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ABSTRACT

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 usdieiency, 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 crpjm yaaich transmissivity of
solar radiation, leaf area index, radiation udeiefhcy, and yield of soybean were evaluatétie solar radiation
dynamics varied among the study factors, mainly due to the agroforestry arrangements. Shading influenced the leaf area
index, radiation use ffiency, biomass partition, and soybean yield. Based on the soybean yield values generated in
this studythe use of more spaced agroforestry arrangemeniadiagpphoum dubiunforest 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 agrofasestefi as reduce
intraspecific competition by decreasing the plant population of the crop.

Keywords: biomass partition; leaf area index; radiation use efficiency; transmis&jtyine max.

INTRODUCTION elements for plant growth and development and the primary
The popularity of agroforestry systems (AS) has beesnource of.en_erg)_/ for photosynthesis. Thus, biomass
: Co . . ) accumulation is highly dependent on the amount of solar
increasing in Brazil, especially in small farms, as an

alternative for intercropping between annual and perenmra‘oIIatIon intercepted by the crop canopy as well as its

species (Balbinet al, 201). Agriculture has triggered a%lllty to convert the intercepted radiation to dry matter

numerous concerns regarding the preservation of natupéfm Heerden, 2010).
resources. In this contexAS are emeging as a more SoybeanGlycine ma, is an higly important oilseed
sustainable alternative to production, where the integratié@f the Brazilian economyhe area planted with this crop
of crops and forests promotes socio-economic benefifreased 2% in the 2018/2019 crop season when compared
such as improvement of the physical, chemical, arf@ the 2017/2018 one (CONAB, 2019). The main reasons
biological qualities of the soil, increase in organic mattdpr this increase are the ease grain market and high crop
content, and higher nutrient cycling (Cordeital, 2015).  profitability. Thus, the insertion of soybearAS may be

In AS, interactions occur between the growth anén alternative for expanding the cultivation area, by
development of intercropping species, for example, tréeserting marginalized areas into the production system,
canopy projection may alter the dynamics of solar radiatioreducing the exploitation of new areas, and helping to
Solar radiation is one of the most influential meteorologicahairtain biomes (Sgarbossat al, 2018).
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According toVarellaet al. (2010), the interception of treatment, characterized by two arrangement8Sif
solar radiation by forest species at levels above 50% mbgercrop | (6 x 1.5 m) and Intercrop 11 (12 x 3 m); two forest
directly affect the growth of species growing in thespeciesPeltophoum dubiumdesignated. dubiun) and
understoryUnder limited natural resource conditions, sucthe hybridEucalyptus uwphyllaS.T. Blake xEucalyptus
as water stress, integrated systems tend to optimigeandis Hill ex Maiden, designated (urograndi$; and
production through differentiated use of factors antull sun, with four repetitions.
recirculation of available productive potentials between In Intercrop |, the trees were distributed in single rows
forest and agricultural components (Macetlal, 2004). spaced 6 m between rows and 1.5 m between trees in the

Previous studies conducted AS have shown planting line; soybean was distributed in 8 rows and
changes in crop characteristics, such as absolute growtihanged between the tree rows. In Intercrop Il, the trees
rate and relative growth rate of sugarcane (Schetaalz;  were distributed in single rows spaced 12 m apartand 3 m
2018), leaf area index and wheat yield (Dagal., 2019) between trees in the planting line; soybean was distributed
and soybean yield (8vneret al, 2017; Caroet al, 2018; in 22 rows arranged between the tree rows. In total,
Sgarbossat al, 2018). The authors attributed theséntercrop | was composed of 12 trees, and Intercrop Il by 6
responses to the reduced solar radiation incidence in tinees for each experimental unit. During the experimental
AS understoryHowevey there is limited information on period, all trees were 7-years old.
the effects of shading on growth and radiation use The planting of forest species was performed in
efficiency of soybean grown isS. September 2007. The area was prepared by plowing and

