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ABSTRACT

Soybean cultivation is increasing rapidly in the regioAltf Vale do Itajai, gte of Santa Catarina, where there is
a predominance of silt soils. The objective of this work was to evaluate the content of primary macronutrients in shoots
and shoot and root vegetative growth of soyb&litihe maxL. Merrill) grown in a silt-loam soil under different
compactation densities and moisture lev&lcandomized block design in a 4x4 factorial arrangement was used, with
four compactation densities: 1.00; 1.20; 1.40 and 1.60 ®gna four soil moisture levels: 0.130; 0.160; 0.190 and 0.220
kg kg* and four replications. Each pot consisted of the overlapping of three 150-mm PVC rings, where soil was maintained
in the higher and lower part of the pot with a density of 1.00 Mgnd in the intermediate ring, the compactation
densities were increasedalues of soil density higher than 120 Mg megatively dected N, Pand K uptake by
soybean plants, as well as the plant mass of the shoots and roots. The higher levels of soil moisture reduced the
compaction effect and promoted better absorption of P and K.
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RESUMO

Absorcao de macronutrientes primarios e desenvolvimento da soja em solo franco-siltoso sob
diferentes niveis de compactacéo e umidade

O cultivo da soja esta em franca expanséo na regiélbaddale do Itajai-SC, onde ha predominio de solos siltosos.
Este trabalho teve por objetivo avaliar o teor de macronutrientes primarios na parte aérea e o desenvolvimento vegetativo
da soja Glicine maxL. Merrill), cultivada em solo franco-siltoso, sob diferentes niveis de compactacédo e umidade.
Utilizou-se o delineamento em blocos casualizados, no esquema fatorial 4x4, sendo quatro niveis de compactacao
(densidades do solo de 1,00; 1,20; 1,40 e 1,60 ®jg nuatro niveis de umidade do solo (0,130; 0,160; 0190 e 0,220)kg kg
com quatro repeti¢cdes. Cada vaso foi composto pela sobreposicéo de trés anéis de PVC com diametro de 150 mm, sendc
no inferior e superigmantido o solo com densidade de 1,00 My eno intermediario, implementados os niveis de
compactacaod/alores de densidade do solo superiores a 1,20 #fetam de forma negativa a absorcéo de N,ale P
de K, e a producédo de biomassa de parte aérea e sistema radicular da soja. Niveis mais elevados de umidade do sol
reduzem o efeito da compactacéo e favorecem a absor¢céo de P e a de K.

Palavras-chave:densidade do solo; densidade de raizes; parte aérea; absorcao de nutrientes.
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INTRODUCTION In this context, the objective of this study was to
. . e . evaluate the content of primary macronutrients in shoots
In Brazil, soybean is one of tpencipal oilseed plants I h d . h of b

der no-tillage system (NTS). In this form Of’;\s well as shoot and root vegetative growth of soybeans
grown ungdel . o ) cultivated in a sandy-silty soil, under different levels of
farming, during spraying and harvesting, a period when

. ) . . ... compactation and moisture.
intense rainfall is often observed, there is a significant

