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Abstract

Agroforestry (AF) is considered to be a sustainable land use practice as it combines agricul-
tural production with multiple beneficial effects such as carbon sequestration, enhanced nutri-
ent cycling and increased biodiversity. Quantification of these beneficial effects in temperate
arable fields is still limited, however, and most studies focus on one sole parameter (i.e.,
impact on crop productivity, soil quality, biodiversity, etc.). Combined effects are only rarely
considered, resulting in a lack of integrated quantification. Here we assess the effect of rows of
walnut trees (Juglans regia L.) on soil organic carbon (SOC), soil nutrient status, the presence
of potentially beneficial ground-dwelling arthropods and on the yield and quality of neighbor-
ing arable crops. Significantly higher SOC and soil nutrient concentrations were found near
the trees, which is assumed to be primarily a result of tree leaf litter input. Abundance of
macro-detritivorous arthropods was increased in and near the tree rows, whereas only limited
effects of tree presence were found on the presence of the predatory arthropod taxa under
study. The yield of all crops under study was reduced as a result of tree presence, with the
strongest reductions observed for grain maize and sugar beet near the trees (<10 m). In add-
ition, alteration of crop quality was observed near tree rows with decreased dry matter con-
centration of grain samples and increased crude protein concentration of winter cereals.

Introduction

Agroforestry (AF) is a land use practice in which a woody component is combined with crops
and/or livestock on the same field (Mosquera-Losada et al., 2009). As a result of agricultural
intensification and mechanization, the occurrence of woody features in the agricultural matrix
has substantially decreased throughout the 20th century (Quinkenstein et al., 2009; Torralba
et al., 2016). Although this transition to intensified production methods has increased
use-efficiency and productivity of agricultural land, it is simultaneously associated with nega-
tive effects such as increased soil erosion, water pollution and biodiversity loss (Matson et al.,
1997; Tscharntke et al., 2005; Mast et al., 2012). Recently, interest in AF has been growing
again, because this type of cropping system has been linked to the potential mitigation of sev-
eral of the side-effects of intensified production (Malézieux et al., 2009; Reisner et al., 2007;
Tsonkova et al., 2014).

Production systems with rows of trees alongside or in the fields (e.g., alley cropping, bound-
ary planting) appear to offer a promising land use alternative (Quinkenstein et al., 2009;
Tsonkova et al., 2012). This form of agroforestry system (AFS) can efficiently be combined
with the use of modern farming techniques and machinery for the cultivation of crops in
the intercropping zone between the tree rows. The potential beneficial effects of tree rows
on several regulating (e.g., biological pest control, carbon sequestration), supporting (e.g.,
soil fertility, nutrient cycling, habitat) and provisioning (overall agricultural productivity) eco-
system services (ES) are described by various authors (Jose et al., 2004; Quinkenstein et al.,
2009; Tsonkova et al., 2012; Pardon et al., 2017). Until now, quantification of these beneficial
effects in temperate arable fields has been limited for several aspects and for different tree–crop
combinations. In addition, demand for the reliable provision of almost all ES is increasing
(MEA, 2005; Bennett et al., 2009), whereas most studies focus on only one aspect of how
the woody component affects the ES (e.g., the impact on crop productivity, soil quality, bio-
diversity or another parameter) but rarely a combination of all of them (Thomas et al.,
2001; Bianchi et al., 2006; Jose, 2009; Power, 2010; Fagerholm et al., 2016; Torralba et al.,
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2016). As a result, observed beneficial effects are often assumed to
affect crop yield, for instance, without simultaneous measure-
ment. This lack of integrated quantification is assumed to be
one of the primary stumbling blocks to translate the abovemen-
tioned increased interest in AF into increased adoption in practice
(Tsonkova et al., 2014; Artru et al., 2016; Luedeling et al., 2016).

Here we used an integrated approach to assess the effect of
rows of walnut trees (Juglans regia L.) on soil organic carbon
(SOC), soil nutrient status, the presence of potentially beneficial
ground-dwelling arthropods and the yield and quality of neigh-
boring arable crops. Walnut trees are economically important
because of their fruits and valuable timber (Reisner et al.,
2007). Moreover, they are characterized by a late budburst
(Dufour et al., 2013) which delays competition for light with
neighboring arable crops. As a result, they are considered a suit-
able tree species for use in AFS. We hypothesized that tree row
presence results in (i) an increase in SOC and soil nutrients, (ii)
an increase in abundance and diversity of ground-dwelling
arthropods and (iii) a crop type-dependent influence on crop
yield and quality.

Material and Methods

Study site

The study site is located in Tielt-Winge (Belgium, 50°55′N–4°
54′E) and characterized by temperate climatic conditions with a
mean annual temperature of 9.7 °C and a mean annual precipita-
tion of 828.1 mm (Grechka et al., 2016). During the years of sam-
pling, the summer of 2015 and the spring of 2017 were considered
exceptionally dry, and both the spring and summer of 2017 were
considered exceptionally warm (KMI, 2019a) (Appendix A). In
Belgium, mature alley cropping systems or boundary planted
fields with walnut are scarce. Therefore, a double alley of walnut
trees, bordered on each side by an arable field, was used as a proxy
to study the effect of mature walnut tree rows on a set of soil char-
acteristics (2015), ground-dwelling arthropod fauna (2015–2016)
and crop yield (2015–2016–2017) in AFS (Fig. 1, Appendix B).
The tree rows are oriented north–south, which is commonly con-
sidered to be the most favorable orientation for temperate AFS
(Reynolds et al., 2007; Smith et al., 2012a). The field with trees
on its east side is called ‘field A’ below; the field with trees on
its west side, ‘field B’. The distance between the two rows,
which are separated by a path, equals 4.7 m. The intra-row dis-
tance between trees is approximately 9 m. The trees were planted
in 1947, diameter at breast height (DBH) and height of the trees
equal 41.8 cm and 12.8 m, respectively. The total width and
length of the tree alley equal 9.7 and 251 m, respectively. After
planting, trees were initially high-pruned, whereas no further for-
mative pruning has been conducted up till now. No crop protec-
tion agents are applied to the tree component. The grass in the
alleys is mown to facilitate the harvest of the walnuts. The soil
was a Haplic Luvisol (loess parent material). Both arable fields
are only partially bordered by the tree rows. The part of the
field near the treeless border creates a reference situation (‘control
zone’) to isolate the effect of the tree strip from edge-effects
related to slight differences in fertilization, tillage, etc. (Fig. 1).
The length of the treeless control border of fields ‘A’ and ‘B’
equals 108 and 240 m, respectively. Both of the neighboring fields
are conventionally farmed with an arable crop rotation and appli-
cation of crop protection agents (Appendix B1 and B2). Soils were
ploughed and remaining crop residues were incorporated in the