Little attention has been given to the use of differertarrowing, followed by the manual planting of seedlings.
forest species and agroforestry arrangements and therest species and soybean crop were arranged in an east-
impacts on understory microclimate conditions, as well agest direction. The allometric characteristics of the 7-year-
the effect of these changes on the growth and yield ofd trees during the experimental period are listGdbie
intercropping species. Thus, the following hypothesis wds The height (H), diameter at breast height (DBH), and
generated: i) dynamics of solar radiation, growth and yieldiameter of the canopy (DC) values of the forest species
of soybean are modified by shading, due to the interactiongre measured on 10/20/2014. Tree height was measured
between the different plant strata. In order to meet thisom ground level to the top leaves of the crown by using
hypothesis, the present study aimed to evaluate th&ertex Il hypsometelDBH and DC were measured by
characteristics of growth, radiation usiogncy, and yield using a tape measure. The DBH was measured at 1.30 m
of soybean grown in different arrangements of agroforestfyom the ground level @ble 1).

and full sun. Soybean sowing was performed in November 2014, with
line spacing of 0.45 m and 250,000 plant§ lad the first
MATERIAL AND METHODS soybean line was placed at 1 m from the tree Tdwe
) ) soybean cultivar used was Nidé&rRG 6411, characterized
Study area and experimental design by its determinate growth habit, medium size, early cycle,

A field study was conducted in the city of Fredericand good adaptability to the climate of the regidieed
Westphalen, RS, Brazil, under geographic coordinates mfanagement and phytosanitary control were performed
27°232 263 S and 53°252 433 W and altitude of 490 atcording to crop recommendations (Embrapa, 2006).
above sea levelAccording to the Koppen climate  After soybean sowing, sample plots of 2 m were
classification system, the regisrclimate is Cfa, i.e., humid demarcated and distributed at different points under the
subtropical, with an average annual temperature of 1uhderstory of each experimental unit. In the Intecrop |,
°C, ranging between 0 and 38 °C and a cumulative annéalr plots were delineated: P1 P2, P3 and P4, which were
rainfall of 2.040 mm (Alvarest al, 2013). The soil of the positioned at a distance of 1.0m, 1.90m, 2.80 mand 3.70 m
experimental area is a typical Eutrophic Litolic Neossdtom the tree, respectivelifferently; in the Intercrop I
(Soil Survey Staff, 2014), with a pH in water of 5.2, 4.5 m@1, P2, P3 and P4 were positioned at 1.0 m, 2.35m, 3.70 m
L*of P (Mehlich), 56.5 mgtof K, 8.9 cmaolL*of Ca, 1.8 and 5.05 m, respectiveljhese sample plots were chosen
cmol L™ of Mg, cation exchange capacity (CEC) of 16.7%vith the objective to represent existing microclimate
cmol L*, base saturation of 64.8% (BS) and 3.45% organgonditions in the areas under the canopy of each tree
matter (OM). Fertilization was based on soil analysis argbecies and arrangements, trying to sample plots
crop recommendations for the region studied (CQFS, 2004¢presented the existing variability of solar radiation
with 70 kg of PO, ha* and 75 kg of KO ha' applied at availability and competition among intercropping, the
sowing. center of the plot and the first sowing line of the annual

The experimental design was a randomized blockrop. The arrangement of trees, soybean plants and sample
arranged in a 2 x 2 factorial scheme with additiongdlots are shown in Figure 1.
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Meteorological conditions Transmissivity of solar radiation and radiation

Incident global solar radiation, average solar radiation use efficiency
flux, air temperature (minimum, average and maximum) To determine the transmissivity of solar radiation into
and rainfall were obtained from an automatiche understoryincident global solar radiation was
meteorological station of the Brazilian Institute ofmeasured using a pyranometef@QOR PY32164) coupled
Meteorology (INMET)), located approximately 1500 mto a Datalogger (LICOR 1400). The incident solar radiation
from the study site. The water balance was run accordimgas quantified outside and under the trees of the
to Thornthwaite & Mather (1995) approach at ada9 agroforestry system, in previously demarcated plots (Fi-
time-step from November 2014 to March 2015, coveringure 1). These plots were selected in order to quantify the
the whole period for soybean cultivation, considering distribution of solar radiation in the understagpecially
soil water holding capacity (SWHC) of 100 mm. The SWHGt the points closest to the row of trees. Measurements
was estimated considering the following general soiere made on December 29, 2014, January 13, 2015 and
characteristics (Doorenbos & Kassam, 1994): averagebruary 10, 2015, from 10 to 12h. Subsequerltlg
SWHC for clayey soils of 2.0 mm chand average values transmissivity of solar radiation to the understory of each
of effective depth of the crop root system (Alfoesal, AS arrangement and each species was calculated using
1990) of 50 cm. the following equation:

Table 1: Height (H), mean diameter of tree canopy (DC), and diameter at breast height (OB lmitimandE. urograndistrees
in two agroforestry arrangements (Intercrop | and Intercrop I1)

Arrangements Species H (m) DC (m) DBH (cm)
Intercrop | P. dubium 9.4 4.84 12.44
Intercrop | E. urograndis 23.15 4.23 21.57
Intercrop Il P. dubium 7.13 3.62 10.67
Intercrop 1l E. urograndis 24.08 481 32.31
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Figure1: Sketch of an experimental unit of the agroforestry systems (Intercrop | and Intercrop Il) 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:ll—oxloc (Equation 1) between sunny and cloudy days. The intercepted

photosynthetically active radiation was estimated by
where T = transmissivity (%); | = solar radiation incidentonsidering the model proposed\farlet-Grancheet al.
inside of the agroforestry system (WAmand | = solar  (1989):

radiation incident outside the agroforestry system (¥)/ m ) ) . )
PARIi = 0.95*(FARINc)*(1-€tAD) (Equation 3)

The radiation use efficiency was determined by o _ .
associating the average accumulated dry mattéhere RRi = intercepted photosynthetically active
production and intercepted photosynthetically activeadiation (MJ nf); PARinc = incident photosynthetically

radiation, according to the model proposed by Monteitﬁctive radiation; k = extinction coefficient; and LAI = leaf
(1977). area index. The extinction coefficient was calculated for

B . . _ each cropping system by associating the solar radiation
TDM = RUE*FARI (Equation 2]ncident in the upper layer of the soybean canopy and

where TDM = total dry matter produced (HnRUE = solar radiation incident in the lower layer of the soybean

radiation use éitiency (g MJ); and RARi = intercepted ¢anopy _ o
photosynthetically active solar radiation (M3)m The leaf area index was calculated by considering the
o . ] o relation between the total leaf area and soil area occupied
The incident photosynthetically active radiation Wagy the plant, according to the following equation:
estimated by considering 45% global solar radiation (As- _
sis & Mendez, 1989), not considering the differenckAl =LA/SA (Equation 4)
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Figure2: Average solar radiation flux (MJ‘faday?) (A); minimum average and maximum (Max) air temperature (°C) (B); and soil
water holding capacity (C) (decendial base) during the experimental period.
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where LAI = leaf area index; LA = total leaf area of the plarand, according to the F test, significant differences were
(m?), SA = area of soil occupied by the plang)rithe leaf found at 5% probability among the study factors. The
area was measured with a leaf area integrator (LI 3000).Tukey test (p < 0.05) was used to compare arrangements
and species, and Dunnsttest (p < 0.05) was used to

Plant growth and yield compare the crop systems.

Plant growth was evaluated fortnightlifom the
beginning of vegetative growth to physiological
maturation, which resulted in six collections throughou't:zESULTSAND DISCUSSION
the crop cycle After collection, the plants were  Meteorological conditions and dynamics of
transferred to the laboratgrywhere each component solar radiation
was separated: cotyledons, stems, branches, leaves,pyring the experimental period, an average air

flowers, pods, and senescent leaves. The leaves Wefperature of 22.9 °C (16.4 — 30.7), average solar radiation
considered senescent when 50% or more of the leaf atgg of 23.25 MJ nt day* and accumulated rainfall of 663.2
was compromisedafter the evaluation, the samplesmm were observed (Figure 2). For suitable growth and
were placed in a forced-air circulation oven, with geyelopment, soybean requires average temperatures
controlled temperature of around 60 °C, until a constagknyeen 20 °C and 30 °C and accumulated rainfall from 450
weight was obtained. _ to 800 mm (Embrapa, 2013)wo periods of water deficit

To evaluate the productive performance of soybeagere observed, at the initial stages of establishment of the
the yield was analyzed by collecting four representativ§op and physiological maturation, with little effect on
plants from each evaluation plot. Sixteen plants welgowth, development and yield of the culture.
analyzed in each arrangement and cropping system. Thewhen analyzing the transmissivity of solar radiation
evaluation plots were distributed and demarcated in tii the different agroforestry arrangements, the highest
understory to obtain the highest possible homogeneity j&jues were observed in Intercrop II, regardless of the
the;e c_uIt|vat|on envwoqments_(ngre'llo.quantlfy the _forest species (Figure 3). These results are related to the
grain yield, the total grain obtained from each evaluatiogigher distance between tree rows, which allowed a higher
plot was weighed, the mass was corrected to 13% moistyigsidence of solar radiation to the understory when
and the data was upscaled to kg.ha compared to the Intercrop I. Similar results were observed

Satistical analysis by Caroret al (2018), who studied the dynamics of solar

radiation in agroforestry systems and found a higher

The ‘?'ata were sta_tistically analyzed using the softwajigence of radiation in the most spaced arrangement (12
“Statistical Analysis System” (SAS, 2003)The 3m).