traffic of machines, while the soil is with high humidity
leading to soil compaction and, consequentiguction MATERIAL AND METHODS
of crop yield (Beutleet al, 2006). When compared tothe  An experiment was carrieout in a greenhouse at
conventional tillage system, soil management under thiee Federal Institute of Santa Catarina — Rio Sul Campus,
no-tillage system induces morphostructural modificationggion ofAlto Vale do Itajai, gte of Santa Catarina
of the soil profile (Bronick & Lal, 2005), reducing Brazil. The climate in the region is humid mesothermal
macroporosity and enhancing mechanical resistancewih hot summer (CFa), according to Képpen. Sixteen
penetration, as well as soil densityus changing the vo- treatments were evaluated, setin a 4 x 4 factorial design,
lume explored by the roots. with four levels of soil compaction (densities of 1.00,
The compacted layer density able to restrict the growth20, 1.40 and 1.60 Mg-fhand four soil moisture levels
of the plants varies according to the type of soifWwh (0.130, 0.160, 0.190 and 0.220 kg*kgrhe random block
Netoet al, 2002), moisture conditions (Silvegtal, 2010), design was used in the experiment with four replications.
species (Jimenez al, 2008 ; Bonellet al, 2011), or even Each experimental unit was made up by overlapping three
the soybean cultivar (Folorgt al., 2003) since it PVC rings with diameter of 150 mm, where the higher
significantly alters root growth (Cardostal, 2006; Freddi and the lower ring had 0.10 m in height and the
et al, 2009 ), water availabilifyand aeration (Hamza & intermediate, in which the density levels were tested,
Anderson, 2005Taiz & Zaiger 2008), the ditisive flow  had 0.05 m. Because of being predominant in the region,
(Silvaet al, 2008; Costat al, 2009) and nutrient uptake the material used to fill the pots was collected at a depth
by plants (Ahmackt al, 2009). Howeverexcessively of 0.0-0.20 m from a Cambisol with high silt content,
porous soils are also detrimental to the absorption of waletated in a cropped area of the Federal Institute - Rio
and nutrients by the roots since there is less contatd Sul CampusAfter collection, all material was
between soil and roots, resulting in lower development efushed, air dried and sieved in 2.0-mm mesh sieve. Then,
plants Hakanssoret al, 1998) a composite sample was collected for chemical analysis
According to Souza et al. (2012), for soybeans gromiEMBRAPA, 1997), which showed water pH of 6.5,
in a dystrophic red Latosol under different compactatiocontents of calcium (G, magnesium (Mg), and
levels (densities of 1.00; 1.20; 1.40 and 1.60 My, the  aluminum (Al*3), of 12.6; 4.5 and 0.0 cmolc din
increase in soil density caused a linear reduction in thespectively and contents of phosphorus (P) and
contents of nitrogen, phosphorus and potassium in tpetassium (K) of 51 and 341 mg drand base saturation
shoots.According to the authors, the increase in soibf 77%. In relation to the particle size, determined by
density from 1.00 Mg rito 1.60 Mg n? resulted in the the pipette method, it was obtained 240kg of sand,
reduction of 26, 82 and 61% of the total of these elemerB20 g kg' of silt and 240 g k§of clay, and this soil was
accumulated by the plants, respectively classified as sandy-siltfhis sample was also used to
With regard to the development of the aerial part gfre-assemble volumetric rings with the tested soil
cotton, corn and soybeans, Siktaal (2006) found in a density levels, where macroporosity and microporosity
Dark Red Latosol (Oxisol) under different levels ofand total porosity were determinechfle 1).
compactation (densities of 1.00; 1.20; 1.40 and 1.50 Mg m In relation to levels of compactation, in the upper and
%) that it caused significant reductions in densities highéswer layers of the pots (with 0.10 m of height in each
than 1.40 Mg ni. According to these authors, for side), soil was kept at the density of 1.00 Mgwhereas
soybeans, at the density of 1.20 Md,rplants showed in the intermediate layer (0.05 m of height), different levels
higher height and greater dry matter production of shoot$ the established densities were used, aiming at covering
and fruiting parts. density values from a recently cropped soil (not-restrictive)
Although there are many studies on the effect ab those imposing severe limitation to plant growth,
compactation on plant growth, few studies have beeaybserved in some crops with compactation issues.
developed in soils with high silt content, like those For pot assembling, the mass of soil dried in the air
predominant irhlto Vale do Itajai, tate of Santa Catarina, used to fill each ring, was calculated from the mass of soil
a region where the no-tillage system is expanding, amlied in a greenhouse, from which the existing moisture
soybean is one of main cropScommercial target. was discoured.
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To facilitate its accommodation in the rings, soil moisturand the fresh matter of shoot was determined in a precision
was raised to 0.220 kg kgwhere more susceptibility to scale.After that, it was then wrapped in paper bag and
compaction was observed@o obtain a more uniform dried in a forced air circulation oven (65-70 °C), until
compactation, the mass of the soil used for each ring weenstant weight, resulting in the determination of the dry
divided into three equal parts, each of them beingatter of the shoot.hen the shoot was ground iéley
compacted up to 1/3 of the ring volume, and to preventpe mill, equipped with knives and stainless steel sieves
mirroring between the layers, a light scarification of thé2 mm mesh) and packed in plastic containers until analysis.
soil was carried ouTo perform compaction, an iron socketThe methods described bgdescet al (1995) for sulfuric
with mass of 7.0 kg was used by letting it fall from a fixedligestion were used as well as for determination of nitrogen,
height of 0.70 m onto a wood disc leaning on the materiphosphorus and potassium of the plant tissue.
to be compacted, so the same compaction energy would At collection, after removal of the shoot, soil mechanical
be applied on each stroke. During the process, to avgigsistance to penetration (RP) was determined in the pots,
deformation of the pots, an iron strap with screw on itgsing a metal rod penetrometer (Penetrolog 1020 model),
side was used. Firstlthe intermediate ring was filled in, recording the RP values every 10 mm of width. Then, to
then, the lower and, the higheras the last to be filled in. separate the rings, a saw blade was used at their junction
After that, rings were junctioned with adhesive tape, bynd with a water jet, the existing roots in each fraction the
bending an edge of about 1 cm folded insidewards to avgidt were separated, and stored separately by layer in paper
roots to grow between the compacted soil and the wallsigdigs, dried (65-70 °C) in an oven with forced air circulation
the pot, especially at the highest levels of denAiter  until constant weight. Then, the dry mass of roots was
assemblythe pots were supported by rigid plastic platedetermined. The root density for each layer of the pot was
For the cultivation of soybeans, considering the valuesbtained by dividing the root dry mass by the volume of
obtained in the chemical analysis, fertilizer and so#éach ring, and the result was expressed in mg cm
amendment were applied. For data tabulating, the SASeSistical Analysis

