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Abstract
Background and aims Characterising the spatial distri-
bution of tree fine roots (diameter≤2 mm) is fundamen-
tal for a better understanding of belowground function-
ing when tree are grown with associated crops in agro-
forestry systems. Our aim was to compare fine root
distributions and orientations in trees grown in an alley
cropping agroforestry stand with those in a tree
monoculture.
Methods Fieldwork was conducted in two adjacent
17 year old hybrid walnut (Juglans regia×nigra L.)
stands in southern France: the agroforestry stand was
intercropped with durum wheat (Triticum turgidum L.

subsp. durum) whereas the tree monoculture had a nat-
ural understorey. Root intercepts were mapped to a
depth of 150 cm on trench walls in both stands, and to
a depth of 400 cm in the agroforestry stand in order to
characterise tree root distribution below the crop’s max-
imum rooting depth. Soil cubes were then extracted to
assess three dimensional root orientation and to estab-
lish a predictive model of root length densities (RLD)
derived from root intersection densities (RID).
Results In the tree monoculture, root mapping demon-
strated a very high tree RID in the top 50 cm and a slight
decrease in RID with increasing soil depth. However, in
the agroforestry stand, RID was significantly lower at
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50 cm, tree roots colonized deeper soil layers and were
more vertically oriented. In the agroforestry stand, RID
and RLD were greater within the tree row than in the
inter-row.
Conclusions Fine roots of intercropped walnut trees
grew significantly deeper, indicating a strong plasticity
in root distribution. This plasticity reduced direct root
competition from the crop, enabling trees to access
deeper water tables not available to crop roots.

Keywords Deep roots . Intercropping . Fine roots .

Juglans sp . Root anisotropy. Root intersection density .

Root length density . Rootmapping . Specific root length

Introduction

Fine roots of trees, usually defined as those with a
diameter≤2 mm (Trumbore and Gaudinski 2003), play
a fundamental role in the provision of multiple services
in tree-based agroecosystems. The absorptive function
of fine roots for water and nutrients (Hinsinger 2001;
Newman and Hart 2006) is closely associated with
aboveground tree performance, and is thus essential
for wood and fruit production in mixed intercropping
systems (i.e. trees grown in association with an annual
crop). Fine roots are also the most active part of tree root
systems with regard to carbon dynamics, mainly
through production, respiration, exudation and decom-
position (Norby et al. 1987; Desrochers et al. 2002;
Marsden et al. 2008; Hobbie et al. 2010), and thus can
play a major role in carbon sequestration (Kuzyakov and
Domanski 2000; Rasse et al. 2005), especially in agro-
forestry systems (Nair et al. 2010; Haile et al. 2010).

To better evaluate the services of tree-based
agroecosystems, characterising the spatial distribution
of fine roots is vital (Moreno et al. 2005; Mulia and
Dupraz 2006; Upson and Burgess 2013). In mixed trees
and crop systems, the aboveground performance of trees
is linked to the amount of competition experienced,
especially with regard to root systems. This competition
depends largely on the spatial distribution of roots which
is modified if competition is high (Mulia and Dupraz
2006). Spatial root distribution and density have been
studied considerably in monocultural tree stands using
both observational and modelling approaches (Hoff-
mann and Usoltsev 2001; Zianis et al. 2005). By using
simple statistical tools and establishing allometric equa-
tions, several studies found that root density increases

significantly with greater tree size and decreases with
distance to tree stem and increasing soil depth (see
Hoffmann and Usoltsev 2001; Zianis et al. 2005). We
hypothesize that root competition between trees and
crops in mixed systems will lead to differences in hor-
izontal and vertical root distributions.

In temperate agroforestry systems, crop species are
usually cultivated between parallel tree rows in strips
(Torquebiau 2000). This sort of system is described as
an alley cropping agroforestry system, and has become
increasingly popular in Europe as it has the capacity to
optimize nutrient and water cycles and provide multiple
ecosystem services (Quinkenstein et al. 2009). Howev-
er, in alley cropping systems, tree root distributions may
be constrained both vertically and horizontally, due to
competition with crop roots (Casper and Jackson 1997;
Fernández et al. 2008), that could reduce the availability
of water and nutrients in the soil (Schroth 1995; van
Noordwijk et al. 1996). Belowground competition of
roots from different species have been described in
intercropped agricultural fields with two or more herba-
ceous species (Ozier-Lafontaine et al. 1998; Li et al.
2001; Li et al. 2006; Gao et al. 2010 and Neykova et al.
2011), but has been seldom examined between trees and
crops (but see Mulia and Dupraz 2006; Wang et al.
2014). This knowledge gap may hinder our understand-
ing of ecological interactions between species and their
consequences for providing ecosystem services, as well
as developing sustainable management strategies in the
context of climate change. By considering the fine root
distribution of trees as a proxy of root competition,
existing studies on alley cropping agroforestry systems
have found the root interaction between trees and annual
crops to be very complex both in time and space (Mulia
and Dupraz 2006; Wang et al. 2014). In particular, trees
intercropped with annual crops tend to have deeper root
systems and greater root length densities (RLD) beneath
the root systems of the neighbouring crop (Mulia and
Dupraz 2006). We hypothesize that deeper roots will
permit trees to obtain nutrients and water not available
to crops. However, a better quantification of tree root
distribution is needed to understand the complex inter-
actions between trees and crops.

