other agroforestry systems in which

trees are incorporated into fields (Shi et al., 2018).
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Like Bambrick et al. (2010) and Cardinael et al. (2015), who studied intercropping agroforestry
systems, our sampling strategy was designed to capture the spatial extent and depth distribution of
trees’ impact on additional SOC storage. While additional SOC stocks accumulated mainly in the first
30 cm and laterally within 1 m of each side of the hedge, where they represented 55-65% of the total
additional SOC stored, hedge influence on SOC concentrations and stocks extended at least 1 m at O-
60 cm depth and up to 3 m at 60-90 cm depth. These results suggest that hedges add significant
amounts of organic matter to the soil at depth and relatively distant from the tree line, presumably
derived from roots and rhizodeposits (Lorenz and Lal, 2014) or from surface litter, roots and leaching
of dissolved organic C (Uselman et al., 2007). Although these deep SOC stocks were small, and
organic matter input into deep soil layers may increase C losses through a priming effect (Cheng et
al., 2014), they may be critical to a long-term increase in SOC stocks when soil depth does not limit
root development. Indeed, deep SOC stocks generally have higher residence time than shallower

stocks and may be less vulnerable to land-use change (Balesdent et al., 2017).

One limitation of our study is that our sampling strategy was not designed to fully assess uncertainty
in SOC stocks evaluation, and especially uncertainty associated with bulk density estimation. As
reported in several papers (e.g. Wiesmeier et al., 2012; von Haden et al., 2020), bulk density is a
critical parameter for the accurate estimation of SOC stocks at the scale of hedges or fields. Bulk
density varies much in space at the field or hedge scale. Specific evaluation of bulk density variability.
This study could therefore could be strengthened in the future by implementing an exhaustive

uncertainty analysis.

4.2 Additional SOC storage by hedges

We observed high variability in additional SOC storage potential within and between study areas. MO
had additional SOC storage potential three times as high as that in MA and SA, which may be

explained in part by higher biomass production and presumably higher C inputs into the soil from
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litter and roots for the hedges sampled. However, this result questions the concept of SOC saturation
limit and its definition (Hassink, 1997; Stewart et al., 2007), since the agricultural fields with the
largest reference SOC stocks had the highest potential to store SOC, regardless of soil texture.
Further characterization of SOC would be required to investigate the high potential of soils for C

storage in MO area.

Overall, the additional SOC stocks estimated in MA and SA were lower than those reported in most
studies, while those in MO were in the same order of magnitude as the highest values observed in
similar contexts. Indeed, the largest mean additional SOC stock estimated for old hedges in MO (4.71
Mg C 100 m™) was similar to those reported in the review of Arrouays et al. (2002), who estimated
maximum additional SOC storage by hedges as 5 Mg C 100 m™. The mean annual SOC accumulation
rate estimated over 30 years for the entire soil profile in MA and SA (0.034 Mg C 100 m™ yr?) was
lower than those estimated by Dhillon and Van Rees (2017) for hedges ca. 30 years old in the
Canadian Prairies (0.07-0.19 Mg C 100 m yr); in contrast, the rate estimated for MO (0.096 Mg C
100 m* yr?) did lay within the range they estimated. In the first 0-30 cm, the mean SOC accumulation
rate estimated over 30 years in MO (0.029 Mg C 100 m™ yr!) was consistent with results of a recent
study of the C storage potential of soils in France (0.72 Mg C ha yr?, over a 5 m width, equals 0.036
Mg C 100 m™ yr'! over 25 years at 0-40 cm depth) (Pellerin et al., 2019). The mean SOC accumulation
rate estimated over 15 years in MA and SA areas (0.008 Mg C 100 m™ yr!) was also consistent with
the value reviewed by for accumulation rates after conversion from cropland to hedgerow under
temperate climate in Europe (0.15 Mg C ha? yr! equals 0.008 Mg C 100 m™ yr?! over 14 years on
average at 0-30 cm depth) (Cardinael et al., 2019). When considering the entire soil profile, the mean
SOC accumulation rate in MA and SA was consistent with this estimate, but that of MO was higher
than it. According to our estimations, at the landscape scale, the contribution of hedges to the
mitigation of climate change by the storage of C in the soils is moderate compared to the guide value
of 4%o.. The annual additional SOC storage rate estimated in the study areas was of one order of
magnitude lower. Additional SOC storage represented one third to two thirds of C perennial storage
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in biomass. Besides, in addition to providing C inputs to the soil, enhancing soil fertility and climate
change mitigation, hedges contributes to other environmental and agricultural benefits from farm- to

landscape scale, which have to be considered together.