soil. Crops were fertilized according to their nutrient require-
ments (Vandendriessche et al., 1996; VLM, 2014) with animal
manure and mineral fertilizers and in accordance with govern-
mental regulations (VLM, 2014) (Appendix B1).

Soil sampling

In both fields perpendicular to the tree rows and to the treeless
borders, three and two transects were installed, respectively
(Fig. 1). In each transect, five sampling plots (1.5 m × 6.5 m)
were marked, the center of which was located at distances
approximately 3, 5, 10, 20 and 30 m away from the tree row/tree-
less field edge. If a sampling plot coincided with a tire track result-
ing from agricultural machinery use, the plot was repositioned
slightly to a location next to the track. To ensure a representative
sample, each sample consisted of a mixture of eight subsamples
taken within the plough layer (0–23 cm) of these plots with a
gouge auger. Soil sampling was conducted on 19 January 2016,
before the fields were fertilized. After sieving (<2 mm), the soil
samples were analyzed for plant available K, P, Mg, Na and Ca
using inductively coupled plasma after extraction in ammonium-
lactate (Egnér et al., 1960). Total N was determined by Kjeldahl
digestion (reference method: ISO 11261). A heated potassium
dichromate oxidation was used to analyze SOC (reference
method: ISO 14235:1998). pH-KCl of soil samples was deter-
mined at a 1:5 soil:liquid (volume fraction) ratio with H2O and
1 M KCl (reference method: ISO 10390).

Functional biodiversity: ground-dwelling arthropods

Two transects were installed perpendicular to the tree rows and to
the treeless borders in each field (Fig. 1). In each transect, four
sampling points were marked: one in the field border and three
at distances 1, 5 and 30 m away from the field edge. At each sam-
pling point, a pitfall trap (9 cm opening diameter, volume 300 ml)
was installed on May 25, 2015. Traps were filled with 200 ml of a
50% propylene glycol (antifreeze) solution with detergent to
reduce surface tension. The traps were kept in place for 4 weeks
until June 22, 2015, and were emptied once in between on June
8, 2015. The collected arthropods were stored in 70% ethanol.
Further analysis focused on two taxonomic groups of macrodetri-
tivores which may enhance nutrient and carbon cycling, i.e.,
woodlice (Isopoda) and millipedes (Diplopoda). In addition,
two predatory taxa which may contribute to biological pest con-
trol were investigated, i.e., carabids (Coleoptera: Carabidae) and
rove beetles (Coleoptera: Staphylinidae) (Holland and Luff,
2000; Bianchi et al., 2005; Garratt et al., 2017). The total number
of woodlice, millipedes, carabid beetles and rove beetles caught
was counted for each trap. The captured specimens of every
taxon, except for rove beetles, were identified to species level.
This procedure was repeated in 2016.

Crop yield and quality

Crop yield was measured following a crop-specific protocol in
each of the plots used for soil sampling. The location of transects
and sampling plots was maintained as strictly as possible through-
out the consecutive sampling years, as different crops were grown
during the monitored period on the fields in the dataset
(Appendix B). Winter wheat (Triticum aestivum L.), winter barley
(Hordeum vulgare L.) and winter triticale (x Triticosecale Wittm.)
were harvested using a Wintersteiger plot combine (type:
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NM elite) and the harvested grain (caryopses) was weighed. On
the field intercropped with grain maize (Zea mays L.) in 2017,
every sampling plot consisted of two neighboring rows over a
total length of 5 m (interrow distance 0.75 m). The cobs were
threshed using a Wintersteiger combine. A similar approach
was used in 2017 when sugar beet (Beta vulgaris L.) were
grown: two neighboring rows were harvested over a total length
of 5 m (interrow distance 0.45 m). Leaves and petioles of sugar
beet were harvested separately from roots to determine shoot:
root biomass ratio. A representative sample of the harvested
crop was collected for every plot for further quality analyses.
Samples were oven-dried at 70° to determine dry matter (DM)
concentration. The crude protein concentration of winter cereals
was determined after grinding using Near Infrared Spectroscopy
(reference method: ISO 5983-2).

Data analyses

Gradients in soil variables, yield and crop quality were modeled
using a linear-mixed effect model (LMM). Distances to field
edges were transformed logarithmically to linearize the response
variables. The logarithm of the distance to the field edge, the pres-
ence/absence of a tree row and their interaction were included as
fixed effects. The data have a hierarchical structure with measur-
ing points nested in transects. These transects are in turn nested at
the level of the experimental field. To account for this hierarchical
nature and non-independence of the data within fields and trans-
ects, ‘field’ and ‘transect’ nested in field were included as random
effects.