Traditionally, studies on tree root distribution related
to crops are usually based on data obtained from soil
coring. Considered as the most routine approach to detect
root spatial distribution (van Noordwijk et al. 2000), root
coring is not very laborious and can attain profound soil
depths (van Noordwijk et al. 2000; Saint-André et al.
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2005; Christina et al. 2011). However, coring is difficult
to carry out when soils are extremely dry and stony such
as is usually the case in Mediterranean climates. Another
negative aspect of root coring is that it cannot be used
determine the spatial variability of root patches in soil,
since this method is discontinuous in the horizontal space
(several cores and extrapolation techniques would be
needed to do this). Root-profiling methods have therefore
been developed to complement or replace coring tech-
niques. Using root-profiling techniques, root maps can be
created by manually counting roots intersecting the soil
profile in a trench and the distribution of root patches on
these maps can be characterised using geo-statistical
methods (Laclau et al. 2013).

The study of fine root spatial distributions has been
limited mainly to shallow soil depths, but the distribu-
tion of roots in deep soils, defined as those located at
depths below 1.0 m (Maeght et al. 2013), has rarely been
studied (but see Christina et al. 2011; Laclau et al.
2013). The lack of data concerning deep root spatial
distributions can be explained by the difficulties associ-
ated with sampling in the field, especially when using
root-profiling techniques (Maeght et al. 2013). When
soil depth exceeds 1.0 m, excavation of a root profile
becomes tedious and even dangerous, as soil walls are
more prone to collapse. Using these and other methods,
it has been shown that tree roots can extend to depths
below 20 m (Haase et al. 1996; Hubble et al. 2010;
Bleby et al. 2010), but these studies remain descriptive
and lack a detailed characterisation of deep root distri-
bution. Roots in deep soils perform important functions
in particular with regard to mechanical anchorage, car-
bon sequestration, water uptake and transport (Stokes
et al. 2009; Prieto et al. 2012; Maeght et al. 2013). Thus,
it is important to characterise deep root distributions in
contrasting ecosystems to understand the potential im-
plications for ecosystem functioning and services.

Similarly to root density, root orientation is consid-
ered as an important trait related to the plant capacity to
absorb water and nutrients (Nobel and Alm 1993; Ho
et al. 2004). Root orientation is influenced by gravity,
distribution of water (Cassab et al. 2013) and nutrients
in the soil (Bonser et al. 1996). Compared to shallow
roots, deep roots are more likely to uptake soil water
supplied by water tables (Chen and Hu 2004) if not too
deep. We therefore hypothesize that deep fine roots will
be more vertically oriented than shallow roots due to the
hydrotropism (Cassab et al. 2013). The spatial variabil-
ity of preferential root orientation, or anisotropy, has

been rarely studied, especially in field (Chopart et al.
2008; Maurice et al. 2010). Estimating root orientation
also allows to determine RLD via root intersection
density (RID, defined as the number of root tips counted
on a given soil surface) which is an important trait
defining the utilization of resources (Gregory 2006;
Markesteijn and Poorter 2009). As the measurement of
RLD is more time-consuming than that for RID
(Chopart and Siband 1999), a series of studies has
attempted to explore the relationship between RLD
and RID by introducing the effect of root orientation
(Chopart and Siband 1999; Chopart et al. 2008; Maurice
et al. 2010). To our knowledge, no such relationship is
as yet available for walnut, an economically valuable
species for wood production, especially in agroforests.
Establishing this relationship would allow a better char-
acterisation and quantification of root biomass and when
combinedwith data for root turnover and decomposition
rates, can be used to quantify carbon sequestration.

Our aim was to characterise the spatial distribution of
fine roots of hybrid walnut (Juglans regia×nigra L.)
trees in a Mediterranean alley cropping agroforestry
system mixed with durum wheat (Triticum turgidum L.
subsp. durum) in southern France. We hypothesized that
tree and crop roots are in competition and that this will
be reflected in the distribution of tree roots. To do this,
we used six root profiles excavated to a depth of 150 cm
in an agroforestry (hybrid walnut trees×durum wheat)
stand and in a tree monoculture (walnut trees×natural
understorey). To study tree root spatial distribution be-
neath the maximum rooting depth of durum wheat, a
400 cm deep trench was also dug in the intercropped
stand (four additional root profiles). To characterise the
spatial variability of root distribution, we measured the
RID and RLD, and calculated the orientation of roots
along the soil profile. Our hypotheses were that (i) trees
in the agroforestry stand would have lower RID and
RLD near the soil surface compared to trees in the
monocultural stand but have a greater root density
deeper in the soil, (ii) RID and RLD would decrease
with increasing distance from the trees and this effect
would be greatest in the agroforestry stand, (iii) the
orientation of roots would change with soil depth from
isotropic to anisotropic, i.e. from a uniform root growth
in all orientations to a preferential growth orientation. At
the same time, we sought to highlight new methodolo-
gies for analysing root data by using (i) geo-statistical
methods to better characterise and visualize root spatial
heterogeneity and (ii) a segmented linear model to better
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describe deep root distribution (Qian and Cuffney
2012).

Materials and methods

Study site

The study was conducted at the Restinclières exper-
imental site, 15 km north of Montpellier, France
(43°43′ N, 4°1′ E, 54 m a.s.l.). The climate is sub-
humid Mediterranean with an average temperature
of 14.5 °C and an average annual rainfall of 951 mm
(years 1996–2003). Soils are silty deep alluvial
fluvisols (IUSS Working Group WRB 2007), with
25 % clay and 60 % silt (Dupraz et al. 1999) with a
slope<1° within the site. The site is near the Lez
river watershed and the depth from the soil surface
to the water table usually oscillates between 5 m in
winter and 7 m in the summer.

