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Abstract Alley cropping systems present tree rows

alternating with crop alleys. Tree rows are unculti-

vated and often present an understory vegetation strip

(UVS), whose impacts have been less studied than

those of the trees. Spatial variations within UVSs and

between UVSs and crop alleys were investigated for

vegetation biomass and necromass, soil organic car-

bon and nutrient contents, microbial biomass and

respiration, and macro-invertebrate density, taxo-

nomic diversity and functional community structure.

The first 20 cm of soil were sampled in two young

alley cropping sites in South-West France with sown

UVSs. Tree distance did not influence studied vari-

ables within the UVS. Soil organic carbon and

available phosphorus contents were significantly

higher in the UVS than in the crop alley, but not soil

microbial biomass and macro-invertebrate density and

diversity, except for woodlice density. Earthworm

distribution in ecomorphological categories differed

between the UVS and the crop alley. Microbial

biomass and macro-invertebrate diversity were sig-

nificantly reduced 1 m away from the UVS in both

sites. It was concluded that these sown UVSs were not

strongly impacted by tree proximity, enriched the first

20 cm of soil with organic carbon, and provided a

habitat for specific macro-invertebrates, probably due

to reduced disturbance and permanent vegetation.

However, UVSs could have a negative impact on soil

organisms in their vicinity. Further studies on the role

of UVS type, field management and seasonal variation

are needed to quantify the role of UVSs on soil

properties.
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Introduction

In temperate regions, alley cropping is a common

silvoarable system, in which tree rows alternate with

crop alleys (Eichhorn et al. 2006). Tree rows are most

of the time covered with a spontaneous or sown

understory vegetation strip (UVS, Boinot et al. 2019),

mostly herbaceous. The specific composition of the

UVS is almost neither detailed, but when it is sown it is

often with grasses (Udawatta et al. 2008; Cardinael

et al. 2017), maybe because grasses have been shown

to establish easily in field margins (Critchley et al.

2006). The UVS has been shown to increase pollinator
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abundance and diversity in the field by providing

resources and nest sites (Varah et al. 2013), but much

less is known about soil biota and their functions in

decomposition and food web regulation in spatially

heterogeneous alley cropping systems (Marsden et al.

2019).

Detrital food webs are strongly driven by primary

resources availability (Dyer and Letourneau 2003) and

their quality and quantity (Porazinska et al. 2003). The

UVS brings additional vegetation and its associated

litter in the tree row, and is thus likely to have a strong

impact on soil organisms. In addition, with its

permanent ground cover, it could be an attractive

habitat for soil biota that are sensitive to disturbance,

which is frequent in the crop alleys. This can be

expected to lead to the differentiation of UVS and crop

alley soil biota communities, with distinct densities

and composition. However, the UVS effect may

extend further than expected based on aboveground

vegetation development. On a young alley cropping

site, Battie-Laclau et al. (2019) found that herbaceous

roots from the UVS extended up to 2.5 m into the

adjacent crop alley, suggesting that UVSs can influ-

ence nearby crop alley soil by adding living and dead

organic matter. In addition, grass margins or other

semi-natural habitats have often been described as

over-wintering habitats for insects then able to colo-

nize the field (Médiène et al. 2011), and the UVS has

recently been shown to play the same role (Boinot

et al. 2019). The specific impact of UVSs could be

especially visible in young sites where tree impact is

still limited.

A small number of studies have focused on soil

organisms in alley cropping systems, with varying

results. Cardinael et al. (2019) showed that earthworm

density was enhanced in tree rows compared to crop

alleys in 13 French silvoarable sites, but did not

observe the gradient of earthworm density from the

tree row towards the center of the crop alley that was

described by Price and Gordon (1999) on a Canadian

site. Abundance of soil invertebrates (0–6 mm in size)

in the tree row and 1 m from the tree row was reported

to be roughly double that observed more than 3 m

from the tree row in an English site (Park et al. 1994),

but mite abundance and species density were not

related to distance from tree rows on another Canadian

site (Doblas-Miranda et al. 2014). Microbial biomass

has been reported to progressively decline from the

tree row to the middle of the crop alley (Seiter et al.

1999), while it was not significantly different between

tree rows and crop alleys in another study (Udawatta

et al. 2008). Soil organic matter content, however,

appears to be consistently increased in tree rows, and a

role of the UVS itself in this increase has been

suggested (Udawatta et al. 2008; Cardinael et al.

2017). To our knowledge, nothing is known about the

variability of soil and vegetation characteristics in the

UVS itself, particularly according to distance from the

tree.

To investigate the changes in vegetation, soil

organic carbon (SOC) and nutrient contents and the

associated microorganisms and macro-invertebrates

within the UVS and its vicinity in the crop alley, two

young alley cropping systems were studied in the

South of France. These systems presented UVSs sown

with grasses of Festuca species. The sampling

scheme aimed to take into account spatial heterogene-

ity within the UVS and between the UVS and the crop

alley. Vegetation biomass and necromass from both

UVSs and crops were measured, as well as microor-

ganism biomass carbon, nitrogen and phosphorus.

