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Faculty of Agrobiotechnical Sciences Osijek, Josip Juraj Strossmayer University of Osijek,
Vladimira Preloga 1, 31000 Osijek, Croatia
* Correspondence: hzalac@fazos.hr; Tel.: +385-31-554-891

Abstract: The incorporation of trees on traditional agricultural land has the potential for providing
beneficial conditions for understory crops by altering the microclimate. Under these assumptions,
we conducted a study on maize productivity intercropped in a 14-year-old walnut orchard by
measuring growth and yield parameters, and water and nutrient uptake. Overall, we found that
walnut trees decreased maximum air temperature and increased air humidity, especially during hot
summer months characterized by precipitation deficit. A 30% reduction in maize yield per total area
was a result of significantly reduced plant density, which could be a walnut-specific effect due to
juglone excretion. Productivity per plant increased as shown by a significantly higher harvest index
and 1000 kernel weight. No meaningful differences were found in terms of maize grain nutrient
productivity, nutrient recovery, or nutrient use efficiency. On the systems level, we observed an
advantage of the walnut-maize system compared to its respective monoculture systems—land and
water equivalent ratios showed that for gaining the same yields as in intercropped system, walnut
and maize grown separately would need 32% more land and 31% more water. Our study implies
there are some beneficial outcomes to growing maize with trees, although further research should
focus on investigating walnut as an option, due to its possible allelopathic effects.

Keywords: agroforestry; intercropped orchard; walnut; maize; water equivalent ratio; land equivalent
ratio; nutrient efficiency

1. Introduction

The trend of rising temperatures under climate change is well evidenced and many
future climate projections indicate that the continuation of this trend is inevitable [1].
Generally, many regions will face warmer and drier conditions during summer, which
insinuates a high risk for agricultural production. Maize (Zea mays L.), one of the most
important crops, might be especially vulnerable [2], even though it favors relatively higher
temperatures than other staple crops. Outside breeding efforts to produce more heat-stress
resilient hybrids, maize adaptation will need to deal not only with increased temperature
averages but also with the increasing frequency of extreme climate conditions [3]. Excellent
potential for mitigating these conditions has been shown by introducing trees to traditional
arable land and establishing agroforestry systems. Trees can modify the microclimate
by influencing radiation flux, reducing temperature oscillations and wind strength, and
increasing relative air humidity. These changes lead to a reduction of evapotranspiration
and the improvement of water utilization for such systems, and ultimately, more stable
conditions for crops grown underneath the trees [4]. Intercropping arable crops between
trees provide many ecosystem services [5], and one of the most important potentials of
these systems is the reduction of reliance on chemical inputs, via better utilization of soil
nutrients [6]. Trees in agroforestry systems may promote advantages in nutrient acquisition
of understory crops by reduction of losses via safety nets, uplift of deep soil nutrients,
changes in chemical processes at the rhizosphere by root activity, and the addition of
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nitrogen from the atmosphere in the case of N fixing trees [7]. However, many factors affect
these processes and the balance between complementarity and competition for resources
between species is crucial for the overall productivity of agroforestry systems. Probably the
greatest concern for intercropping maize with trees is the reduction of incoming radiation
under the shade of trees. Maize, as a C4 plant, is sensitive to reduced radiation, and the
reduction of biomass and yield under shading is anticipated [8]. However, some studies
have concluded that light competition is not a significant factor for the reduction of maize
yields in agroforestry when tree lines follow a N–S orientation [9–11], and some studies
in Africa have found even higher maize yields in agroforestry compared to monoculture
maize [12,13]. Still, the extent of shade and its effect on understory crop productivity
depends also on the tree species, age and morphology. In the case of high trees with wide
or converging canopies, there will be little advantage of the N–S orientation. Another factor
is the region, i.e., climate. The positive effects of trees which have been found in tropical
regions may have the completely opposite effect in temperate regions. Common walnut
(Juglans regia L.), also called English or Persian walnut, is cultivated around the world. It
produces kernels with great nutritional value, but it also produces high-quality timber [14].
The suitability of walnut for agroforestry systems lies in its morphological and phenological
features: its irregular, half-open crown allows more light to reach the understory, and its
late leafing delays shading on intercrops, which is the basis of temporal complementarity
in systems with winter crops. At the same time, this trait could be a competing factor in
systems with summer crops. Furthermore, the walnut tree has a long and not very fibrous
taproot, which has the potential to partially eliminate below-ground competition with
crops [10,15]. However, these features can vary across different environmental conditions,
soil types, pruning management processes, etc. Another important aspect to consider for
intercropping with walnut trees is allelopathy. Namely, walnut trees produce a variety of
organic substances that can have inhibitory effects on plants grown nearby, but the most
notable one is juglone (5-hydroxy-1,4-naphthoquinone). Juglone is found in all tree organs
but is especially abundant in leaves, fruit hulls, and roots [16].

