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ABSTRACT

Water stress is intrinsically related to soil water availability which is determinant in gas exchanges, as well as soil
compaction in soybean growth and development. This study aimed to evaluate the leaf gas exchange, water stress
index, and dry mass accumulation of soybean cultivated fierelift daily irrigation depths and bulk densithe
treatments were distributed in pots subdivided in a 4x4 factorial scheme: four levels of bulk density of the soil (1.0, 1.15,
1.30 and 1.45 g cipand four daily irrigation depths (4.0, 5.0, 6.0- and 7.0-mmi)dayth three replications. Physiological
and morphological variables were analyzed. There were low transpiration rates due to water deficit in the 4 mm daily
irrigation depth that resulted in stomatal closure and impaired the performance of the photosynthetic process in
soybean. The increase in soil density provided gains in shoot and dry root mass in the layer above the compacted one.
Low availability of water in the soil reduces the photosynthesis and growth of soybean plants. Increase in bulk density
of the soil promotes greater root development, with the layer above the compacted being the one that concentrates
most of the roots.
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INTRODUCTION volume of soil expleed by the roots in search of water

In recent times, the productive potential of soybea"ﬁ”d nutrients can be limitedgMntineet al, 2012) These
(Glycine max(L.) Merrill) has increased because ofeffects can be seen when you have high levels of soil
improved agricultural technologiloweverlow soil water - compaction in the 0.07—0.15 m layerhich can directly
availability is a major cause of reduced productjvity Interfere with root growth by reducing the rate of root
well as soil compaction in the root system: since botflongation due to increased resistance to root penetration
factors are correlated with soil moisture (Sargbsl., (Richartetal, 2005; Lipiecet al, 2012; Bengougkt al,
2005). 2011; Valentineet al, 2012).

Conventional cultivation systems can change soil The low availability of water in the solil, as well as in
physical properties, cause compaction consequently afféee leaf tissues, alters the productive potential of soybean
crop productivityAs a result, it leads to an increase irby reducing the number of branches, knots, and pods per
soil densitywhich interferes with the temporal variability plant, mainly under severe or moderate water stress
of soil moisture, interruption, continujtfrequencyand (Brevedan & Egli, 2003; Catucht al, 2012; Kirnalet al,
pore size (Hébrarét al, 2006; Kuncorcet al, 2014; 2010). This is because of the progressive reduction of
Moraeset al, 2015; Moraest al, 2016). Furthermore, it stomatal conductance that causes lower transpiration
reduces hydraulic conductivity and soil water flow (Silvahrough the leaves and consequently a reduction in the
et al, 2009; Morae®t al, 2015). Thus, the depth andphotosynthet rate (Leiet al, 2006).
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Gas exchange and water stress index in soybean cultivated under water deficit and soil comp&d@n

However when the density has values close to 1.1550.0 cmoldm?®; P (Mehlich') = 1.13 mg dnf; K =58.0 mg
cm®, compaction can increase productivity since it cadm?, Ca* = 2.8 cmaol dm®, Mg = 0.6 cmaldm?; CEC =
improve gas exchange. This increase is because #&2 cmo] dm?, (V%) = 52.0 g dnt and organic matter
reduction in stomatal conductance provides a potentigd.M.) =25.5 g dm.
route for the improvement of water use efficiency and Based on the chemical analysis, soil liming was carried
conservation of soil water levels (Hepwoethal, 2015), out to increase the saturation by 60%, using calcium
which appears to be the most efficient way of reducincarbonate (CaC{pand magnesium carbonate Mg(EA
the water loss to the atmosphere by transpiration (Stillerpure analytic) at a ratio of 4:1. The soil was held for 30
etal, 2008). days with moisture close to 60% of the total pore volume.

Majority of studies on water stress have failed téertilization was done according to the recommendations
evaluate the effect of soil compaction on physiological praf Malavolta (1980): 80 mg of nitrogen (N), 300 mg of
cesses as well as the water stress index in soybean. Tfissphorus (P), 200 mg of potassium (K) and 50 mg of
culture can be favored by the greater availability of water sulfur (S) per difof soil, supplied as monobasic ammonium
the layer above the compacted lagywhich could be phosphate (NEH,PO,), monopotassium phosphate
explained by the physiological parameters of the plant. FGKH ,PO,) and magnesium sulfate (Mg$.@H,0),
example, in their studies (Franchitial, 2012 and Macha- respectivelyMicronutrient fertilization consisted of 0.5
do Janioret al, 2017) did not observe any significantmg of B, 1.5 mg of Cu, 0.1 mg of Mo and 5.0 mg of Zn per
decrease in grain yield under water stress. Soil compactiom of soil, provided as boric acid (BO,), copper
can improve the regulation of gas exchange for soybeanlfate (CuSQ.5H,0), ammonium molybdate
under stress on a temporal scale and in the direct relatiorjf®H ,) ,Mo0.O,,.4H,0] and zinc sulfate (ZnSQO'H,0),
the transpiration demand to which the leaves are potentiatgspectivelyDuring the growing period, fertilization with
(Kerbauy 2008; Blum, 2009Faiz & Zeiger 2017). ltreduces 100 mg of K per diof soil (divided in two applications)
the effects of severe water stress and prevents tas carried out using potassium chloride (KClI) at 25 and
dehydration of tissues (Ohagtial, 2006). 40 days after sowing.

