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- Temperate alley cropping systems induce spatial heterogeneity in soil quality
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Abstract

Alley cropping agroforestry systems are complex agroecosystems highlighted for their
positive effects on soil quality. However, the potential spatial heterogeneity of soil quality
created by tree rows at the plot scale has seldom been studied. The aim of this study was to
evaluate soil quality at the plot scale, under tree rows and along transects perpendicular to the
tree row and to compare alley cropping systems with monocropping systems. This study was
performed on an alley cropping system that combined hybrid walnut trees (21 years old) and
peas. Topsoil was sampled at tree rows between 1 and 2, 2 and 4 and 4 and 6.5 m from the
tree row in the alley cropping system, as well as in a neighbouring monocropping plot.
Physical, chemical and microbiological indicators of soil quality were measured. Tree row
implantation induced spatial heterogeneity in the chemical indicators, microbial biomass,
activities and community structure at the alley cropping plot scale. Alley cropping not only
improved microbiological soil quality indicators within the tree rows but also in the interrows
when compared to a monocropping system. These indicators were then integrated into one
soil quality index (SQI) built through a statistical approach. The soil quality index was
calculated for the monocropping plot and for each position within the alley cropping plot.
After 21 years of agroforestry practice, tree rows and permanent grass cover improved the
SQI until 2 m in the interrow. Weighted SQIs were calculated relative to the surface area of
each location for the entire alley cropping plot (i.e., tree row + interrow positions) and for the
entire alley cropping interrow (i.e., removing the tree row surface area). The weighted SQI of
the entire alley cropping plot significantly increased compared with that of the monocropping

plot.
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Keywords: Alley cropping system, spatial heterogeneity, soil quality index, microbial
activities, soil organic carbon

1. Introduction

Soil quality can be defined as “the continued capacity of the soil to function within
ecological and land-use boundaries, to sustain productivity, to promote the quality of air and
water, and to maintain plant, animal and human health” [1]. Soil quality indicators are
parameters that are sensitive enough to be modified by land use or management practices [2],
[3] and should provide key information concerning the composition, structure and function of
the soil [4]. In addition, a combination of physical, chemical and biological indicators must be
used to correctly interpret soil quality [5], [6].

Physical indicators are related to the “inherent quality”, which is influenced by soil
age and past climates [7], while most chemical and all biological indicators can be associated
with the “dynamic quality”, which is highly sensitive to land use and soil management [8].
Inherent and dynamic soil quality indicators refer to changes over long and medium to short
terms, respectively [9]. Among physical soil quality indicators, water storage, bulk density,
aggregate stability and texture are the most frequently measured [2]. Chemical indicators can
be evaluated to characterize soil fertility and nutrient availability (e.g., soil organic carbon,
total N, Olsen P, CEC, pH, exchangeable ions, and N mineralization rate) [10]. Biological
indicators of soil quality are necessary to connect abiotic soil properties to soil functioning
[2], [11]. Soil microbial biomass, abundance, diversity and activity play key roles as the main
drivers of soil organic matter decomposition and nutrient cycling [12], [13]. Soil
microorganisms can be studied as soil quality indicators through their biomass (e.g., microbial
biomass C), activities (e.g., enzyme activities and substrate-induced respiration) and

community structure (e.g., PLFA and sequencing) [14]. A minimum dataset of indicators has
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to be selected either through expert opinion [15] or through statistical approaches [5], [16] to
assess soil quality, avoiding collinearity between indicators. Both methods allow the
construction of a soil quality index (SQI), which accounts for a more or less comprehensive
set of indicators [10], [17]. The use of aggregated SQIs is currently strongly developed and
can improve the comparisons of land use or management effects.

Land management is recognized as one of the main drivers affecting soil quality
improvement or degradation [18]. Temperate agroforestry systems comprising a combination
of trees and crops are examples of agroecosystems that provide a sustainable alternative to
conventional cropping systems, in which plant diversity is low; hereafter, these conventional
cropping systems are called monocropping systems. A recent review of European agroforestry
practices confirmed their positive effect on ecosystem services; however, this effect was
context-dependent [19]. One of the most important ecosystem services promoted by
agroforestry systems is their potential capacity for carbon (C) storage, both temporarily in tree
biomass through photosynthesis [20] and in the long term in soil organic matter [21]. High
inputs of above- and belowground litter in the tree row in alley cropping can provide higher
amounts of C and nutrient resources and thereby modify soil microbial communities [22].

Even though a global positive effect of agroforestry on soil quality has been
recognized [23], it should be noted that only a small proportion of studies have considered the
spatial heterogeneity induced by tree rows. As highlighted by Cardinael et al. [24], future
studies should integrate more spatial dynamics and investigate lateral spatial heterogeneities
instead of concentrating on only the tree row. The few publications that have considered the
potential spatial heterogeneity of soil quality have not allowed us to claim that agroforestry
systems significantly improve soil quality at the plot scale or within the interrow. For
instance, [25] did not detect differences between tree rows and interrows in microbial biomass

C (MBC) and basal respiration or [26] in bacterial diversity or [27] in enzyme activities.



97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

Mungai et al. [28] found significantly more enzyme activities in tree rows than in interrows
but no difference within cultivated interrows. The spatial extent to which tree rows and their
understorey vegetation strips affect soil quality should be investigated.

In the present work, we evaluated the effect of an alley cropping agroforestry system
on the physical, chemical and biological components of soil quality compared to a
neighbouring, monocropping system managed in the same way as the interrows in the alley
cropping system. We first hypothesized that spatial gradients of soil quality occur between the
tree row and middle of the interrow, with the greatest values of soil quality indicators on and
close to the tree row and decreasing values with increasing distance from the tree row.
Second, we hypothesized that the weighted soil quality of alley cropping, integrating its
spatial heterogeneity throughout the plot, is higher than that of the neighbouring

monocropping plot.

2. Materials and methods
2.1. Site description

The experimental site of Restinclieres is located at Prades-le-Lez, 15 km north of
Montpellier, southern France (43°42'15 N, 3°51'41 E). This location has a subhumid
Mediterranean climate, with an average temperature of 15.4 °C and average annual rainfall of
658 mm between 2000 and 2016 (Fréjorgues weather station). The soil is a deep Fluvisol
(WRB, 2007) with a silty-clay texture. In February 1995, hybrid walnut trees (Juglans regia x
nigra cv. NG23) were planted 4 m apart along east-west rows, with an interrow distance of 13
m. The initial planting density was 208 trees ha!, but the plot was thinned in 2004 down to a
present density of 110 trees ha™!. Adult walnut trees have not been pruned since 2014. The
tree rows (2 m wide) were covered with spontaneous herbaceous vegetation, as they have not

been ploughed or treated with herbicides since 1995. Each interrow was ploughed to a 20 cm
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depth every year before the winter crop was sown and was fertilized at an approximate rate of
150 kg N ha! yr! (as NHsNOs). Most of the time since 2000, durum wheat has been the
major crop in rotation, but pea has been introduced every 4 years since 2010, and barley has
been introduced since 2015 [29]. Over the 2014-2016 period, durum wheat (Triticum
turgidum durum cv. Claudio)-barley (Hordeum vulgare cv. Augusta)-pea (Pisum sativum cv.
Igloo) rotation was practised on this 4.6-ha alley cropping plot and on the adjacent 1.4-ha
monocropping plot, which has been managed in the same way as the cultivated interrows in
the alley cropping since the experimental site was established. All crops were sown between
the end of October and the beginning of December and harvested by the end of June/early

July.

2.2. Soil sampling

Soil sampling was conducted in April 2016, when pea was growing in the
monocropping plot and in the interrows of the alley cropping plot. At this stage, the walnut
trees had no leaves yet. In the 1.4 ha monocropping plot, five sampling areas of 1 m? each, at
least 15 m apart, were identified for soil sampling. In each 1 m? surface area, one composite
soil sample, based on 4 soil cores (8 cm in diameter) from each angle of the area, was
collected from the 0-15 cm layer of topsoil using a root auger. For the alley cropping plot,
five transects at least 40 m apart were sampled from the tree row to the middle of the interrow
on both the north and south sides of the tree row. Each north-south transect corresponded to 7
positions (35 soil samples in total) (Fig. A.1). Soils were sampled in the tree row, with the
centre of the 2-m? sampling area located on the axis of the tree row, 1 m from the nearest tree.
Other sampling areas were located in the interrow between 1 and 2 m from the middle of the
tree row, between 2 and 4 m and between 4 and 6.5 m. Soil samples were collected from the

0-15 cm layer of topsoil using a root auger at each angle of a centred subsurface (representing
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half of the total surface area of the location) (Fig. A.1). Areas sampled on the north side are
indicated by “N”, and those on the south side are indicated by “s”. Once collected, the fresh
soil samples were passed through a 2-mm sieve, and subsamples were stored at 4 °C for

microbial biomass and MicroResp® analyses, which were performed within two weeks after

sampling and at -20 °C prior to freeze-drying for PLFA analyses.