Root sampling was conducted in two adjacent types
of hybrid walnut (Juglans regia × nigra L. cv. NG23)
plantations. All the walnut trees at the site were planted
in February 1995 in parallel tree rows with an east–west
orientation (Fig. 1). The site comprised:

& an alley cropping agroforestry stand (walnut trees at
13×4 m tree spacing) where walnut trees were usu-
ally intercropped with durum wheat (Triticum
turgidum L. subsp. durum (Desf.) Husn.). However,
rapeseed (Brassica napus L.) was also grown in
1998, 2001 and 2006, and pea (Pisum sativum L.)
in 2010.

& a tree monoculture with natural vegetation in the
understorey (walnut trees at 7×4 m tree spacing).
Understorey vegetation was dominated by Vicia
lutea L. and composed mainly of herbaceous spe-
cies, including Medicago sp., Avena sp. and
Papaver sp.

In the agroforestry stand, the annual crop was fertil-
ized with approximately 150 kg N ha−1 yr−1, whereas
the tree monoculture did not receive any fertilization.
The soil in the inter-row was usually ploughed to 20 cm
every year before the winter crop was sown. Durum
wheat is sown in late October and harvested in late June.
Exceptionally, the soil was tilled to 10–15 cm but not
ploughed before durum wheat was sown in 2011. The
last ploughing was performed in October 2010, i.e.
18 months before this study was performed. The soil
has never been tilled along the tree rows in the
intercropped stand or in the tree monoculture, and nat-
ural spontaneous vegetation was present in these areas.

Sampling locations

Two 200 (length, i.e. perpendicular to tree row)×200
(width, i.e. parallel to tree row)×160 cm (depth, i.e.
vertical) trenches were dug in March 2012 in both the
agroforestry (AF) stand and the tree monoculture (M)
(Fig. 2). Tree root mapping and soil sampling were
performed in April 2012. The trenches were located on
the edge of the tree row, i.e. in the inter-row between two
trees (Fig. 2). The distance of the nearest edge of the pits
to a tree was 100 cm. The two trees surrounding the AF
pit were 13.80 and 11.60 m tall, respectively, and had a

Fig. 1 a Hybrid walnut trees intercropped with durum wheat in the agroforestry stand and b 400 cm deep pit in the agroforestry stand
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diameter at breast height (DBH) of 29.0 and 25.2 cm,
respectively. In the tree monoculture, the two surround-
ing trees were 14.00 and 13.30 m tall, respectively, and
had a DBH of 31.5 and 26.4 cm, respectively. In order to
study tree root spatial distribution beneath the maximum
rooting depth of wheat (i.e. 150 cm), an additional
trenchwas dug in the agroforestry stand (deep-AF). This
pit was 500 (length)×150 (width)×400 cm (depth), and
as the AF pit described previously, perpendicular to the
tree row (Figs. 1 and 2). For safety reasons, before the
deep-AF pit was dug, six iron posts were pushed 500 cm
deep in the soil with a mechanical shovel corresponding
to each corner of the future trench. Two additional posts
were inserted in the middle of each of the longest trench
walls. The pit was dug between the posts to a depth of
400 cm. Awooden framework was then built using the
iron posts at different depths in order to secure access to
the bottom of the pit and to leave spaces between
wooden posts to perform measurements. This trench
started on the tree row and ended in the middle of the
intercropped row. The two trees surrounding the deep-
AF pit were 13.80 and 11.70 m tall and had a DBH of
26.1 and 30.5 cm, respectively.

Tree root and soil cube sampling

In both the AF and M trenches (Fig. 2), fine roots
(diameter≤2 mm) of walnut were mapped using a grid
with regular squares (10×10 cm) along three soil pro-
files of 150 (length)×150 (width)×150 cm (depth). Live
fine roots were determined visually and their number
per square was counted. It was easy to distinguish tree
roots from the arable crop and the herbaceous
understorey roots.Walnut roots are black whereas wheat
and herbaceous roots were whitish/yellowish. A preci-
sion calliper was used to measure precisely root diame-
ter when roots were considered to be close to 2 mm in
diameter. We then calculated the mean root intersection

density (RID, roots cm−2) for each square in the grid by
dividing the number of roots counted in each square by

the surface area (100 cm−2). Mean RID profiles were
calculated per depth interval (10 cm) along a width of
150 cm (the width of the grid).

In order to predict RLD from RID and to assess root
anisotropy, we used a similar technique to that of Mau-
rice et al. (2010). Two soil cubes (10×10×10 cm, Fig. 3)
per profile were taken at depths of 10, 40, 70, 100 and

Fig. 2 Schematic figure of the sampling protocol in both agroforestry (AF) stand and treemonoculture (M), seen from above. AF andM pits
were 150 cm deep and the Deep-AF pit was 400 cm deep
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150 cm. Cubes of soil were extracted in the middle of
each soil profile (Fig. 2). Cubes had one horizontal face
(H) parallel to the soil surface and perpendicular to the
profile; one lateral face (L) perpendicular to the soil
surface and to the profile, and one transversal face (T)
perpendicular to the soil surface and parallel to the
profile (Fig. 3). The transversal face of these cubes
corresponded to the plane of the soil profile walls where
root impacts were mapped. This face is the most acces-
sible for studying root spatial distribution but does not
allow the three dimensional (3D) distribution of fine
roots to be mapped. Therefore, two additional faces (H
and L faces) were also sampled. Two cubes per depth
and per profile were sampled close to each other, one in
position A (lateral face on the right), one in position B
(lateral face on the left, Fig. 3). Overall, a total of 30
cubes were sampled per pit (n=2 positions of cube×5
soil depths×3 root profiles).