Considering all of the above, our study aimed to quantify the potential microclimatic
benefits of intercropped walnut orchards and evaluate whether they can aid maize growth
under the hot and dry summers of temperate Europe, despite anticipated competition
with walnuts. The novelty of our research lies in a system-level investigation, as well as
a detailed study of maize growth, and water and nutrient-related productivity. It was
conducted by measuring and analyzing (i) microclimate parameters; (ii) soil moisture;
(iii) maize phenology, growth, yield, and nutrient uptake, and (iv) the land and water
productivity of the system.

2. Materials and Methods
2.1. Field Experiments and Systems Design

Field experiments were conducted in 2021 in Eastern Croatia near the city of Ðakovo
(45◦18′24.09′ ′ N, 18◦26′20.5′ ′). The site elevation is 111 m above sea level, with soil type
luvisol pseudogley on loess, and an effective soil depth of 1500 mm. This area has a
continental climate of warm summers and cold winters, with a mean annual rainfall of
between 600 and 1000 mm, relatively evenly distributed throughout the year.

The experiment consisted of three plots, each approximately 1.3 ha: (a) a control plot
of an arable field with only maize (further referred to as monoculture maize system); (b) a
sole walnut orchard; (c) a walnut orchard intercropped with maize.

The orchard was 14 years old at the time of the experiment, with 8 m alleys between
and a distance of 7 m within the rows of walnut trees (Juglans regia L.). Tree density was
uniform for both the sole and intercropped orchards. Tree row orientation was N–S, and
trees were pruned every year in March. In 2021, trees were on average 5.5 m high, with an
average canopy width of 5 m. All the walnut trees received organic fertilization in 2015 and
foliar topdressing yearly. Within the intercropped orchard, maize was sown in strips of
6 m in width, resulting in a crop area of 75%. Maize (hybrid PP9911) was sown on 26 April
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2021 with a 75 × 19 cm interspace. There were eight maize rows between walnut trees.
Maize was harvested on 14 October 2021. All systems were managed following organic
agriculture principles. Soil management and fertilization were uniform for both maize plots
and no irrigation was applied. Before maize sowing, the green manuring principle was
applied (plowing of buckwheat in the flowering stage). During the 3–5 leaves stage, liquid
N fertilizer acceptable in organic farming was applied to both the intercropped maize and
arable field maize.

2.2. Meteorological Data

Temperature and humidity data were obtained from Tinytag (Gemini Data Loggers,
West Sussex, UK) devices placed between maize rows at crop height. The height position
of these devices was adjusted during vegetation to follow the growth of maize plants.
Precipitation data were measured using the Vantage Pro2 meteorological station (Davis
Instruments Corporation, Hayward, CA, USA).

To describe the broad effect of temperature and humidity, the hydrothermal coefficient
(K) was calculated:

K = 10 ∗ sum of rainfall [mm]/number of days ∗ average daily air temperature [C].

Interpretation of the hydrothermal coefficient according to Selyaninov [17] was based
on the following:

1. K > 1.5: excessive humidity for most plants;
2. 1 < K < 1.5: humidity sufficient for most plants;
3. 0.5 < K < 1.0: insufficient humidity for most plants;
4. K < 0.5: drought.

2.3. Soil Water Content

Soil volumetric water content was derived from soil water potential data. The matric
potential of soil water was recorded using Watermark sensors (Environmental Measuring
Systems s.r.o., Brno, Czech Republic) on each plot. Due to technical difficulties with
the sensors, data was recorded during 10-day periods around each observed stage (see
Section 2.4). Sensors were previously calibrated as described in Žalac et al. [18]. The soil
water measurements were recorded for 10, 30, 60, and 90 cm of soil depth.