Average concentrations of SOC, soil nutrients, crop yield and
quality were obtained for the field zone between 3 and 30 m of
the tree rows. This was done based on the integration of the

Fig. 1. Experimental design near tree rows and treeless field edges. The black rectangles denote locations of soil sampling and harvest measurements, black dots
denote locations of pitfall traps. Below: tree rows (middle) and treeless control situations (left and right). Length of the tree row and the treeless control borders on
field ‘A’ and ‘B’ equals 251, 108 and 240 m, respectively.
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LMM effect relations, because sampling distances were not homo-
geneously distributed over the study area, with relatively more
measuring points being located in the vicinity of the tree rows.
Reported stocks of SOC and soil nutrients in the 0–23 cm soil
layer are based on bulk densities as estimated by Equation 1
(Adams, 1973).

BD = 100
% OM/0.244 + (100−%OM)/MBD

(1)

BD denotes bulk density (g cm−3), OM organic matter and
MBD mineral bulk density. Percentage OM was derived from
SOC, based on the assumption that SOM contains approximately
58% OC (e.g., Buringh, 1984; Trigalet et al., 2017). MBD typically
has a value of 1.64 g cm−3 (Mann, 1986).

The occurrence of the arthropod groups under study is
described in terms of activity-density (number of individuals
caught in a pitfall trap over a period of 4 weeks), because the
number of invertebrates caught in the pitfall traps is a function
of both their population density and activity (Thomas et al.,
1998). Species richness (number of different species) of each
sample was calculated separately for woodlice, millipedes and
carabid beetles. A generalized mixed-effects model with a
Poisson error structure was used to investigate the differences
in activity-density and species richness. The position in relation
to the field edge, the presence/absence of a tree row and their
interaction were included as categorical fixed effects. ‘Field’,
‘transect’ nested in the field and the year of sampling were
included as random effects. Post-hoc Tukey’s tests were used
to determine the statistical differences among the different posi-
tions (P < 0.05).

All analyses were performed using the software program ‘R’ (R
Development Core Team, 2016).

Results

Soil characteristics

Significant variation was found for SOC, soil nutrient concentra-
tions of N, K, Mg, P, Ca and pH-KCl. These variations can be
explained by the interaction between the presence/absence of a
tree row and distance to the field edge (Table 1, Fig. 2). The largest
increases of abovementioned variables were found near the field
edge with trees. Values at a distance of 3 m from the tree row
displayed a 22, 16, 59, 33, 103, 32 and 5% increase for SOC, N,
K, Mg, P, Ca and pH-KCl, respectively, when compared to
sampling locations at the same distance of the treeless field
edge. These differences decreased exponentially with increasing
distance to the field edge. As a result of the observed gradients,
an average increase in SOC stock of 2.3 ton ha−1 was seen in
the AFS within the field area under study (i.e., the zone between
3 and 30 m from the tree row) (Table 1), corresponding with an
average SOC accumulation rate of 33 kg C ha−1 yr−1. Similarly,
the observed differences in soil nutrient concentration correspond
to an average increase in soil nutrient stocks near the tree rows of
156 kg K ha−1; 23 kg Mg ha−1; 157 kg P ha−1 and 168 Ca kg ha−1

when compared to the control part of the field. An average
decrease in total N stock of 25 kg ha−1 was found in the
0–23 cm soil layer.

Functional biodiversity

A total of 506 woodlice (five species), 845 millipedes (nine spe-
cies), 1837 carabids (34 species) and 1894 rove beetles were cap-
tured (Appendix C). Significantly increased activity-density values
were found for woodlice in and near (1 m) the tree rows as com-
pared to either 30 m into the field or at the treeless field edges.
Species richness of woodlice was significantly higher in the tree
rows when compared to the treeless field edges or to 30 m from
the tree rows (Table 2, Fig. 3). A limited effect of distance to
the field edge was observed near the trees for millipedes, with
values at 0, 1 and 5 m being significantly higher when compared
to 30 m from the tree row. However, for the latter type of macro-
detritivore, no significant differences between the tree rows and
the treeless field edges were found when comparing the same
sampling distances. Activity-density of pest predatory arthropods
was increased at a distance (30 m) into the field when compared
to the field edge (Table 2, Fig. 3). In addition, overall activity-
density of carabids was higher in the field zone near the trees
when compared to the treeless part of the fields (Table 2, Fig. 3).

Crop yield and quality

Significant variation in yield was observed for all crops (Table 1,
Fig. 4). The largest reductions in crop yield were observed at the
sampling plots closest to the field edge (3 m) where crop yield was
36, 33, 40 and 75% lower near the trees for winter wheat, winter
triticale, sugar beet and grain maize, respectively, in comparison
to the same distances in the control zone (Table 1, Fig. 4). The
yield of winter barley decreased as distance from the field edge
decreased, but was consistently lower near the trees at all sampling
distances when compared to the control zone. Average reductions
in crop yield in the transects near the trees (between 3 and 30 m)
equaled 5.0, 10.6, 11.9, 14.8 and 7.8% for winter wheat, winter
barley, winter triticale, sugar beet and grain maize, respectively,
as compared to the control zone.

DM concentrations of winter barley, triticale and grain maize
significantly decreased near the tree rows. An opposite trend was
found for DM concentration of winter wheat with increasing
values at smaller distances to the trees. The crude protein concen-
tration of winter wheat, barley and triticale and shoot:root ratio of
sugar beet were significantly increased near the tree rows (Table 1,
Fig. 4).