Studied macro-invertebrate parameters were density,

diversity and functional community structure. We

hypothesized that (1) soil fertility is increased in the

UVS compared to the crop alley, (2) in the crop alley,

soil fertility is particularly increased in the vicinity of

the UVS, and (3) vegetation biomass and necromass in

the UVS is negatively impacted by tree vicinity,

creating spatial heterogeneity within the UVS.

Material and methods

Site description

The study was conducted on two alley cropping sites

in South-West France during spring of 2017. The aim

was not to compare these sites, but to see if similar

trends could be found in two different sites. Site A is a

5 ha plot located 6 km north-east of the town of Auch

(43.682�, 0.620�), and was sampled at the beginning of

March 2017. Site B is a 4.5 ha plot located 27 km east

of site A (43.521�, 0.933�), and was sampled at the

beginning of April 2017. This area presents an altered

oceanic climate, with an annual temperature of 13 �C
and an annual rainfall of 698 mm (mean values over

the last 10 years for the Auch station, French Institute

of Meteorology Météo France). Soil properties are
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presented in Table 1. In both sites, trees of 12 different

species were planted in north–south oriented rows

(Prunus avium (L.) L., Juglans regia L., Sorbus

domestica L., Acer campestre L., Fraxinus excelsior

L., Pyrus communis L., Quercus petraea (Matt.)

Llebl., Ulmus ‘Nanguen’, Sorbus torminalis (L.)

Crantz, Morus alba L., Tilia cordata Mill., Quercus

pubescens Willd). A winter bread wheat crop

(Triticum aestivum L.) was present in the crop alleys

during sampling (sown in October 2016 for site A and

December 2016 for site B). Both sites have been

managed with reduced tillage for at least 15 years.

In site A, trees were planted in 2011 in 4 rows and

spaced 5 m apart. A 2.3 m-wide UVS was sown after

planting with Festuca rubra L.. Crop alleys are 36 m

wide and were fertilized in February 2017 with a

granular mineral fertilizer (7.5% of nitric nitrogen,

18.5% of ammoniacal nitrogen and 32.5% of sulfur

trioxide) at the rate of 78 kg N ha-1.

In site B, trees were planted in 2007 in 7 rows and

spaced 6–6.5 m apart. A 1.7 m-wide UVS was sown

with Festuca arundinacea Schreb. after planting. Crop

alleys are 20 m wide. This field has been managed

according to organic farming practices since 2010,

with no mineral fertilizers or pesticides.

Sampling design

Four positions were defined as shown in Fig. 1. Two

positions were sampled in the UVS, the first position at

1 m from the reference tree (UVS1) and the second at

an equal distance between the reference tree and the

next tree in the north direction (UVS2). Two other

positions were sampled in the crop alley on a transect

perpendicular to the UVS and starting from UVS2.

The first position was 1 m from the UVS (CA1) and

the second in the middle of the crop alley (CA2). There

were 5 replications of this sampling design for each

site. All analyses described below were carried out for

each position and replicate for the 0–20 cm soil depth,

as it was the maximum tillage depth reached more than

15 years ago, both sites being since under reduced

tillage. All reference trees were of Prunus avium

species.

Fig. 1 Sampling design. This design was applied for each site,

with 5 replicates per site

Table 1 Soil properties (0–20 cm depth) of the understory vegetation strip (UVS) and the crop alley for both sites

Site A Site B

UVS Crop alley UVS Crop alley

Bulk density (g cm-3) a 1.38 ± 0.12 1.39 ± 0.06 1.50 ± 0.05 1.53 ± 0.07

Coarse constituents (%) a 30 ± 5 28 ± 7 2 ± 2 1 ± 1

Texture (clay/silt/sand) (%) b 46/34/20 46/36/18 41/38/21 41/39/20

pHH2O
b 8.3 8.4 8.5 8.5

CaCO3 (%) b 25 25 9 10

CEC cobaltihexamine (cmol? kg-1) b 16.2 14.9 19.8 19.5

Texture was assessed after CaCO3 removal. Coarse constituents are elements exceeding 2 mm diameter
aValues were determined at each sampling point, mean values are presented followed by standard deviation
bValues were determined on composite samples

123

Agroforest Syst (2020) 94:1851–1864 1853



Vegetation characteristics

Ground cover by vegetation and associated litter was

determined in 1 9 1 m frames. Aboveground vegeta-

tion and associated litter were collected within

50 9 50 cm frames (Tadmor et al. 1975). Alive and

dead roots, as well as litter incorporated into the soil,

were collected in soil cores of 25 cm wide and 20 cm

depth. Roots and litter found belowground were

washed with water in order to remove residual soil.

All vegetation and associated litter were then oven-

dried one week at 65 �C to determine biomass and

necromass. Roots that could be attributed to the tree

were weighed separately. In the UVS of site A, a very

dense mat of roots and belowground litter was present,

and living fine roots could not be separated from dead

roots and belowground litter.