2.4. Sampling, Measurements, and Analysis

Ten maize plants were sampled at random across the width of the alley, four times
during maize development: at the five leaves stage (V5), during the blister stage (R2),
during the dough stage (R4), and at harvest (H). Plant samples were measured for height
and dried in the oven at 105 ◦C for the first two hours and then at 70 ◦C until constant
weight to determine aboveground dry matter biomass accumulation. The leaf area of a plant
was determined by summing up the measurements of each leaf’s maximum width ∗ length
∗ 0.75 [19,20]. This value was then multiplied by the number of plants per 1 m2 to obtain the
leaf area index (LAI). A SPAD-502 meter (Soil Plant Analysis Development, Minolta, Japan)
was used to obtain so-called SPAD values of greenness, which indicate the relative amount
of chlorophyll present in plant leaves (Minolta, 1989). Four soil samples were collected
from both the middle of the alley (10 subsamples) and closer to the trees (10 subsamples) at
depths of 0–30 and 30–60 cm. Soil chemical analysis included the determination of pH (HRN
ISO 10390:2005), organic matter content (OM) (HRN ISO 14235:1998), and concentrations
of available nitrogen (mineral N; NO3

−-HRN EN ISO 13395:1998 and NH4
+-HRN EN ISO

11732:2008), phosphorus (P2O5), and potassium (K2O) following the Egner et al. method
(1960). The content of nitrogen, phosphorus, and potassium was determined from plant
tissue and grain at harvest.
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2.5. Yields Determination

Maize yields were determined by harvesting plants from a 10 m2 area, separating,
drying, and weighing the grain. Total yields were expressed in kg ha−1. To account for the
unsown area in intercropped orchards (tree row strip), the determined maize yield (per
cropped area) was multiplied by 0.75 to obtain yield per total area. 1000 kernel weight was
also reported on a dry matter basis. The harvest index was calculated as the ratio of dry
matter grain yield to dry matter total biomass. Walnut fruit yields were determined by
collecting nuts from each walnut system and weighing them.

2.6. Land Equivalent Ratio (LER)

LER (land equivalent ratio), which is used to determine the productivity advantage of
intercropped systems, was calculated as follows [21]:

LER = pLERW + pLERM = Yint,W/Ymono,W + Yint,M/Ymono,M

where pLERW and pLERC are so-called partial LERs of walnut and maize, i.e., relative
yields of species in the intercropped system. Yint,W and Yint,M are yields of walnut
and maize, respectively, in the intercropped system, and Ymono,W and Ymono,M are
walnut and maize yields, respectively, in the monoculture plot. When LER < 1, there is no
agronomic advantage of intercropping over sole cropping, but when LER is >1, production
in the intercropped system is higher than in the separate sole system, meaning that for
production of the same yields as in monoculture systems, intercropping would require less
land area.

2.7. Water Use (WU), Water Productivity (WP), and Water Equivalent Ratio (WER)

For calculating growing season evapotranspiration, soil water content and precipita-
tion data were inputs of the water balance equation [22], which represents actual water use
(WU, mm):

WU = P + S1 − S2

where P is the amount of rainfall (mm) during the maize growing season, S1 is the water
content (mm) within 0–90 cm soil depth at crop sowing, and S2 is the water content for the
same depth at maize harvest. Water runoff and capillary rise have been ignored because the
experimental fields were flat, and the water table was low (below 10 m). Due to the presence
of a poorly permeable Btg subsoil horizon with higher clay content, downward drainage was
negligible and is therefore excluded from the equation. Water use was not partitioned for each
plant species, because maize and walnut roots overlap in intercropped systems; instead, it
was representative of the system as a whole. Water use was determined by averaging WU
measurements from the middle of an intercropped alley and within tree rows.

Water productivity (WP, kg ha−1 mm−1) was calculated as the ratio of the yield and
the water use of the system [23,24]:

WP = Y/WU

where Y is maize or walnut fruit yield (kg ha−1) and WU is the actual water use (mm).
Water equivalent ratio (WER) was used to determine if water was used more efficiently

in intercropping than in monoculture systems [25], and it was defined analogously to LER.
WER was calculated as the ratio of intercropped walnut WP to the walnut monoculture
WP plus the ratio of maize WP in the intercropped system to the maize monoculture WP:

WER = pWERW + pWERM = WPint,W/WPmono,W + WPint,M/WPmonoM

WER values quantify the amount of water needed in monoculture plots for walnut
and maize to achieve the same yield as produced with one unit of water in the intercropped
system. WER > 1 indicates a water use advantage for the intercropped system, meaning
that yields in the intercropped system are produced with less water than needed for the
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same yields in monoculture plots. If both LER > 1 and WER > 1, then the intercropped
system requires less land and less water than monoculture cultivation.

2.8. Nutrient Indices

For the estimation of nutrient efficiency in observed maize systems, different nutrient
indices were calculated. First, nutrient accumulation (nA) was calculated by multiplying
total aboveground dry matter by nutrient content to obtain the accumulated nutrient in
kg ha−1. GnA is the amount of nutrient accumulated in the dry matter of grain.

