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Growth and yield of soybean cultivated in agroforestry systems

Agriculture has caused numerous concerns regarding the preservation of natural resources. In this context,
agroforestry systems are emerging as a more sustainable alternative. The present study aimed to evaluate growth
characteristics, radiation use efficiency, biomass partition, and yield of soybean grown in two agroforestry systems and
full sun. A field experiment was conducted in Southern Brazil during the 2014/2015 crop year, in which transmissivity of
solar radiation, leaf area index, radiation use efficiency, and yield of soybean were evaluated. The solar radiation
dynamics varied among the study factors, mainly due to the agroforestry arrangements. Shading influenced the leaf area
index, radiation use efficiency, biomass partition, and soybean yield. Based on the soybean yield values generated in
this study, the use of more spaced agroforestry arrangements and Peltophorum dubium forest species is recommended.
However, because the yield values were below the expected levels, it is not yet possible to confirm the full potential of
soybean crop in agroforestry systems. Thus, new studies should be conducted in order to generate alternatives that
make soybean cultivation feasible in agroforestry systems, such as assessing the use of more spaced agroforestry
arrangements, the insertion of the soybean crop in the initial years of cultivation of agroforestry, as well as reduce
intraspecific competition by decreasing the plant population of the crop.
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INTRODUCTION

The popularity of agroforestry systems (AS) has been
increasing in Brazil, especially in small farms, as an
alternative for intercropping between annual and perennial
species (Balbino et al., 2011). Agriculture has triggered
numerous concerns regarding the preservation of natural
resources. In this context, AS are emerging as a more
sustainable alternative to production, where the integration
of crops and forests promotes socio-economic benefits
such as improvement of the physical, chemical, and
biological qualities of the soil, increase in organic matter
content, and higher nutrient cycling (Cordeiro et al., 2015).

In AS, interactions occur between the growth and
development of intercropping species, for example, tree
canopy projection may alter the dynamics of solar radiation.
Solar radiation is one of the most influential meteorological

elements for plant growth and development and the primary
source of energy for photosynthesis. Thus, biomass
accumulation is highly dependent on the amount of solar
radiation intercepted by the crop canopy as well as its
ability to convert the intercepted radiation to dry matter
(Van Heerden, 2010).

Soybean (Glycine max), is an higly important oilseed
for the Brazilian economy. The area planted with this crop
increased 2% in the 2018/2019 crop season when compared
to the 2017/2018 one (CONAB, 2019). The main reasons
for this increase are the ease grain market  and high crop
profitability. Thus, the insertion of soybean in AS may be
an alternative for expanding the cultivation area, by
inserting marginalized areas into the production system,
reducing the exploitation of new areas, and helping to
maintain biomes (Sgarbossa et al., 2018).
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According to Varella et al. (2010), the interception of
solar radiation by forest species at levels above 50% may
directly affect the growth of species growing in the
understory. Under limited natural resource conditions, such
as water stress, integrated systems tend to optimize
production through differentiated use of factors and
recirculation of available productive potentials between
forest and agricultural components (Macedo et al., 2004).

Previous studies conducted in AS have shown
changes in crop characteristics, such as absolute growth
rate and relative growth rate of sugarcane (Schwerz et al.,
2018), leaf area index and wheat yield (Duan et al., 2019)
and soybean yield (Werner et al., 2017; Caron et al., 2018;
Sgarbossa et al., 2018). The authors attributed these
responses to the reduced solar radiation incidence in the
AS understory. However, there is limited information on
the effects of shading on growth and radiation use
efficiency of soybean grown in AS.

Little attention has been given to the use of different
forest species and agroforestry arrangements and the
impacts on understory microclimate conditions, as well as
the effect of these changes on the growth and yield of
intercropping species. Thus, the following hypothesis was
generated: i) dynamics of solar radiation, growth and yield
of soybean are modified by shading, due to the interactions
between the different plant strata. In order to meet this
hypothesis, the present study aimed to evaluate the
characteristics of growth, radiation use efficiency, and yield
of soybean grown in different arrangements of agroforestry
and full sun.