Discussion

Soil characteristics

Soil organic carbon
As hypothesized, increased SOC values were found near the tree
rows, which confirm the potential of AFS for belowground (0–
23 cm) carbon-sequestration in arable fields. As also suggested
by several authors including Bambrick et al. (2010), Cardinael
et al. (2017) and Nair et al. (2009), explanatory factors for the
observed effects are considered to be the input of organic matter
via tree leaf litterfall, and to a lesser extent via branchfall and
(fine) root decomposition. The significant effect of distance to
trees on SOC has also been observed in alley cropping fields by
a.o. Wotherspoon et al. (2014). In contrast, several authors have
found a homogeneous increase near tree rows in the intercrop-
ping zone of alley cropping fields (Peichl et al., 2006; Bambrick
et al., 2010; Cardinael et al., 2015), which was attributed to the
limited interrow distances (8–15 m) on the fields. Cardinael
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et al. (2015) analyzed SOC in an alley cropping field near
walnut tree rows of a height similar to the trees in our study.
The authors observed an increase in SOC stock of 2.1 ton ha−1

(0–30 cm soil layer) in the intercropping zone when compared

to sole cropping conditions, which is similar to the increase of
2.3 ton observed in our research. The average SOC accumulation
rate of 115 kg C ha yr−1 observed by Cardinael et al. (2015) is
considerably higher than the rate of 33 kg C ha yr−1 observed

Table 1. Linear mixed modeling (LMM) results for soil characteristics [SOC: g (kg dm)−1, soil nutrient concentrations: mg (kg dm)−1], crop yield (ton DM ha−1 of grain
in case of winter cereals and maize and of roots in case of sugar beet) and crop quality (dry matter conc.: %, crude protein conc.: %)

Fixed effect Average (±S.E.)

R2c R2m

Ln
(distance) T + T–

T + T–:Ln
(distance)

Tree row (n
= 30)

Control zone
(n = 20)

SOIL characteristics Soil nutrient stocks in
kg ha−1 (0–23 cm)

Tree
row

Control
zone

SOC 0.0435 0.0258 0.0568• 0.53 0.13 12.0 ± 2.4 11.2 ± 3.0 40,405 38,079

N 0.0597• 0.3756 0.0003 0.47 0.22 1069.5 ±
105.9

1077.0 ± 150.5 3609 3634

C:N 0.3917 0.0592• 0.8550 0.40 0.08 11.2 ± 1.6 10.4 ± 2.3 – –

K <0.0001 <0.0001 <0.0001 0.87 0.38 240.2 ± 51.7 193.9 ± 46.4 810 654

Mg 0.0020 0.0080 <0.0001 0.88 0.12 158.1 ± 36.0 151.5 ± 27.7 534 511

P 0.1280 <0.0001 <0.0001 0.57 0.57 193.6 ± 38.0 147.0 ± 60.2 653 496

Ca 0.0541• 0.0031 <0.0001 0.42 0.21 1553.6 ±
190.7

1504.1 ± 248.6 5243 5075

pH-KCl 0.2633 0.1379 0.0323 0.19 0.14 6.3 ± 0.3 6.3 ± 0.4 – –

CROP yield and quality Δ (%) Tree row vs
control zone

Winter wheat

Ton (DM) <0.0001 0.0019 <0.0001 0.82 0.66 11.3 ± 1.9 11.9 ± 1.7 −5.0

Dry matter (%) 0.1981 0.0035 0.0017 0.88 0.07 82.7 ± 0.7 83.3 ± 1.0 −0.7

Crude protein (%) 0.0414 <0.0001 <0.0001 0.83 0.28 14.8 ± 2.0 13.6 ± 2.3 8.9

Winter barley

Ton (DM) <0.0001 0.0001 0.5272 0.79 0.79 6.6 ± 0.7 7.4 ± 0.6 −10.6

Dry matter (%) <0.0001 0.0006 <0.0001 0.85 0.85 86.8 ± 1.4 87.7 ± 1.1 −1.0

Crude protein (%) 0.7345 0.0031 0.0041 0.49 0.49 12.5 ± 2.3 11.6 ± 1.8 8.1

Winter Triticale

Ton (DM) <0.0001 0.0123 0.0139 0.87 0.80 7.1 ± 1.6 8.0 ± 1.2 −11.9

Dry matter (%) <0.0001 0.1014 0.0211 0.66 0.63 83.4 ± 1.3 83.6 ± 1.0 −0.2

Crude protein (%) 0.4008 0.1219 <0.0001 0.62 0.62 13.5 ± 1.5 13.4 ± 1.2 0.6

Sugar beet

Ton (DM) <0.0001 0.0002 0.0015 0.87 0.87 22.5 ± 4.8 26.4 ± 3.7 −14.8

Dry matter (%) 0.5589 0.3285 0.2326 0.09 0.09 23.9 ± 1.2 23.9 ± 0.9 0.0

Shoot:root (DM) <0.0001 0.0414 0.3459 0.53 0.53 0.24 ± 0.1 0.22 ± 0.1 11.3

Grain maize

Ton (DM) <0.0001 0.0138 <0.0001 0.82 0.82 8.8 ± 3.5 9.6 ± 2.7 −7.8

Dry matter (%) 0.3268 0.0008 0.1050 0.62 0.65 75.5 ± 3.7 78.5 ± 2.9 −3.8

Fixed effects include distance to the field edge, presence or absence of a tree row (‘T/T−’) and their interaction. Model formula: Y = a*log (distance in m) + b. Bold characters indicate P-value
< 0.05. (•) indicates 0.05 < P-value < 0.10. ‘R2c’: conditional R2, ‘R2m’: marginal R2. SOC and soil nutrients stocks along the evaluated transects (i.e., between a distance of 3 and 30 m from the
field edge) are expressed in kg ha−1. ‘Δ (%)’: relative difference between average yield or quality near tree row and control zone.
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here, probably as a result of the abovementioned limited interrow
distance. Similar to our results, reduced crop yields were observed
near the tree rows (15% reduction between 1 and 2 m distance) on
the fields studied by Cardinael et al. (2015) as measured by
Dufour et al. (2013). As the authors suggested, this may have
resulted in lower carbon inputs from crop residues, but this was
assumed to be partly counterbalanced by an increased carbon
input from tree fine root mortality as a result of the simultaneous
increase in tree fine root density observed in the abovementioned
zone (Cardinael et al., 2015).