Soil moisture was controlled by weighing the pots da“)System (SAS Institute, 1999) was used to perform the
calculating by the difference (between the initial mass a%alysis of variance by applying F test at 5% of probability
the real mass) the amount of water to be added agghce this was considered significant, the most appropriate

quantified by a measuring cylindéfalf of the volume was  regression model for each case was selected.
applied on the surface of the pot and half on the plastic

pIa’Fe on which it was supported to proylde more umfor_rE{ESULTSAND DISCUSSION
moisture all over the pot even at the highest compaction
level so plants had to overcome the obstacle of the The isolated effect of the factor soil moisture on the
compacted layer for water and nutrients. biometric variables (@ble 2) was more significant for

In soybean sowing (Cultivar CD 236 RR), three seedsimber of leaves (NL), number of branches (NB), stem
per pot were used and, after germination, pruning wasameter (SD) and dry matter of the shoot (DMS) than for
carried out, leaving only the most vigorous plant in eagblant height (PH), where a significant linear decrease was
pot. During the experimental period, weeds and pests wdoeind for each level tested. Thus, the reduction in moisture
controlled manually Consideringthe high water primarily affects the number of leaves and branches, stem
requirement of plants at the levels of the lowest densitgiameter and dry mass of the shoot. Moreonvbere there
the experimental harvest was carried out on day 30 afisrbetter water availabilifyit may not necessarily fatt
sowing. Before collection, the following evaluations werglant height. The greater sensitivity of these variables to
made: plant height, stem diametarmber of branches and water deficit may be associated to the fact that soybean
fully developed leaves (considered those with completeplants under conditions of lower water availability
one leaf limb). Then each plant was cut close to the grourahsorpted fewer nutrients, thereby limiting the emission

Table 1: Macroporosity microporosity and total porosity of soil at densities 1.00, 1.20, 1.40 and 1.603Mggted in the pot
intermediate layer