MATERIAL AND METHODS

Study area and experimental design

A field study was conducted in the city of Frederico
Westphalen, RS, Brazil, under geographic coordinates of
27°232 263  S and 53°252 433  W and altitude of 490 m
above sea level. According to the Köppen climate
classification system, the region’s climate is Cfa, i.e., humid
subtropical, with an average annual temperature of 19.1
ºC, ranging between 0 and 38 ºC and a cumulative annual
rainfall of  2.040 mm (Alvares et al., 2013). The soil of the
experimental area is a typical Eutrophic Litolic Neossol
(Soil Survey Staff, 2014), with a pH in water of 5.2, 4.5 mg
L-1 of P (Mehlich), 56.5 mg L-1 of  K, 8.9 cmol

c
 L-1 of Ca, 1.8

cmol
c
 L-1 of Mg, cation exchange capacity (CEC) of 16.75

cmol
c
 L-1, base saturation of 64.8% (BS) and 3.45% organic

matter (OM). Fertilization was based on soil analysis and
crop recommendations for the region studied (CQFS, 2004),
with 70 kg of P

2
O

5
 ha-1 and 75 kg of K

2
O ha-1 applied at

sowing.
The experimental design was a randomized block,

arranged in a 2 × 2 factorial scheme with additional

treatment, characterized by two arrangements of AS:
Intercrop I (6 × 1.5 m) and Intercrop II (12 × 3 m); two forest
species, Peltophorum dubium, designated (P. dubium) and
the hybrid Eucalyptus urophylla S.T. Blake × Eucalyptus
grandis Hill ex Maiden, designated (E. urograndis); and
full sun, with four repetitions.

In Intercrop I, the trees were distributed in single rows
spaced 6 m between rows and 1.5 m between trees in the
planting line; soybean was distributed in 8 rows and
arranged between the tree rows. In Intercrop II, the trees
were distributed in single rows spaced 12 m apart and 3 m
between trees in the planting line; soybean was distributed
in 22 rows arranged between the tree rows. In total,
Intercrop I was composed of 12 trees, and Intercrop II by 6
trees for each experimental unit. During the experimental
period, all trees were 7-years old.

The planting of forest species was performed in
September 2007. The area was prepared by plowing and
harrowing, followed by the manual planting of seedlings.
Forest species and soybean crop were arranged in an east-
west direction. The allometric characteristics of the 7-year-
old trees during the experimental period are listed in Table
1. The height (H), diameter at breast height (DBH), and
diameter of the canopy (DC) values of the forest species
were measured on 10/20/2014. Tree height was measured
from ground level to the top leaves of the crown by using
a Vertex II hypsometer. DBH and DC were measured by
using a tape measure. The DBH was measured at 1.30 m
from the ground level (Table 1).

Soybean sowing was performed in November 2014, with
line spacing of 0.45 m and 250,000 plants ha-1, and the first
soybean line was placed at 1 m from the tree row. The
soybean cultivar used was Nidera A RG 6411, characterized
by its determinate growth habit, medium size, early cycle,
and good adaptability to the climate of the region. Weed
management and phytosanitary control were performed
according to crop recommendations (Embrapa, 2006).

After soybean sowing, sample plots of 2 m were
demarcated and distributed at different points under the
understory of each experimental unit. In the Intecrop I,
four plots were delineated: P1 P2, P3 and P4, which were
positioned at a distance of 1.0 m, 1.90 m, 2.80 m and 3.70 m
from the tree, respectively. Differently, in the Intercrop II
P1, P2, P3 and P4 were positioned at 1.0 m, 2.35 m, 3.70 m
and 5.05 m, respectively. These sample plots were chosen
with the objective to represent existing microclimate
conditions in the areas under the canopy of each tree
species and arrangements, trying to sample plots
represented the existing variability of solar radiation
availability and competition among intercropping, the
center of the plot and the first sowing line of the annual
crop. The arrangement of trees, soybean plants and sample
plots are shown in Figure 1.
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Meteorological conditions

Incident global solar radiation, average solar radiation
flux, air temperature (minimum, average and maximum)
and rainfall were obtained from an automatic
meteorological station of the Brazilian Institute of
Meteorology (INMET)), located approximately 1500 m
from the study site. The water balance was run according
to  Thornthwaite & Mather (1995) approach at a 10 day
time-step from November 2014 to March 2015, covering
the whole period for soybean cultivation, considering a
soil water holding capacity (SWHC) of 100 mm. The SWHC
was estimated considering the following general soil
characteristics (Doorenbos & Kassam, 1994): average
SWHC for clayey soils of 2.0 mm cm-1; and average values
of effective depth of the crop root system (Alfonsi et al.,
1990) of 50 cm.