Nutrient use efficiency (nUE) was used as an expression of maize grain productivity
per amount of nutrient acquired [26]:

nUE = Y/nA (kg ha−1 [kg total accumulated nutrient ha−1]−1),

where Y is dry grain yield and nA is nutrient accumulation, with n denoting different
nutrients—either nitrogen, phosphorus, or potassium.

Nutrient productivity (nP) was calculated as the ratio of grain yield and available soil
nutrient content. It is derived from a concept of nutrient-response efficiency [24,26,27]:

nP = Y/Sn (kg ha−1 [kg soil nutrient ha−1]−1),

where Y is dry grain yield and Sn is available soil nutrient content, with n being N, P, or K.
Nutrient recovery index (GnRI) was used to determine how efficient maize was in

relocating available soil nutrient into grain [24,28]:

nRI = GnA/Sn (kg grain accumulated nutrient ha−1 [kg soil nutrient ha−1]−1),

where GnA is grain nutrient accumulation and Sn is available soil nutrient content, with n
being N, P, or K.

These indices were calculated for the three macronutrients analyzed; nitrogen (NUE,
NP, NRI), phosphorus (PUE, PP, PRI), and potassium (KUE, KP, KRI).

2.9. Statistical Analysis

Statistical analysis of the obtained data was conducted in R software [29] using analysis
of variance (ANOVA) and Tukey’s honestly significant difference (HSD) post hoc test. Non-
parametric alternative tests were applied in the case of non-normal data distribution and/or
variance heterogeneity.

3. Results and Discussion
3.1. Microclimate Conditions

Different simulation models for a future climate in Europe predict warmer and drier
conditions with increased risk of heat stress and drought during summer, especially for the
Pannonian region [30,31]. In comparison with average measurements for our region in the
period from 1981–2010, April and May of 2021 were much colder than normal [32], and
the summer months of 2021 were relatively hot and dry. During maize vegetation, there
was only 327.5 mm of rain, which was not distributed uniformly. The greatest precipitation
deficit occurred during June 2021 (Figure 1).

During the hot summer months of June, July, and most of August (from maize stage
V5 to stage R4), there was not sufficient humidity for plants, according to the hydrothermal
coefficient (Table 1).
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Figure 1. Daily precipitation for 2021 during maize vegetation. S—maize sowing date; V5—maize
five leaves stage; R2—maize blister stage; R4—maize dough stage; H—maize harvest.

Table 1. Hydrothermal coefficient for 2021 during maize vegetation. S—maize sowing date; V5—
maize five leaves stage; R2—maize blister stage; R4—maize dough stage; H—maize harvest.

Period K

S–V5 1.8

V5–R2 0.54

R2–R4 0.57

R4–H 1.51

However, the intercropped system did seem to mediate these conditions in terms
of microclimate changes. Generally, it had lower maximum and higher minimum tem-
perature and humidity than the maize monoculture system (Figures 2 and 3), meaning
there was less oscillation on daily basis, which can help plants adapt and resist stress
conditions. There was no significant difference in daily temperature extremes between the
monoculture and intercropped systems during the first month of maize growth, as this
is when walnut only begins to develop foliage and thereby does not yet cause significant
shading of the understory. However, significant differences were found in terms of both
maximum and minimum daily temperatures during the period from the maize five leaves
stage (V5) to the dough stage (R4), as well as minimum temperature from the dough stage
(R4) until harvest (H). This was when the intercropped system had lower maximum temper-
atures and higher minimum temperatures, providing more stable conditions (Tukey’s HSD,
p < 0.05) (Figure 2). Regarding the daily relative humidity, the analysis of variance showed a
statistically significant difference between the two systems during all maize growth stages,
i.e., the whole vegetation. The intercropped system had higher maximum and minimum
relative humidity, except during the first month of maize growth when the monoculture
system had higher maximum humidity (Tukey’s HSD, p < 0.05) (Figure 3). These positive
changes in microclimate in the intercropped system with trees were mostly due to shading
and wind reduction, which can buffer the temperature, increase air humidity, and result in
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reduced evapotranspiration [33]. Similar results have been obtained in other studies on
tree-based systems across different regions [4,34–36].
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3.2. Soil Water Content