SOC and nutrient contents

Soil was sampled from the previously described soil

cores and air-dried for two days to reach around 10%

of gravimetric water content. Soil was then sieved to

2 mm and stored at 4 �C.
SOC and total N contents were determined with an

elemental analyzer in 15 mg samples of soil ground

under 200 lm and oven-dried at 40 �C during 24 h

(Thermo Fisher Scientific Flash 2000, sensitivity

0.5 lg). Available P was extracted from 10 g equiv-

alent dry soil using the Olsen method, and measured

by the Malachite green method (Ohno and Zibilske

1991) using an absorbance microplate reader at

630 nm (Dialab ELx808). Soil mineral N was

extracted from 10 g equivalent dry soil with 40 mL

of 1 M KCl solution and measured by continuous flow

colorimetry (SKALAR SA 3000 flow analyser). Soil

bulk density and soil fine-element bulk density

(excluding particles bigger than 2 mm in diameter)

were determined following the cylinder method

(Blake and Hartge 1986) at two depths (0–10 cm

and 10–20 cm soil layers). The SOC stock (Mg ha-1)

in the 0–20 cm soil layer is the product of SOC content

with soil fine-element mass, itself the product of fine-

element bulk density and volume of the 0–20 cm

layer. For each site, SOC stocks were adjusted to an

equivalent soil mass basis (Ellert and Bettany 1995).

Microbial biomass

Microbial biomass C, N and P were determined using

the fumigation-extraction method as described by

Vance et al. (1987) for C, Brookes et al. (1985) for N

and Brookes et al. (1982) for P, from soil sieved at

2 mm and stored at 4 �C. Briefly, around 10 g of

equivalent dry soil were exposed to chloroform vapors

during 24 h. Soluble C and N were extracted with

40 ml of K2SO4 solution at 0.025 M in fumigated and

non-fumigated soils while soluble P was extracted

with 200 ml of NaHCO3 at 0.5 M. The extracts were

then shaken for one hour at ambient temperature and

centrifuged at 4000 RPM. C and N contents were

determined using a dissolved carbon analyzer (SHI-

MADZU TOC-V CSH/CSN, sensitivity at 5%) and P

was determined using the Malachite green method

(Ohno and Zibilske 1991) using an absorbance

microplate reader at 630 nm (Dialab ELx808). Micro-

bial biomass C, N and P per g of soil were obtained

from the difference in soluble C, N and P between the

fumigated and non-fumigated samples using an

extraction efficiency coefficient for microbial biomass

of 0.45 for C and N and 0.40 for P (Jenkinson et al.

2004).

Macro-invertebrate communities

Macro-invertebrates were hand-sorted (Smith et al.

2008b), identified and counted in previously described

soil cores. We kept soil macrofauna in 70% ethanol.

All macro-invertebrates were at minimum identi-

fied to family level, except for Arachnida, Heteroptera,

and Geophilomorpha that were identified to order

level (see Table S1, online resources). Gastropoda,

Isopoda and Dermaptera, as well as Polydesmus sp.

and Lithobiomorpha, were identified to genus level

according to Germain (1931), Vilvens et al. (2008),

Vandel (1960) and Séchet and Noël (2015), respec-

tively. Adult Lumbricidae and Carabidae were iden-

tified to species level (Jeannel 1942; Bouché 1972;

Horellou 2006). Unidentified larvae were classified

into morphological groups following Paulian (1956).

We calculated density (number of individuals per m2)

for each class level.

Taxonomic diversity was studied at the genus and

family level, through taxonomic richness, Shannon–

Weaver index and Pielou evenness index. In order to

remove bias due to differences in macrofauna density,
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a rarefied taxonomic richness was calculated (Hurlbert

1971).

Functional community structure was studied

through feeding group distribution. We classified

macro-invertebrates into litter-feeder, animal-feeder

and plant-feeder classes (see Table S1, online

resources). Following Clough et al. (2007), recorded

Staphylinidae subfamilies were all considered as

animal-feeders. Carabidae were separated into ani-

mal-feeders and plant-feeders (seed-eating) following

Honek et al. (2003). As earthworms presented large

differences in size with other macro-invertebrates

found, their functional community structure was

studied separately. They were classified into endogeic,

anecic and epigeic ecomorphological categories (see

Table S1, online resources).

Statistical analyses

Two-way analyses of variance were used to test the

effect of the interaction between factors position and

site for studied variables (see Fig. S1, online resources

for an overview of the data analysis strategy). When

the interaction between site and position had a

significant effect, we assumed that patterns of

response to position differed between sites. Position

effect was then tested for each site separately in a one-

way analysis of variance. On the contrary, when the

interaction between site and position had no signifi-

cant effect, we assumed that patterns of response to the

position were similar between sites. Position effect

was then tested for both sites together on a linear

mixed model, with site used as a random factor. For

macro-invertebrate abundance data, generalized linear

models fitted with the quasi Poisson law and gener-

alized linear mixed models fitted with the binomial

negative law were used instead of linear models as

advised for discrete count data. Chi2 tests were

performed on these models to determine significant

effects of the factors studied. Post-hoc Tukey tests

were performed for multiple comparisons. Signifi-

cance levels were fixed at 5%. All analyses were

performed using car, lme4 and vegan packages of R

statistical software (version 3.3.2).