Therefore, considering that soil water is a determining Each experimental plot consisted of a pot with 29.6 cm
factor in agricultural production, it is important to studyin height and 26.2 cm of internal diameter in the compacted
the water requirements of soybean in order to properlgyer, divided into three layers: the upper with 12.0 cm and
manage cultivated areas. Thus, studies that evaluate the lower with 10.0 cm, filled with sieved soil having bulk
physiological and morphological changes in the formatiodensity of 1.00 g crfy while the compacted layer was
of pods with variation in the availability of water as welldetermined based on the volume of the metallic ring [(540
as soil compaction, are important in elucidating the watef x 6_ ) = 3.234 9] (Figure 1).
stress index under these management conditions. The soil was moistened and homogenized until

The objective of this study was to evaluate the leaéaching the optimum moisture for compaction, using a
gas exchange, water stress index and dry mass accutmgdraulic press, according to the methodology of Santos
lation of soybean cultivated in different daily irrigation
depths and bulk density

MATERIALSAND METHODS

The experiment was conducted from November 2016 X
to January 2017 under greenhouse conditions at the Fe- ';)45
deral University of Lavras, state of Minas Gerais, Brazil RN (1920 Cn]]
(altitude 918,841 m, latitude 21°14'10"S; longitude - ) N
45°00'10"W). During experiment, the average temperature, .0 mpacted layer
relative humidity and solar radiation daily inside the
greenhouse was 26.9 + 2.1 °C, 58.22 + 5.1% and 663.2 £
104.3 J 3 m2 day’, respectively _ -\ A \
Pots werg filled wi_th avery cIaygy Oxisol (“Latos;plo _'..‘: B\éftOIi\l layer
Vermelho distroférrico”, according to the Brazilian ) N et -
s (10.0/'cm)

(6.0 cm)