In addition to the hedge ages and soil-climate context that we studied, several other factors may
have induced variability in the SOC storage potential of hedges. The hedges studied had a variety of
management practices and were composed of a variety woody perennial species (Table 2). While the
impact of these factors on SOC storage in agroforestry systems is recognized in the literature (Kumar
and Nair, 2011; Adhikary et al., 2017), our sample size was too small to assess the impact of these
factors and their interactions with hedge age class or soil-climate conditions on SOC stocks, spatial
distribution and quality. In a general perspective, however, we described the composition, structure
and estimated C stocks in the biomass of hedges, which may help to compare our results to those
from other agroecosystems or from the many studies that examine impacts of hedges or other
agroforestry systems on SOC stocks. Likewise, although the study was performed on crop-livestock
farms, whose crop rotations in sampled fields included annual crops and grasslands, the sampling
strategy could not differentiate hedge impact on SOC storage as a function of land use in the
adjacent field. Unlike Pellerin et al. (2019), who assumed that hedges associated with grasslands
stored no additional SOC (but emphasized a lack of data about such hedges), we observed additional
SOC storage under all of the hedges studied, including those in grasslands. However, additional

guantitative data from grassland hedges will be necessary to validate these observations.

4.3 SOC in labile organic matter fractions
We verified in this study that labile SOC in POM was an indicator sensitive to land-use change such as
hedge planting. Additional SOC was located mainly in the labile fractions of POM, which is not closely
associated with soil minerals, but rather dominated by relatively fresh, undecomposed plant
residues. It may also include fungal hyphae, seeds, spores and exoskeletons (Baldock and Skjemstad,

1999). This macro-organic matter decomposes faster than total soil organic matter, meaning that
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additional SOC storage may be sustainable only if hedges maintain C inputs into the soil over time

(i.e. they are managed sustainably and produce large amounts of biomass).

In MO, some additional SOC stocks were also located in the MAOM fraction, which suggests that SOC
storage potential and its underlying processes differ between MO and MA or SA. In MO, specific
climate conditions or land-use history may have influenced SOC stabilization and turnover in soils.
Specific processes, unrelated or indirectly related to hedges, may act in the agricultural, soil and
climate conditions of MO to stabilize organic matter added to the soil (Balesdent et al., 2000; Chenu
et al., 2019). These processes need to be investigated adequately. Nonetheless, our results show that
additional SOC storage by hedges may be related to hedge characteristics (e.g. age) but also depend

greatly on the intrinsic characteristics of soil storage potential.

5 Conclusion

This study provided additional data on the potential of hedge agroforestry systems to increase SOC
stocks in crop-livestock systems of western France, which combine annual crops and grasslands. SOC
stocks under hedges were larger than those in adjacent agricultural fields, but varied greatly within
and among the three study areas. While most additional SOC stocks were located in the first 30 cm
and laterally up to 1 m from hedge, hedges can increase SOC stocks in the entire 0-90 cm soil profile
and up to 3 m from the trees. Depending on the study area, most or nearly all additional SOC was
stored in a labile fraction. Overall, our results highlight the benefits of hedge systems in significantly
increasing SOC accumulation locally around hedges. Sustainable SOC storage requires sustainable
management of hedges to ensure regular C inputs into the soil. Combined with other agricultural
practices and with other types of semi-natural and cultivated vegetation, they can help increase SOC

storage in agricultural landscapes. Finally, this study also emphasizes the need for future research to

19



444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

investigate the respective control of climate, soil and management factors on SOC storage processes

in agroforestry systems.
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Figure captions

Figure 1. Locations of the three study areas sampled in northwestern France.