Initially, soil water content was similar in the three observed systems, as well as at
the end of maize vegetation. In April, walnut trees have not yet produced foliage, and
in October, when maize is harvested, walnut trees have already lost the majority of their
leaves. Accordingly, walnut water demand during these periods is not high; therefore, soil
water content is not affected by water uptake. The intercropped system conserved more
water during the V5 stage than both the monoculture maize and the orchard, but later in
vegetation, it had much less than the monoculture maize, especially in the deeper soil layers,
which could be an indicator of the walnut water uptake pattern (Figure 4). Positive effects
of trees on the microclimate in terms of decreased day temperatures, increased air humidity,
and the lower transpiration rate of plants in shade could lead to greater conservation of soil
water in intercropped systems. This outcome was found by Panozzo et al. [34] in their study
conducted in Southern France—greater water availability was observed in the olive-wheat
system than in the wheat monoculture system, and these differences were most pronounced
during the last period of wheat vegetation (May and June). Even though we observed
similar microclimate changes in our study (Figures 2 and 3) and there was more water in
the intercropped system during late May (maize V5 stage) (Figure 4), the competition for
water between the walnut trees and the maize increased significantly during dry summer
months, which led to lower soil water content than in the monoculture maize system.
These observations were not unexpected considering the precipitation deficit and high
temperatures that occurred during this period, but also, in this period walnut consumed
most of the water due to fruit expansion [37] and the peak of fine root production [38,39].
Simpson [9] also found that below-ground competition between trees and maize led to
lower soil water content than in monoculture maize, even in shallow soil layers.
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3.3. Soil Chemical Properties

The soil chemical properties showed that soil in the intercropped system did not
differ significantly from the soil in the sole walnut orchard, except for higher potassium
content in the sole orchard. Differences between the soil in the intercropped system and
monoculture maize showed mostly in the pH and organic matter content, which were
significantly higher for the intercropped system (Table 2). Many studies have confirmed the
significant contribution of tree-based systems to soil carbon sequestration [40–43], which
in turn contributes to greater carbon pools in the soil and greater aboveground biomass
than in agricultural monoculture systems [44,45]. Organic carbon is a major component
of soil organic matter, and it is found in greater content in tree-based systems than in
monoculture crop systems due to the increased input of litter and roots, and the reduction
of soil temperature through shading [46,47]. The lower OM content in intercropped systems
compared to sole orchards could be due to the disturbance of the soil by tillage practices [48],
although the difference in our case was not significant.
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Table 2. Soil chemical properties during maize vegetation.

System pH OM [%] P2O5 [mg kg−1] K2O [mg kg−1] N-min [mg kg−1]

Monoculture
maize 5.46 b 1.61 b 98.26 a 129.41 b 23.66 a

Intercropped 6.32 a 1.89 a 91.10 a 141.80 b 18.06 ab

Orchard 6.19 a 1.92 a 84.34 a 163.66 a 16.37 b
Different letters indicate statistically significant differences between systems (Tukey’s HSD, p < 0.05).

3.4. Maize Growth and Leaf Greenness during Vegetation

Regarding growth traits measured during vegetation, statistically significant differ-
ences were observed in favor of intercropped maize compared to monoculture maize,
despite observed competition for water. During whole vegetation, maize in the inter-
cropped system was higher, and had a greater leaf area index and higher SPAD values than
maize in the monoculture system. Initially, it also had higher aboveground biomass (until
R4 stage) (Table 3). All of these were a sign of maize adapting to shaded conditions—plants
grown in shade tend to grow higher and produce greater leaf area in order to reach more
light [49–51]. Even though incoming photosynthetically active radiation is a major deter-
minant of plants’ dry matter production, photosynthetic efficiency is also driven by plant
leaf area, leaf area density, and leaf area duration [52,53], which is why plants grown in
mixed systems do not necessarily have reduced photosynthesis. Gillespie et al. [10] found
no effect of tree shading on maize net photosynthesis, while Zhang et al. [54] found that
net photosynthetic efficiencies on leaf level in mixed crops were even higher than in sole
crops due to the increase in the proportion of diffuse radiation. Our earlier studies have
shown that on the experimental site, solar radiation under the canopy during the summer
months does not fall below 10,000 lux, which is sufficient for normal plant growth [55].
Higher aboveground biomass of intercropped maize correlates with increased height and
leaf area; however, this comes at the cost of carbon invested in the stems [49]. It seems this
could have been the case in our study—at the end of vegetation, when leaves senesced
and began to fall apart, the monoculture maize had higher aboveground biomass due to
more dry matter allocated to the stem (Table 3). Another case could be that the maize in the
monoculture system prolonged carbon allocation in vegetative organs due to unfavorable
microclimate conditions, instead of investing more carbon into grain filling.

Table 3. Maize traits measured during: S—maize sowing date; V5—five leaves stage; R2—blister
stage; R4—dough stage; H—harvest.