Transmissivity of solar radiation and radiation
use efficiency

To determine the transmissivity of solar radiation into
the understory, incident global solar radiation was
measured using a pyranometer (LYCOR PY 32164) coupled
to a Datalogger (LICOR 1400). The incident solar radiation
was quantified outside and under the trees of the
agroforestry system, in previously demarcated plots (Fi-
gure 1). These plots were selected in order to quantify the
distribution of solar radiation in the understory, especially
at the points closest to the row of trees. Measurements
were made on December 29, 2014, January 13, 2015 and
February 10, 2015, from 10 to 12h. Subsequently, the
transmissivity of solar radiation to the understory of each
AS arrangement and each species was calculated using
the following equation:

Table 1: Height (H), mean diameter of tree canopy (DC), and diameter at breast height (DBH) of P. dubium and E. urograndis trees
in two agroforestry arrangements (Intercrop I and Intercrop II)

Arrangements Species H (m) DC (m) DBH (cm)

Intercrop I P. dubium 9.4 4.84 12.44
Intercrop I E. urograndis 23.15 4.23 21.57
Intercrop II P. dubium   7.13 3.62 10.67
Intercrop II E. urograndis 24.08 4.81 32.31

Figure 1: Sketch of an experimental unit of the agroforestry systems (Intercrop I and Intercrop II) and full sun system. Gray squares
represent the trees, dashed lines indicate where the soybean was sowed and gray rectangles represent the sample plots.
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T = I
I0

×  100                 (Equation 1)

where T = transmissivity (%); I = solar radiation incident
inside of the agroforestry system (W m-2); and I

0
 = solar

radiation incident outside the agroforestry system (W m-2).

The radiation use efficiency was determined by
associating the average accumulated dry matter
production and intercepted photosynthetically active
radiation, according to the model proposed by Monteith
(1977).

TDM = RUE*PARi                                              (Equation 2)

where TDM = total dry matter produced (g m-2); RUE =
radiation use efficiency (g MJ-1); and PARi = intercepted
photosynthetically active solar radiation (MJ m-2).

The incident photosynthetically active radiation was
estimated by considering 45% global solar radiation (As-
sis & Mendez, 1989), not considering the difference

between sunny and cloudy days. The intercepted
photosynthetically active radiation was estimated by
considering the model proposed by Varlet-Grancher et al.
(1989):

PARi = 0.95*(PARinc)*(1-e(-k*LAI) )                    (Equation 3)

where PARi = intercepted photosynthetically active
radiation (MJ m-2); PARinc = incident photosynthetically
active radiation; k = extinction coefficient; and LAI = leaf
area index. The extinction coefficient was calculated for
each cropping system by associating the solar radiation
incident in the upper layer of the soybean canopy and
solar radiation incident in the lower layer of the soybean
canopy.

The leaf area index was calculated by considering the
relation between the total leaf area and soil area occupied
by the plant, according to the following equation:

LAI = LA/SA                 (Equation 4)

Figure 2: Average solar radiation flux (MJ m-2 day-1) (A); minimum average and maximum (Max) air temperature (°C) (B); and soil
water holding capacity (C) (decendial base) during the experimental period.



169Growth and yield of soybean cultivated in agroforestry systems

Rev. Ceres, Viçosa, v. 67, n.3, p. 165-175, may/jun, 2020

where LAI = leaf area index; LA = total leaf area of the plant
(m2), SA = area of soil occupied by the plant (m2). The leaf
area was measured with a leaf area integrator (LI 3000).