Figure 2. Sampling design in hedge plots.

Figure 3. Boxplots of soil organic carbon (SOC) concentrations as a function of depth (0-30, 30-60, 60-
90 cm) for each distance from a hedge (1, 3, 6, 18 m). Whiskers equal 1.5 times the interquartile
range. Significantly different SOC concentrations per horizon are followed by different letters, and p-

values are specified.

Figure 4. Boxplots of soil organic carbon (SOC) stocks as a function of depth (0-30, 30-60, 60-90 cm)
for each distance from a hedge (1, 3, 6, 18 m). Whiskers equal 1.5 times the interquartile range.
Significantly different SOC concentrations per depth are followed by different letters, and p-values

are specified.

Figure 5. Boxplots of soil organic carbon (SOC) concentrations in the particle-size fractions
(particulate organic matter (POM) and mineral-associated organic matter (MAOM)) 1 and 18 m from
a hedge at 0-30 cm depth in MO and the two other areas (MA and SA). Whiskers equal 1.5 times the
interquartile range. Significantly different SOC concentrations per fraction are followed by different

letters, and p-values are specified.
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Table 1. Characteristics of climate and soils in the three study areas: Pays du Roi Morvan (MO), Pays des Mauges (MA) and Pays Vallée de la Sarthe (SA). SOC

= soil organic carbon

Study Mean annual Mean annual Mean annual potential Mean SOC concentration  Class of soil pH in Soil texture®
area temperature (°C)? rainfall (mm)? evapotranspiration (g kgt)P water
(mm)°
MO 11.5 967 700 30.2 6—7 Loam
MA 11.3 740 834 14.5 6—-7 Loam
SA 11.0 693 785 14.6 6-7 Loam

31990-2018, Météo-France
b GISSol database https://webapps.gissol.fr/geosol/ (Saby et al., 2014) Average values available at the spatial resolution of the 'canton' (french administrative unit corresponding to several
municipalities). We have selected the value for the 'canton' covering the largest area of our study site.

¢ USDA classification
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651  Table 2. Description of the hedge agroforestry plots from the three study areas: Pays du Roi Morvan (MO), Pays des Mauges (MA) and Pays Vallée de la
652 Sarthe (SA)

Hedge characteristics Soil characteristics Land use in the adjacent fields at the time of

sampling
Years since Years since last  Vegetation Soil depth Topsoil
Plot Tree species planting pruning structure Soil type® (cm) texture® Field 1 Field 2
MO1 Castanea sativa 60 30 Coppice Cambisol >90 Silty loam Maize (Not sampled)
MO2 Elderberry, Quercus robur, 20 -¢ Mixed¢ Luvisol >90 Silty loam Temporary grassland®  Temporary grassland
Carpinus betulus, Corylus
avellana
MO3 Castanea sativa, Corylus 60 - Coppice Cambisol >90 Loam Long-term grassland’ (Not sampled)
avellana
MO4 Quercus robur, Fraxinus 45 - High stem Cambisol 55 Loam Temporary grassland Temporary grassland
excelcior, Fagus sylvatica
MA1 Robinia Pseudacacia 60 25 Coppice Luvisol >90 Loam Long-term grassland Temporary grassland
MA2 Quercus robur 120 - High stem Luvisol >90 Loam Long-term grassland Wheat
MA3 Carpinus betulus, Quercus 20 - Mixed Luvisol >90 Silty clay Temporary grassland Temporary grassland

robur, Sorbus aucuparia
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MA4 Carpinus betulus 20 - Coppice Luvisol >90 Loam Wheat Wheat

MAS Carpinus betulus, Ulimus 20 - Mixed Luvisol >90 Loam Temporary grassland Temporary grassland
minor

SA1 Corylus avellana, Acer 60 15 Coppice Colluvic regosol  >90 Sandy loam Long-term grassland Rapeseed
campestre, Crataegus
monogyna

SA2 Quercus robur 120 120 High stem Luvisol 75 Silty loam Oat Temporary grassland

SA3 Quercus robur, Crataegus 120 120 High stem Luvisol >90 Silty loam Rapeseed (Not sampled)
monogyna

653 2 1USS Working Group WRB (2015)

654  PUSDA texture class for the 0-30 cm soil layer

655 “never pruned

656  Ymixing of high-stem trees, pollard trees and shrubs

657 ¢ Temporary grassland inserted in a crop rotation and lasting 1-4 years

658  fGrassland lasting more than 8 years, either permanent or occasionally reseeded.