System V5 R2 R4 H

Height [cm] monoculture 22.9 b 181.8 b 206.4 b 180.0 b
intercropped 36.0 a 220.1 a 229.8 a 223.0 a

Aboveground biomass [kg ha−1]
monoculture 26.5 b 7191.3 b 13,856.1 a 21,918.1 a
intercropped 36.0 a 10,589.4 a 16,838.3 a 17,768.4 b

LAI [m2 m−2]
monoculture 0.07 b 3.00 b 3.21 b -
intercropped 0.13 a 3.47 a 4.94 a -

SPAD values
monoculture 31.19 b 40.47 b 49.44 b -
intercropped 33.68 a 57.06 a 55.45 a -

Different letters indicate statistically significant differences between systems (Tukey’s HSD, p < 0.05).

3.5. Yields, Yield Components, and LER

Tabolt et al. [56] argued that shading is crucial for crop yields in an intercropped
system with trees. The shading effect on understory crops depends on many other factors.
One of these is tree species, i.e., its crown structure. Reynolds et al. [8] reported that shading
by poplar trees impacted maize performance to a greater extent than shading by silver
maple trees, which was determined by the differences in height and canopy structure
between these two tree species. Surprisingly, Rao et al. [57] found that maize yield was
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positively affected under the shade of Peltophorum, a slow-growing tree with a small
canopy. The walnut trees’ round, irregular, half-open crown fits the criteria of a good
woody species for intercropped systems with crops [15]. Tree row orientation also plays
an important role. Unless canopies converge and overlap, N–S row orientation casts less
shade on the middle of the alley than E–W orientation, especially in higher latitudes. Under
N–S orientation, the shadows from trees at noon, when most plant photosynthesis occurs,
lay mostly under tree rows and not on crop rows [8,58,59]. Even though we observed that
intercropped maize development was driven by reduced light availability, considering all
of the above, we believe that the shading was not detrimental to the reduced maize yield
in our study. Instead, significantly lower maize plant density in the intercropped system
was the main determinant of significantly lower grain yield per total area (Table 4). In our
previous studies in the same walnut orchard, we found that crop plant density was always
lowered in comparison to the monoculture systems; wheat by 16%, barley by 13%, and
buckwheat by 29% (unpublished data). Lower maize density, i.e., reduced germination in
intercropped systems with walnut could be associated with walnut allelopathic properties,
more precisely juglone excretion to the soil [60]. Juglone (5-hydroxy-1,4-naphthoquinone)
is an organic compound found in all plant parts of the Juglandaceae family and is known
to cause inhibition of germination and growth [16]. However, more research is needed to
confirm the potential and extent of juglone build-up in the soil under walnut orchards. To
gain more insightful information about the effect of trees on maize yield, we also calculated
the yield per cropped area, i.e., excluding the area occupied by trees, but still accounting
for lowered maize plant density. In this scenario, maize yield per cropped area was 96.61%
of that in the monoculture system, which shows that besides less area for growing maize
and despite fewer plants emerging, maize yield was not significantly impacted by walnut
trees (Table 4).

Table 4. Maize yield (dry matter basis) and yield components.

Monoculture Maize Intercropped Maize

Density [plants ha−1] 67,750 a 54,000 b

Grain yield per cropped area [kg ha−1] 9448 a 9127 a

Grain yield per total area [kg ha−1] 9448 a 6845 b

1000 kernel weight [g] 301.61 b 343.43 a

Harvest index 0.43 a 0.52 a

Different letters indicate statistically significant differences between systems (Tukey’s HSD, p < 0.05).