|

classification system), collected from the 0-0.20 m layer in
cattle pasture, dried in the air and ground to pass through
a2-mm SIeve.. Sail samples were analyzed for phySI(.:aI a}gl%ure 1: Schematic representation of the experimental pot,
chemical attributes which were 15 % sand, 18 % silt anhowing the top (layeh), compacted (layer B) and bottom
67 % clay; pH (HO) = 6.3; H +Al** = 3.27 cmoldm?® Al**  layers (layer C) of the soil.
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et al (2005) for Oxisol (“Latossoldermelho distroférrico”, 7.6046 - 2.725 %/PD, is the equation obtained by the
according to the Brazilian classification system). In ordegorrelation between [>= (t -t ) (°C) and vapor pressure
to avoid deformation or rupture of the pot by compressinggficit (VPD) (kPa), tis the culture temperature, is the
the soil in the compacted layermetal ring (steel plate 6.0 temperature of the greenhouse, i® the maximum
cm high and 1.2 cm thick) was placed in each theTupot. difference betweenand {,, which was 2.6 °C for soybean.
prevent the preferential flow of water and root growth, After taking gas exchange readings, th&ABmdex
cold asphalt was used between the compacted layer g8ail PlantAnalysis Development - 2-502, Minolta,
the pot wall. Japan) was determined with the chlorophyll metetwo
The experiment was conducted using a completelgaf per pot (two dferent plants)Thereafterthe plants
randomized design in a 4 x 4 plot scheme. The factongere sectioned at the base of the neck, followed by the
were: four levels of bulk density of the soil (1.0 £ 0.013measurement of height of plants. Subsequgthity were
1.15+£0.022;1.30+£0.035 and 1.45 + 0.040 g)aand four taken to the laboratory and their leaf area determined using
irrigation depths (4.0; 5.0; 6.0 and 7.0 mm-fawith three  the LI-3100Area Meter (LI-COR Inc. Lincoln, NE, USA)
repetitions. This compaction was defined according tand number of pods determined. Then stems, leaves and
Torres & Saraiva (1999), who considered 1.55 ¢ @m pods were oven dried with forced air circulation at 65°C
critical value for loamy to clayey soils. for 72 h to determine dry mass on a precision balance
In November 2016, five soybeans’ seeds (cultivar Rikcale (+ 0.001).
8115 IPRO) were sown per pot at 0.02 m depth, and ten After removing the aerial part of the plants at 55 DAE,
days after seedling emergence, the soybean seedlings wheeroot dry mass was determined in the upper layer (A),
thinned to three plants per pot. Prior to sowing, soybe@ompacted layer (B) and below the compacted layer (C).
seeds of undetermined growth were treated witBry mass and percentage of roots were per plant deter-
pyraclostrobin + methyl thiophanate + fipronil at a dosenined on a precision scale (+ 0.001) after being washed
of 2 mL pc kg of seed, inoculated witBradyrhizobium and dried in an air circulation oven at 65 °C for 72 h.
japonicum strains SEMIA 5079 and 5080 (5.0 ¥ Uiable Thereafter the data obtained for each variable were
cells mL?), at a dose of 4 mL pc Kef seed. subjected to the analysis of variance<(f.05), in which
At 35 days after emergence (DAE), replacement of theeans of qualitative factor levels were compared by the
pre-established daily irrigation of 4, 5, 6 and 7 mnr’dayScott-Knott test at 5% significance level. The quantitative
was maintained manually from 9:00 am to 10:00 am. THactors were submitted to regression analysis compared by
smallest daily irrigation depth of 4.0 mm dagpresents the Sudents “t” test at 5% significance level using the R
half of the critical value (7-8 mm dayrequired by soybean software version 3.5.1. (R Development C@am, 2020).
in the phases of greatest transpiration demand between
flowering and grain filling under normal growing RESULTSAND DISCUSSION
conditions, according of Fariasal (2007). The irrigation depths significantly (p < 0.01) altered
At 55 DAE, gas exchange was determined using tomatal conductanceay$), transpiration rateE),
portable infrared gas analyzer (IRGA - LICOR 6400, LICORntercellular CQ concentration §i) and net photosyn-
Nebraska, USA), carried out between 9:00 am and 10:8tketic rate A) (Figures 2A-D). Stomatal closure was less
am, in two plants per pot using the third fully expandethan 2.5 mmol ED m? s* in irrigation depths 4 to 6 mm
leaf from top to bottom, photosynthetically active andlay* caused by water restriction in the leaves mesophyll,
without lesions, located in the third leaf from top to botton(Figure 2 B), partially corroborating the results of
Photosynthetically active radiation was standardized i@havarriaet al (2015), who also observed transpiration
artificial saturating light of 1,000 umol-#s? (intensity in soybean cultivars subjected to severe water deficit.
similar to that natural lighgnd ambient CQconcentration.  This might be related to the fact that plants are in a situation
Stomatal conductancgg mol HO m?s?), was measured, of low water availability in leaf tissues under severe water
transpiration rate, mmol HO m? s?), internal CQ  deficit conditions (Ribas-Carlet al, 2005).
concentration Ci, umol mol?), as well as the net The low photosynthetic activity observed in the daily
photosynthetic rate’ pmol CO, m?s?), leaf temperature irrigation depth of 4 mm dais explained by the inability
(T,) and vapor pressure deficit (VPD). of the plants to raise the carbon absorption rate (Figure 2
The instant efficiency of carboxylatiol€E - ACi) C)inthisirrigation regime. The increase in leaf temperature
[(umol m? s?) (umol mot?) ] was calculated from the due to water restriction in the soil in this irrigation depth
relationship between C@ssimilation rate and internal induces a significant reduction in the normal flow of,CO
CO, concentration. The soybean water stress index (WSHwards the carboxylation site and, consequgtiterate
was determined using the formMiésI=[(t. -t ) -D,/ (D,  of liquid photosynthesis, as observed in Figure 2 D.
- D,)], as described by Idset al (1981), in whichD, = Soybean is a C3 cycle plant and therefore has low
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efficiency in the use of water (Kerbg®008).Thus, under reach higher values. Howeyétr was observed that the
conditions of hydric restriction, there is the closure ofalue of the photosynthetic rate had the opposite
stomata and consequent decrease in the photosynthéghavior According to Marencet al (2014), there is a
rate, as observed in this studye higher transpiration relationship between photosynthesis and stomatal
rate observed in the 7 mm dayater depth, did not result conductance that must be positive for most species,
in a higher photosynthetic rate, which is explained blgowever in the present studyoybeans showed the
Hanet al (2018) when stating that the rate photosynthetigpposite behaviofThe stress condition to which the
does notincrease under conditions of total irrigation, evgrants were subjected may have caused dehydration of
with an increase in the transpiration rate of the plants.the mesophilic cells, inhibited photosynthesis and causing

The water stress (water depth 4 mm-tayaused the losses to the metabolism, consequently affecting the
instant efficiency of carboxylation (CE) (Figure 2 E) toefficiency of carboxylation @iz & Zeiger 2017).
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** significant at 1% probability by Student's t-test.