Results

Vegetation characteristics

Roots and litter were mostly from herbaceous vege-

tation, and tree roots were almost only present in

UVS1 (Table 2). The interaction between the factors

site and position was not significant for vegetation

biomass and necromass (see Table S2, online

resources). Aboveground and belowground vegetation

biomass and necromass were significantly higher in

the UVS than in the crop alley in both sites (Table 3).

Ground cover was also higher in the UVS (between 90

and 100%) than in the crop alley (around 50%). In the

UVS of site A, vegetation was almost only composed

of Festuca rubra as other species represented less than

2% of the ground cover on average. In The UVS of site

B, vegetation was almost only composed of Festuca

arundinacea as other species represented less than 3%

of the ground cover on average. No significant

difference was found between the two positions of

the UVS, or between the two positions of the crop

alley for aboveground or belowground vegetation

biomass and necromass (Table 3).

SOC and nutrients contents

Site A presented higher values for SOC and nutrient

contents than site B (Table 2). However, the interac-

tion between the factors site and position was only

significant for mineral N content (see Table S2, online

resources). SOC and Olsen P contents were signifi-

cantly higher in the UVS than in the crop alley

(Table 3). They were respectively 12% and 23%

higher in the UVS than in the crop alley in site A, and

respectively 11% and 106% higher in the UVS than in

the crop alley in site B (Table 2). No significant

difference was found between the two positions of the

crop alley or between the two positions of the UVS for

SOC and Olsen P contents (Table 3). A similar

response was observed for SOC stock in the 0–20 cm

soil layer (Table 3). Soil mineral N varied between

positions for site A only, with increasing values from

the UVS to the middle of the crop alley (Table 2).

Microbial biomass

Soil microbial biomass C was higher in site A (548 mg

C kg-1 in the UVS and 476 mg C kg-1 in the crop
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alley) than in site B (405 mg C kg-1 in the UVS and

377 mg C kg-1 in the crop alley) as shown in Fig. 2.

Microbial N was however similar in both sites

(60 mg kg-1 in average in the UVS and 48 mg kg-1

in the crop alley) (Fig. 2). There was no significant

interaction between the factors site and position on soil

microbial biomass C, N and P (see Table S2, online

resources). Microbial C and N were significantly

higher only in UVS2 than in CA1 for both sites

(Table 3). Similar patterns were observed for different

substrate-induced microbial respirations measured on

the same samples (presented in online resources, see

Table S2, Table S4 and Fig. S2). Microbial P was not

significantly different between positions (Table 3). It

Table 2 Mean values ± standard deviation of vegetation

biomass and necromass, and chemical properties of the

0–20 cm soil layer for each position and site. SOC is the soil

organic C. Positions UVS1 and UVS2 are in the understory

vegetation strip (at 1 m from the tree and at equal distance

between two trees respectively). Positions CA1 and CA2 are in

the crop alley (at 1 m from the understory vegetation strip and

in the middle of the crop alley respectively)

Aboveground vegetation Belowground vegetation SOC and soil nutrients

Biomass

(g m-2)

Necromass

(g m-2)

Biomass ? necromass SOC SOC stock Total N Mineral N Olsen P

(tree roots in brackets)

(g m-2)

(g kg-1) (Mg ha-1) (g kg-1) (mg kg-1) (mg kg-1)

Site A

UVS1 122 ± 19 171 ± 32 885 ± 80 (40 ± 29) 16.0 ± 1.1 23.7 ± 1.6 1.9 ± 0.1 24.1 ± 5.3 11.6 ± 2.3

UVS2 127 ± 55 150 ± 117 986 ± 381 (0) 16.0 ± 0.8 23.6 ± 1.2 1.9 ± 0.1 23.3 ± 3.4 12.9 ± 1.7

CA1 75 ± 22 43 ± 28 200 ± 92 (0) 13.7 ± 1.0 20.3 ± 1.5 1.7 ± 0.1 32.9 ± 6.8 7.9 ± 1.7

CA2 115 ± 32 47 ± 29 186 ± 99 (0) 14.6 ± 1.5 21.6 ± 2.2 1.7 ± 0.2 40.2 ± 5.3 10.9 ± 2.0

Site B

UVS1 226 ± 45 330 ± 92 466 ± 100 (163 ± 136) 14.5 ± 1.4 37.9 ± 2.1 1.6 ± 0.1 9.2 ± 1.1 7.1 ± 2.5

UVS2 241 ± 47 316 ± 48 650 ± 139 (73 ± 48) 14.6 ± 1.0 38.2 ± 2.3 1.6 ± 0.1 10.9 ± 3.4 6.7 ± 2.0

CA1 140 ± 42 38 ± 23 248 ± 87 (0) 13.2 ± 1.1 34.5 ± 2.4 1.5 ± 0.1 10.2 ± 0.8 3.4 ± 1.2

CA2 140 ± 55 14 ± 7 158 ± 36 (0) 13.1 ± 0.8 34.4 ± 1.4 1.5 ± 0.1 10.4 ± 1.9 3.3 ± 1.1

Table 3 Results of testing position effect in linear mixed models with site used as a random factor for vegetation biomass, soil

organic C (SOC) and nutrient content and microbial biomass (0–20 cm depth)