In the deep-AF trench, fine root impacts were
mapped on all four lateral soil profiles (Fig. 2). Follow-
ing the same protocol mentioned above, soil cubes were
sampled at depths of 10, 40, 70, 100, 150, 200, 300 and
400 cm. Two replicates (cubes) were sampled in the
middle of the tree row profile (see profile 1 in Fig. 2)
and in the inter-row 100 cm from the tree row (see
profile 4 in Fig. 2). Cubes were also sampled at
500 cm from the tree row (see profile 2 in Fig. 2).
Overall, a total of 48 cubes were sampled in this trench
(2 positions of cube×8 soil depths×3 root profiles).
Cubes were taken to the laboratory and stored at 4 °C
before measurements were performed, which were car-
ried out within a few days after sampling.

Root counts on soil cubes

Live fine roots were determined visually and the number
of fine root intercepts was counted on each of the three
cube faces. The RIDs were then calculated for each cube
face as the number of roots per cm−2 and were named

RIDH, RIDL and RIDT respectively for the H, L and T
faces. The average number of fine root intercepts for

each soil cube (RID, roots cm−2) was calculated as
follows:

RID ¼ RIDH þ RIDL þ RIDT

3
ð1Þ

Root traits

After roots were counted, all roots from each cube were
carefully extracted by gently washing the cube with tap
water using a 0.2 mm mesh sieve. Coarse roots (>2 mm
diameter) were removed from the analysis. Remaining
roots were then rinsed, spread out onto a mesh tray and
scanned at 400 dpi with a scanner (Epson Expression ©
10000 XL, Japan). The resulting image was then proc-
essed using an image analysis software (WinRHIZO v.
2005b ©, Regent Instruments Inc., Québec, Canada) to
determine the total fine root length (L, cm) and mean
root diameter per diameter class, i.e. 0.0–0.5 mm, 0.5–
1.0 mm, 1.0–1.5 mm, and 1.5–2.0 mm. We then calcu-
lated the proportion of root length in each diameter
class, with regard to total root length for all diameter
classes combined. Total RLD (cm cm−3) was then cal-
culated as L/V, where L is the total root length in the
cube and V is the volume of the soil cube (1000 cm3).
Roots were then dried at 65 °C for 48 h and weighed to
determine their dry mass (DM, g). We calculated the
specific root length (SRL, m g−1) as the ratio between
L/DM.

Root anisotropy

Root anisotropy (A) is considered one of the most im-
portant and commonly used metrics of root orientation
(Lang and Melhuish 1970). Root distribution is fully
isotropic when root growth is uniform in all orientations,
whilst root distribution is fully anisotropic, when root

Fig. 3 Sampling of cubes. a
sampling device; b sampling
positions. In (b), the grey faces,
solid red lines and red letters at
vertices represent the sampling
device. The hollow faces dashed
blue lines and blue letters in the
middle of a plan represent the
sampled soil cube;H horizontal, T
transversal, L lateral
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growth is toward only one orientation. However, anisot-
ropy is almost impossible to estimate in the field, as
measuring the orientation of individual fine roots is
extremely painstaking and time-consuming. Therefore,
Awas interpreted as the deviation degree from a random
orientation of roots within a soil cube (Chopart and
Siband 1999) and can be expressed as:

A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

RIDT−RID
� �2 þ RIDL−RID

� �2 þ RIDH−RID
� �2

6RID
2

s

ð2Þ
where, RIDT, RIDL and RIDH are the root intersection

densities (roots cm−2) on the T, L and H faces of a given
soil cube, respectively. The denominator term in the
equation allows for normalization of A (dimensionless)
so that it ranges between 0 and 1. When A=0, i.e.
RIDT=RIDL=RIDH, there is isotropy (i.e. root distribu-
tion is isotropic) and there is no specific orientation for
fine root growth. When A=1 (in a fully anisotropic
status), this indicates that roots are counted only on
one face but do not penetrate the other two faces of the
cube (RID=0 on these faces).

Data analysis

Separate generalized linear models (GLM) were used
with either the proportion of root length in each diameter
class, RLD, DM, or SRL as the dependent variables and
the soil cube position (A or B), the stand (AF or M), the
distance to the tree row (quantitative factor), and soil
depth (quantitative factor) as factors and all interactions
between factors.When a maximum soil depth of 150 cm
was considered for analysis, soil profiles from the AF
and deep-AF pits were considered as individual repli-
cates. A Shapiro-Wilk test was performed before each
GLM to guarantee that the investigated indicator follow-
ed a normal or quasi-normal distribution. These analy-
ses were followed by a one-way analysis of variance
(ANOVA) for each factor.

