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ABSTRACT: Investigations into water potentials in the soil-plant system are of
great relevance in environments with abiotic stresses, such as salinity and drought.
An experiment was developed using bell pepper in a Neossolo Fluvico (Fluvent) irrigated
with water of six levels of electrical conductivity (0, 1, 3, 5, 7 and 9 dS m™) by using
exclusively NaCl and by simulating the actual condition (using a mixture of salts).
The treatments were arranged in a randomized block design, in a 6 x 2 factorial
arrangement, with four replicates. Soil matric (¥,,) and osmotic (W,) potentials were
determined 70 days after transplanting (DAT). Soil total potential was considered as
the sum of ¥ and V.. Leaf water (obtained with the Scholander Chamber) and osmotic
potentials were determined before sunrise (predawn) and at noon at 42 and 70 DAT. There
were no significant differences between the salt sources used in the irrigation water for
soil and plant water potentials. The supply of salts to the soil through irrigation water was
the main factor responsible for the decrease in W, in the soil and in bell pepper leaves.
The total potential of bell pepper at predawn reached values of -1.30 and -1.33 MPa at
42 and 70 DAT, respectively, when water of 9 dS m™ was used in the irrigation. The total
potential at noon reached -2.19 MPa. The soil subjected to the most saline treatment
reached a water potential of -1.20 MPa at 70 DAT. There was no predawn equilibrium
between the total water potentials of the soil and the plant, indicating that soil potential
cannot be considered similar to that of the plant. The determination of the osmotic
potential in the soil solution should not be neglected in saline soils, since it has strong
influence on the calculation of the total potential.
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INTRODUCTION

The dynamics of total water potential is a key variable in environments with the occurrence
of abiotic stresses, such as drought and salinity, since it determines water movement
and availability in the soil-plant system (Hillel, 1998; Kirkham, 2004). The knowledge
of matric and osmotic components in the soil (Groenevelt et al., 2004) and osmotic
and total components in the plant (Souza et al., 2012) allows for understanding and
interpreting different management conditions, such as areas irrigated with waters of
different electrical conductivities and ionic concentrations. In addition, Ben-Gal et al.
(2009) reported the use of osmotic potential to evaluate the effects of salinity on plants
is much more appropriate than electrical conductivity, since it accounts for the influence
of all the present ions, whether in the soil solution, irrigation water or in the plant cell.

Soil salinity affects an extensive area of the world and requires special attention, since
it decreases agricultural cultivation and often makes it impossible (Souza et al., 2014).
Salt-affected soils are characterized by the excess of soluble salts in the soil solution (salinity)
or sodium in the exchange complex (sodicity) (Souza et al., 2012). In many agricultural areas,
the use of water with high electrical conductivity for irrigation and the excessive application
of fertilizers are the main reasons for the problem of the increase in soil salinity. Since salinity
limits agricultural production and reduces crop yield to economic levels, knowledge of the
effects of this stress on plant and soil becomes necessary. Thus, experiments evaluating
different plant species and also water of different ionic compositions are important in this type
of agricultural system. Furthermore, it is common to find in the literature the use of saline
water prepared with only sodium chloride; however, a greater diversity of ions occurs under
natural conditions. Therefore, studies comparing the influence of different ionic compositions
of irrigation water on water potential in the soil-plant system are necessary (Melo et al., 2016)

The classic theory of water relations predicts an equilibrium between the soil water potential
around the roots and the plant water potential during the night (Donovan et al., 1999).
This equilibrium must be investigated under salinity conditions in the soil and in the plant,
since the total water potential in the plant is often used as representative of soil water
potential. However, the magnitude of the disequilibrium between soil and plant potentials
must be quantified in order to refine the interpretations related to water dynamics in the
soil-plant system (Donovan et al., 2003), especially under conditions of abiotic stress.

Bell pepper (Capsicum annuum L.) crop is among the ten vegetable crops of greatest
economic importance in the Brazilian market (Amor and Cuadra-Crespo et al., 2012;
Sediyama et al., 2014; Oliveira et al., 2015). The cultivation of bell pepper is one of the best
examples of family agriculture and integration between small farmers and agro-industry;
this crop is also cultivated in semiarid regions, which often use saline water for irrigation
(Amor and Cuadra-Crespo et al., 2012).

This study investigated water potentials in the soil (matric, osmotic and total) and in bell pepper
plants (osmotic and total) irrigated with water of six levels of electrical conductivity (0, 1, 3, 5,
7 and 9 dS m™) prepared from two sources: a mixture of salts similar to that in the water from
wells in the soil-sampling site and an exclusive source of NaCl. In addition, this study tested
the hypotheses of predawn equilibrium between soil and plant total potentials and influence
of salt type in the irrigation water on the potentials in the soil and in bell pepper plants.