2.3. Physical and chemical analyses

Physical and chemical indicators were measured on the north side of the trees
(corresponding to 4 positions per transect) and in the monocropping system, i.e., for a total of
25 samples. The moisture content was determined for all samples after drying for 48 h at 105
°C. Bulk density was determined by dividing the soil dry mass by the volume of the root
auger. Additional analyses were performed by the national routine soil testing lab of INRAE
at Arras (LAS, France). Soil texture was determined after CaCO3 dissolution, and pH was
determined in a water extract. The cation exchange capacity (CEC) was determined using the
cobalt hexamine chloride method and analysed using inductively coupled plasma-atomic
emission spectrometry (ICP-AES) [30]. Soil organic C (SOC) and total N were determined by
dry combustion. The available P content was determined colorimetrically after extraction
using the Olsen method [31]. Roots were collected from each soil core (15 cm height X 8 cm
diameter) and pooled into one composite sample (4 cores) for each area. They were separated
into three size classes as follows: 0-2 mm (fine roots), 2-5 mm (medium roots) and > 5 mm

(large roots).

2.3.1. Density and particle size fractionation

Density fractionation was performed on the north side of the trees and in the

monocropping system, i.e., for a total of 25 soil samples. The fractionation procedure was
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derived from Roscoe et al. [32]. Briefly, 25 g of soil was shaken with 100 ml of a 1.6 Mg m™
dense sodium polytungstate solution (NaPT) and then centrifuged for 30 min at 6800 g. The
suspended material was termed the free light fraction (f-LF < 1.6 Mg m™) and was separated
from the supernatant by filtration using a 0.7 um glass fibre filter. The material recovered on
the filter paper was washed with distilled water to remove residual NaPT. New NaPT (density
1.6 Mg m™) was added to the remaining material. The new suspension was subjected to
ultrasonic dispersion (25 J ml) for 3 min. Afterwards, the suspension was centrifuged at 6800
g for 30 min, and the supernatant was filtered to recover the occluded light fraction (o-LF <
1.6 Mg m™) (procedure see above). The remaining material was then separated into two
particle-size fractions by wet sieving: 50-2000 um (sand) and < 50 pum (silt and clay). Before
C and N measurements, each fraction was decarbonated by acid fumigation using 12 M HCI
in a desiccator for 6 h [33]. After removing calcium carbonate, C and N contents in the total
soil, the f-LF o-LF and 50-2000 um and < 50 um fractions were analysed by dry combustion
with an elemental analyser (Elemental Analyser Vario Pyro Cube). This density fractionation
procedure allowed the separation of free soil organic matter (f-LF), soil organic matter
associated with minerals (o-LF and 50-2000 um) and physically protected soil organic matter

(<50 um).

2.3.2. Non-cellulosic neutral sugar determination

Rhamnose, fucose, mannose, galactose, glucose, ribose, arabinose and xylose were
quantified in the total soil, f-LF, o-LF and < 50 um fractions following the protocol of
Rumpel and Dignac [34] modified through the addition of 0.9 ml of 2 M EDTA after
hydrolysis with trifluoroacetic acid (TFA) [35]. Briefly, 500 mg for total soil, between 60 and
70 mg for f-LF and o-LF and 600 mg for the < 50 um size fraction were added to 10 ml of

TFA and hydrolysed at 105 °C for 4 h. After hydrolysis, myoinositol was added as an internal
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standard. Samples were filtered through a glass fibre filter (0.7 um), and TFA was eliminated
by evaporation before derivatization. Aldoses were reduced to their corresponding alditols
after the addition of 1 ml of NaBH4 dissolved in dimethyl sulfoxide (DMSO). Acetylation
was performed by adding 2 ml of acetic anhydride and 2 ml of glacial acetic acid using
methylimidazole (2 ml) as the catalyst. The reaction was stopped after 10 min by adding 7 ml
ice-cold deionized water. The derivatised sugar monomers were extracted with 1 ml of
dichloromethane. The analyses were performed using a gas chromatograph (HP 6890 GC-
FID) equipped with an SGE BPX-70 column (60 m x 0.32 mm internal diameter, 0.25 um
film thickness). The gas chromatography oven temperature program was 200 °C to 250 °C at
8 °C min~! and isothermal at 250 °C for 15 min with helium as the carrier gas.

The sum of extracted monosaccharides from plant-derived hemicellulose and
microbial products [36] is hereafter termed ‘“‘sugars”. The proportion of microorganism-
derived sugars in relation to plant-derived sugars can be estimated from the ratio of
hexose:pentose sugars: (galactose + mannose):(arabinose + xylose), hereafter called GM:AX
[37]. GM:AX ratios < 0.5 and > 2 are representative of carbohydrates predominantly derived

from plants and microorganisms, respectively [37].

2.4. Soil microbiological indicators

The study plot had an east-west tree row orientation, and we wanted to test whether
this orientation could modify soil microbiological parameters, which are sensitive to changes
in climatic conditions at the local scale. Accordingly, we measured microbiological

parameters on both the north and south sides of the tree row., i.e., for a total of 40 samples.

Microbial biomass C (MBC), N (MBN) and P (MBP) contents were quantified using
the chloroform fumigation-extraction technique [38]. Briefly, 10 g (for MBC and MBN) or 2

g (for MBP) of equivalent dry soil was exposed to chloroform vapor for 24 h and then
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extracted with 40 ml of 0.025 M K>SO4 (for MBC and MBN) or with 40 ml 0.5 M NaHCO;3
(for MBP), shaken for 45 min, centrifuged (10 min at 2683 g) and then filtered through 0.22-
um PTFE filters. Soil organic C and N concentrations in the extracts were measured by a
TOC/TON analyser (OI-Analytical, Aurora 1030, College Station, USA). Inorganic P
concentrations in the extracts were quantified colorimetrically using the malachite green
method [39]. Microbial biomass C, N, and P (MBC, MBN and MBP) contents were
calculated from the difference between the chloroform-fumigated and non-fumigated samples.
We applied a conversion factor of 0.45 for MBC [40], 0.54 for MBN [41] and a conversion
factor of 0.4 for MBP [40]. Data are expressed in mg C, N or P kg soil!. The total C of
nonfumigated samples was used to represent dissolved organic carbon (DOC).

Basal and substrate-induced respiration was measured using the MicroResp™
approach [42]. The soil water holding capacity (WHC) was determined using Richard’s
membrane press at pF 2.5 [43]. Sieved soils were adjusted to 40% of their WHC and were
preincubated for 7 days at a temperature of 23 °C * 2 °C in the dark following the protocol of
Bérard et al. [44]. We tested three different soluble C substrates: glucose, trehalose and
alanine [44]. In a 96-deep-well microplate, 350 mg of soil sample was distributed, and then 25
ul of each substrate was dispensed in each of the wells at 10 pg substrate mg™! soil. The 96-
deep-well microplate was then sealed with a CO-trap gel and incubated for 6 h in dark
conditions at 23 £ 2 °C. The optical density of each well of the CO»-trap gel was measured on
a fluorometric microplate reader (Victor 3, Perkin Elmer) at 570 nm.