Vegetation biomass and

necromass (g m-2)

SOC and soil nutrients Microbial biomass

(mg kg-1)

Aboveground Belowground SOC

(g kg-1)

SOC stock

(Mg ha-1)

Total N

(g kg-1)

Olsen P

(mg kg-1)

C N P
# #

p value \ 0.001 \ 0.001 \ 0.001 \ 0.001 \ 0.05 \ 0.001 \ 0.05 \ 0.01 0.91

Mean values (both sites together)

UVS1 5.98a 6.48a 15.3a 30.8a 1.72 9.34a 473ab 58.3a 10.4

UVS2 5.96a 6.66a 15.3a 30.9a 1.73 9.79a 479a 59.9a 10.8

CA1 4.95b 5.36b 13.4b 27.4b 1.62 5.65b 418b 46.6b 10.7

CA2 5.01b 5.09b 13.9b 28.0b 1.62 7.10b 435ab 49.4ab 11.5

The p values refer to the position effect. Different letters indicate significant differences (p value\ 0.05) between positions for a

given parameter after a Tukey multiple comparison test. Mineral N is not presented as patterns were different between sites. Positions

UVS1 and UVS2 are in the understory vegetation strip (at 1 m from the tree and at equal distance between two trees respectively).

Positions CA1 and CA2 are in the crop alley (at 1 m from the understory vegetation strip and in the middle of the crop alley

respectively)
#log-transformed values
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was around 13 mg kg-1 in site A and 9 mg kg-1 in

site B (Fig. 2).

Macro-invertebrate communities

Macro-invertebrate density was similar in both sites,

with 514 individuals per m2 on average in site A and

603 individuals per m2 on average in site B (Table 4).

The interaction between the factors site and position

was significant (see Table S2, online resources).

Indeed, macro-invertebrate density was significantly

lower in CA1 than in the UVS in site A

(p value\ 0.001), but not in site B (Table 4).

No difference was observed between positions at

the family level for rarefied taxonomic richness and

Shannon–Weaver index. In both sites, rarefied taxo-

nomic richness index and Shannon–Weaver index at

the genus level were significantly higher in the UVS

than in CA1 (p value\ 0.05) (see Table S3, online

resources). Pielou evenness index did not vary with

position, either at genus or at the family level (see

Table S3, online resources).

The interaction between the factors site and posi-

tion was significant for earthworm densities (see

Table S2, online resources). In site A, mean earth-

worm density was significantly lower in CA1 than in

CA2 (p value\ 0.05), while in site B no significant

difference was found (Table 4). Epigeic earthworms

were scarce and found only in the UVS of site B

(Fig. 3). Endogeic earthworms dominated in the crop

alley in site A, and in all positions in site B. The

percentage of endogeics in the earthworm density was

significantly lower in the UVS (47% in site A and 70%

in site B) compared to the crop alley (85% in site A and

87% in site B). Oppositely, the percentage of anecics

in earthworm density was significantly higher in the

UVS (53% in site A and 25% in site B), compared to

the crop alley (15% in site A and 13% in site B). In site

A, the shift was abrupt between the UVS and the crop

alley. In site B, this shift was more progressive with

the suggestion of intermediate values in CA1 (Fig. 3).

Woodlice were the only other taxon at class level to

present significant differences in density between

positions. Woodlice presented a significantly higher

density in the UVS compared to the crop alley in both

sites (p value\ 0.001, Table 4). Feeding group

distribution (earthworms excepted) was different

between the UVS and the crop alley for site A

(Fig. 4). This was due to a significant increase in the

percentage of plant-feeders in CA2 compared to the

UVS which was dominated by litter-feeders. Position

CA1 presented intermediate values. For site B, the

Fig. 2 Mean values of soil microbial biomass C, N and P

determined by the fumigation-extraction method for each

position at site A and site B (0–20 cm depth). Error bars

represent standard error. Positions UVS1 and UVS2 are in the

understory vegetation strip (at 1 m from the tree and at equal

distance between two trees respectively). Positions CA1 and

CA2 are in the crop alley (at 1 m from the understory vegetation

strip and in the middle of the crop alley respectively)

123

Agroforest Syst (2020) 94:1851–1864 1857



feeding group distribution of the macro-invertebrate

community was not clearly distinct between positions,

except for position CA1 that showed a lower variabil-

ity and was almost entirely composed of animal-

feeders (Fig. 4).