31



659

660
661
662

663

664

Table 3. Pedotransfer functions tested in this study for the prediction of bulk density in each sampling locations, and quality of the fit: R2, mean prediction

error (MPE), standard deviation of the prediction error (SDPE), and root mean square prediction error (RMSPE) are used to compare measured bulk density

values and values predicted by the functions.

Reference Function R? MPE SDPE RMSPE
Leonaviciuté (2000) p = 170398 — 0.00313 silt + 0.00261 clay — 0.11245 OC 0.12 0.172 1.10 1.11
Alexander (1980) p = 1.660 — 0.308 (0C)'/? 0.61  0.008 0.17 0.05
Manrique and Jones (1991) p = 1.660 — 0.318 (0C)*/? 0.65 0.005 0.14 0.03
Federer (1983) In(p) = —2.31 — 1.079In(OM) — 0.113[In(OM)]? 0.51 0.061 0.41 0.41
Kaur et al. (2002) In(p) = 0.313 — 0.191 OC + 0.02102 clay — 0.000476 clay?® — 0.00432 silt 0.12 0.461 2.99 3.02

p bulk density (g.cm?3), silt 2- to 50-um fraction (%), clay 0- to 2-um fraction (%), OC soil organic carbon concentration (%), OM organic matter content (g.g})
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665  Table 4. Estimated aboveground and belowground biomass and carbon (C) stocks in sampling plots from the three study areas: Pays du Roi Morvan (MO),

666 Pays des Mauges (MA) and Pays Vallée de la Sarthe (SA).

Belowground biomass (Mg C

Length of Number Aboveground biomass (Mg C 100 m™) 100 m?) Total C stock in non- Mean C storage rate in non-
hedge of trees Dry C C stock in non- Dry harvested biomass harvested biomass since hedge

Plot sampled (m) sampled matter stock harvested biomass matter  Cstock (Mg C 100 m™) planting (Mg C 100 m™ yr?)

MO1 14.0 4 19.7 9.4 2.8 55 2.6 54 0.09

MO2  30.0 14 5.3 2.5 2.5 1.5 0.7 3.2 0.16

MO3  20.0 8 45.5 21.6 6.5 12.7 6.1 12.6 0.21

MO4  25.0 16 25.0 11.9 11.9 7.0 3.3 15.2 0.34

MA1 135 9 54 2.6 0.8 15 0.7 1.5 0.03

MA2  25.0 3 16.5 7.9 7.9 4.6 2.2 101 0.08

MA3 41.0 11 3.8 1.8 1.8 11 0.5 2.3 0.11

MA4  27.0 4 2.5 1.2 0.4 0.7 0.3 0.7 0.04

MA5  36.0 13 9.7 4.6 4.6 2.7 13 5.9 0.30

SA1l 50.0 28 5.3 2.5 0.8 1.5 0.7 1.5 0.03

SA2 40.0 6 17.8 8.5 8.5 5.0 2.4 10.9 0.09



667

SA3

20.0

215

10.2

10.2

6.0

2.9

13.1

0.11
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Table 5. ANOVA or Friedman’s test on the effect of distance on the log-transformation of soil organic

carbon (SOC) concentrations and SOC stocks in each of the three soil layers sampled.