Plant growth and yield

Plant growth was evaluated fortnightly, from the
beginning of vegetative growth to physiological
maturation, which resulted in six collections throughout
the crop cycle. After collection, the plants were
transferred to the laboratory, where each component
was separated: cotyledons, stems, branches, leaves,
flowers, pods, and senescent leaves. The leaves were
considered senescent when 50% or more of the leaf area
was compromised. After the evaluation, the samples
were placed in a forced-air circulation oven, with a
controlled temperature of around 60 °C, until a constant
weight was obtained.

To evaluate the productive performance of soybean,
the yield was analyzed by collecting four representative
plants from each evaluation plot. Sixteen plants were
analyzed in each arrangement and cropping system. The
evaluation plots were distributed and demarcated in the
understory to obtain the highest possible homogeneity in
these cultivation environments (Figure 1). To quantify the
grain yield, the total grain obtained from each evaluation
plot was weighed, the mass was corrected to 13% moisture,
and the data was upscaled to kg ha-1.

Statistical analysis

The data were statistically analyzed using the software
“Statistical Analysis System” (SAS, 2003). The
Kolmogorov-Smirnov test was performed to verify data
normality; analysis of variance (ANOVA) was performed,

and, according to the F test, significant differences were
found at 5% probability among the study factors. The
Tukey test (p < 0.05) was used to compare arrangements
and species, and Dunnett’s test (p < 0.05) was used to
compare the crop systems.

RESULTS AND DISCUSSION

Meteorological conditions and dynamics of
solar radiation

During the experimental period, an average air
temperature of  22.9 °C (16.4 – 30.7), average solar radiation
flux of  23.25 MJ m-2 day-1 and accumulated rainfall of 663.2
mm were observed (Figure 2). For suitable growth and
development, soybean requires average temperatures
between 20 ºC and 30 ºC and accumulated rainfall from 450
to 800 mm (Embrapa, 2013). Two periods of water deficit
were observed, at the initial stages of establishment of the
crop and  physiological maturation, with little effect on
growth, development and yield of the culture.

When analyzing the transmissivity of solar radiation
in the different agroforestry arrangements, the highest
values were observed in Intercrop II, regardless of the
forest species (Figure 3). These results are related to the
higher distance between tree rows, which allowed a higher
incidence of solar radiation to the understory when
compared to the Intercrop I. Similar results were observed
by Caron et al. (2018), who studied the dynamics of solar
radiation in agroforestry systems and found a higher
incidence of radiation in the most spaced arrangement (12
× 3 m).

However, we observed similar values for the
transmissivity of solar radiation within the understory of
the different forest species. These results are attributed to
the pruning of the forest component previously sowing of
the soybean crop, which minimized the effects of different
canopies on the interception of solar radiation.

Plant growth and yield

For the LAI variable, the highest values were found in
the full sun, with a maximum value of 6.36 at 75 days after
emergence (DAE) (Figure 4). According to Paciullo et al.
(2007), AS have lower LAI because of the lower availability
of solar radiation to the annual crop and less interception
of photosynthetically active solar radiation. Another aspect
for LAI is that the full sun stands out compared to the AS,
especially from 45 DAE. This period coincides with the
closure of the annual crop canopy, initiating self-shading
between plants, increasing intraspecific competition, and
further limiting the incidence of solar radiation to the lower
soybean canopy stratum.

Similar results have been reported by Petter et al. (2016),
who studied the dynamics of photosynthetically active

Figure 3: Transmissivity of solar radiation in the understory of
P. dubium and E. urograndis forest species in different
agroforestry arrangements (Intercrop I and Intercrop II).
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radiation (PAR) in soybean leaf layers under different
sowing densities and found greater variation between PARi
in the lower canopy stratum until 30 DAE. These results
were attributed to the absence of self-shading at the
beginning of the growth and development of the crop due
to the low leaf overlap, increasing the interception flux per
leaf unit.

With regard to the AS, Intercrop II showed higher LAI
values (by 71.3%) than Intercrop I. These results can be
attributed to the lower competitive capacity among soybean
plants under reduced solar radiation availability in less
spaced agroforestry plantations (6 × 1.5 m). Similar results
were obtained by Bosi et al. (2014), who evaluated the
biometric characteristics of Brachiaria grass in a
silvipastoral system and observed a reduction in LAI when
the tree rows were closer.