Soil nutrient conditions
The significantly higher soil nutrient concentrations indicate an
increased nutrient availability for the agricultural crop in the
arable zone near the tree rows. Similar to SOC, input via leaf litter
is considered to be a major causal factor, although in the case of
K, additional input may have resulted from nutrient-enriched
throughfall water (Zhang, 1999; Meiresonne et al., 2007). In add-
ition, the potential presence of an altered microclimate near tree
rows due to increased shade and humidity and the input of
organic material may benefit the soil meso- and macrofauna

Fig. 2. Soil characteristics as a function of distance (m) to tree row and/or treeless field edge. Lines according to linear mixed modeling results, black (dashed): tree
row, gray: control zone. Model formula: Y = a*log (distance in m) + b. Significance of fixed effects: •P < 0.1, *P < 0.05, **P < 0.01 and ***P < 0.001, ‘D’: distance, ‘T’: tree
row presence, ‘DxT’: interaction.
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(Jose et al., 2000; Souty-Grosset et al., 2005). As suggested by Jose
et al. (2000), this may result in a more favorable environment for
decomposition, which could accelerate nutrient release. Finally,
although no total biomass measurements were conducted for win-
ter cereals and grain maize, the decreased crop yields near the
trees may indicate that the higher soil nutrient concentrations
partly result from a reduced crop uptake. However, this is not
considered to be the sole determining factor, considering crop
yields were also reduced near the treeless field edges, where no
simultaneous increase in soil nutrient concentrations was found.

Functional biodiversity

Macro-detritivores
The increased abundance and species richness of woodlice in the
tree rows are assumed to be related to the favorable habitat and
refuge conditions such as increased food sources, shade and soil
and air humidity (woodlice, like most detritivores, are drought-
sensitive organisms) (Peng et al., 1993; Souty-Grosset et al.,
2005; Smith et al., 2008a, 2008b; Dias et al., 2013). This contrasts
with the arable zone, where the agricultural management may cre-
ate (strongly) adverse conditions for survival and reproduction.
However, the favorable conditions in the tree rows may lead to
a spill-over effect of woodlice out of the tree rows into the neigh-
boring arable zone. This colonization effect may be augmented
through the mitigation by the trees of adverse field conditions
and the creation of a favorable microclimate, e.g., by the above-
mentioned input of organic matter, shade, etc. (Jose et al.,
2000). The effect on activity-density in the arable zone was, how-
ever, considerably smaller near the walnut trees in our research
when compared to the results of Pardon et al. (2018a), where
the effects of mature poplar rows on arthropod abundance were
investigated. This may be related to the smaller size (both height
and DBH) of the walnut trees and hence the more limited effect
on microclimatic conditions in the arable zone (e.g., shade) in
comparison to poplar.

The effect of tree row presence on the presence of millipedes
appeared to be substantially smaller when compared to woodlice,
which may be caused by the relatively higher drought resistance of
millipedes when compared to woodlice (Edney, 1977; Berg et al.,

2008; Dias et al., 2013). Particularly the open-habitat species
Polydesmus inconstans, Cylindroiulus caeruleocinctus and
Brachyiulus pusillus comprised approximately 96% of all milli-
pedes caught in this study. This value is considerably higher
than that of Pardon et al. (2018a), where the share of abovemen-
tioned species equaled 62% close to the poplar trees. This dissimi-
lar tree effect might again be related to the smaller size of the
walnut trees and hence a limited effect on the microclimate in
the arable zone.

Carnivorous taxa
The higher abundances of carabids and rove beetles in the arable
zone when compared to the field edge were unexpected, consider-
ing that the majority of natural enemies need non-crop habitats
for hibernation and reproduction as well as alternative prey
(Andersen, 1997; Landis et al., 2000). Although surprising,
these findings were nonetheless similar to the observations of
Pardon et al. (2018a). As suggested in the latter research, the
increased activity-density values in the field may be the result
of a potential redistribution of both carabids and rove beetles
from perennial (woody) refuges into the field early in the season
(Desender, 1989; Riedel, 1991; Dennis et al., 1994; Pfiffner and
Luka, 2000; Geiger et al., 2009). The colonizing movement of
these often highly mobile arthropod species may be driven by fac-
tors such as the presence of higher prey densities in the crop or a
preference for open habitat conditions (Fournier and Loreau,
2001; Thomas et al., 2002; Marrec et al., 2015). However, given
the timing of the monitoring period (May–June), this early-
season colonization may potentially not have been detected.
Several of the observed carabid species (Pterostichus melanarius
and Nebria brevicollis, amongst others) and rove beetles are
known to actively prey on pest species in cereals and sugar beet
such as aphids (Aphidius spp.) (Sunderland and Vickerman,
1980). The higher activity-density values of carabids in the field
zone near the trees when compared to the zone near the treeless
field edge may indicate the potential beneficial effect of tree pres-
ence on carabid abundance and hence on natural pest control.
However, considering the abovementioned high mobility of
these arthropods, these values might also result from migrating
movements, driven, for example, by differing prey densities.
Therefore, it remains difficult to estimate the actual contribution
of tree presence to this observed increase.

Crop yield and quality

The observed variation in crop yield can be explained by the
interaction between tree row presence and distance to the field
edge for winter wheat, triticale, grain maize and sugar beet. The
variation in crop yield of winter barley can be explained by tree
row presence and distance from the field edge. In temperate
AFS, competition for light (Reynolds et al., 2007), water (Miller
and Pallardy, 2001; Graves et al., 2007) and/or nutrients
(Gillespie et al., 2000; Jose et al., 2000) is considered to be the
main factors through which trees influence crop yield. Our results
indicate that competition for nutrients can be assumed to be of
minor importance for the observed yield losses. Nonetheless,
the input of walnut leaf litter also constitutes a source of allelo-
chemicals such as juglone, phenolic acids, flavonoids and terpenes
which are known to negatively impact the growth of some neigh-
boring crops (Terzi, 2008; Cui et al., 2011; Wang et al., 2014), as
described, for example, in case of maize by Jose and Gillespie
(1998). In addition, depending on a.o. tree and crop species

Table 2. (Generalized) linear mixed modeling results of arthropod groups

Main effect: Distance T + T− Distance: T + T−

Woodlice

Activity-density <0.0001 0.0001 <0.0001

Species richness 0.0026 0.0210 0.0126

Millipedes

Activity-density 0.0004 0.5193 <0.0001

Species richness 0.6419 0.6194 0.8211

Carabids

Activity-density <0.0001 0.0316 0.1566

Species richness 0.1620 0.7604 0.4390

Rove beetles

Activity-density <0.0001 0.1728 0.0042

Included fixed effects are presence or absence of a tree row (‘T+/T−’), distance to the field
edge (‘Distance’) and their interaction. Bold characters indicate P-value < 0.05.
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(Reynolds et al., 2007) and spatial layout (Luedeling et al., 2016),
differences in light and water availability may cause considerable
variation in crop yield in AFS.