Figure2: Stomatal conductancgd) (A), transpiration ratel) (B), intercellular CQconcentrationi) (C), net photosynthetic rate
(D), instant carboxylation &tiency (CE) (E), crop and leaf temperaturec({Tair) and water stress index (WSI) (F) of soybean
subjected daily irrigation depthgertical bars on each observed mean are the respective standard errors.
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As observed, the highest photosynthetic rate wag to 42 in irrigation depths of 4.0 and 5.0 mmYdywas
obtained in the daily irrigation depths of 6 mméagth a evident the correlation between the highest soil densities
value of 13.98 imol COm? s* (Figure 2D). In that same with the largest daily irrigation depths, with a progressive
water depth, the value of the difference between the cultiirecrease in the capacity of soybeans to produce
temperature and the air temperatyrg (was 0.94 °C, and chlorophyll, since the soil compaction influences the
the WSI 0.22 (Figure 2F). In the lower water depth (4 e 5 mimcrease in the stem neck diameter and, consequantly
day?), the WSl values were less than 0.4 and the gas valubse flow of water in the xylem, the area involved in
less than 0.10 mol J& m-2 s'. However the lowesiWWSI  transporting water to the leaves. This improved the
value was observed in the 7.0 mm daigation depth, performance of the photosynthetic process, as according
around 0.22 at the upper limit, corroborating with Candogan Taiz & Zeiger (2017) chlorophylls are responsible for
et al (2013), who observed similar results before soybeaapturing light energy for photochemical reactions.
irrigation when two years were evaluated. The result also Similarly, to the SRD index, the values of stem dry
corroborates withValler & Yitayew (2016), who found it mass and plant height also increased because of the
above 0.24, classifying it as having good water availabilitincrease in soil density and the applied irrigation depth
without water stress. Ribas-Cartal (2005) considered (Figures 4 B, C), due to the greater development of the
gsvalues higher than 0.20 moJ® m?s™. stem. This is due to increased availability and increased

The water deficit applied to the soybean crop with thitow of water in the xylem to cells undergoing cell division
4.0 mm daily irrigation depth resulted in a lower leaf areand expansion of young meristems in stem cell extension
and the leaf dry mass (Figure&,3B). This negative ééct (Gunest al, 2008; Munawartt al, 2014), with increasing
of the water deficit also was verified by Sinetial (2008), diameter in the stem neck, the area involved with water
Jaleekt al (2009) and Rhinet al (2009) in soybean. This transport and, consequently apical growth. Fariast
reduction in leaf area is a strategy for coping with low sodl. (2007) explained it by the close relationship with the
water availability because it reduces transpiration ratspecific mass of the soil and the soil water content, which
leading to water savings until the formation of pods (Stolare good indicators of soil physical quality
Moreira et al, 2010; Tardieu, 2013).The maximum Dry mass and percentage of roots in the layer (A)
accumulation of leaf area and dry mass of the soybeamre higher in the highest soil densities (Figure 5j, B
leaf were observed with the application of the 6.0 mm dailyeing 1.5 times higher at the highest value of bulk density
irrigation depth. This result is a reflection of the maximun(1.45 g cn?) compared to the lowest value (1.00 g%¥m
photosynthetic rate, that is, maximum conversion of thidowever the root percentage decreased with an increase
assimilated CQper unit of waterwith a subsequent in the irrigation depth (Figure 5B
decrease in the daily irrigation depth of 7 mm-Hay Such responses are related to soil compaction,

The highest SRD index values were observed in thereducing porosity and increasing soil resistance to root
highest soil densities and larger daily irrigation depthgenetration (Franchirgt al, 2009; Moraegt al, 2014;
(Figure 4A). However in loose soil, the %D index varied Moraeset al, 2016), which limits the depth and volume of
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** significant at 1% probability by Student's t-test.