The microbial community structure was assessed using the phospholipid fatty acid
(PLFA) method described by [45]. All analyses of PLFAs were performed by Microbial iD,
Inc. (Newark, USA). Briefly, lipids were extracted from 5 g of freeze-dried soil by using a
modified Bligh-Dyer extraction with 19 ml of extractant. Lipids were separated on a solid-

phase extraction column, and phospholipids were eluted with 5 ml of methanol. After

10
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evaporation, phospholipids were transesterified to fatty acid methyl esters, extracted in 4 ml of
hexan, evaporated again and then analysed using a gas chromatograph (Agilent 6890
Technologies, Wilmington, USA) [45]. PLFA peaks were identified using the MIDI PLFAD1
calibration mix and naming table (MIDI, Inc., Newark, USA). Individual PLFA markers were
used to determine the number of peaks identified per position (tree row, 1-2 m nss, 2-4 m s,
4-6.5 m nss for alley cropping and monocropping). Gram-positive (GP) bacteria were
identified by 13:0 iso, 14:0 iso, 15:1 iso wéc, 15:1 anteiso w9c, 15:0 iso, 15:0 anteiso, 16:0
1so, 16:0 anteiso, 17:1 iso w9c, 17:1 anteiso w9c, 17:1 anteiso w7c, 17:0 iso, 17:0 anteiso,
18:0 iso, and 20:0 iso; gram-negative (GN) bacteria were identified by 13:f1 w5c, 13:1 w4c,
14:1 w5c, 15:1 wéc, 16:1 w9c, 16:1 w7c, 17:1 w8c, 17:0 cyclo w7c, 18:1 w7c, 18:1 w5c, 19:1
w8c, 19:0 cyclo w7c, 20:1 w9c, 20:1 woéc, 21:1 w8c, 21:1 w3c and 22:1 w3c (reference table
from MIDI, Inc., Newark, DE). The peaks associated with 12:0, 14:0, 15:0, 16:0, 17:0, 18:0,
20:0, 22:0, 23:0 and 24:0 were considered general indicators [46], and they were not
integrated in analyses and were classified as “non-identified peaks” in Table A.1. The GP:GN
ratio was calculated based on the previously described peaks. A relative measure of the
fungi/bacteria (F:B) ratio was calculated by dividing the fungal PLFA marker: 18:2 wéc, 18:1
w9c [46], [47], [48] and 16:1 w5c, the last one representing the arbuscular mycorrhizal fungi
(AMF) by the sum of GN and GP bacteria. Actinobacteria were identified by 16:0 10-methyl,
17:1 w7¢ 10-methyl, 17:0 10-methyl, 18:1 w7c¢ 10-methyl, 18:0 10-methyl and 19:1 w7c 10-
methyl. Other unknown peaks were associated with the ‘“others” category and were
considered only in the calculation of the relative abundance of each PLFA group. All PLFA

markers are listed in Table A.1.

2.5. Calculation of the soil quality index (SQI)

11
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We followed the method proposed by Obriot et al. [10] to build an aggregated index of
soil quality. This method is based on 4 steps and starts with a dataset from different soil
variables and leads to a unitless single score. The first step (step 1, [10]) consisted of the
inventory of soil parameters. The second step (step 2, [10]) aimed to produce a minimum
dataset (MDS) for each category. Only those parameters that significantly discriminated the
various locations within the agroforestry plot (mixed model analysis, P < 0.05) were
considered relevant [10]. Then, a Pearson correlation analysis was performed to identify
correlated parameters (> 0.8) and to avoid redundant information in the aggregated index. For
the third step (step 3, [10]), each indicator was normalized between 0 and 1 using the “more is
better”, “less is better” or “optimum” response curves. For each parameter, the type of
response curve was determined according to the literature [10], [49], [50]. For all parameters,
we used the “more is better” response curves except for bulk density and Olsen P, for which
the “optimum’ response curve was chosen [51], [52]. Selected indicators from the MDS were
then computed in a principal component analysis (PCA), and the contribution of each
indicator to the dimensions of the PCA was calculated. Finally, the SQI was calculated
according to Equation 1 and Equation 2 (step 4, [10]), with a weighting of the transformed
variables using the PCA eigenvectors and the percentages of total variability explained by

each principal component:

Equation 1: Wi =Y7_; Aj x f]

Equation 2: SQI =};i~; Six Wi

where fj = relative percentage of total variability attributed to each principal component, Aj =

sum of squared coordinates on each eigenvector, Si = normalized indicator scores and Wi =

12
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weighted factors. One SQI was calculated for each position within the alley cropping plot, and
one for the entire alley cropping (hereafter called weighted alley cropping), weighting each
surface area on the north side for the SQI. Another SQI was calculated for the alley cropping
interrow excluding the tree row area in the weighted calculation (hereafter called weighted

interrow). The last SQI was calculated for the monocropping system.

2.6. Statistical analyses

Mixed models with distance to the tree row as a fixed effect and transect number as a
random effect were created for all soil parameters. Normal distribution of residuals and
homogeneity of variance were tested by using the Shapiro and Bartlett tests. When necessary,
data were Box-Cox transformed (MASS R package). If significant, a Tukey post hoc test was
used for pairwise multiple comparisons (P < 0.05). Differences between monocropping and
each position from the spatial gradient were tested by a one sample t-test (P < 0.05)
considering the monocropping system as a reference.

A Pearson correlation matrix was calculated to assess relationships between
environmental parameters and the abundance of soil microbial functional groups. Redundancy
analysis (RDA) was performed to assess the relationship between the soil microbial
community composition, i.e., relative abundance of different microbial groups and
environmental parameters. Most discriminating variables were selected using a forward
procedure, and significance was also tested (100,000 permutations) (vegan R package). All
statistical analyses were performed with R software v.3.2.3 (R development Core Team,

2015).

3. Results

13
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3.1. Physical and chemical soil quality

The soil was calcareous with more than 50% calcium carbonate, which explained the
alkaline pH (Table 1). Levels of Olsen P were systematically low regardless of the position in
the alley cropping or monocropping plots. The tree row showed significantly higher values
than the interrow positions for the following variables: soil moisture, SOC, DOC, N,
mineral N, Olsen P, CEC and exchangeable cations.

The largest C content was systematically found in the smallest fraction, i.e., < 50 um
fraction, contributing to more than 50% of the total soil C (Table 2). The highest C content
was found in the tree rows regardless of the fraction, e.g., within the 50-2000 um fraction, 3.6
g C kg™! soil was measured in the tree rows versus 2.0 - 2.3 g C kg! soil within the interrows
and 1.5 g C kg soil in the monocropping plots. The C:N ratios of f-LF and o-LF were
significantly lower under the tree row (18.7 and 16.5, respectively) than under the middle of
the interrow (22.8 and 18.7, respectively) (Table A.2).

The highest sugar-C concentration was also found in the < 50 um fraction (1.87 - 2.36 mg
sugar C g'! soil) and did not significantly differ among positions in the alley cropping plot or
compared with the monocropping plot (Table 3). The sugar-C concentration in f-LF under the
tree row was significantly (two-fold) higher than that in the middle of the interrow or in the
monocropping plot. In the same fraction, the proportion of microorganism-derived sugars in
relation to plant-derived sugars (GM:AX ratio) decreased from 0.85 in the tree row down to
0.67 in 4-6.5 mn and was significantly higher than that in the monocropping plot (0.62).

In the tree row, the total root biomass was more than 2-fold higher than anywhere

within the interrow or compared with the monocropping plot (Fig. A.2). Significant

differences were noticeable for fine- and medium-class roots.

3.2. Biological soil quality indicators
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We observed a soil MBC close to 2-fold higher in the tree row (427 mg C kg™) than in
the middle of the interrow (219 mg C kg™ soil) and in the monocropping plot (199 mg C kg™!
soil) (Fig. 1). The same difference was observed for MBN and MBP. Compared with
monocropping, we systematically found a significant increase in MBC, MBN and MBP in the
tree row and in 1-2 mnys.

The MB-C:N ratio significantly increased with increasing distance from the tree row,
from 6.0 in the tree row to 7.4 in 4-6.5 mn (Table A.3). The MB-C:P ratio was significantly
lower under the tree row (24.5) than in 4-6.5 mn (41.4). Values of MB-C:N and values of
MB-C:P were similar in the monocropping plot and close to those in the tree rows.

Basal respiration was significantly increased only in the 1-2 ms position compared
with all others (Table 4). Compared with monocropping, glucose-induced respiration was
significantly enhanced at all positions in the alley cropping plot except in 4-6.5 mn. Alanine-
and trehalose-induced respiration was significantly higher in the tree row and close to it in the
alley cropping plot than in the monocropping plot. Alanine-induced respiration was more than
2-fold higher under the tree row than in the middle of the interrow. The metabolic quotient
(qCO») was similar across all positions (P > 0.05, Table 4).