Discussion

Vegetation characteristics of sown UVSs

While the herbaceous vegetation was expected to be

visibly affected by tree root competition close to the

tree, the UVS biomass and necromass did not vary

with distance from the nearest tree. This is in

agreement with results of Battie-Laclau et al. (2019)

who measured herbaceous root length density in two

young French alley cropping sites, including site B of

this study. This could be explained because both sites

were sown just after tree plantation with Festuca sp. It

colonized more than 90% of the ground cover,

underlying possible competitiveness. Festuca rubra,

planted in site A, is particularly known to form a dense

network of vegetation at the soil surface and to tolerate

shade and stress (Bergkvist et al. 2010). In addition,

root biomass and root length density of grass buffers

planted with three herbaceous species, including the

species planted in site B Festuca arundinacea, were

not affected by the presence or absence of 6 year-old

trees in Missouri (Kumar et al. 2010). Competition

with grass species has been shown to induce a deeper

tree rooting system in a French silvopasture planted

with young Prunus avium trees (Dawson et al. 2001).

Grass species planted in UVSs could have outcom-

peted trees in the 20 first soil centimeters in the present

study. However, sampling took place in early Spring

while the vegetation usually reaches a peak in biomass

around late Spring. This experiment does not allow to

conclude on the effect of tree distance on the

maximum growth of vegetation of the UVS.

Do soil fertility and organisms under UVSs present

specific properties?

SOC contents in the 0–20 cm soil layer of 14.2 g kg-1

and 13.2 g kg-1 (in site A and B respectively) for the

crop alley, and of 16 g kg-1 and 14.5 g kg-1 (in site A

and B respectively) for the UVS were consistent with

values found by Cardinael et al. (2017) for six year-old

French alley cropping sites. Similarly to this study,

they found significantly less SOC in the crop alley

compared to the UVS in the first 10 soil cm, as did

Table 4 Mean densities (individuals per m2) for each taxon (at class level) of macro-invertebrates for each site and position,

determined by hand sorting of 25 9 25 9 20 cm soil cores

Site A Site B

UVS1 UVS2 CA1 CA2 UVS1 UVS2 CA1 CA2

Oligochaeta a 195 – 132 ab 182 – 84 ab 96 – 30 b 285 – 178 a 406 ± 291 512 ± 178 486 ± 133 278 ± 68

Chilopoda 10 ± 21 16 ± 11 13 ± 21 26 ± 18 26 ± 21 13 ± 13 10 ± 14 26 ± 24

Diplopoda 102 ± 137 144 ± 89 38 ± 35 61 ± 62 13 ± 13 16 ± 11 13 ± 13 22 ± 24

Arachnida b 13 ± 13 26 ± 33 0 ± 0 0 ± 0 13 ± 18 3 ± 7 3 ± 7 0 ± 0

Gastropoda 22 ± 27 10 ± 14 10 ± 21 22 ± 24 16 ± 11 10 ± 14 10 ± 9 10 ± 14

Crustacea c 122 – 109 a 208 – 88 a 10 – 14 b 6 – 9 b 26 – 27 a 22 – 24 a 0 – 0 b 6 – 9 b

Insecta 160 ± 106 154 ± 63 58 ± 45 64 ± 41 80 ± 38 109 ± 63 157 ± 180 128 ± 160

Total 624 – 304 a 739 – 280 a 224 – 67 b 464 – 225 ab 579 ± 295 685 ± 138 678 ± 313 470 ± 138

A significant effect of position after Chi2 tests on generalized linear models for each site separately (Oligochaeta) or on generalized

linear mixed models with site used as a random factor (other classes) is indicated by values in bold. In these cases, different letters

indicate significant differences between positions after Tukey multiple comparison tests. Significance level is 5%. Positions UVS1

and UVS2 are in the understory vegetation strip (at 1 m from the tree and at equal distance between two trees respectively). Positions

CA1 and CA2 are in the crop alley (at 1 m from the understory vegetation strip and in the middle of the crop alley respectively)
aEarthworms only
bSpiders only
cWoodlice only
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Fig. 3 Percentage of earthworms belonging to endogeic, anecic

and epigeic categories for each position and each site. A

significant effect of position after Chi2 tests on linear mixed

models (site used as a random factor) is indicated by asterisks.

Significance level is 5%. A significant effect is due to significant

differences between the understory vegetation strip and the crop

alley (after a Tukey multiple comparison test). Positions UVS1

and UVS2 are in the understory vegetation strip (at 1 m from the

tree and at equal distance between two trees respectively).