To limit tree–crop competition, winter crops are often favored
over spring crops in temperate AFS because of the smaller overlap
in growing season and hence in resource needs (Gill et al., 2009;
Artru, 2017). This is above all the case if combined with (decidu-
ous) tree species characterized by a late budburst such as walnut
(Dufour et al., 2013). Indeed, yield reductions were lowest for
winter cereals when compared to grain maize and sugar beet in
the immediate vicinity of the trees (<20 m). In similar research,
investigating the yield of winter cereals in AFS, this yield loss
was attributed to a.o. reduced seed germination, lower grain

number per ear and bad grain filling (Chauhan et al., 2012;
Dufour et al., 2013; Artru et al., 2016). The reduced grain yield
of winter cereals is partly compensated by an increased protein
concentration near the trees. This was also observed by Artru
et al. (2016) where the application of artificial shade was linked
to smaller wheat grain sizes with, as a result, remobilization of
N accumulated by the plant leading to a relatively higher grain
protein concentration. Remarkably, at distances farther from the
field edge (20 m and beyond), yield levels of winter wheat within
the transects perpendicular to the tree rows regularly exceeded the
yield levels within the control transects. As a consequence, the
overall yield reduction observed for winter wheat was quite low
and this phenomenon may be related to the creation of a favorable

Fig. 3. Activity-density and species richness of woodlice, millipedes and carabids and activity-density of rove beetles (dark gray: tree row, light gray: control zone).
Letters indicate significant differences (P < 0.05). ‘T+/T−’: tree row presence. Barplots and errorbars indicate mean ± S.E.
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Fig. 4. Crop yield (ton DM ha−1 of grain in case of winter cereals and maize and of roots in case of sugar beet), dry matter concentration (%), crude protein con-
centration ‘CP’ (%) and shoot:root ratio (DM) of five arable crops as function of distance (m) to tree row and/or treeless field edge. Lines according to linear mixed
modeling results, black (dashed): tree row, gray: control zone. Model formula: Y = a*log (distance in m) + b. Significance of fixed effects: *P < 0.05, **P < 0.01 and
***P < 0.001, ‘D’: distance, ‘T’: tree row presence, ‘DxT’: interaction.
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microclimate resulting from tree presence characterized by, for
example, lower wind stress, resulting in reduced evapotranspir-
ation and higher soil moisture content (Cleugh, 1998;
Thevathasan and Gordon, 2004; Smith et al., 2012b). However,
no such increase in crop yield was observed at farther distances
into the field for winter barley and triticale. The observed decrease
in DM concentration of winter barley and triticale samples near
the tree rows has also been observed by other authors in case of
winter wheat (Chauhan et al., 2011; Artru, 2017), where this
was attributed to a delay in physiological maturity and/or ripen-
ing of the crop near the tree rows. In addition, harvesting of
wheat and/or barley was not started before noon, as is common
practice in north-western Europe to allow the evaporation of
humidity originating from the nocturnal fog. The aim is to
increase the DM concentration of the grain. However, this evap-
oration may have been hampered near the tree rows as a result of
potential reductions in wind speed and increased shading. These
heterogeneities at the field level might potentially be overcome by
postponing the harvest activities to a later time in the growing sea-
son as well as harvesting at later times of the day (Pardon et al.,
2018b). The observed increase in DM concentration of the
wheat samples near the tree rows in our research (in comparison
to farther into the field) probably results from a sheltering effect
of the tree crown, as the experimental fields with wheat were sub-
ject to rainfall during the morning of the day of harvest.

Sugar beet, a spring crop, displays a significant overlap of its
growing season with the tree component. This results in simultan-
eous demands for resources (e.g., light, water) in time and space
(Artru, 2017). With an overall reduction of 14.8%, this yield
loss is three times higher than the loss observed for winter
wheat. The relatively strong effect of tree presence on root yield
of sugar beet is in accordance with the findings of Artru (2017),
who performed an artificial shade experiment mimicking shade
regimes of hybrid walnut. Thereby, reductions of root yield up
to 73% were observed depending on shade regime and, similar
to our research, an increase in shoot:root ratio as well as petiole
length. Although similar detrimental effects on beet yield were
observed by Mirck et al. (2016) near tree rows (3 m) when com-
pared to control levels, increased yields were observed farther
from the trees (>12 m), which was attributed to the beneficial
effect of tree presence on microclimatic conditions. This could
not be confirmed in our research, however, with yield levels at
the farthest distance (30 m) approaching but not surpassing con-
trol levels.

The largest effects on crop yields were found for grain maize
near the trees (<10 m). The potential detrimental effect of trees
on grain maize yield was also observed by Gillespie et al.
(2000), Peng et al. (2009), Reynolds et al. (2007). Grain maize
is a spring crop, but also uses the C4 pathway of photosynthesis
and hence becomes light saturated at near full sunlight, whereas
C3 plants (e.g., wheat, beet) become light saturated at 50% of
full sunlight. As a result, net assimilation (or ultimately crop
growth or yield) of grain maize generally is considerably more
susceptible to tree shading when compared to C3 plants
(Reynolds et al., 2007).