The PLFA diversity, i.e., the number of detected peaks, decreased with increasing
distance from the tree row (Fig. A.3). Actinobacteria abundance was significantly highest in
the tree row (2.58 pug PLFAs g soil) and similar for the interrow positions and for the
monocropping plot (Fig. 2a). For GP and GN bacteria, AMF and other fungi, soils under the
tree row and in 1-2 ms showed significantly higher abundance than those in the middle of the
interrow or in the monocropping plot (Fig. 2a, b). The F:B ratio did not show significant
differences between positions within the alley cropping plot or compared with the

monocropping plot: all values were approximately 0.30 + 0.1 (data not shown). The GP:GN
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ratio was significantly lower in and close to the tree row compared with the interrow or

monocropping plot (Fig. 2a).

3.3 Soil quality index

Eight indicators, i.e., bulk density, SOC, N, CEC, Olsen P, basal respiration, and
glucose- and alanine-induced respiration ultimately contributed to the construction of the SQI
(Fig. 3).
We observed a gradual decrease in the SQI with increasing distance from the tree row (0.76 to
0.53). The monocropping plot had an SQI similar (0.52) to that found in the middle of the
interrow. The contribution of each individual indicator to SQI construction was approximately
12%, except Olsen P, which contributed less than 3%. Individual contributions varied
according to the position in the alley cropping plot following a same spatial pattern that was
similar to the SQI. The weighted SQI of the entire alley cropping plot (0.64) was significantly
20% higher than that of the monocropping plot (0.52), while an increase of 10% of the
weighted SQI for the alley cropping interrow (0.57) was not significantly different from that

of the monocropping system (P = 0.08) (Fig. 3).

3.4. Relationships between environmental parameters and microbial community structure

To understand the link between soil environmental parameters and soil microbial
community structure, we i) calculated a Pearson correlation matrix between different soil
characteristics and diversity, and total PLFA biomass and abundance of each microbial group
(Table A.4) and ii) performed RDA to identify the determinants of the relative abundance of
PLFA markers (Fig. 4).

The two first axes explained 45 and 10% of the total variation, respectively (Fig. 4).

The first axis clearly distinguished the relative abundance of actinobacteria and other GP
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bacteria, which were positively correlated with silt content, and the relative abundance of
AMF, GN bacteria and fungi. The AMF and GN bacteria were positively correlated with
sugar content and GM:AX ratio in the f-FL fraction, and fungi were positively correlated with

sugar content in the o-LF fraction and negatively correlated with clay content.

4. Discussion
4.1. Soil quality index in agroforestry and monocropping plots

In the present work, the selected indicators for the minimum dataset were in line with
expert opinion [2], [53], [54]. Bulk density and SOC content represent important weighted
indicators in soil quality assessment for their role in water infiltration, storage and supply, as
well as CEC, N and P contents for nutrient storage and supply [11]. Among the selected
biological indicators, basal respiration is considered a physiological trait of microbial
communities, and glucose-induced respiration is assumed to be proportional to active
microbial biomass [44]. In this study, we focused on the microbial component of soil
functioning, although we are aware that other biological indicators, such as those related to
meso- or macro-fauna, could have been helpful for soil quality assessment [9], [55].

Our aim was to aggregate information obtained using different parameters into one
integrative soil quality index based on several soil functions: water, C and nutrient storage
and cycling and sustainability of biological activities. In the present work, we initially had a
large number of indicators (30 in total), and several methods for SQI calculation offered to us.
Comparing three different SQI constructions, i.e., additive SQI, weighted additive SQI and

statistically modelled SQI, [56] showed that the last one was more efficient in time and cost.
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The method for index calculation proposed by [10] allowed us to objectively select the most
relevant indicators to assess changes in physical, chemical and biological soil quality in the
studied field plots. Without this statistical approach, we could have overestimated the positive
effect of tree rows on soil quality because of the co-variability of the measured indicators.
However, this method considers as relevant for the first step of minimum dataset selection
only parameters that significantly changed statistically according to the treatments, which
could be considered a subjective choice.

This is the first time, to the our knowledge, that soil quality was assessed in temperate
alley cropping through the use of an integrative and weighted SQI. We showed a strong
positive effect from the 21-year-old trees and accompanying permanent grass cover in the tree
rows of the studied alley cropping system on soil physicochemical indicators compared with
the interrow and monocropping systems; this effect was restricted to the tree rows (Table 1).
The increase in SOC content in the tree rows led to an increase in those soil properties that are
usually related to it, such as CEC and exchangeable cation contents [10] (Table 1).

We showed that the SQI was significantly improved in an alley cropping system in
comparison with a monocropping system, considering the spatial heterogeneity induced by
these systems. This indicates here that the positive effect from the trees and herbaceous cover
on the weighted entire alley cropping SQI was significant beyond the tree rows. The tree
rows, which represent approximately 13% of the field plot surface area, yielded a significant
beneficial effect on SQI over approximately 20% compared with monocropping (Fig. 3).
These findings should be put in perspective, as the results depend on one site and one
sampling date. Additional sub-annual sampling would be necessary to reject a possible
seasonal effect. Even though not significant (P = 0.08), there was a 10% increase in the SQI

weighted interrow (i.e., 1-2 m + 2-4 m + 4-6.5 m) compared with the neighbouring
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monocropping plot. Repeating these indicator measurements in time and increasing the

number of replicates would allow us to see if this trend could be significant or not.

4.2. What explains the higher SOC content in the alley cropping system?

In our study, the topsoil of tree rows showed SOC contents 20-30% higher than that of
the interrow and 50% greater than that of the monocropping plot (Table 2), which is in line
with former results at the same study site [57]. Within and close to tree rows, belowground
litter, as aboveground litter can also be enhanced, as tree roots have been shown to colonize
the topsoil at the same agroforestry site until 1.5 m in the interrow [58]. In addition, a
substantial portion of roots can originate from (i) herbaceous cover root systems, which can
colonize the topsoil close to the tree row, as shown by [59] in younger walnut tree alley
cropping, or ii) weed colonization with low dispersal abilities, originating from herbaceous
cover [60]. Perennial plants can indeed allocate up to 10-15% more C belowground than
crops [61], [62]. The absence of tillage in the tree rows likely favoured some accumulation of
both C and N [63].

The novelty of our study is that it provides greater insight into the pools of C found in
the topsoil at various locations in the alley cropping system than in the monocropping system.
We demonstrate that the additional C found in the topsoil comes from fractions with a higher
C:N ratio (> 16) (Table A.2), which is more similar to that of plant debris than that of smaller
size fractions with a C:N ratio < 10, i.e., close to the C:N ratio of soil microbial communities
and soil organic matter [64], [65]. These coarser fractions can be more easily mineralized by
microorganisms, suggesting a less stable C pool.

The increased GM:AX ratio in the f-LF fraction from the middle of the interrow to the
tree row suggests that a higher proportion of microbial-derived carbohydrates was present in

the tree row (Table 3). This may have induced higher and faster microbial turnover based on
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more organic matter recycling through microorganisms and could indicate that the production
of organic compounds is easier to stabilize [66], [67]. The RDA confirmed that the increased
GM:AX ratio favours more fast-growing microorganisms, i.e., microbial communities with

higher GN bacteria proportions (Fig. 4).

4.3. Spatial heterogeneity of microbial soil properties in the alley cropping system

Our work demonstrated that an agroforestry system such as the one we studied here
may considerably impact soil microbial communities through its biomass, activity and
structure, resulting in the creation of within-plot spatial heterogeneity.

Higher microbial biomass and activities in and close to the tree row may represent a
higher potential capacity to decompose organic matter and improve nutrient cycling.
MicroResp® appeared not to be the most appropriate method to evaluate the activity of
microorganisms in the carbonate-rich soil; however, as carbonate content was similar
everywhere, it allowed us to compare positions. Our qCO results indicate a similar
physiological activity of the microbial biomass regardless of the position within the
agroforestry plot [68]. This result was surprising because of the different tillage management
practices between the tree row and interrow [69]. However, [70] showed in a meta-analysis
that similar qCO> values were observed for tilled and no-tilled plots in long-term (10 years)
plots. This might indicate that qCO is not sensitive to soil tillage or that microorganisms from
the tree row are, at the time of our sampling, as efficient in using C as those in the interrow or
in the monocropping system.