Positions CA1 and CA2 are in the crop alley (at 1 m from the

understory vegetation strip and in the middle of the crop alley

respectively). **p value\ 0.01, ***p value\ 0.001

Fig. 4 Feeding group distribution of the macro-invertebrate

community (earthworms excluded) in each site. Percentages of

individuals belonging to three feeding groups can be read on the

triangle sides. Positions are represented by the polygons, with

individual samples being the corners of the polygons. Points

represent median values for each position. Positions UVS1 and

UVS2 are in the understory vegetation strip (at 1 m from the tree

and at equal distance between two trees respectively). Positions

CA1 and CA2 are in the crop alley (at 1 m from the understory

vegetation strip and in the middle of the crop alley respectively).

*Significant effect of position after a Chi2 test on a linear mixed

model (site used as a random factor) (p value\ 0.05)
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Udawatta et al. (2008) in a Missouri site. SOC content

and stocks are long-term indicators because they

change slowly (Powlson et al. 1987) and reflect

changes over years to decades. These results could

indicate an early legacy effect of the accumulation of

non-exported organic matter from the herbaceous

vegetation. In agreement with that suggestion, Van

Vooren et al. (2017) found in a meta-analysis an

increase in soil carbon stock by 25% in grassy field

margins compared to adjacent fields, as did Cardinali

et al. for SOC content (2014). In addition, grassy field

margins also strongly reduce erosion (Van Vooren

et al. 2017), which could reduce carbon losses. The

UVS alone is thus likely able to drive an increase in

SOC content.

Interestingly, soil microbial biomass C, N and P did

not differ significantly between the UVS and the

middle of the crop alley, as microbial respiration. This

is surprising as UVSs and crop alleys differ in terms of

quantity and quality of organic matter additions to the

soil, which are known to affect microorganism

biomass and activity (Porazinska et al. 2003; Liang

et al. 2017). Contrary to us, Beuschel et al. (2019)

found an increase of 59% in microbial biomass C and

respiration in the UVS compared to the crop alley for

the first 5 soil centimeters. The increase in microbial

biomass could be restricted to the very first centime-

ters, and the effect may have been diluted by the higher

depth sampled here. Guillot et al. (2019) reported

higher values in the UVS compared to the crop alley

for microbial biomass C, N and P for the 15 first cm

depth in a 20 year-old alley cropping site in the south

of France, meaning an effect on a higher depth could

be visible for older sites. They found similar values to

this study in the UVS (427 mg C kg-1), but values

were divided by two in the crop area in their study

compared to this study (219 mg C kg-1). The effect of

the UVS could be more visible in soils initially poor in

microbial biomass, where even a slight increase in

organic matter addition to the soil would increase

microbial growth, while in soils already rich in

microbial biomass an increase in organic matter

addition could have only little effect.

Similarly, macro-invertebrate density, taxonomic

richness and diversity were not significantly higher in

the UVS positions than in the middle of the crop alley.

The high variability in macro-invertebrate density

could explain this lack of significance. However,

observed patterns suggest a decrease in macro-

invertebrate density in the crop alley, with densities

decreasing from 682 individuals per m2 in the UVS to

464 individuals per m2 in CA2 in site A, and from 629

individuals per m2 to 470 individuals per m2 in site B.

In agreement with this suggestion, an overall increase

in macro-invertebrate density (Smith et al. 2008c) and

diversity (Smith et al. 2008a) was shown in grassy

field margins compared to crop fields in the UK with a

similar method. Woodlice, which are litter-feeders,

were the only taxonomic group with significantly

higher abundance in the UVS than in the crop alley in

sites studied. Hassall and Tuck (2007) explained that

woodlice shelter in buffered microclimates because

they are sensitive to rapid drops in temperature and

seek to avoid desiccation. UVSs, with a dense ground

cover, large inputs of organic matter to the soil and less

disturbance than the crop alley, could be interesting

habitats for woodlice. The effect of the UVS in

changing macro-invertebrate functional community

structure is emphasized in site A, which presented a

higher percentage of plant-feeders in crop alleys and

of litter-feeders in UVSs. This was less obvious in site

B, where macro-invertebrate feeding group distribu-

tion was highly variable in the center of the crop alley,

maybe due to the highly heterogeneous distribution in

this site of Staphylinidae animal-feeders capable of

flight dispersal.

Mean values of 190 and 382 earthworms per m2

were found in the crop alley for sites A and B

respectively. The values found by Cardinael et al.

(2019) in different agroforestry plots in France were

quite similar with 289 ± 85 earthworms per m2. No

significant differences were found in earthworm

densities between the UVS and the middle of the crop

alley, even if the middle of the crop alley presented a

trend of lower values in site B. These results are in

contradiction with several studies (Crittenden et al.

2015; Cardinael et al. 2019) that found higher

earthworm densities in field margins or UVSs than

in crop fields. However, Lagerlöf et al. (2002) found

higher earthworm density in a Swedish field than in

field margins planted with grasses and forbs. Smith

et al. (2008a, c) also found variable results for

earthworm densities between grassy field margins

and crop fields.