Statistical results

Soil property Soil depth Method Distance Residuals
SOC concentration 0-30 cm ANOVA Degrees of freedom 3 79
Sum of squares 1.04 1.77
F value 11.21
Pr(>F) 6.37 10°
30-60 cm ANOVA Degrees of freedom 3 79
Sum of squares 2.46 3.92
F value 11.32
Pr(>F) 7.18 10°
60-90 cm Friedman Qvalue 7.7
Pr(>Q) 0.039
SOC stock 0-30cm Friedman Qvalue 11.55
Pr(>Q) 9.07 103
30-60 cm Friedman Qvalue 11.94
Pr(>Q) 1.87 10°
60-90 cm Friedman Qvalue 9.52
Pr(>Q) 0.02
0-90 cm ANOVA Degrees of freedom 3 63
Sum of squares 0.27 0.03
F value 9.149

35



Pr(>F)

5.6 107
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Table 6. Mean (and 95% confidence interval) of local additional soil organic carbon (SOC) stocks (Mg C ha?) at 1 and 3 m from the hedge by hedge age class

and study area (Pays du Roi Morvan MO, Pays des Mauges MA and Pays Vallée de la Sarthe SA), calculated as SOC stocks at the given distance minus the

reference SOC stock (18 m from the hedge).

Additional SOC stocks (Mg C ha?)

Young hedges (< 20 years old) Old hedges (40-120 years old) All hedges

Soil depth
Study area  (cm) 1m 3m 1m 3m 1m 3m
MA and SA  0-30 17.0 (2.4-24.2) 0° 19.7 (8.2- 28.4) 0° 17.4(3.5-27.6) 0°

30-60 4.9 (0.2-6.6) 0° 5.5 (3.7-10.6) 0° 5.5(1.4-10.1) 0°

60-90 3.1(1.2-4.3) 0.3(0.1-3.2) 3.7 (1.0-7.8) 1.4 (0.1-3.7) 3.2(0.7-7.0) 1.15(0.1-3.6)
MO 0-30 26.8° 0° 60.1 (34.7-86.3) 0° 49.0 (26.5-84.1) 0°

30-60 15.0° 0° 54.3 (13.6-86.7) 0° 38.6(9.1-84.4) 0°®

60-90 7.05° 45" 7.0 (2.8-11.6) 0.1 7.1(2.8-11.5) 1.3 (0.2-6.7)

@ Additional SOC stock was considered to be zero since the statistical analysis testing the influence of the distance from the hedge on SOC stocks showed no

significant difference in this soil layer between SOC stocks measured 3 m from the hedge and the reference SOC stocks.

® Two data points
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Table 7. Mean (and 95% confidence interval) of additional soil organic carbon (SOC) stocks (Mg C per

100 linear m) by hedge age class and study area (Pays du Roi Morvan MO, Pays des Mauges MA and

Pays Vallée de la Sarthe SA), summed over the influence distance of hedges and including both sides

of the hedge.

Soil depth

Study area  (cm)

Additional SOC stocks (Mg C 100 m%)

Young hedges
(< 20 years old)

Old hedges
(40-120 years old)

All hedges

MA and SA 0-30

0-90

MO 0-30

0-90

0.54 (0.09-0.99)

0.81(0.17-1.34)

1.10°

2.20°

0.91 (0.34-1.30)

1.40 (0.66-1.89)

2.64 (1.36-3.99)

4.71(1.76-7.31)

0.77 (0.08-0.83)

1.19 (0.13-0.94)

2.34 (0.56-1.96)

4.21 (0.85-3.65)

2 Two data points
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682  Table 8. Estimated parameters of the exponential model used to simulate additional soil organic carbon (SOC) storage dynamics by hedges and mean annual

683  SOC accumulation rates for at 0-30 and 0-90 cm depth, by study area (Pays du Roi Morvan MO, Pays des Mauges MA and Pays Vallée de la Sarthe SA), and

684 for all areas combined.

0-30cm 0-90 cm

All areas MO MA and SA All areas MO MA and SA

combined combined
Model parameters  Range A (Mg C 100 m™) 1.54 2.64 0.91 2.60 4.71 1.40

Decay rate constant k (yr?) 0.014 0.015 0.029 0.027 0.031 0.043

Initial accumulation rate (Mg C 100 m yr?) 0.014 0.039 0.009 0.070 0.148 0.060
Mean annual SOC accumulation rate over 15 years after 0.013 0.035 0.008 0.058 0.118 0.044
planting (Mg C 100 m yr?)
Mean annual SOC accumulation rate over 30 years after 0.010 0.029 0.005 0.039 0.096 0.034

planting (Mg C 100 m yr?)

685

686
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