In tree rows, the MBC/SOC ratio was significantly higher than that in the interrow or
in the monocropping plot (i.e., 23 versus 17, data not shown). This indicates that the MBC

increase in tree rows was not merely due to the increase in SOC but also to some properties of
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the soil organic matter (e.g., greater C availability) within tree rows that favour the
development of an abundant soil microbial biomass [71].

Compared with the monocropping system, the microbial biomass and substrate-
induced respiration were more significantly higher on the south side of the tree row than on
the north side in the alley cropping plot (Fig. 1, Table 4). This result underlines the potential
legacy effect of microclimate created in this alley cropping agroforestry system. Dufour et al.
[72] showed in the same plot that photosynthetically active radiation can be reduced by 38%
at 3 m on the north side when the tree canopy is well developed (end of June). Our soil
sampling was performed in April before walnut tree budburst began. At this stage, they
showed that the reduction in incident light was negligible (10%) compared with that in June
(50%). This suggests that the slight difference observed between the north and south sides of
the tree rows was due to a legacy effect of the 21-year-old practice.

We found that trees and the herbaceous grass community (dominated by weeds,
Bromus and Torilis species) in the tree rows increased PLFA diversity and biomass. These
two parameters were highly correlated with pH (negatively), soil moisture, DOC and total N,
as observed by [48] and [22]. In our case, an additional correlation with root biomass
highlighted its potential key role in shaping microbial community dynamics (Table A.4).

In the present study, we observed that tree rows favour a higher proportion of GN
bacteria than GP bacteria, leading to a lower GP:GN ratio. Environments rich in C and
available N are known to promote soil GN bacteria [73], which have high affinity for recent
plant-derived C compounds [74]. The RDA also suggested a correlation between the sugar
content in f-LF and the GN bacterial proportion (Fig. 4). In contrast, GP bacteria have been
shown to be less affected by low C availability [73]. Actinobacteria and other GP bacteria are
known to be able to feed on more complex polymers, such as older organic matter [48]. This

could explain their higher proportion in the middle of the interrow and in the monocropping
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system. Variation in the GP:GN ratio suggests that microorganisms could be more
copiotrophic in the tree row than in the interrow of the alley cropping system as the GP:GN
ratio increases with decreasing C availability in soil [75] (Fig. 2a).

Moreover, high-recalcitrant litter inputs, such as walnut leaves, i.e., litter known to be
rich in tannins and lignin [76], could have favoured the fungal pathway within or close to the
tree row, while we did not observe this. We hypothesize that the herbaceous cover under the
tree row adding labile litter and rhizodeposits buffers the recalcitrant effect of walnut litter.
These results raise the question of the importance of considering herbaceous cover in future

alley cropping studies.

5. Conclusion

Through the design of our sampling strategy, we evaluated changes in soil quality
according to the distance from the tree rows in the interrow of an alley cropping system and
compared them with a neighbouring monocropping system. The use of an integrative soil
quality index related to water and nutrient storage and to the support of biological activity
simplified the comparison of the various positions within the alley cropping plot and with the
monocropping plot. After 21 years, soil quality was significantly improved in the tree rows
compared with the interrow positions and monocropping. The tree rows and its permanent
herbaceous cover enriched the soil in organic matter through an increased input of above- and
belowground litters and possibly through enhanced rhizodeposition. The SQI was
significantly greater under tree rows and beyond until a 2-m distance from the rows, which
was clear evidence of spatial heterogeneity within the cultivated interrows. For the first time,
we showed that by considering the SQI of the weighted entire plot of the alley cropping
system that soil quality was significantly improved compared with that of the monocropping

system.

22



542

543

544

545

546

547

548

549

550

551

552

553

554
555
556

557

558

559

560

561

562

563

564

565

566

567

Acknowledgments

This work was supported by “La Fondation de France” and the French National
Program EC2CO Biohefect, France. The authors want to thank Annette Bérard (INRAE) at
UMR EMMAH in Avignon and Josiane Abadie (INRAE) at UMR Eco&Sols in Montpellier
for their help during MicroResp" analyses, Delphine Méziére and Lydie Dufour (INRAE) at
UMR SYSTEM in Montpellier for their knowledge of the study site and their advice on the
sampling location and Paula Fernandes (CIRAD) at UR HORTSYS for her help with the

PLFA.

References

[1] JW. Doran, M. Safley, 1997. Defining and assessing soil health and sustainable

productivity. Biological indicators of soil health. New York: CAB International.

[2] E.K. Biinemann, G. Bongiorno, Z. Bai, R.E. Creamer, G. De Deyn, R. Goede, L. Fleskens,
V. Geissen, T.W. Kuyper, P. Mider, M. Pulleman, W. Sukkel, J.W. van Groenigen,
L. Brussaard, 2018. Soil quality — A critical review. Soil Biology and Biochemistry

120:105-125. https://doi.org/10.1016/j.s01lb10.2018.01.030.

[3] M. Rutgers, H.J. van Wijnen, A.J. Schouten, C. Mulder, A.M.P. Kuiten, L. Brussaard,
A.M. Breure, 2012. A method to assess ecosystem services developed from soil
attributes with stakeholders and data of four arable farms. Science of The Total

Environment 415:39-48. https://doi.org/10.1016/j.scitotenv.2011.04.041.

23



568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

[4] J. Paz-Ferreiro, S. Fu, 2016. Biological indices for soil quality evaluation: perspectives
and limitations. Land Degradation &  Development, 27(1), 14-25.

https://doi.org/10.1002/1dr.2262

[5] S.S. Andrews, D.L. Karlen, C.A. Cambardella, 2004. The Soil Management Assessment
Framework. Soil Science Society of America Journal 68:1945-1962.

https://doi.org/10.2136/sss2j2004.1945.

[6] J.E. Herrick, J.R. Brown, A.J. Tugel, P.L. Shave, K.M. Havstad, 2002. Application of soil
quality to monitoring and management: paradigms from rangeland ecology. Agron

J., 94, pp. 3-11. https://doi.org/10.2134/agronj2002.3000

[7] E. Dominati, M. Patterson, A. Mackay, 2010. A framework for classifying and quantifying
the natural capital and ecosystem services of soils. Ecological Economics 69, 1858—

1868. https://doi.org/10.1016/j.ecolecon.2010.05.002.

[8] L. Gianfreda, P. Ruggiero, 2006. Enzyme activities in soil. In Soil biology, volume 8.
nucleic acids and proteins in soil, Nannipieri P, Smalla K (eds). Springer-Verlag:
Berlin Heidelberg.

[9] P. Coll, E. Le Cadre, E. Blanchart, P. Hinsinger, C. Villenave, 2011. Organic viticulture
and soil quality: A long-term study in Southern France. Applied Soil Ecology.

https://doi.org/10.1016/j.aps0il.2011.07.013.

24



592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

[10] F. Obriot, M. Stauffer, Y. Goubard, N. Cheviron, G. Peres, M. Eden, A. Revallier, L.
Vieublé-Gonod, S. Houot, 2016. Multi-criteria indices to evaluate the effects of
repeated organic amendment applications on soil and crop quality. Agriculture,
Ecosystems & Environment 232:165-178.

https://doi.org/10.1016/j.agee.2016.08.004.

[11] A.C.R. Lima, L. Brussaard, M.R Totola, W.B. Hoogmoed, R.G.M. De Goede, 2013. A
functional evaluation of three indicator sets for assessing soil quality. Applied Soil

Ecology, 64, 194-200. https://doi.org/10.1016/j.apsoil.2012.12.009

[12] J. Six, S.D. Frey, R.K. Thiet, K.M. Batten, 2006. Bacterial and fungal contributions to
carbon sequestration in agroecosystems. Soil Science Society of America

Journal, 70(2), 555-569. https://doi.org/10.2136/sss5aj2004.0347

[13] R.G. Joergensen, C. Emmerling, 2006. Methods for evaluating human impact on soil

microorganisms based on their activity, biomass, and diversity in agricultural soils. J

Plant Nutr Soil Sci 169:295-3009. https://doi.org/10.1002/jpIn.20052194 1

[14] J. Bloem, D.W. Hopkins,A. Benedetti, Eds., 2005. Microbiological methods for

assessing soil quality. Cabi).