Nevertheless, the reduction in the number of plants per area was probably compen-
sated by increasing the productivity of individual plants [61,62], so intercropped maize
achieved a higher harvest index and significantly greater 1000 kernel weight than monocul-
ture maize (Table 4). Besides plant density, environmental factors should also be considered
for observing these differences. Temperature thresholds for maize reproductive develop-
ment are considerably lower than those for vegetative growth and are often exceeded for
summer crops in our region. Biomass accumulation and transport capacity can be severely
affected under such conditions, leading to a reduction in kernel number and weight [63].
Although the microclimate under tree rows can improve biomass remobilization towards
grain [64], intercropped maize might also have preferentially began allocating assimilates
to grains at the expense of total biomass due to limited water availability, i.e., competition
with walnut trees. Similar observations have been previously reported for sorghum [65]
and soybean [66]. This theory could explain our results for the maize plant aboveground
biomass during vegetation, the 1000 kernel weight, as well as the improved harvest index.
We found a 12% increase in the 1000 kernel weight of intercropped maize compared to
monoculture maize. Similarly, Temani et al. [33] found that grain weights under olive
orchards were increased by 17% for faba bean and 39% for wheat.
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Walnut fruit yield amounted to a total of 1777 kg ha−1 in the intercropped system and
2997 kg ha−1 in the sole walnut orchard. This led to a walnut pLER of 0.59. The relatively
low pLER of walnut in the intercropped system can not be ascribed to the competition
with maize and is solely due to undefined differences between the two parts of the orchard.
Namely, the orchard in this study had contrasting fruit yields between the first and last
five rows of walnut trees since establishment, i.e., long before introducing intercrops. The
first five tree rows always produced significantly less fruit yield than the last five, and the
reason for intercropping crops between these first rows was to increase the total productivity
of the area. Maize pLER was calculated on basis of total area (including the area occupied
by trees), and amounted to 0.72. Together, these pLERs gave the intercropped system a
high LER of 1.32, meaning it was 32% more productive per unit of land than cultivating
these species separately. Some other studies, under different climates and designs, have
also shown that tree-based intercropping systems with maize can achieve LER > 1 [67–70].
Our previous work [71] on simulating the productivity of intercropped systems using the
Yield-SAFE model calibrated for our walnut orchard showed that, although intercropped
maize could achieve surprisingly high yield while trees are young, by the time they reach
year 13, maize pLER drops drastically and ranges from 0.18 to 0.55 depending on tree
density scenario. However, by this time, walnut is in full fruit production maturity and
its pLER could leverage a total LER towards LER > 1 (1.20 in the worst-case scenario
with the highest tree density). Nevertheless, it would be expected that due to temporal
complementarity in resource use between trees and crops, intercropping winter crops
results in greater LER than intercropping summer crops. Under our experiments so far,
we found that the best intercrops with walnut trees in terms of LER were as follows:
winter barley—1.53 [18], perennial ryegrass—1.44 (unpublished data), maize—1.32, winter
wheat—1.18 [72], buckwheat—1.05 [18].

3.6. Water Use, Water Productivity, and Water Equivalent Ratio

Complementarity in water use in intercropped systems with deciduous trees could be
maintained either spacially [37,73]—by choosing deep-rooting trees with a long taproot and
little or no lateral spreading [15], or temporally—by intercropping winter crops that can
satisfy most of its water needs before the trees begin leafing and consume more water [74,75].
Such design and species selections could lead to maximum efficiency in water use for the
intercropped system and maximize productivity.

The monoculture maize system in our experiment used the most water, i.e., it had the
highest evapotranspiration of the three observed systems (Table 5). Considering the higher
temperatures and lower humidity in this system, this is probably a result of a greater share
of soil evaporation than in systems with trees [76–78]. The sole walnut orchard used the
least water, which is probably only due to the combination of reduced soil evaporation
and the transpiration of trees. Due to its higher yield and absence of competition for
water with trees, monoculture maize had higher water productivity (also called water use
efficiency—WUE) than maize in the intercropped system, although this difference was
not statistically significant (Tukey’s HSD, p > 0.05) (Table 5). Sole walnuts used less water
than the intercropped system, and considering its much higher yield, it was also more
productive per unit of water used. However, the intercropped system reached a WER of
1.31, which means that maize and walnuts grown together were 31% more efficient in using
water than the monoculture system. The WER value followed closely the LER value, as has
been seen in some other studies [25,79].
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Table 5. Water use (WU [mm]), water productivity (WP [kg/ha/mm]), and water equivalent ratio (WER).

System WU WP pWER WER

Monoculture maize 272.75 40.3 - -

Walnut orchard 244.75 12.2 - -

Intercropped system;
Maize

261.53
30.4 0.76

1.31Walnut 6.8 0.55

3.7. Nutrient Indices

Trees provide environmental services by reducing nutrient losses via a safety net, the
uplift of deep soil nutrients, fixation of N2, and changing morphological and chemical
processes at the rhizosphere [7], which can then indirectly benefit the nutrient uptake of
crops in agroforestry systems. Studies have found that crops in an intercropped system
with trees gained higher nutrient content in biomass and/or grain in comparison with
monoculture systems [12,59,74,80,81]. In our previous study, we also found that barley in
the intercropped system had significantly higher N, P, and K grain content [82]. However,
we observed the contrary with intercropped maize (Table 6).

Table 6. Grain nutrient contents and nutrient indices; NP, PP, KP—grain productivity [kg ha−1

[kg soil nutrient ha−1]−1], NUE, PUE, KUE—nutrient use efficiencies [kg ha−1 [kg total accumulated
nutrient ha−1]−1], NRI, PRI, KRI—nutrient recovery indices [kg grain accumulated nutrient ha−1

[kg soil nutrient ha−1]−1].