Soil density Macroporosity Microporosity Total porosity
Mg m3 m3m-3

1.00 0.160 0.370 0.530
1.20 0.101 0.389 0.490
1.40 0.052 0.407 0.459
1.60 0.00 0.401 0.401
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of leaves and branches, the development of the stem amater and nutrient supplyvhich may have limited the
the production of biomass for the shoot. The isolated effegtowth of soybean plants in the highest levels of the
of the factor soil density for the variables number of leavesyaluated compactation. Beutler & Centurion (2004)
number of branches, plant height, stem diameter and fregported similar results for soybeans, grown on medium-
mass of the shoot was expressed in a linear reductiontesture Red Latosol under different levels of compactation,
levels of soil compactation increasedlfle 2). For all these where, at the highest levels, no concentration of roots was
variables, despite the negative effect of soil density dound in the soil surface layer and with a consequent
plant growth, no statistical differences were found in sofkeduction in crop yield.

density up to 1.20 Mg i indicating that a slight The effect of the interaction between soil density and
compression, due to the enhancement in the contawbisture to the variable fresh mass of the shoot is shown
between soil and root and the increase in the capacityinfrigures 1A and 1C. Regarding the effect of soil moisture
the soil to retain watecan promote plant growth. Howeyer (Figure 1A), it is observed that in all tested compactation
for higher densities (1.40 and 1.60 Md)ma significant levels, the increase of water content resulted in a linear
reduction was found in all variables in the shootincrease in the fresh matter production of the shoot. This
Nevertheless, Silvat al. (2006) found a significant linear behavior for all tested soil density levels is related to
reduction in the shoot growth of soybean plants grown the fact that moisture levels lower than moisture of the soil
an Oxisol with density values higher than 1.40 Mg The field capacity are used and, in these conditions, according
lowest density value in this studiyom which soybean to Silveiraet al. (2010) and Molina Jet al (2013), the
growth is affected, may be related to the high content gfeater the water content, the less the soil resistance to
silt in this soil that, because of the peculiarities of thisoot growth, which favored the development of the shoot
particle size fraction does not allow the formation of stablgigure 1A) and roots (Figure 1B)ccording to Lipiecet

and deformation resistant microaggregates, promotak (2009), a higher water content in the soil results in
packing of mineral particles and compactatidhthe thickening of the water film between water and soil particles,
highest level of compactation, as few roots were able thereby facilitating its movement through the roots and
break the intermediate layé#ne growth of the root system the reduction in the soil mechanical resistance to
of the upper layer of the pot resulted in greater root densitgnetration, as a consequence.

in this layer (Rble 2), which has limited the volume of the  As for the efect of soil densityat the moisture levels
exploited soil and, consequentigsulted in lower growth of 0.220 and 0.190 kg Kgthe quadratic model was the one
of the aerial parfccording to Lipiec & $pniewski (1995), that provided the best adjustment (Figure 1C), being highly
the effect of compaction on the transport of nutrients teignificant (P < 0.01) and with2migher than 0.97. For
the root depends on the intensity of soil compaction arnldese treatments, no significant differences among soil

Table 2:1solate efect of moisture and soil density on the number of leaves (NL), number of branches (NB), plant height (PH), stem
diameter (SD), dry mass of shoots (DMS), root denisitthe higher (HRD) and lower (LRD) layers of the pot