Synergies and trade-offs in ES delivery

In an agricultural context, an increase in biodiversity, regulating
and supporting ES is often considered as a trade-off with the pro-
visioning ES (Foley et al., 2005; Power, 2010; Torralba et al.,
2016). The simultaneous enhancement of the former variables

was confirmed in our research near tree rows with walnut,
although the observed beneficial effect on abundance and diver-
sity of arthropods was mainly restricted to the macro-
detritivorous taxa under study. Crop yield was reduced near the
trees and lowest yields were found where the largest increase in
SOC, nutrients and presence of macro-detritivorous arthropods
was observed. This may confirm the abovementioned trade-off.

However, in contrast to several other environmental measures
(e.g., input reductions), a primary concept of AF is that the tree
strips maintain a production function (e.g., wood, fruit) and
hence contribute to the (overall) provisioning service of AFS. In
the case of walnut, the production of the tree component entails
nuts and wood. The nuts produced by the trees in this study are
not marketed due to their small size and the limited total volume
of production, resulting in an insufficient quality and quantity for
cost-effective marketing. Although nut production indeed varies
with tree variety and management, Oosterbaan (2015) estimates
an average annual nut production of walnut trees in the
Netherlands of 5 and 10 kg tree−1 after 10 and 20 yr, respectively.
A final annual production of at average 18 kg tree−1 is reached
after 30 yr. On the other hand, walnut trees may produce high-
quality wood of which prices went up to €676 m−3 on the regional
wood markets in 2016 (Bosgroepen, 2018). Although this value
will again be affected by the specific tree variety and management
(e.g., high pruning), as a rule of thumb, 1 m3 tree−1 of high-
quality walnut wood (including root wood) can be obtained
after 50 yr (Oosterbaan, 2015). Therefore, when properly mana-
ged, revenues from nuts and wood of walnut trees in AFS may
at least partly remunerate the loss in financial revenues associated
with the potential reductions in crop yield. Further optimization
of this provisioning service of the tree component may be
achieved by integrating the production of additional (agricultural)
goods in the woody strips (i.e., berry-producing shrubs, vegeta-
bles, poultry, etc.). The resulting high diversity of agricultural pro-
duction may furthermore contribute to increased resilience
against fluctuations, for example, in production costs and market
prices (Liebman and Schulte-Moore, 2015) and climate variability
or extreme climate events (Altieri et al., 2015; Lin, 2011).

Conclusions

Increased SOC, soil nutrient concentrations and presence of
macro-detritivorous arthropods were found in the vicinity of
the tree rows in our research. In contrast, decreased crop yield
and altered crop quality were observed near the trees. The lowest
yields were found where the largest increase in SOC, nutrients and
presence of macro-detritivorous arthropods was observed, which
may seem to confirm the trade-off between the enhancement of
biodiversity, supporting and regulating ES and provisioning ES
in agricultural systems. Since the tree rows in AFS maintain a pro-
duction function, this loss in crop yield may, however, at least
partly be compensated by alternative revenues from the tree com-
ponent (e.g., wood, fruit).
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Table A1. Climatological data for the region under study during the years of monitoring (data from nearby weather station at Uccle, Brussels) (KMI, 2019b)

January February March April May June July August September October November December

2015

Monthly mean temp. C° 3.5 3.3 6.6 10.3 13.1 16.5 19.0 19.4 13.5 10.2 10.1 9.6

Total monthly precip. mm 123.9 57.8 52.7 24.4 62.6 53.4 35.5 68.7 59.1 40.9 103.7 54

2016

Monthly mean temp. C° 4.8 4.5 5.3 8.5 14.2 16 18.3 18.1 17.5 9.7 6.1 4.7

Total monthly precip. mm 134.6 112.7 82.4 65.6 78.3 174.6 55.1 54.1 18.3 50.7 93.2 22.7

2017

Monthly mean temp. C° 1.1 6.1 9.6 8.8 15.5 19.2 18.6 18.1 14.1 13.3 6.6 4.4

Total monthly precip. mm 63.7 40.9 47.7 15.2 45.1 50.8 58.3 70.8 77.5 43.1 105.9 130.1
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Table B1. Crop rotation and fertilization on experimental fields

Year Position Crop Variety Sowing date Fertilization Date of harvest

2015 A Winter wheat Sahara 28/10 110-35-55 N 04/08

B Winter wheat Henrik 18/10 100-54-60 N 04/08

2016 A Winter triticale Joyce 18/10 100-30-40 N 08/08

B Winter barley Rafaela 03/10 90-60 N 06/07

2017 A Sugar beet Annelaura 18/04 130 N 09/11

B Grain maize ES Cockpit 21/04 133 N as pig slurry 08/11

Table B2. Application of crop protection agents

Field A Field B

Year Date Product and dose (ha−1) Date Product and dose (ha−1)

2015 Herbicide 04/04/15 Capri Duo 25 g 20/10/14 Javelin 3 L

Duplosan 1 L 08/05/15 Duplosan KV 1.5 L

GAON 1 L Agroxyl duo 1.5 L

Fungicide 08/05/15 Palazzo 1.5 L 23/04/15 Thiovit 4 kg

28/05/15 Allegro 1 L 08/05/15 Capalo 1.50 L

04/06/15 Adexar 1.50 L

Caramba 0.75 L

Insecticide 28/05/15 Fastac 0.2 L 04/06/15 Patriot 0.20 L

2016 Herbicide 28/03/16 Capri Duo 260 g 26/10/15 Herold 0.6 L

GAON 1 L

Accurate 15 g

Fungicide 04/06/16 Furry 0.15 L 18/04/16 Kumulus 4 kg

Ceriax 1.75 L Dithane 2 kg

06/05/16 Adexar 1.25 L

2017 Herbicide 22/04/2017 Centium 70 mL 19/05/17 Videl 0.4 kg

Kombo 1.5 L Banteng 0.6 L

10/05/2017 Goltix 1 L Lecar 0.9 L

Safari 10 g Onyx 0.45 L

Betanal Elite 0.8 L

13/05/2017 Kemifan 1.5 L

Goltix 0.8 L

Pyramin 0.2 L

Avadex 0.5 L

Treto 0.25 L

28/05/2017 Kemifan 2 L

Goltix 1 L

Pyramin 0.4 L

Treto 0.3 L
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Table C1. List of sampled species for woodlice (Isopoda), millipedes (Diplopoda) and carabids (Coleoptera: Carabidae). Total number of each species caught is given
for each sampling distance and type of field edge (tree row vs treeless edge). ‘T+’: field edge with tree row, ‘T−’: treeless field edge