[15] J. Laishram, K.G. Saxena, R.K. Maikhuri, K.S. Rao, 2012. Soil quality and soil health: A

review. Int. J. Ecol. Environ. Sci. 38, 19-37.

25



616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

[16] M. Shukla, R. Lal, M. Ebinger, 2006. Determining soil quality indicators by factor

analysis. Soil Tillage Res. 87, 194-204. https://doi.org/10.1016/].stil1.2005.03.011.

[17] A. Thoumazeau, C. Bessou, M-S. Renevier, J. Trap, R. Marichal, L. Mareschal, T.
Decaéns, N. Bottinelli, B. Jaillard, T. Chevallier, N. Suvannang, K. Sajjaphan, P.
Thaler, F. Gay, A. Brauman, 2019. Biofunctool®: a new framework to assess the
impact of land management on soil quality. Part A: concept and validation of the set
of indicators. Ecol. Indic. 97, 100-110.

https://doi.org/10.1016/j.ecolind.2018.09.023.

[18] R. Lal, 2015. Restoring Soil Quality to Mitigate Soil Degradation. Sustainability 7:5875—

5895. https://doi.org/10.3390/su7055875.

[19] M. Torralba, N. Fagerholm, P.J. Burgess, G. Moreno, T. Plieninger, 2016. Do European
agroforestry systems enhance biodiversity and ecosystem services? A meta-analysis.
Agriculture, Ecosystems & Environment 230:150-161.

https://doi.org/10.1016/j.agee.2016.06.002.

[20] K.R. Kirby, C. Potvin, 2007. Variation in carbon storage among tree species:
Implications for the management of a small-scale carbon sink project. Forest
Ecology and Management 246:208-221.

https://doi.org/10.1016/j.foreco.2007.03.072.

[21] F. Abbas, H.M. Hammad, S. Fahad, A. Cerda, M. Rizwan, W. Farhad, S. Ehsan, H.F.

Bakhat, 2017. Agroforestry: a sustainable environmental practice for carbon

26



641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

[22] S.

[23] T.

[24] R.

sequestration under the climate change scenarios—a review. Environ Sci Pollut Res

24:11177-11191. https://doi.org/10.1007/s11356-017-8687-0.

Banerjee, M. Baah-Acheamfour, C.N. Carlyle, A. Bissett, A.E. Richardson, T.
Siddique, E.W. Bork, S.X. Chang, 2016. Determinants of bacterial communities in
Canadian agroforestry systems. Environ Microbiol 18:1805-1816.

https://doi.org/10.1111/1462-2920.12986.

Dollinger, S. Jose, 2018. Agroforestry for soil health. Agroforest Syst 1-7.

https://doi.org/10.1007/s10457-018-0223-9.

Cardinael, Z. Mao, C. Chenu, P. Hinsinger, 2020. Belowground functioning of
agroforestry  systems: recent advances and perspectives. Plant Soil.

https://doi.org/10.1007/s11104-020-04633-x

[25] S. Nii-Annang, H. Griinewald, D. Freese, R.F. Hiittl, O. Dilly, 2009. Microbial activity,

organic C accumulation and 13C abundance in soils under alley cropping systems
after 9 years of recultivation of quaternary deposits. Biol Fertil Soils 45:531-538.

https://doi.org/10.1007/s00374-009-0360-4.

[26] S. Bardhan, S. Jose, R.P. Udawatta, F. Fritschi, 2013. Microbial community diversity in a

21-year-old temperate alley cropping system. Agrorest Syst 87:1031-1041.

https://doi.org/10.1007/s10457-013-9617-x.

27



665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

[27] R. Beuschel, H-P. Piepho, R.G. Joergensen, C. Wachendorf, 2019. Similar spatial
patterns of soil quality indicators in three poplar-based silvo-arable alley cropping
systems in Germany. Biol Fertil Soils 55:1-14. https://doi.org/10.1007/s00374-018-

1324-3.

[28] N.W. Mungai, P.P. Motavalli, R.J. Kremer, K.A. Nelson, 2005. Spatial variation of soil
enzyme activities and microbial functional diversity in temperate alley cropping
systems. Biology and Fertility of Soils 42:129-136. https://doi.org/10.1007/s00374-

005-0005-1.

[29] L. Dufour, M. Gosme, J. Le Bec, C. Dupraz, 2020. Does pollarding trees improve the
crop yield in a mature alley-cropping agroforestry system? Journal of Agronomy and

Crop Science, 206(5), 640-649. https://doi.org/10.1111/jac.12403

[30] H. Ciesielski, T. Sterckeman, 1997. A comparison between three methods for the
determination of cation exchange capacity and exchangeable cations in soils.

agronomie, 17, 9-15.

[31] S.R. Olsen, C.V. Cole, F.S. Watanabe, L.A. Dean, 1954. Estimation of available
phosphorus in soils by extraction with sodium bicarbonate. USDA Circular 939. U.S.

Government Printing Office, Washington D.C.

[32] R. Roscoe, P. Buurman, E.J. Velthorst, C.A. Vasconcellos, 2001. Soil organic matter

dynamics in density and particle size fractions as revealed by the 13C/12C isotopic

28



689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

[33] D.

ratio in a Cerrado’s oxisol. Geoderma 104:185-202. https://doi.org/10.1016/S0016-

7061(01)00080-5.

Harris, W.R. Horwith, C. van Kessel, 2001. Acid fumigation of soils to remove
carbonates prior to total organic carbon or CARBON-13 isotopic analysis. Soil
Science Society of America Journal 65:1853-1856.

https://doi.org/10.2136/sssaj2001.1853.

[34] C. Rumpel, M-F. Dignac, 2006. Gas chromatographic analysis of monosaccharides in a

[35] E.

forest soil profile: Analysis by gas chromatography after trifluoroacetic acid
hydrolysis and reduction—acetylation. Soil Biology and Biochemistry 38:1478-1481.

https://doi.org/10.1016/j.s0ilbio.2005.09.017.

Eder, S. Spielvogel, A. Kolbl, G. Albert, I. Kogel-Knabner, 2010. Analysis of
hydrolysable neutral sugars in mineral soils: Improvement of alditol acetylation for
gas chromatographic separation and measurement. Organic Geochemistry 41:580—

585. https://doi.org/10.1016/j.orggeochem.2010.02.009.

[36] G. Guggenberger, B.T. Christensen, W. Zech, 1994. Land-use effects on the composition

of organic matter in particle-size separates of soil: I. Lignin and carbohydrate
signature. European Journal of Soil Science 45:449-458.

https://doi.org/10.1111/j.1365-2389.1994.tb00530.x.

29



712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

[37] J.M. Oades, 1984. Soil organic matter and structural stability: mechanisms and
implications for management. Plant Soil 76:319-337.

https://doi.org/10.1007/BF02205590.

[38] E.D. Vance, P.C. Brookes, D.S. Jenkinson, 1987. An extraction method for measuring
soil microbial biomass C. Soil Biology and Biochemistry 19:703-707.

https://doi.org/10.1016/0038-0717(87)90052-6.

[39] [37] T. Ohno, L.M. Zibilske, 1991. Determination of Low Concentrations of Phosphorus
in Soil Extracts Using Malachite Green. Soil Science Society of America Journal

55:892-895. https://doi.org/10.2136/sssaj1991.03615995005500030046Xx.

[40] D. Jenkinson, 2004. Measuring soil microbial biomass. Soil Biology and Biochemistry

36:5-7. https://doi.org/10.1016/j.s0ilbio.2003.10.002.

[41] P.C. Brookes, A. Landman, G. Pruden, D.S. Jenkinson, 1985. Chloroform fumigation
and the release of soil nitrogen: a rapid direct extraction method to measure
microbial biomass nitrogen in soil. Soil biology and biochemistry, 17(6), 837-842.

https://doi.org/10.1016/0038-0717(85)90144-0

[42] C.D. Campbell, S.J. Chapman, C.M. Cameron, M.S. Davidson, J.M. Potts, 2003. A
Rapid Microtiter Plate Method To Measure Carbon Dioxide Evolved from Carbon
Substrate Amendments so as To Determine the Physiological Profiles of Soil
Microbial Communities by Using Whole Soil. Appl Environ Microbiol 69:3593—

3599. https://doi.org/10.1128/AEM.69.6.3593-3599.2003.