Kolmogorov-Smirnov test was performed to verify data However we observed similar values for the

normality; analysis of variance (AN@Ywas performed,  ansmissivity 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
100 4 o the soybean crop, which minimized the effects of different
g S0 canopies on the interception of solar radiation.
%‘ Plant growth and yield
% 60 7 For the LAl variable, the highest values were found in
g 40 4 the full sun, with a maximum value of 6.36 at 75 days after
s emegence (DAE) (Figure 4According to Paciullet al
B 20 4 r] (2007) AS have lower LAl because of the lower availability
0 of solar radiation to the annual crop and less interception
' ' S ' N ' S of photosynthetically active solar radiatiéimother aspect
%Q.Q & @ \f,\” W for LAl is that the full sun stands out compared toABe
<<\}\\ 6&0\ \\\\\\ 020‘ o\,e‘\ especially from 45 DAE. This period coincides with the
Q- Q.t‘ \\\'0 \(00 closure of the annual crop cangpytiating self-shading
A% > between plants, increasing intraspecific competition, and
Crop Systems further limiting the incidence of solar radiation to the lower

Figure 3: Transmissivity of solar radiation in the understory ofsoyb_ea,n canopy stratum.
P. dubiumand E. urograndis forest species in diérent Similar results have been reported by Pettat (2016),

agroforestry arrangements (Intercrop | and Intercrop I1). who studied the dynamics of photosynthetically active
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radiation (AR) in soybean leaf layers under fdifent However Schmidtet al (2017) and Bost al (2014)
sowing densities and found greater variation betw&&i P observed that reductions in the availability of solar radiation
in the lower canopy stratum until 30 DAE. These resulisan lead to an increase in the specific leaf area of understory
were attributed to the absence of self-shading at tipdants. They highlighted that changes in leaf dimensions
beginning of the growth and development of the crop duwere strategies developed by plants to intercept and absorb
to the low leaf overlap, increasing the interception flux penore solar radiation by increasing leaf surface area.
leaf unit. The highest values of radiation use effiency were
With regard to thAS, Intercrop Il showed higher LAl verified for E. urograndisintercrop | (3.45 g M3 andP.
values (by 71.3%) than Intercrop I. These results can dabiumintercrop Il (2.51 g MJ), and they were 57.53%
attributed to the lower competitive capacity among soybeamd 14.61% higher than the value obtained from the full
plants under reduced solar radiation availability in lessun, respectively (Figure 5). Howeyéris important to
spaced agroforestry plantations (6 x 1.5 m). Similar resuligghlight that the higher radiation use efficiencykof
were obtained by Bogt al (2014), who evaluated the urograndisintercrop | is related to the higher efficiency of
biometric characteristics dBrachiaria grass in a soybean plants when converting one unit of solar radiation
silvipastoral system and observed a reduction in LAl whewo one unit of dry mattebut these plants not necessarily
the tree rows were closer presented higher total dry matter
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Figure4: Leaf area index of soybean grown in agroforestry systems and full sun.
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The plants cultivated in the full sun, even with lowethe RUE values reported in this study and those found in
efficiency in the use of energy units (MJ>mshowed the literature can be attributed to the interannual variation
higher accumulation of dry matter per unit area. These solar radiation as well as changes in the cultivation
responses are related to the greater availability of sokmvironment generated by the different plant strata, which
radiation under the canopy of the full sun, which eveaffected the conversion capacity of the solar radiation in
being less efficient in converting solar radiation into drgry matter
matter had much larger amounts of solar radiation, The accumulation of biomass in the leaves, stem,
generating compensation between factors and allowindgaanches, flowers, and pods was similar during all
greater accumulation of dry matter evaluation periods (Figure 6). In the early stages of plant