Isopoda T+ T−

Species 0 1 5 30 0 1 5 30

Armadillidium vulgare (Latreille, 1804) 358 20 2 0 0 0 2 0

Oniscus asellus Linnaeus, 1758 1 0 0 0 0 0 0 0

Philoscia muscorum (Scopoli, 1763) 26 7 5 2 0 9 6 4

Porcellio scaber Latreille, 1804 19 10 1 0 3 3 2 0

Trachelipus rathkii (Brandt, 1833) 18 1 0 0 2 1 1 3

Total 422 38 8 2 5 13 11 7

Diplopoda T+ T−

Species 0 1 5 30 0 1 5 30

Brachyiulus pusillus (Leach, 1815) 17 12 16 6 11 3 4 9

Brachydesmus superus Latzel, 1884 0 0 1 0 0 0 0 0

Cylindroiulus caeruleocinctus (Wood, 1864) 105 120 77 47 98 73 64 94

Cylindroiulus punctatus (Leach, 1815) 2 3 0 1 2 3 0 1

Julus scandinavius Latzel, 1884 0 0 1 1 0 1 0 0

Melogona gallica (Latzel, 1884) 0 0 0 0 0 1 0 0

Polydesmus coriaceus Porath, 1871 5 1 1 0 5 1 0 2

Polydesmus inconstans Latzel, 1884 10 6 12 3 6 6 4 9

Proteroiulus fuscus (Am Stein, 1857) 0 1 0 0 0 0 0 0

Total 139 143 108 58 122 88 72 115

Carabidae Feeding T+ T−

Species guild 0 1 5 30 0 1 5 30

Agonum muelleri (Herbst 1874) C 0 0 0 0 1 0 0 1

Amara aenea (DeGeer, 1774) P 32 2 1 0 5 4 0 1

Amara communis (Panzer, 1797) P 0 0 0 0 0 1 0 0

Amara familiaris (Duftschmid, 1812) P 0 0 0 0 1 0 0 0

Amara lunicollis Schiødte, 1837 P 0 1 0 0 0 0 0 0

Amara similata (Gyllenhal, 1810) P 0 0 0 0 1 1 0 0

Anchomenus dorsalis (Pontoppidan, 1763) C 5 6 18 18 17 22 23 22

Anisodactylus binotatus (Fabricius, 1787) O 1 0 1 2 1 0 0 0

Asaphidion flavipes (Linnaeus, 1760) C 0 0 0 2 0 1 0 0

Bembidion lampros (Herbst, 1784) O 1 0 0 4 3 1 0 1

Bembidion obtusum Audinet-Serville, 1821 C 0 3 5 0 2 4 4 9

Bembidion properans (Stephens, 1828) C 0 0 0 0 0 1 0 0

Bembidion quadrimaculatum (Linnaeus, 1760) C 0 0 0 0 0 0 0 1

Bembidion tetracolum Say, 1823 C 0 5 2 4 7 3 3 1

Calathus fuscipes (Goeze, 1777) O 0 0 0 0 0 1 0 0

Calathus melanocephalus (Linnaeus, 1758) O 0 1 0 0 0 0 0 0

Demetrias atricapillus (Linnaeus, 1758) C 0 1 0 0 2 1 0 4

Harpalus affinis (Schrank, 1781) P 5 0 0 0 4 0 1 0

Loricera pilicornis (Fabricius, 1775) C 1 4 2 6 3 6 4 9

Nebria brevicollis (Fabricius, 1792) C 5 2 1 0 6 1 2 2

(Continued )
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Table C1. (Continued.)

Carabidae Feeding T+ T−

Nebria salina Fairmaire & Laboulbène, 1854 C 16 34 10 3 2 6 2 1

Notiophilus biguttatus (Fabricius, 1779) C 2 0 1 0 0 0 2 0

Notiophilus quadripunctatus Dejean, 1826 unknown 1 0 2 3 0 0 2 3

Parophonus maculicornis (Duftschmid, 1812) unknown 4 0 0 0 0 0 0 0

Poecilus cupreus (Linnaeus, 1758) C 0 0 1 0 8 1 0 0

Poecilus versicolor (Sturm, 1824) C 2 0 0 2 13 4 3 5

Pseudophonus rufipes (De Geer, 1774) P 1 1 0 0 0 0 0 0

Pterostichus diligens (Sturm, 1824) C 0 0 0 0 1 0 0 0

Pterostichus melanarius (Illiger, 1798) O 61 117 112 394 48 68 76 244

Pterostichus strenuus (Panzer, 1796) O 0 1 0 0 0 0 0 0

Pterostichus vernalis (Panzer, 1796) O 0 0 1 0 0 0 0 0

Tachyta nana (Gyllenhal, 1810) C 1 22 19 13 1 12 5 25

Trechus quadristriatus (Schrank, 1781) C 10 41 12 31 5 11 12 30

Total 148 241 188 482 131 149 139 359

Feeding guild: ‘C’, carnivorous; ‘O’, omnivorous; ‘P’, phytophagous (after Anjum-zubair et al., 2015; Harvey et al., 2008; Kennedy, 1994; Sunderland and Vickerman, 1980; Turin, 2000).
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