Monoculture Maize Intercropped Maize

N [%] 1.38 a 1.36 b
P [%] 0.25 a 0.25 a
K [%] 0.35 a 0.34 b

NP 43.21 a 54.68 a
PP 10.41 a 10.84 a
KP 7.90 a 6.97 a

NUE 25.33 a 29.01 a
PUE 160.75 a 176.91 a
KUE 47.44 b 57.98 a

NRI 0.88 a 0.70 a
PRI 0.03 a 0.03 a
KRI 0.03 a 0.02 a

Different letters indicate statistically significant differences between systems (Tukey’s HSD, p < 0.05).

Gillespie [83] stated that greater competition between trees and crops in agroforestry
systems is most likely to occur for nitrogen as nitrate and potassium. We found that
monoculture maize had higher grain nitrogen and potassium content (N% and K%) than
intercropped maize (Table 6). Even though intercropped maize had higher nitrogen, phos-
phorus, and potassium use efficiencies (NUE, PUE, KUE), meaning that it produced more
dry grain mass per kg of those nutrients accumulated (Table 6), the difference was signifi-
cant only for potassium. Our results are comparable with those observed by Ciampitti and
Vyn [84] and Ciampitti et al. [85]—nitrogen and phosphorus use efficiency (denoted as NIE
and PIE) increased exponentially as the grain concentration of those nutrients declined.
Higher nutrient use efficiencies in the intercropped system in this study could be related to
decreased plant density, as there is less intra-species competition (Table 3). Furthermore,
intercropped maize also produced slightly higher grain yield per available nitrogen and
phosphorus (NP and PP), which could be related to lower nitrogen and phosphorus con-
tent in the soil [24]. Schmidt et al. [27] examined grain nutrient productivity (denoted as
NRE—nutrient response efficiency) in crops in intercropped systems across three different
sites, i.e., different soil types. They reported that nutrient productivities were comparable
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between crops in monoculture and intercropped systems, due to similar yields and nutrient
availability in the soil. Similarly to our results, they did not observe any KP advantage
during their study but found a higher NP of intercrops on gleyic cambisol. The nutrient
recovery indices (NRI, PRI, KRI) showed no significant difference for maize between the
monoculture and intercropped systems, indicating that the ability of maize to partition
nutrients in grain was not affected by its possible competition with walnut trees.

4. Conclusions

Maintaining agricultural production at a high level while ensuring sustainability to
face climate change challenges is a high priority around the globe. The role of trees in
modifying microclimate conditions on agricultural land can be significant in mitigating heat
stress. Our study showed that combining walnut orchards with maize in temperate regions
has a lot of potential for sustaining the high land and water productivity of the system
while having the benefit of improved microclimate conditions for crops. Land and water
equivalent ratios of 1.32 and 1.31, respectively, showed an advantage for the walnut-maize
intercropped system, meaning that for achieving equivalent yields in monoculture systems,
these species would need both more land and more water. Despite the anticipated negative
effects of shade on C4 crops such as maize, we found this was not a limiting factor for
maize productivity in the system intercropped with walnut. Moreover, the maize seemed to
proficiently adapt its growth to these conditions by increasing its aboveground growth. It is
important to note here the importance of tree row orientation, as E–W orientation can limit
light availability for intercrops to a greater extent than N–S orientation. Belowground, we
did observe possible water competition with trees during the walnut fruit expansion stage,
but the main limiting factor for decreased maize yield per unit of the total area was reduced
germination. Many studies have reported the negative effects of walnut juglone excretion
on plants grown nearby, and this may have been the case in our 14-year-old orchard.
However, more research is needed to evaluate the extent of this allelopathic potential
regarding tree age, soil type, etc. Nevertheless, the reduction in the number of plants per
area was compensated by the increased productivity of individual plants, so intercropped
maize achieved a higher harvest index and significantly greater 1000 kernel weight than
monoculture maize. Furthermore, we did not find an increase in grain nutrient content as
observed in previous studies and seen in the literature. On the contrary, monoculture maize
achieved higher nitrogen and potassium content. No significant differences were found
in terms of maize grain productivity per unit of soil nutrients or grain nutrient recovery.
However, intercropped maize did produce more grain mass per unit of accumulated
nitrogen and potassium. Further research should focus on providing insights into the
trade-off between radiation decrease and microclimate improvements in intercropped
systems with summer crops. Also, potential allelopathic associations in mature walnut
orchards should be assessed.
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