MATERIALS AND METHODS

Soil collection and preparation for experiment installation

The soil material used in the experiment was collected in the layer of 0.00-0.30 m of
a Neossolo Fluvico (Santos et al., 2013), a corresponding to Fluvent (Soil Survey Staff,
2014), in the municipality of Pesqueira, in a semiarid region of northeastern Brazil, located
in the sub-basin of the Ipanema River in the state of Pernambuco, at the geographical
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coordinates of 8° 34’ 17" and 8° 18" 11" S, and 37° 1" 20" W, with mean altitude of 613
m. The soil was air-dried, pounded to break up clods and sieved through a 4-mm grid, in
order to maintain soil microaggregation and increase field representation.

Initial soil characterization

For soil chemical characterization (Table 1), the following properties were determined
in the air-dried fine earth (ADFE): Ca®*, Mg?*, Na* and K*, extracted using 1 mol L*
ammonium acetate; the saturation extract was obtained through the preparation
of the saturation paste (Richards, 1954), where electrical conductivity and pH in
water (Claessen, 1997) were measured and soluble bases and the chloride ion were
determined through titration with AgNO;. The cation exchange capacity (T) was
determined through the index cation method (Richards, 1954). Based on the results
obtained in the exchange complex, the values of sum of bases (SB) and exchangeable
sodium percentage (ESP) were calculated.

For the physical characterization, granulometric analysis was performed in the ADFE
using the pipette method; clay dispersed in water and the estimation of the degrees
of clay dispersion and flocculation; soil bulk density, through the graduated cylinder
method and soil particle through the volumetric flask method; water contents at
field capacity (-0.1 atm) and permanent wilting point (-15 atm) were obtained from
the soil water retention curve, determined using Richards’ pressure plate apparatus
(Claessen, 1997). Total porosity was estimated using the values of soil bulk and

Table 1. Chemical characterization of the Neossolo Fluvico used to
fill the pots in the greenhouse experiment

Variable Value
Saturation extract
pH in saturate extract (pHs.) 8.17
Electric conductivity - EC (dS m™) 0.99
Ca”* (mmol L) 1.00
Mg** (mmol L?) 1.04
Na* (mmol L?) 5.34
K* (mmol L) 1.12
CI* (mmol LY) 6.80
Exchange complex
pH(H,0)(1:2.5) 7.70
Ca** (cmol. kg™) 5.53
Mg?* (cmol. kg™) 2.22
Na* (cmol. kg™) 0.26
K" (cmol. kg™) 0.50
Sum of bases - SB (cmol.kg™) 8.51
Exchangeable sodium percentage - ESP (%) 3.00
Relation (soluble)
Na/Ca 5.37
Na/Mg 5.14
Na/K 4.77
Na/Cl 0.79
Cl/Ca 6.83
Cl/Mg 6.54
Cl/Na 1.27
Cl/K 6.07
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particle densities. The soil physical properties were: fine sand 312 g kg; coarse sand
117 g kg''; total sand 429 g kg™; silt 422 g kg™; clay 149 g kg™; clay dispersed in
water 102 g kg*; bulk density 1.24 Mg m?; particle density 2.52 Mg m™; flocculation
degree 31 %; dispersion degree 69 %; total porosity 50.79 %; field capacity 0.23 g g™;
and permanent wilting point 0.05 g g™

Experiment installation and definition of treatments

Bell pepper (Capsicum annuum L) variety ‘Iltamara’ was cultivated in pots with a capacity
for 6 dm” of soil, which were irrigated daily, using water with electrical conductivity levels
of0,1,3,5,7and 9dS m" (Table 2). Two salt sources were evaluated: one composed of
the mixture of Ca, Mg, Na, K and Cl, which simulated the composition of the water from
a well close to the soil-sampling site, with the same proportions, and another source
using exclusively sodium chloride.

The treatments were arranged in a randomized block design, with four replicates, in
a 6 x 2 factorial arrangement, which consisted of six levels of electrical conductivity
and two sources of salts.

Conduction

The seedlings were transplanted to pots 40 days after sowing. During the experimental
period, plants were conducted using single stakes with the stems arranged in a row.
Basal fertilization was based on the Manual of Fertilizer Recommendation for the State of
Pernambuco (IPA, 2008). Plants were initially irrigated with distilled water for a period of
10 days, and the electrical conductivity was gradually increased in order to avoid osmotic
shock in the transplanted plants. During the entire experiment, the water content in the
pots (80 % of field capacity) was gravimetrically maintained through the replenishment
of the evapotranspired water, according to daily weighing, always in the late afternoon,
in order to allow the soil to equilibrate with the desired water content during the night.