Soil moisture (kg k¢

RZ
Variable 0.220 0.190 0.160 0.130 Regression model
NL 9.94 8.31 5.25 3.75 y = 72.083x — 5.8021 0.98
NB 4.56 4.19 2.19 1.25 y =39.792x — 3.9167 0.94
PH (cm) 9.66 9.47 8.16 7.62 y = 30.063x + 3.3312 0.94
SD (mm) 3.85 3.42 2.58 2.03 y =20.927x — 0.6911 0.99
HRD (mg cnj) 0.34 0.30 0.25 0.22 y =1.3667x + 0.0383 0.99
LRD (mg cnf) 0.26 0.27 0.17 0.16 y =1.3333x + 0.0183 0.79
DMS (g) 2.35 2.07 1.39 0.96 y =20.927x + 0.6911 0,99
Soil density (Mg r#) R?
Variable 1.00 1.20 1.40 1.60 Regression model
NL 7.31 7.69 6.81 5.44 y =-3.25x + 11.038 0.99
NB 3.44 3.44 2.88 2.44 y =-1.7813x +5.3625  0.90
PH (cm) 9.71 8.8 8.16 7.63 y =-3.4906x +13.13 0.99
SD (mm) 3.24 3.18 2.85 2.62 y =-1.1078x + 4.4113  0.95
HRD (mgcn) 0.24 0.25 0.22 0.39 y =0.21x + 0.002 0.49
LRD (mg cnd) 0.27 0.32 0.24 0.03 y =-0.4x + 0.735 0.65
DMS (g) 1.87 1.90 1.59 142 y =-0.8229x + 2.7632  0.86
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densities of 1.00, 1.20 and 1.40 Mg®mwere found. density of 1.60 Mg ry due to the severe physical restraint,
However the maximum plant mass yield was obtained witho significant effects of the evaluated soil moisture levels
density close to 1.20 Mg nlin these water conditions, were found.
the increment in the production of plant mass up to soil Regarding the effect of the compactation levels for
density of 1.20 Mg riis associated with better physicalwater conditions of 0.220 and 0.190 kg'kg quadratic
conditions of the soil, thus promoting soil contact wittbehavior was found, obtaining for those treatments a
the roots and the water dynamic in the soil and wateraximum root density ranging from 0.205 to 0.185 mg,cm
absorption of nutrients, particularly the primarywith soil density ranging from 1.16 to 1.08 Mgm
macronutrients such as phosphorus and potassium,raspectively (Figure 1D). For these moisture levels in
observed by Cabreal al(2012), as well. density values higher than 1.20 Md,ra marked reduction

For higher values of densjtpesides the physical in root density was found, indicating that values higher
impediment to root growth, another factor that may hawban this, can limit soybean plant growth, corroborating
contributed to the lower production of plant mass was thke results shown by Silet al. (2006). Howeverfor the
poor soil aeration, resulting from low macroporosity of theonditions of lower water availability in the soil (0.160 and
compacted layer @ble 1), making the growth of the roots0.130 kg kd), a linear decrease occurred as soil density
difficult and not allowing an adequate gas exchange in tiecreasedAt these water conditions, according to the
soil (Bronick & Lal, 2005). obtained models, an increase of 0.20 Myafsoil density

In relation to the density of roots of the compactedesults in a reduction of 34% in the root density of plants.
layer, the efect of the interaction between soil density andror these moisture levels, root density obtained with a soll
moisture is shown in Figures 1B and 23.soil moisture density of 1.00 Mg mwas statistically superior to that
increased, root density linearly increased at the densitielstained with densities of 1.40 and 1.60 Mg iThis may
of 1.00, 1.20 and 1.40 MghgFigure 1B), indicating thata be associated with macro and microporosity conditions
higher water content in the soil, provided it is less than itkat promote growth of soybeans root in depth to search
field capacity can mitigate the &fcts of compaction and for water therefore mitigating its water shortage, since,
promote root growth. Nevertheless, for compactatioduring irrigations, water was also provided at the base of
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Figure 1: Shoot fresh matter and root density of soybean plant in the compacted layer for the different densities in function of soil
moisture (A and B) and for the different moisture content in function of soil density (C and D).
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the pots. Howevetit is clear that for compactation density At the units 0.220 and 0.190 kgkglthough maximum
for values greater than 1.20 Mg®nroot growth was values of root density of the compacted layer and dry
significantly reduced, thus indicating they are limiting tanatter of the shoot with PR values were close to 0.80 MPa
the growth of soybeans. (Figure 2) compared with the calculated for 1.50 Mpa, a

When the data obtained for the fresh matter of shoatsduction of 8.9 and 6.5% of the root density occurred,
(Figure 1C) were compared with those obtained for roaind of 2.5 and 4.2% of the dry matter production of the
density (Figure 1D), it is observed that for all densities, trghoot, respectivelyndicating that if the soil is maintained
effect of soil compaction was more significant for rootn these water conditions, soybean has its vegetative
growth, confirming that this affects the development of ro@rowth little afected up to 1.5 MPa. Howevdor higher
system first, and then, due to the decrease in the absorptiafues, there is a marked reduction of both variables, more
of water and nutrients, the shoot development. Howaver expressive for root densjthowever This fact is more
some cases, as evidenced\Mlaficheskiet al (2012), in evident when the model obtained in soil moisture of 0.160
situations of adequate and well distributed rainfall over tHeg kg* was analyzed, in which for root density as well as
crop cycle, soybean yield may not be necessarily reducéa production of shoot dry mattex linear decrease with