However, Schmidt et al. (2017) and Bosi et al. (2014)
observed that reductions in the availability of solar radiation
can lead to an increase in the specific leaf area of understory
plants. They highlighted that changes in leaf dimensions
are strategies developed by plants to intercept and absorb
more solar radiation by increasing leaf surface area.

The highest values of radiation use effiency were
verified for E. urograndis Intercrop I (3.45 g MJ-1) and P.
dubium Intercrop II (2.51 g MJ-1), and they were 57.53%
and 14.61% higher than the value obtained from the full
sun, respectively (Figure 5). However, it is important to
highlight that the higher radiation use efficiency of E.
urograndis Intercrop I is related to the higher efficiency of
soybean plants when converting one unit of solar radiation
to one unit of dry matter, but these plants not necessarily
presented higher total dry matter.

Figure 4: Leaf area index of soybean grown in agroforestry systems and full sun.

Figure 5: Radiation use efficiency (g MJ-1) of soybean grown in agroforestry systems and full sun.
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The plants cultivated in the full sun, even with lower
efficiency in the use of energy units (MJ m-2), showed
higher accumulation of dry matter per unit area. These
responses are related to the greater availability of solar
radiation under the canopy of the full sun, which even
being less efficient in converting solar radiation into dry
matter had much larger amounts of solar radiation,
generating compensation between factors and allowing a
greater accumulation of dry matter.

Awais et al. (2017) analyzed the effects of different
soybean plant populations on interception capacity and
radiation use efficiency and reported values of 1.75 g MJ-

1, 1.69 g MJ-1, and 1.63 g MJ-1, according to the reduction
in plant population. Other studies have reported RUE
values of 1.31 g MJ-1 (Adeboye et al., 2016), 1.44 g MJ-1

(Singer et al., 2011), and 1.01 g MJ-1 and 1.77 g MJ-1 (Van
Roekel & Purcell, 2014) for soybean. The variation between

the RUE values reported in this study and those found in
the literature can be attributed to the interannual variation
in solar radiation as well as changes in the cultivation
environment generated by the different plant strata, which
affected the conversion capacity of the solar radiation in
dry matter.

The accumulation of biomass in the leaves, stem,
branches, flowers, and pods was similar during all
evaluation periods (Figure 6). In the early stages of plant
growth in the AS (up to 45 DAE), the leaves, stems, and
branches accounted for, on average, 55%, 25%, and 20%
of the accumulated biomass; the same was observed for
the full sun until 30 DAE. Furthermore, from 60 DAE, the
production of flowers and pods began, reducing the
proportion of other compartments. At 90 DAE, a higher
proportion of pods compared to other plant organs was
observed.

Figure 6: Biomass partitioning of soybean grown in agroforestry systems and full sun: P. dubium Intercrop I (A); P. dubium
Intercrop II (B); E. urograndis Intercrop I (C); E. urograndis Intercrop II (D); and full sun (E).
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Ahmed et al. (2018) attributed this tendency in the
partition of accumulated biomass to crop cycle
characteristics, i.e., a higher proportion of leaves,
branches, and stems can be observed at the beginning of
plant growth because the plants are in the vegetative
stage. When they reach the reproductive stage, floral
differentiation begins and the accumulation of flowers
and pods to the detriment of the other compartments is
observed because the order of priority in the partition of
photoassimilates is determined by the stage of crop
development (Porras et al., 1997). Similar results have
been reported by other studies envolving soybean
(Gaspar et al., 2017) and sugarcane (Schwerz et al., 2018)
crops.

According to ANOVA, no interaction between
system × species for yield was observed, therefore, the
main effects were analyzed. Analysis of soybean yield
among the different AS arrangements showed a
superiority of 63% for Intercrop II when compared to
the Intercrop I (Figure 7A). These results may be related
to the higher solar radiation availability for Intercrop II
due to the greater distance between the tree rows. Simi-

lar results were obtained by Caron et al. (2018), who
reported higher yields from less dense crops. Besides
that, Werner et al. (2017) observed reductions in soybean
yields closer to the tree row. They attributed these
results to the competition for natural resources imposed
by the trees.