Awais et al. (2017) analyzed thefetts of diferent growth in theAS (up to 45 DAE), the leaves, stems, and
soybean plant populations on interception capacity afdanches accounted fam average, 55%, 25%, and 20%
radiation use efficiency and reported values of 1.75g Mdf the accumulated biomass; the same was observed for
1,1.69 g M3, and 1.63 g M3 according to the reduction the full sun until 30 DAE. Furthermore, from 60 DAE, the
in plant population. Other studies have reported RURroduction of flowers and pods began, reducing the
values of 1.31 g MI(Adeboyeet al, 2016), 1.44 g MJ  proportion of other compartmenist 90 DAE, a higher
(Singeretal, 2011), and 1.01 g MJand 1.77 g M3(Van  proportion of pods compared to other plant organs was
Roekel & Purcell, 2014) for soybean. The variation betwearbserved.
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Figure 6: Biomass partitioning of soybean grown in agroforestry systems and fulPsdobiumintercrop | (A); P. dubium
Intercrop 1l (B);E. urograndisintercrop | (C);E. urograndisintercrop Il (D); and full sun (E).
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Ahmedet al (2018) attributed this tendency in thelar results were obtained by Carenal (2018), who
partition of accumulated biomass to crop cycleeported higher yields from less dense crops. Besides
characteristics, i.e., a higher proportion of leaveshat,Werneret al (2017) observed reductions in soybean
branches, and stems can be observed at the beginningields closer to the tree rowhey attributed these
plant growth because the plants are in the vegetativesults to the competition for natural resources imposed
stage. When they reach the reproductive stage, flofay the trees.
differentiation begins and the accumulation of flowers Considering the effect of species on yield, a superiority
and pods to the detriment of the other compartments53.48% was observed fBrdubiumwhen compared with
observed because the order of priority in the partition &. urograndigFigure 7B). These responses may be related
photoassimilates is determined by the stage of crdp the intrinsic characteristics of each forest species,
development (Porrast al, 1997). Similar results have especially their competitive capaciB/dubiumis a native
been reported by other studies envolving soybeamd deciduous species, with a slightly flattened cylindrical
(Gaspaetal, 2017) and sugarcane (Schwetal, 2018) trunk, dichotomous branching, and an average height of
crops. 10 to 20 m (Carvalho, 2002). In contrdsturograndiss

According toANOVA, no interaction between an exotic species,widely adapted to the region, and has
system x species for yield was observed, therefore, thegh growth rates in height, stem diametand canopy
main efects were analyzednalysis of soybean yield size (Wnk et al, 2012), which results in majorfe€ts on
among the diferent AS arrangements showed aplant growth in the understary
superiority of 63% for Intercrop Il when compared to The low yield obtained in the understory Bf
the Intercrop | (Figure 7A). These results may be relatedograndismay be related to the competition for space
to the higher solar radiation availability for Intercrop lland nutrients imposed by the roots of trees of this
due to the greater distance between the tree rows. Simspecies, which due to its growth characteristics presents
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Figure 7: Yield of soybean cultivated in agroforestry systems and full sun: (A) agroforestry arrangements; (B) forest species; (C)
crop systems.
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a more advantageous root system tRadubium this highest values were obtained in the Intercrop Il
factor associated with the advanced age of the tree mayangement anél dubiumforest.

have intensified the competition. Studies with wheat |, highest radiation use efficiency was foundin

(Zhanget al, 2013;Wanget al, 2014; Zhangt al, | ,ograndisintercrop | because the understory plants were

2016).and.cotton (Zhangt al., 2919)_ id.ent?fied more efficient in converting the reduced radiation levels to
reductions in root growth and spatial distribution duﬁry matter but it did not result in higher yield.

to the intercropping. Duaat al (2019), Zhanget al ) o
(2014) and Zhangt al. (2019) point out that, although Based on the soybean yield values generated in this
the mutual competition between roots occurs betweé’ﬁ“dy the use of more spaced agroforestry arrangements

different plant strata, the competitive capacity of fore@ndP. dubiumforest species is recommended. However

species is much greater than that of annual crops, a%%cause the yield values were below the expected levels, it

tends to increase with the proximity of the tree rows notyet possible to affirm the full potential of the crop in

and the age of the planting. Thus, we have highlighté@roforestry systems.

the importance of information on the characteristics of In this context, new research should be conducted in

forest species when installidgs. order to generate alternatives that make soybean cultivation
Soybean yield in the full sun was supermsmpared feasible in agroforestry systems, such as studying the use
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