Earthworm distribution in ecomorphological cate-

gories was affected by position, with a shift from

anecic and epigeic worms in the UVS to endogeic

worms in the crop alley. As anecic and epigeic
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earthworms feed on surface plant litter, they are

probably favored by the high ground cover and

vegetation biomass in the UVS. Soil tillage in the

crop alleys may be negatively impacting anecic

earthworms but increasing the incorporation of

residues and the consequent population of endogeic

earthworms, such as was observed in crop alleys in the

present study, in agreement with Chan (2001).

Do UVSs influence soil fertility and organisms

in their vicinity?

The two crop alley positions had similar SOC

contents, irrespective of their distance from the

UVS. Pardon et al. (2017) found higher SOC values

close to old boundary UVSs in Belgium and Bambrick

et al. (2010) found an increase in SOC content with

UVS proximity in Quebec and Ontario in fields of less

than 10 years, but only up to 0.75 m from the UVS. In

addition Pardon et al. (2017) found no effect of UVS

distance on SOC values in young alley cropping sites.

The sites studied could still be too young to detect any

effect of UVS proximity. In addition, D’Acunto et al.

(2014) found that the SOC stock increased close to

woody field margins but not close to grassy field

margins, suggesting a limited effect of herbaceous

vegetation alone on soil in its vicinity.

Microbial biomass C and N were higher in the UVS

compared to the closest position in the crop alley, as

microbial respiration. This means that 1 m away from

the UVS, there was a specific decrease in microor-

ganism biomass compared to the UVS. Nii-Annang

et al. (2009) did not find any variation of microbial

biomass and respiration between UVS and crop alley

positions in a German 9 year-old agroforestry plot,

and similar results were found in German sites from 5

to 8 years old (Beuschel et al. 2019). The decrease in

microorganism biomass 1 m away from the UVS

could be restricted to the close vicinity of the UVS, or

to site-specific conditions. In site A, mineral nitrogen

fertilizer was applied. Lower values were found for

mineral N close to the UVS compared to the middle of

the crop alley. This could be due to competition for

nutrients between the crop, the UVS, and to a lesser

extent the tree. Gikas et al. (2016) suggested that

mineral N is taken up by the tree for its growth in its

vicinity in Greek agroforestry plots. However, there

was no additional roots close to the UVS in site A. The

decrease in mineral N 1 m away from the UVS could

also be due to an edge effect, with less mineral N

applied in the edges of the crop alley. This edge effect

is also likely to happen for other amendments, like

manure, and for soil tillage. This could explain the

decrease observed for microbial parameters 1 m away

from the UVS for site A. This edge effect is supported

by several studies performed at harvest time (Chirko

et al. 1996; Peng et al. 2009; Battie-Laclau et al. 2019;

Swieter et al. 2019) which found a reduction in

aboveground biomass crop yield close to the UVS in

young alley cropping systems.

Macro-invertebrate density was lower 1 m away

from the UVS compared to the UVS in site A. This was

particularly due to a decrease in earthworm density in

this position. Movements of earthworms by density-

dependent or low-quality habitat dispersal were

described by Mathieu et al. (2010) in mesocosm

experiments. Macro-invertebrates could be attracted

by the lack of perturbations, higher ground cover and

higher resource availability in the UVS, thus poten-

tially leading to lower densities in its vicinity as

observed in site A. In site B, earthworm distribution

and density 1 m away from the UVS was intermediate

between that of the UVS and of the middle of the crop

alley. This is in agreement with Price and Gordon

(1999), who noted a decrease in earthworm abundance

in a transect leading from the UVS to the center of the

crop alley in an 11 year-old plot in Ontario. In this site,

high densities in the UVS could have induced

movements of earthworms in their vicinity. The

dynamics of macro-invertebrate communities and

the potential role of the UVS as a sink or a source

for soil fauna is thus a key element to study in order to

understand spatial variation in soil functioning in alley

cropping systems. In addition, soil organisms and

particularly macro-invertebrates present seasonal vari-

ations, as does the herbaceous vegetation. The results

of this study suggest a possible response of these

parameters for early Spring, but the effects of the UVS

could depend on the season, due to changes in

temperature, soil moisture, and respective develop-

ment of the crop and UVS vegetation.

Conclusions

Sown UVSs induced a global homogeneity in the 20

first soil centimeters of the tree rows of two young

temperate alley cropping systems, independently of
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tree distance. This herbaceous vegetation provided an

undisturbed environment with a high ground cover,

which presented an increased SOC content compared

to the crop alleys. These UVSs hosted a large and

specific community of soil macro-invertebrates, espe-

cially surface litter-feeders sensitive to disturbance

(woodlice, epigeic and anecic earthworms). However,

we did not detect a strong increase in soil microbial

biomass and activity in the UVS, maybe because

microbial parameters were impacted by UVS presence

in the very first soil centimeters only. UVS vicinity

negatively impacted microbial parameters while

macro-invertebrates presented variable answers to

UVS proximity within the crop alley. It remains

unclear if this edge effect is due to agricultural

practices or to the tree row vegetation. The role of tree

rows as sources or sinks for organisms requires

clarification, pleading for studies of seasonal dynam-

ics according to distance from the UVS.
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