Figure3: Leaf area (A) and leaf dry mass (B) of soybean submittediéoetit daily irrigation depth¥ertical bars on each observed
mean are the respective standard errors.
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the explored soil (Hamza &nderson, 2005; Gongalves The number of pods per plant and the dry mass of
al., 2006; Modoloet al, 2008; Franchinet al, 2009;

pods (Figure &, B) were two and five times lower at the
Bengoughet al, 2011; Jinet al, 2013). Thus, there is irrigation depth of 4.0 mm dayrespectivelycompared

greater proliferation and concentration of secondary rootgth the irrigation depth of 7.0 mm déwt 55 DAE.The
superficially disposed when reaching the compacted.laygreater number and mass of pods in the largest irrigation
It was also observed in the compacted layer (B) wheatepth is related to how plants during the reproductive
considering the lowest soil densities and the highephase require a large amount of water to fill the grains,
irrigation depths (Figure 5 C). Howeyehere was an therefore the linear increase in these parameters with an
increase in soil resistance to root penetration in the highéstrease in irrigation depth. These results partly
densities of the soil at the smallest irrigation depthgorroborate those of Brevedan & Egli (2003) in the

Buttery et al. (1998) also observed similar results information of soybean pods, under severe water deficit
soybean cultivation at two levels of soil densifhis

for 13 days. Howeveit differs from the results obtained
increase in root dry mass at the highest irrigation deptby Machado Junioet al. (2017) in soybean grain yield

in the compacted layer is due to the formation of biainder water stress for 15 days. These results are

pores in the soil by the roots, thereby reducing the effecbntroversial, can be, due to the fact that soybean, when
of soil resistance on root penetration.

subjected to a daily water deficit, has a great facility in
The restriction of root growth as a result of theecovering stomatal conductance and transpiration after
increased resistance to penetration in compacted sailsigation, without inhibiting the photosynthetic

reflected in the shoot/root ratio (Figure 5 D), with greatempparatus and, consequentlgain in biomass.
accumulation of dry mass in the aerial part. Howghoer

Therefore, considering proportional gains in soybean
the smallest irrigated layers, the strategy of the plant whgomass under water deficit can lead to erroneous

to prioritize the root system with allocation of most photoeonclusions, when using exclusively water deficit
assimilates, as observed in the results of the leaf areaassessments.
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** and * significant at 1% and 5% probability, respectively by Student's t-test.

Figure4: SFAD index (A), plant height (B) and stem dry mass (C) of soybean submittedet@difbulk density (BD) of soil and
daily water depths (WD).
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Figure5: Root dry mass in laye (A), percentage of root dry mass in lapgiB), root dry mass in layer B (C) and ratio root/shoot

dry mass (D) in soybean submitted tdeli€nt bulk density (BD) and daily water depths (\W\Brtical bars on each observed mean
are the respective standard errors.
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Figure 6: Number of pods (A) and dry matter pods (B) of soybean submitted to daily irrigation dgptiesl bars on each observed
mean are the respective standard errors.
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CONCLUSIONS Chavarria G Durigon MR Klein VA & Kleber H (2015)Restricao
o fotossintética de plantas de soja sob variacdo de disponibilidade
There were low transpiration rates and lower thermal hidrica. Ciéncia Rural, 45:1387-1393.

energy dissipation due to water deficit in the 4-mm dailyarias JRB, NepomucemsL & Neumaier N (2007) Ecofisiologia
irrigation depth that resulted in stomatal closure andda soja. Londrina, Embrapa Soja. 8p. (Circular, 48).
impaired the performance of the photosynthetic procesganchini JC, Debiasi H, Balbinot JuniéA, Tonon BC, Farias
in soybean. These results were confirmed by the valuegRB, Oliveira MCN & Drres E (2012) Evolution of crop yields
e : - . in different tillage and cropping systems over two decades in
of leaf area and leaf dry mass verified in the irrigation southern Brazil, Field Crops Research, 137:178-185.
depth of 6.0 mm day o o _
) ) ) ) ) ) ) Franchini JC, Debiasi H, Sacom#&n Nepomucen® & Farias

The increase in soil density provided gains in shoot JRB (2009) Manejo do solo para reducéo das perdas de produ-
and dry root mass in the layer above the compacted ongividade pela seca. Londrina, Embrapa Soja. 39p. (Documen-
Low availability of water in the soil reduces the '°5 314):
photosynthesis and growth of soybean plants. Increa$gnsalvesVG Jimenez RLAradjo Filho JVAssis RL, Silva GR

in bulk d . f th 1 Pires FR (2006) Sistema radicular de plantas de cobertura sob
in bu ensity of the soil promotes greater root compactagdo do sol&EngenhariaAgricola, 26:67-75.

development, with the layer above the compacted bei%nesA Pilbeam DJ, Inah, Bagci EG & Coban S (2008pfluence

the one that concentrates most of the roots. of silicon on antioxidant mechanisms and lipid peroxidation in
chickpea Cicer arietinumL.) cultivars under drought stress.
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