Root vertical profiles are usually described using
logarithmic or exponential models (Jackson et al.
1996; Hartmann and Von Wilpert 2014). However, we
used a hockey stick model (Qian 2009; Qian and
Cuffney 2012) to compare rooting patterns between
the different stands (AF and M). We applied this model
to the mean RID between the profiles of the inter-row
and of the tree row for each stand in order to determine if
the vertical rooting pattern was distributed smoothly

throughout the soil profile and compare rooting depths.
Compared to these conventional models, the advantage
of the hockey stick model is that the significant
breakpoints in a series of data can be found. The hockey
stick model can have several breakpoints and segments,
but adding extra-breakpoints might not always be bio-
logically meaningful, and would make the model less
robust mathematically due to the high number of param-
eters. Therefore we decided to use this model with only
one breakpoint:

RID ¼ β þ α1 z−δð Þ; z < δ
β þ α1 þ α2ð Þ z−δð Þ ; z≥δ

�

ð3Þ

where, z is soil depth (cm), α1, α2, δ and β are
coefficients (see Fig. 4 for geometrical definitions, and
supplementary material for the R code). If δ is statisti-
cally significant, i.e. there is a significant breakpoint
along soil depth, and at a soil depth of z=δ, there is a
root vertical distribution with RID=β. For the agrofor-
estry stand, profiles from the AF and deep-AF pits were
averaged for values to a depth of 150 cm and a distance
of up to 150 cm from the tree row.

The spatial distribution of roots was also analyzed
using univariate geostatistical methods including
kriging (Webster and Oliver 2007), that was performed
using GS+ (Gamma Design Software 2004).

Fig. 4 Geometric meanings of all the coefficients of the four-
parameter hockey stick model, which comprises two linear seg-
ments. RID is the root intersection density (roots cm-2), z is soil
depth (cm). β and δ are the breakpoint coordinates, α1, α2 are the
slope coefficients. Around the breakpoint, a quadratic curve was
estimated between point A and B, which are sufficiently close to
the breakpoint, so that the whole hockey stick model becomes
smooth and derivable, and therefore can be fitted using non-linear
regression approaches (Qian 2009)
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Ordinary least square regressions (OLS) between

RLD and RIDT or RID were performed for the cubes
of each pit (local model) and for the cubes of all pits at
the same time (global model). Since A and B cubes were
spatially correlated for each soil depth (taken next to
each other but with opposing orientations), these cubes
were not considered as individual replicates. Due to the
chosen sampling method (Chopart and Siband 1999),
the horizontal face of the B-type cube was 10 cm deeper
than the horizontal face of the A-type cube (Fig. 3).
Therefore, we considered both A- and B-type cubes at
each sampling position (depth) as one sample using
mean values between A- and B-type cubes as no signif-
icant differences were found between them (F=0.31,
P=0.58). Since the intercepts of the OLS models were
not significantly different from zero, we performed ad-
ditional OLS forcing the intercept through the origin.
This method is based on the assumption that if the mean
number of root intercepts for a given cube equals zero
there are no roots inside the cube. The slope of the
regression line (α) as well as the 95 % confidence
interval for the slope were calculated. Slopes were com-
pared using an analysis of covariance (ANCOVA)
(Andrade and Estévez-Pérez 2014). We performed a
Fisher’s (F) test to determine which model should be
chosen between a local model (containing a series of
equations, one equation per level of factor) and a global
model (containing one equation for all levels mixed).

With regard to anisotropy (A), a GLM and ANOVA
were also applied in the same way as for the analysis of
root traits. As A possesses no information on the prefer-
ential orientation of roots (Chopart and Siband 1999),
when we detected anisotropy, we also analysed the
proportion of root impacts per cube face (H, L, T) using
the same methodology to determine the preferential
orientation of roots at each depth.

All calculations were carried out with the R software,
Version 2.15.3 (R Development Core Team 2013) at a
significance level of <0.05.

Results

Root traits from soil cubes

In both stands, fine roots from walnut trees were mainly
constituted of roots≤0.5 mm in diameter that represent-
ed almost 80 % of the total root length (Fig. 5). The only

significant variable that impacted the proportion of root
length in each diameter class in the upper 150 cm of soil
was stand type. The finest roots (≤0.5 mm) represented
85 % of the total root length in the tree monoculture, but
only 77 % in the agroforestry plot (F=9.15, P=0.003,
df=81). Within the additional trench dug in the agrofor-
estry stand (deep-AF), there was a higher proportion of
very fine roots (77 %) in the upper 150 cm of soil
compared to the deeper soil (69 %) although the result
was not significant (F=3.61, P=0.065, df=41). There
were no significant differences in the proportion of root
length within each diameter class with regard to soil
depth or distance to the tree.

The stand type, the distance to the tree, soil depth and
interaction between distance to the tree and depth, had a
significant effect on RLD andDMof fine roots from soil
cubes (Table 1). The interaction between distance to the
tree and stand type was not significant. RLD and DM
were greater in the tree monoculture (0.26 ±
0.03 cm cm−3 and 0.17±0.02 g, respectively) compared
to the agroforestry stand (0.10±0.01 cm cm−3 and 0.10
±0.02 g, respectively), and decreased with increasing
distance from the tree row and depth.

The SRL of walnut roots to a depth of 150 cm did not
differ significantly between the agroforestry stand
(17.29±1.84 m g−1) and the tree monoculture (17.19±
1.02 m g−1). SRL was not significantly different be-
tween soil cubes, depth or distance to the tree (Table 1).

Fig. 5 Histogram of the proportion of walnut fine root length per
class of diameter. Data represent means±standard errors. Number
of replicates: n=60 for the agroforestry stand, n=30 for the tree
monoculture
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Mapping tree fine root impacts

In the tree monoculture (Fig. 6a and Fig. S1a for raw
data), most tree fine roots were concentrated in
shallower depths compared to the agroforestry stand
(Fig. 6b and Figure S1b for raw data), and appeared to
be more homogeneously distributed along the horizon-
tal plane. Using a hockey stick model, it was shown that
the soil depth above which most root impacts were
counted was>150 cm (no breakpoint detected when a
depth of 150 cm was considered) in the tree row in the
agroforestry stand and 104 cm in the tree monoculture.
In the inter-row, this depth was 122 cm in the agrofor-
estry stand and 64 cm in the tree monoculture (Fig. 7a).
Wheat roots were not mapped but we visually deter-
mined a maximum rooting depth of 150 cm.