30



737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

[43] L.A. Richards, Pressure-membrane apparatus — Construction and use. Agric. Eng.,28,

1947, pp. 451-454.

[44] A. Bérard, M.B. Sassi, P. Renault, R. Gros, 2012. Severe drought-induced community
tolerance to heat wave. An experimental study on soil microbial processes. J Soils

Sediments 12:513-518. https://doi.org/10.1007/s11368-012-0469-1.

[45] J.S. Buyer, M. Sasser, 2012. High throughput phospholipid fatty acid analysis of soils.

Applied Soil Ecology 61:127-130. https://doi.org/10.1016/j.apsoil.2012.06.005.

[46] N. Fanin, I. Bertrand, 2016. Aboveground litter quality is a better predictor than
belowground microbial communities when estimating carbon mineralization along a
land-use gradient. Soil Biology and Biochemistry 94:48-60.

https://doi.org/10.1016/j.s0ilbio.2015.11.007.

[47] Y. Feng, A.C. Motta, D.W. Reeves, C.H. Burmester, E. Van Santen, J.A. Osborne, 2003.
Soil microbial communities under conventional-till and no-till continuous cotton
systems. Soil Biology and Biochemistry 35:1693-1703.

https://doi.org/10.1016/j.s0ilbio.2003.08.016.

[48] Q. Zhang, J. Wu, F. Yang, Y. Lei, Q. Zhang, X. Cheng, 2016. Alterations in soil

microbial community composition and biomass following agricultural land use

change. Scientific Reports 6:36587. https://doi.org/10.1038/srep36587.

31



762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

[49] M.S. Askari, N.M. Holden, 2015. Quantitative soil quality indexing of temperate arable
management  systems. Soil Tillage Res., 150 (2015), pp. 57-67.

https://doi.org/10.1016/j.still.2015.01.010

[50] J.D. Glover, J.P. Reganold, P.K. Andrews, 2000. Systematic method for rating soil
quality of conventional, organic, and integrated apple orchards in Washington State.
Agric. Ecosyst. Environ., 80 (2000), pp. 29-45. https://doi.org/10.1016/S0167-

8809(00)00131-6

[51] M.P. Lefebvre, 2010. Spatialisation de modeles de fonctionnement hydromécanique des
sols appliquée a la prévision des risques de tassement a 1’échelle de la France (PhD

thesis). Université d’Orléans.

[52] UNIFA, http://www.unifa.fr/raisonner-la-fertilisation/calculer-les-apports/fertilisation-p-

a-k.html, 2016

[53] D.L. Karlen, N.C. Wollenhaupt, D.C. Erbach, E.C. Berry, J.B. Swan, N.S. Eash, J.L.
Jordhal, 1994. Crop residue effects on soil quality following 10-years of no-till corn.

Soil Tillage Res., 31, pp. 149-167. https://doi.org/10.1016/0167-1987(94)90077-9

[54] C.H. Lee, M.Y. Wu, V.B. Asio, C.U. Zueng-Sang, 2006. Using a soil quality index to
assess the effects of applying swine manure compost on soil quality under a crop
rotation system in Taiwan. Soil Sci., 171, pp- 210-222.

https://doi.org/10.1097/01.s5.0000199700.78956.8¢c

32



787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

[55] S. Yan, A.N. Singh, S. Fu, C. Liao, S. Wang, Y. Li, L. Hu, 2012. A soil fauna index for
assessing soil quality. Soil Biology and Biochemistry, 47, 158-165.

https://doi.org/10.1016/j.s0ilbio.2011.11.014

[56] A. Mukherjee, R. Lal, 2014. Comparison of soil quality index using three methods. PloS

one, 9(8), e105981. https://doi.org/10.1371/journal.pone.0105981

[57] R. Cardinael, T. Chevallier, B.G. Barthes, N.P.A. Saby, T. Parent, C. Dupraz, M.
Bernoux, C. Chenu, 2015a. Impact of alley cropping agroforestry on stocks, forms
and spatial distribution of soil organic carbon — A case study in a Mediterranean
context. Geoderma 259-260:288-299.

https://doi.org/10.1016/j.geoderma.2015.06.015.

[58] R. Cardinael, Z. Mao, 1. Prieto, A. Stokes, C. Dupraz, J.H. Kim, C. Jourdan, 2015b.
Competition with winter crops induces deeper rooting of walnut trees in a
Mediterranean alley cropping agroforestry system. Plant Soil 391:219-235.

https://doi.org/10.1007/s11104-015-2422-8.

[59] P. Battie-Laclau, E. Taschen, C. Plassard, D. Dezette, J. Abadie, D. Arnal, P. Bezenech,
M. Duthoit, A.L. Pablo, C. Jourdan, J.P. Laclau, I. Bertrand, A. Taudiere, P.
Hinsinger, 2019. Role of trees and herbaceous vegetation beneath trees in

maintaining arbuscular mycorrhizal communities in temperate alley cropping

systems. Plant Soil. https://doi.org/10.1007/s11104-019-04181-z.

33



810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

[60] S. Boinot, G. Fried, J. Storkey, H. Metcalfe, K. Barkaoui, P.E. Lauri, D. Méziere, 2019.
Alley cropping agroforestry systems: Reservoirs for weeds or refugia for plant
diversity? Agriculture,  Ecosystems &  Environment, 284, 106584.

https://doi.org/10.1016/j.agee.2019.106584.

[61] J. Pausch, Y. Kuzyakov, 2018. Carbon input by roots into the soil: Quantification of
rhizodeposition from root to ecosystem scale. Glob Change Biol 24:1-12.

https://doi.org/10.1111/gcb.13850.

[62] S.J. Grayston, D. Vaughan, D. Jones, 1997. Rhizosphere carbon flow in trees, in
comparison with annual plants: the importance of root exudation and its impact on
microbial activity and nutrient availability. Applied Soil Ecology 5:29-56.

https://doi.org/10.1016/S0929-1393(96)00126-6.

[63] W.R. Cookson, D.V. Murphy, M.M. Roper, 2008. Characterizing the relationships
between soil organic matter components and microbial function and composition
along a tillage disturbance gradient. Soil Biology and Biochemistry 40:763-777.

https://doi.org/10.1016/j.s0ilbio.2007.10.011.

[64] E. Guillot, P. Hinsinger, L. Dufour, J. Roy, 1. Bertrand, 2019. With or without trees:
Resistance and resilience of soil microbial communities to drought and heat stress in
a Mediterranean agroforestry system. Soil Biology and Biochemistry 129:122—135.

https://doi.org/10.1016/j.s0ilbio.2018.11.011.

34



834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

[65] I. Bertrand, M. Sauvadet, E. Guillot, C. d’Hervilly, C. Plassard, E. Taschen, C. Marsden,
M. Hedde, 2019. Relations entre modes de gestion des agroécosystemes et
biodiversit¢  fonctionnelle des sols. Innov. Agron. 75, 107-124.

https://doi.org/10.15454/h14c8y.

[66] M.F. Cotrufo, M.D. Wallenstein, C.M. Boot, K. Denef, E. Paul, 2013. The Microbial
Efficiency-Matrix  Stabilization (MEMS) framework integrates plant litter
decomposition with soil organic matter stabilization: do labile plant inputs form
stable soil organic matter? Global Change Biology  19:988-995.

https://doi.org/10.1111/gcb.12113.

[67] M.F. Cotrufo, J.L. Soong, A.J. Horton, E.E. Campbell, M.L. Haddix, D.H. Wall, W .J.
Parton, 2015. Formation of soil organic matter via biochemical and physical
pathways  of  litter = mass  loss.  Nature  Geoscience  8:776-779.

https://doi.org/10.1038/nge02520.

[68] T.H. Anderson, K.H. Domsch, 1985. Determination of ecophysiological maintenance
carbon requirements of soil microorganisms in a dormant state. Biology and fertility

of soils, 1(2), 81-89.