Considering the effect of species on yield, a superiority
57.48% was observed for P. dubium when compared with
E. urograndis (Figure 7B). These responses may be related
to the intrinsic characteristics of each forest species,
especially their competitive capacity. P. dubium is a native
and deciduous species, with a slightly flattened cylindrical
trunk, dichotomous branching, and an average height of
10 to 20 m (Carvalho, 2002). In contrast, E. urograndis is
an exotic species,widely adapted to the region, and has
high growth rates in height, stem diameter, and canopy
size (Wink et al., 2012), which results in major effects on
plant growth in the understory.

The low yield obtained in the understory of E.
urograndis may be related to the competition for space
and nutrients imposed by the roots of trees of this
species, which due to its growth characteristics presents

* Means followed by the same letter do not differ according to the Tukey (A and B) and Dunnett (C) tests at 5% probability of error.

Figure 7: Yield of soybean cultivated in agroforestry systems and full sun: (A) agroforestry arrangements; (B) forest species; (C)
crop systems.



173Growth and yield of soybean cultivated in agroforestry systems

Rev. Ceres, Viçosa, v. 67, n.3, p. 165-175, may/jun, 2020

a more advantageous root system than P. dubium, this
factor associated with the advanced age of the tree may
have intensified the competition. Studies with wheat
(Zhang et al., 2013; Wang et al., 2014; Zhang et al.,
2016) and cotton (Zhang et al., 2019) identified
reductions in root growth and spatial distribution due
to the intercropping. Duan et al. (2019), Zhang et al.
(2014) and Zhang et al. (2019) point out that, although
the mutual competition between roots occurs between
different plant strata, the competitive capacity of forest
species is much greater than that of annual crops, and
tends to increase with the proximity of the tree rows
and the age of the planting. Thus, we have highlighted
the importance of information on the characteristics of
forest species when installing AS.

Soybean yield in the full sun was superior, compared
to the other cropping systems (Figure 7C). Diel et al. (2014)
evaluated soybean production performance in an
agroforestry system and did not find significant reductions
in crop yield in the first two years of cultivation. Similarly,
Franchini et al. (2014) cultivated soybean in AS with
Eucalyptus maculata and found yield reductions after the
second year of cultivation. These results were attributed
to the reduced size of the forest species in the early years
of planting, which results in less competitive capacity for
environmental resources.

Solar radiation directly influences crop growth,
development, and yield. Thus, the reduced availability of
this element justifies most of the results obtained in this
study. Based on the transmissivity data, we can observe
that the average solar radiation flux within the understory
was very close to the trophic limit of the crop, defined as
8.4 MJ m-2 day-1 (Fagan et al., 2013), and this may justify
the low yield.

Moreover, given the high demand for grain production,
soybean yield is highly reduced when this species is
cultivated at radiation transmissivity levels below 50%.
The high demand for solar radiation by the crop is due to
the bromatological composition of its grains, which consist
mainly of proteins that have a high production cost when
compared with other substances, such as carbohydrates
(the primary product of photosynthesis) (Taiz et al., 2017),
justifying the low yield.

CONCLUSIONS

The dynamics of solar radiation were modified by the
agroforestry arrangement and characteristics of the forest
species, with a greater effect of the arrangement. The
highest incident solar radiation values were obtained in
the Intercrop II arrangement and P. dubium forest species.
The highest values of leaf area index and yield were verified
in the full sun. Regarding to the agroforestry system, the

highest values were obtained in the Intercrop II
arrangement and P. dubium forest.

The highest radiation use efficiency was found in E.
urograndis Intercrop I because the understory plants were
more efficient in converting the reduced radiation levels to
dry matter, but it did not result in higher yield.

Based on the soybean yield values generated in this
study, the use of more spaced agroforestry arrangements
and P. dubium forest species is recommended. However,
because the yield values were below the expected levels, it
is not yet possible to affirm the full potential of the crop in
agroforestry systems.

In this context, new research should be conducted in
order to generate alternatives that make soybean cultivation
feasible in agroforestry systems, such as studying the use
of more spaced agroforestry arrangements, the insertion
of the crop in the initial years of installation of agroforestry,
as well as the reduction of intraspecific competition by
decreasing the plant population of the crop.
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