In the deep-AF pit, tree fine roots colonized the
whole soil profile both vertically (400 cm deep) and
horizontally (500 cm long) (Fig. 6c and Fig. S1c for
raw data). In the inter-row, 2 m away from the tree, and
to a depth of 75 cm, the RID of fine roots was still high
(0.04 to 0.05 roots cm−2), and comparable with that
under the tree row. Further away from the tree row,
RID started to decrease in topsoil layers. Below
100 cm deep in the inter-row, no clear spatial pattern
was observed, and fine roots appeared to be randomly
distributed regardless of increasing soil depth and tree
distance. In deeper layers, RID was generally lower but
in the tree row it remained high (0.02 to 0.03 root cm−2)
at depths<150 cm. Fine roots tended to grow in clusters
at depths greater than 150 cm (Fig. 6c). Consistent with
results from the AF pit, an estimate with hockey stick
models of the soil depth above which most root impacts

occurred showed that, in the deep-AF pit, this depth was
around 150 cm for the tree row (Fig. 7b) whereas it
decreased to 79 and 104 cm in the inter-rows, respec-
tively between 0 and 150 cm, and between 150 and
300 cm from the tree row. From 50 to 100 cm soil depth,
the mean RID in the tree row was 0.028 roots cm−2,
whereas it was 0.012 roots cm−2 in the inter-row at a
distance of 150 cm from the tree row. Threemeters away
from the tree row, RID was low and constant along the
whole profile so that the hockey stick model failed to
detect a breakpoint.

Root anisotropy

GLM and ANOVA analysis revealed that the stand type
and the distance to the tree row had a significant impact
on root anisotropy where soil depth≤150 cm (Table 2).
Tree roots in the tree monoculture (A=0.30) were sig-
nificantly (P<0.05) more isotropic than in the agrofor-
estry stand (A=0.45) (Fig. 8). Fine roots in the tree row
were significantly more isotropic (A=0.28) than in the
inter-row (A=0.46).

In the deep-AF pit, GLM and ANOVA analysis
revealed that depth had a significant impact on root
anisotropy (Table 2). Shallow fine roots were more
isotropic (A=0.26 at a depth of 10 cm) than deep fine
roots (A=0.71 at an average depth of 400 cm) (Fig. 8).
An analysis of the proportion of fine root counts on each
cube face showed that the horizontal face of cubes had a
higher proportion of root intercepts with increasing
depth (F=16.59, P<0.001). About 24 % of root inter-
cepts were counted on the horizontal face of cubes from
the soil surface to a depth of 150 cm, but this proportion

Table 1 ANOVA on the GLMmodel for walnut fine root length density (RLD), dry mass (DM) and specific root length (SRL) as a function
of the cube (A or B), stand type, distance to tree row (DTR), and soil depth

RLD DM SRL

F-value Pr(>F) F-value Pr(>F) F-value Pr(>F)

Cube 0.31 0.58 0.47 0.50 0.002 0.97

Stand type 41.61 <0.001*** 9.00 0.004** 0.001 0.97

DTR 9.29 0.003** 10.56 0.002** 0.20 0.66

Depth 17.17 <0.001*** 16.35 <0.001*** 1.13 0.29

DTR×depth 14.47 <0.001*** 17.10 <0.001*** 3.14 0.08

DTR×stand 0.40 0.53 0.31 0.58 0.26 0.61

Number of cubes: n=60 for the agroforestry stand, n=30 for the tree monoculture. Asterisks indicate significance levels where * P=0.05, **
P=0.01 and *** P<0.001
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reached 62 % at a depth of 200 to 400 cm. Tree fine
roots were preferentially vertically oriented with in-
creasing depth.

Prediction of root length density (RLD)

The slopes of the OLS regressions between RLD

and either RIDT or RID, respectively, were not sig-
nificantly different from each other (Table 3). The
confidence interval was generally slightly narrower

when RID was used (Table 3, Fig. S2). The F test
revealed that a local model (i.e. one model for each
pit) was not more significant than a global model for
all pits (F=1.67, P=0.185). Thus, we were able to
link the mean number of root impacts and RLD for
hybrid walnut trees as follows:

RLD cm cm−3� � ¼ 4:47 � RID number of roots cm−2� �

ð4Þ
This equation was then used to predict RLD in both

the agroforestry stand and the tree monoculture, in the
tree row and in the inter-row (Fig. S3a, b).

Discussion

We showed that agroforestry practices promoted deeper
rooting of walnut trees as root densities were much
smaller near the soil surface in the agroforestry stand
compared to the tree monoculture. Roots were alsomore
heterogeneously distributed horizontally in the agrofor-
estry stand, with larger root densities deeper in the soil in
the tree row compared to the inter-row.