[69] E.L. Balota, A. Colozzi Filho, D.S. Andrade, R.P. Dick, 2004. Long-term tillage and
crop rotation effects on microbial biomass and C and N mineralization in a Brazilian
Oxisol. Soil Tillage Res., 77 (2004), pp- 137-145.

https://doi.org/10.1016/j.stil1.2003.12.003

35



859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

[70] S.M. Zuber, M.B. Villamil, 2016. Meta-analysis approach to assess effect of tillage on
microbial biomass and enzyme activities. Soil Biology and Biochemistry, 97, 176-

187. https://doi.org/10.1016/j.s0ilbi0.2016.03.011

[71] T.H. Anderson, K.H. Domsch, 1989. Ratios of microbial biomass carbon to total organic
carbon in arable soils. Soil biology and biochemistry, 21(4), 471-479.

https://doi.org/10.1016/0038-0717(89)90117-X

[72] L. Dufour, A. Metay, G. Talbot, C. Dupraz, 2013. Assessing Light Competition for
Cereal Production in Temperate Agroforestry Systems using Experimentation and
Crop Modelling. Journal of Agronomy and Crop Science 199:217-227.

https://doi.org/10.1111/jac.12008.

[73] N. Fierer, J.P. Schimel, P.A. Holden, 2003. Variations in microbial community

composition through two soil depth profiles. Soil Biology and Biochemistry 35:167—

176. https://doi.org/10.1016/S0038-0717(02)00251-1.

[74] C. Kramer, G. Gleixner, 2008. Soil organic matter in soil depth profiles: Distinct carbon
preferences of microbial groups during carbon transformation. Soil Biol. Biochem.

40, 425-433. https://doi.org/10.1016/}.50i1b10.2007.09.016.

[75] N. Fanin, P. Kardol, M. Farrell, M.C. Nilsson, M.J. Gundale, D.A. Wardle, 2019. The
ratio of Gram-positive to Gram-negative bacterial PLFA markers as an indicator of
carbon availability in organic soils. Soil Biology and Biochemistry, 128, 111-114.

https://doi.org/10.1016/j.s0ilbio.2018.10.010

36



884

885

886

887

888
889
890
891
892

893

[76] V. Nour, 1. Trandafir, S. Cosmulescu, 2013. HPLC Determination of Phenolic Acids,

Flavonoids and Juglone in Walnut Leaves. J Chromatogr Sci 51:883-890.

https://doi.org/10.1093/chromsci/bms180.

37



Figure 1

Microbial biomass (mg C, N or P kg soil)

500

400

300

200

100

*

] |
| OMBC
I OMBN

i * |
BEMBP

b * ,

* |

* I ab |

. ab
a | a |
I a I
T I

[ |

] |

* % |

* |

| d bc I

C %
ab ab ab a |
abc ab bc ab a I
4-6.5Mmg 2-4mg 1-2mg Tree row 1-2my 2-4my 4-6.5my MC



Figure 2a

(@)

= Actinobacteria

oGP

OGN

fe)
©
prd
o
o
o
2
GP:GN ratio
Ly < ™ N
o o o o

20 ~

T
©
—

T
N (e 0]

(llos 1.6 sy41d br) sissrew v41d

1-2mg Treerow 1-2my 2-4my 4-6.5my MC

2'4ms



Figure 2b

PLFA markers (ug PLFAs g1 soil)

4.0

3.0

2.0

1.0

0.0

(b)

4'6.5ms 2'4ms

1'2ms

Tree row 1-2my

H

2'4mN 4'6.5mN

MC

O Other fungi

=EAMF



Figure 3
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Table 1

Parameter Tree row 1-2 my 2-4 my 4-6.5 my MC

Clay (< 2 um) (g kg soil) 178+ 92 173+ 242 186+ 72 184 +132 177+ 10
Silt (2-50 pm) (g kg soil) 157 + 242" 165+ 432" 157 +232* 158+ 172" 208 + 16
Sand (50-2000 pm) (g kg soil) 109 + 182" 101+ 222 105+ 252 103 £ 222 76 £ 20
Bulk density (g cm) 1.24+0.127 141+0.12 1.23+0.12" 1.30+0.12 1.43+0.1
CaCO03 (g kgt sail) 539+112 545+ 222 540 + 262 539+182 527 + 20
Moisture 143+18¢ 1334+ 1.1 bc" 11.8+0.72 11.9+09° 114406
PH ater 8.40+0.052" 8.52+0.045" 8.55+0.03° 8.57+0.05° 8.58 £ 0.03
SOC (g kg™ soil) 19.0+350b* 16.4 + 4.5 146+3.0% 13.8+2.62 11.8+1.0
DOC (mg kg soil) 345+56b5" 23.4+282 174+49°2 18.1+3.22 20.3+2.6
N . (9 kg soil) 1.8+0.2¢" 14+0.1° 1.3+0.1% 1.2+0.12 1.1+01
C:N 109+162 114+20¢% 11.2+23%2 115+392 10.2+3.1
Mineral N (mg kg soil) 31+50b" 16427 11+22 11+22 11+2
Olsen P (mg kg soil) 8.3+2.1°b 58+1.22 52+162 5.6+2.32 58+13
CEC (cmol * kg soil) 14.7+1.9°" 13.0+162 125+14%2 124+132 11.8+04
Exch. Ca (cmol * kg soil) 147+1.6°" 13.3+152 13.1+1.12 12.8+1.1° 125+0.5
Exch. Mg (cmol * kg soil) 0.73+0.12b5~ 0.47+0.102" 0.39+0.092" 0.38+0.072" 0.29 +0.02
Exch. K (cmol * kg soil) 0.51+0.08°" 0.42+0.08 %~ 0.36 +0.082 0.35+0.072 0.31+0.02




Table 2

Fraction Tree row 1-2 my 2-4 my 4-6.5 my MC
f-LF (g C kgt soil) 3.6+1.3b* 2.1+092 15+052 1.3+05¢ 1.2+0.3
o-LF (g C kg! soil) 22+22b* 1.7+1.7a~ 14+14a 12+12a 1.0+1.0

50-2000 pm (g C kg! soil) 3.6+09°P 2.3+0.3% 2.0+0.2¢a 20+0.12 15+0.1
<50um (g C kg! soil ) 12.0+2.1b" 90+18+2 8.6+192 79+182 7810




Table 3

Fraction Tree row 1-2 my 2-4 my 4-6.5 my MC

Total (mg sugar C g soil) 44+0.2° 41+0.12 40x0.2° 40x0.22 4003
f-LF (mg sugar C g soil) 0.57+£0.19°~ 0.35+0.112 0.32+0.072 0.28+0.04¢ 0.29 £ 0.08
0-LF (mg sugar C g* sail) 0.38+0.052" 0.31+0.072" 0.29+0.208 0.22+0.092 0.16 £ 0.06
< 50um (mg sugar C g soil) 226+04°2 2.15+0.22 187+ 0.72 2.10+0.22 2.36 £ 0.1
GM:AX Total 0.95+0.06 2 0.96 + 0.04 2 1.00£0.04 2 0.99+0.04 2 0.97 £ 0.05
GM:AX f-LF 0.85+0.15b* 0.73+0.09ab 0.71+ 0.09 @ 0.67 £0.09 2 0.62 +£0.08
GM:AX o-LF 0.95+0.032 0.91+0.072 0.97 £0.04 2~ 0.95+0.042 0.90 £ 0.03
GM:AX < 50pum 1.05+0.012 1.03+0.022 1.04+0.022 1.02+0.022 1.03+0.01




Table 4

Substrate Tree row 1-2m, 1-2mg 2-4my, 2-4mg 4-6.5my 4-6.5mg MC
Water 0.57 £0.09 2 0.59+0.20 % 0.72+0.25° 0.45+0.12% 0.38+0.112 0.36 £0.102 0.35+0.06 2 0.43+0.16
Glucose 265+047b" 212+050%* 249+050°0* 1.97+0412* 198+0.31%" 1.72+0.41¢2 1.81+0.302" 1.30+0.21
Trehalose 1.99+0572* 1.80+0.612a* 1.98+0.512" 1.39+0.352 144 +0.222" 1.17+0.522 1.11+0.142 1.05+0.19
Alanine 150+056¢* L1O03*0.61%¢ 444, 0500cr 095+020a%c 099+034e  062:0162  072+017®  073:0.12
qCo, 0.22+0.022 0.28+0.052 0.29+0.08 @ 0.24+0.09 0.19+0.052 0.21+0.032 0.20+0.032 0.33+0.11