Soil water potential

Soil total water potential was obtained from determinations of the osmotic and matric
potentials. For the estimation of osmotic potential, the soil solution was extracted through
saturation paste (Richards, 1954) at 70 DAT. Ten pL of the soil solution were used for
the determination of osmolality (solute concentration) in vapor pressure osmometer
(WESCOR'’S VAPRO® - Model 5600). The osmotic potential was estimated through the
Van't Hoff equation, described below:

WY, =-RTC

Table 2. Amounts of salts needed to obtain the electrical conductivity (EC) values used in the
irrigation water for both salt sources

Mixture of Salts

EC NacCl

NaCl KCI CacCl, MgCl,

dsm™ glL?

0 - - - - -
1 0.5000 0.3770 0.0020 0.0860 0.1090
3 1.6110 1.1364 0.0071 0.2519 0.3200
5 2.8417 1.8950 0.0134 0.4260 0.5337
7 3.3422 2.9414 0.0170 0.6553 0.8267
9 6.0049 4.1826 0.0211 0.9312 1.1830
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where R is the universal gas constant (0.00831 kg MPa mol™ K), T is the temperature (K) and
C is the solute concentration, expressed in mol kg™ (Souza et al., 2012). In order to achieve
an osmotic potential representative of the actual condition of soil water content, the value
obtained in the saturation paste extract was used to estimate the osmotic potential extracted
in extraction capsule at water content close to field capacity. For this, we used the equation
proposed by Souza et al. (2013), who used the same type of soil as in the present study.

In each pot, the soil was sampled using a screw auger for the determination of soil water
content. Matric potentials were estimated based on the soil water retention curve (SWRC).
The total potential of the soil was considered as the sum of the osmotic and matric potentials.

Plant water potentials

The total water potential in the plant was evaluated with a Scholander Pressure Chamber
(Model 1515 D - Pressure Chamber Instruments, PMS) in leaves collected from branches
of the middle section of the plant at 42 and 70 DAT. These measurements were performed
before sunrise, a condition referred to as predawn (V,4,). In addition, the potential at
noon was determined at 70 DAT.

The osmotic potential of plant sap was determined at the moment of the determination of
the total potential. For this, the leaves used in the evaluation of total potentials at dawn
and noon were macerated with the pistil, using liquid nitrogen. The sap obtained from the
leaf tissue was filtered and centrifuged at 10,000 g for 10 min at 4 °C (Souza et al., 2012).
In the sap resulting from this process, the osmolality was determined using a vapor
pressure osmometer (WESCOR'’S VAPRO® - Model 5600), and the osmotic potential was
estimated using the previously described Van't Hoff equation.

Equilibrium between soil and plant potentials

To determine whether there was equilibrium between the potentials in the soil-plant system,
the soil total potential - Vs, (matric + osmotic) and the plant total potential - Wy, (obtained
using the Scholander Chamber) were considered. The potential gradient (A) was obtained
as follows:

A=Wy - Vg
Statistical analysis

The data were analyzed using analysis of variance, fitting of regression equations for
the electrical conductivity levels and the Scott-Knot test (p<0.05), for the comparison
of means between the soil and plant water potentials.

RESULTS AND DISCUSSION

Soil osmotic (¥,), matric (V) and total (V) potentials

There was no significant effect of salt source (mixture and NaCl) on soil water potential.
However, the electrical conductivity was significant for all the variables, which allowed the
fitting of regression models for the osmotic, matric and total potentials (Figure 1). As the
electrical conductivity of the irrigation water increased, there was an increase in the soluble
ions and a decrease in the osmotic potential (Figure 1a). These osmotic effects of salts in
the soil solution were also reported by Souza et al. (2012) and Coelho et al. (2014).

All the treatments were under similar water content conditions at predawn, close to 80 %
of field capacity, since water was always replenished in late afternoon and during the night,
water was redistributed in the pots (Figure 1b). However, at noon (Figure 1b), in the most
saline treatments, the matric potential remained close to the observed at dawn. This may
have been due to the lower biomass and consequent reduction in the transpiration of plants
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irrigated with water of higher electrical conductivity, thus leaving the soil more humid. Similar
behavior was observed by Coelho et al. (2014), cultivating cowpea under saline stress.

Total water potential in the soil (Figure 1c), being dependent on matric and osmotic
potentials, decreased with the increase in salinity and the consequent reduction in the
osmotic potential. The similarity of the behaviors between the regressions for W and ¥,
values in the soil indicates that W, was the main factor responsible for the reduction in
the values of soil total potential, since W, comes from the concentration of solutes in the
solution. With an increase in the salt concentration in the soil solution, there are alterations
in the colligative properties of the water, thus reducing its osmotic potential (Hillel, 2004).