Plasticity of root distribution

The tree monoculture had a root distribution typical of
that found in a forest stand, i.e. with a vertical heteroge-
neous root distribution and very high root densities in
the top 0.5 m of soil (López et al. 2001; Yuan and Chen
2010; Hartmann and Von Wilpert 2014). In the agrofor-
estry stand, root distribution was more vertically homo-
geneous and RLD was much smaller than in the tree

monoculture, but roots occupied a higher volume of
soil. These results confirm our first hypothesis that trees
in the AF stand would have deeper root distributions
induced by a greater belowground competition from the
crop. This disparity between the two types of systems
demonstrates the highly plastic behaviour of walnut
trees in that their vertical root distribution was modified,
likely in response to crop competition (Mulia and
Dupraz 2006) , even though so i l type and
environmental conditions were the same for both
stands. This phenomenon has been commonly
observed in other economically important tree species.
For example, Dupraz and Liagre (2008) showed that
poplars (Populus L.) possessed completely different
rooting patterns when grown in a tree monoculture
compared to an agroforestry stand, with significantly
deeper rooting for the latter. Livesley et al. (2000) and
Wang et al. (2014) found that Grevillea robusta L.
grown with Zea mays L. and Jujube (Ziziphus jujuba
L.) trees grown together with wheat (Triticum aestivum
L.) in an arid climate, had a lower RLD than trees grown
in a monospecific stand due to competition from the
crops. However, the belowground interaction between
trees and crops can be more complex and roots of both
trees and crop can be overlapped in shallow soils despite
strong competition (Moreno et al. 2005). Further sup-
port to our hypothesis comes from the fact that annual
crop species often have high SRL near the soil surface
and are thus able to absorb nutrients and shallow soil
water faster than trees, which usually have lower SRL
(Moreno et al. 2005). The SRL of walnut trees at our
field site was lower than that of wheat, both at the
surface (20 cm) and in deep soil layers (150 cm) (Prieto
et al. 2014). Therefore, we suggest that walnut trees in
the agroforestry stand had minimal competition from
wheat plants through the production of deeper fine roots.
Deep roots will enable trees to access water from the
water table not available to root crops, and to benefit
from nutrients leached beneath the crop root systems.
On the contrary, in the tree monoculture, walnut trees
laid down roots in shallow soil because the understorey
herbaceous species were mostly leguminous (Prieto
et al. 2014) and less competitive than winter wheat,
mainly because of a lower root density. A parallel study
estimated that root biomass of wheat was about 4.5 t
DM ha-1 in 0–50 cm, whereas the root biomass of herbs
was less than 1.5 t DMha-1. Herbaceous herbs in the tree
monoculture were brown/green in colour during the
winter months and very short. As herbaceous roots are

�Fig. 6 a Kriged map of walnut fine root intersection densities
(RID) within the pit in the tree monoculture, b Kriged map of
walnut fine root intersection densities (RID) within the agroforest-
ry pit and c Kriged map of walnut fine root intersection densities
(RID) within the 400 cm deep agroforestry pit
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less active in the winter (Steinaker and Wilson 2008)
compared to winter wheat roots, the surface soil may
contain less roots in the tree monoculture compared to
the agroforestry stand. Therefore, in the spring, tree root in

the monoculture could rapidly occupy the neighbouring
superficial soil poorly colonized by herbaceous species.

Another factor potentially affecting the vertical
root distribution in the AF stand is soil tillage (Korwar

Fig. 7 aWalnut fine root intersection density (RID) profiles in the
agroforestry stand and in the tree monoculture to a depth of
150 cm. For the agroforestry stand, profiles from the AF and
deep-AF pits were combined for the values down to 150 cm, b

Walnut fine root intersection density (RID) profiles in the agrofor-
estry stand to a depth of 400 cm as a function of distance to the tree
row
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and Radder 1994; Sinclair 1995). In our system, the
soil in the inter-row of the agroforestry stand was
regularly ploughed to a depth of 20 cm and coarse
roots in the soil surface were frequently damaged,
affecting tree fine root production in these layers. In
this sense, tillage might also induce deeper rooting in
trees. However, soil disturbances can also stimulate
root growth through root pruning (Joslin and Wolfe
1999) and by releasing soil micronutrients (Balesdent

et al. 2000). Whatever the case, this explanation
would be valid only for the top 20 cm of soil, the
maximum tillage depth. Below this depth, only root
competition between durum wheat and walnut trees
can explain the contrasting rooting patterns observed
between the AF and M stands.

Temporal differences between the root growth of
durum wheat and walnut trees may also influence the
root distribution of walnut trees. Durum wheat is sown

Table 2 ANOVA on the GLM model for walnut fine root anisotropy as a function of the cube (A or B), stand type, distance to tree row
(DTR), and soil depth

All pits, soil depth≤150 cm Deep-AF pit, soil depth≤400 cm

F-value Pr(>F) F-value Pr(>F)

Cube 1.27 0.26 1.04 0.31

Stand type 6.89 0.011* – –

DTR 9.61 0.003** 0.09 0.77

Depth 3.44 0.067 12.96 <0.001***

DTR×depth 1.65 0.20 0.13 0.72

DTR×stand 1.43 0.24 – –

Number of cubes: n=60 for the agroforestry stand, n=30 for the tree monoculture. Asterisks indicate significance levels where * P=0.05, **
P=0.01 and *** P<0.001

Fig. 8 Variation of walnut fine root anisotropy according to
sampling location (a, for all the pits) and soil depth (b, only for
the 400 cm deep agroforestry pit). In a, “AF” and “M” represent

agroforestry stand and tree monoculture, respectively. Black
crosses on each boxplot represent themean value of anisotropy (A)
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in late October at our field site, and is fully developed
before walnut bud break, which occurs between late
April and early May at the site (Mulia and Dupraz
2006). This period coincides with the peak fine root
production for walnut trees (unpublished data). By this
date, durum wheat, with a maximum rooting depth of
150 cm, will have already captured most of the nutrients
and water contained in the topsoil (Burgess et al. 2004).
We propose that temporal differences in growing pe-
riods between annual crops and tree species is therefore
a key parameter for certain agroforestry systems to be
successful (i.e. in Mediterranean ecosystems), and must
be considered if new mixtures of crops and trees are to
be successful (Schroth 1995; van Noordwijk et al. 1996;
Burgess et al. 2004).