It is shown in Figure 2, the effect of soil mechanicaincreasing resistance to penetration was found, which was
resistance to penetration in the compacted layer for ramiore pronounced for root densidyf moisture of 0.130 kg
density (2A) and the shoot dry matter production (28). kg *, although less dry matter of shoots was obtained due
moisture levels of 0.220 kg and 0.190kthe quadratic to severe water restriction, a reduction was found only in
model was the one that provided the best adjustment, whére root density when PR was increased.
maximum values of 0.201 and 0.189 mgevere obtained The determination of the critical value of PR for the
for root densityand 2.57 and 2.34 g plérfor dry matter growth of soybean plants is as important as the root
of the shoot, with, respectively.80 and 0.70 MPa of soil growth. Thus, according to the quadratic regression
mechanical resistance to penetration. The reduction in thdel between the PR and root dendity silty soils
soybean growth for PR values higher than 0.80 MPa majmilar to the one used in this study maintained with
have occurred due to several reasons, among which, it caaisture levels of 0.220 and 0.190 kg*kthe value of
be highlighted the morphological changes of the rod.80 MPa can be set as critical, from which the reduction
system (twisted and necrotic roots), visually observed in the growth of soybean plants starts. This value is lower
the two highest levels of compactation densiggulting than 2 MPa, proposed as criticalTiyrmeneet al. (1998)
in lower plant mass of roots and the exploited soil volumeuring the characterization of an optimal water range of
thereby reducing the use of wat®imilar values of PR are an Oxisol under no-tillage, but higher than the value
also reported by Beutler & Centurion (2004), who mentiopresented by Rosoleet al (1994), who report for a dark-
the reduction in soybean yield for soil mechanicaled Latosol maintained with moisture content around 80%
resistance to penetration greater than 0.85 MPa. Sinafits field capacitya reduction of 50% of the root growth
Beutleret al (2006) reported the reduction in the yieldof soybean plants in PR of 0.69 Mpa.
from only 2.2 MPa, which was associated with the factthat In relation to the absorption of nitrogen (N),
the experiment was carried out in field conditions and iphosphorus (P) and potassium (K), it can be seen in Figu-
times of high rainfall, therefore, softening the effects aofes 3A, C and E, the &ct of compactation on the content
the evaluated effects of compactation. of these elements in the shoot tissues of soyb@aiise
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Figure 2: Root density of soybean plants on the basis of root dry mgideand on the production of shoot dry matter (B), in the
different levels of moisture in function of mechanical resistance to penetration in the pot compacted layer
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moisture levels of 0.220 and 0.190 kg'Kgr the three N, Pand K.At this condition, adequate soil moisture and
evaluated elements, the quadratic regression modmdration are also factors that promote the mineralization of
provided the best adjustment, with maximum absorptiasrganic matterproviding greater amount of elements for
occurring in values of soil density close to 1.20 Mg m plants. In addition, another fact that must be considered is
As for the lowest moisture levels (0.160 and 0.130 Kg,kg the occurrence of less tortuosity and larger diameter of the
alinear decrease in N and P (Figures 3A and 3C) was founaicropores (when compared to the values of higher
For the two highest levels of moisture, as it has alreadiensity), promoting the increase in diffusive flow of P and
been reported, soil densities with values close to 1.20 Nfg as reported by Silvet al (2008) and Costet al (2009),

m?3, favored the root system growth, because of bettas well as the lowest resistance to penetration of roots,
physical and water conditions of the soil, increasing thesulting in greater absorption of these and other nutrients.
volume of soil explored and, consequenthe uptake of For higher values of soil densitgstriction to the growth
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Figure 3: Content of nitrogen, phosphorous and potassium in the shoot of soybean plants at moisture levels in function of soil
density (A, C and E) and, at densities in function of soil moisture (B, D and F).
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