In the AF stand, the horizontal root distribution was
heterogeneous and dependent on the distance from the
tree, with higher root densities in the tree row or close to
the tree row. The tree monoculture did not exhibit such a
drastic decline in their root density, confirming our
second hypothesis.

This unusual fine root distribution in the AF stand
may promote carbon storage in the tree row and deep in
the soil. Several studies have shown that carbon stocks
in agroforestry systems were heterogeneously distribut-
ed, withmore carbon in the tree row than in the inter row
(Bambrick et al. 2010; Howlett et al. 2011; Lorenz and
Lal 2014). A parallel study at this site confirmed that
soil organic carbon (SOC) stocks were significantly
higher in the AF stand (116.7±1.5 Mg C ha-1) in the
upper metre of soil compared to that in a control agri-
cultural plot (110.4±0.6 Mg C ha-1). SOC stocks were

also significantly higher in the tree rows than in inter-
rows (Cardinael et al. submitted). This additional SOC
will not only be due to leaf litter from trees, but will also
originate from fine root exudation and turnover (Haile
et al. 2010).

Shallow roots and deep roots

We found smaller proportions of very fine roots in the
soil 200 to 400 cm deep. These results are in accordance
with Prieto et al. (2014) who found that fine roots deep
in the soil were not only thicker than those near the
surface, but presented traits associated to a more con-
servative strategy (i.e. lower root nitrogen and higher
lignin concentrations). Prieto et al. (2014) attributed this
result to thinner, more acquisitive roots in shallow soil
layers being more efficient for absorbing nutrients,
which usually accumulate near the soil surface (Jobbagy
and Jackson 2000). Our third hypothesis was confirmed
since we found that tree fine roots down to 150 cm
showed no clear orientation patterns but that deeper
roots (200–400 cm) were preferentially vertically
orientated.

This result suggests that, once a certain depth thresh-
old is achieved, deep roots are preferentially oriented to
access more stable water resources (i.e. the water table).
Groundwater is present in this agroforestry stand at a
depth of 500–700 cm, depending on the season, and
having access to groundwater will enable walnut trees to
overcome the summer drought period (Rambal 1984;
Bréda et al. 1995; Bréda et al. 2006). Deep roots may be
able to reach and take up nitrate leached from fertilizers

Table 3 Linear regressions between walnut fine root length density (RLD, cm cm−3) and walnut fine root intersection density on the
transversal face (RIDT, roots cm

−2) or the mean of the three faces (RID, roots cm
−2), for the different pits

Pit Variable Slope (α) Confidence interval (P=0.95) R2

Deep agroforestry RIDT 3.86 a 2.91–4.80 0.46

RID 4.20 a 3.33–5.08 0.59

Agroforestry RIDT 4.39 a 2.76–6.02 0.42

RID 4.60 a 3.71–5.49 0.65

Tree monoculture RIDT 4.21 a 3.12–5.30 0.54

RID 4.30 a 3.34–5.26 0.65

All pits RIDT 4.32 a 3.75–4.89 0.61

RID 4.47 a 3.97–4.97 0.71

Shown are mean values between A-type and B-type cubes. Slope coefficients followed by the same letter did not differ significantly at P=
0.05 (ANCOVA).
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beneath the wheat crop rooting depth, which may also
explain the deep rooting observed in the AF stand. This
Btree root safety net^ (Cadisch et al. 1997; Rowe et al.
1999) could also contribute to reducing groundwater
nitrate levels (Bergeron et al. 2011; Tully et al. 2012)
and therefore improve ecosystem services provided by
agroforestry systems.

In spite of the disparity in the trait distribution and
functioning between shallow and deep roots (Prieto
et al. 2014), few studies have aimed at determining their
distinct roles (Laclau et al. 2013; Maeght et al. 2013).
Here, we show that a sharp breakpoint exists between
two populations of roots within the soil profile: roots
from upper soil layers, where root density declines
sharply with increasing soil depth, and where roots have
no determined spatial orientation, and roots in deeper
soil layers (200–400 cm), where root density remains
quite stable regardless of soil depth and roots are pref-
erentially vertically oriented. Although we do not yet
know the mechanisms behind this distribution, the
breakpoints and identification of these thresholds in
different ecosystems with deep-rooted species seem im-
portant to determine competition and foraging behav-
iours. These can be statistically estimated using the
hockey stick model, which might be a promising tool
to better define root distribution patterns than conven-
tional linear, exponential or logarithmic functions.

Conclusion

Using deep soil profiles, we evidenced how tree fine
root density can be both horizontally and vertically
modified by the belowground competition from un-
derstory crops. Trees in the agroforestry stand rooted
deeper in the soil than trees in the monocultural stand
and had a higher root density in the tree rows com-
pared to the cropped inter-rows. These results enrich
our understanding of the functioning of agroforestry
systems. The plasticity in tree root distribution seems
to be an important feature to achieve efficient agro-
forestry systems. This may also have implications
concerning carbon and nutrient cycling in these sys-
tems as exploration of deep soil layers by roots is
favoured. Methodologically, we highlighted the inter-
est of using the hockey stick model. This model has a
strong potential for use in future studies when
attempting to define shallow and deep rooting profiles
and distribution.
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