Similar behavior was observed by Souza et al. (2012), evaluating matric and osmotic
potentials in a saline soil. Thus, in saline soils, the osmotic potential needs to be
evaluated (Groenevelt et al., 2004). There were contributions of 76, 91, 96, 97, 97 and
97 % of the osmotic potential for the total water potential in the soil in the treatments
of 0,1, 3,5, 7 and 9 dS m™, respectively (Figure 2), confirming the influence of the
soil osmotic potential on the total potential.

Electrical conductivity (dS m)
0 1 2 3 4 5 6 7 8 9

o
o
1S3
O

@ Predawn
A Noon

o
(@)}

o
|

m O
o 0
S 8
| I |
o,
®

...................... e § = -0.1089 - 0.2398% EC - 0.0135%* EC2
.................................... @ R=009848

=

N

o
|

Osmotic potential (W0 - MPa)

Electrical conductivity (dS m1)

0 1 2 3 4 5 6 7 8 9
0'00 1 1 1 1 1

-0.02

-0.06 -

-0.08
-0.10

-0.14 §=9=-0.0288

Matric Potential (Wm - MPa)

(c) Electrical conductivity (dS m?)
0 1 2 3 4 5 6 7 8 9

0.00

020 4
-0.40
060 4 0 T

-0.80
-1.00

L § = -0.1219 - 0.265** EC + 0.0174%* EC?
................... .. R2 = 0.9884

Total potential (W - Mpa)

Figure 1. Osmotic (a), matric (b) and total (c) soil potentials as a function of the electrical conductivity of the irrigation water at 70 days
after transplanting. **: significant at 1 %.
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When the soil does not have salinity problems and, consequently, the soil solution has a
low concentration of chemical elements, the osmotic potential does not have significant
effect on the composition of the total potential; thus, the matric potential is the main
potential to be considered. However, for saline soils, if the osmotic potential is not
considered in the calculation of the total potential, misinterpretations with respect to
water availability and movement in the soil-plant system may occur. Therefore, more
important than taking into account the electrical conductivity of the soil solution is
to determine the osmotic potential, as performed in the present study (Groenevelt
et al., 2004; Ben-Gal et al., 2009; Souza et al., 2012). The determination of the osmotic
potential becomes even more complicated because of the difficulty in finding osmometers
in soil laboratories that perform routine analyses. Thus, pedotransfer functions are
indicated for the estimation of the osmotic potential from the electrical conductivity
of the soil solution. The series of these equations and, in addition, different methods
of soil solution extraction were presented by Souza et al. (2013), with the intention of
encouraging the use of the osmotic potential for soils with salinity problems.

The decrease in the total potential results in higher energetic demand by the plant,
in order to absorb water from the soil. This increased energy requirement leads to
a competition for energy between the processes of assimilation and metabolism of
nutrients and water, often causing physiological imbalances (Cabot et al., 2014).

Leaf osmotic (V,) and total (V) potentials

The potentials in the plant, as observed in the soil, were not influenced by the salt sources
used in the elaboration of the irrigation water. However, the electrical conductivity was
highly significant (p<0.01). There was a sharp reduction of osmotic and water potentials
with the increase in electrical conductivity for all the evaluated dates and times (Figure 3).

The decrease in the osmotic potential in the leaf sap was possibly due to the accumulation
of ions and organic solutes as a means of adapting to saline stress, since a potential
gradient between the soil and plant is necessary for the absorption of water and nutrients.

At dawn, plants showed the maximum cell turgor and, consequently, lower intracellular
concentration of solutes, compared with the conditions at noon. Thus, it is expected that
healthy plants have the capacity to hydrate as much as possible during the early hours
of the morning and, due to the transpiration processes, reach minimum turgor at noon.

Water potentials decreased with the increase in the electrical conductivity of the irrigation
water along the experiment (Figure 3b). At 70 DAT, at predawn, water potentials were
lower compared with the potentials at 42 DAT. This can be explained by the increase
in the salts of the soil and the consequent necessity of plants to accumulate solutes in
order to reduce this potential. Another important fact is the contribution of water stress

100— o1 96 97 97 97
go 76
60
40+
0 1 2 3 4 5 6

Electrical conductivity (dS m1)

% of the Woto VW

N
o
1

Figure 2. Percent contribution of the osmotic potential (W,) to the total potential (V) at 70 days
after transplanting (DAT) at predawn.
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to the reduction of water potential at noon at 70 DAT (Figure 3b). The water potential
at noon decreased by more than 100 % compared with that at dawn, evidencing the
influence of the lower plant turgor at this time.The effect of irrigation with saline water
was evaluated by De Pascale et al. (2003), with electrical conductivity of 0.5 (control),
4.4 and 8.5 dS m™ in Capsicum annuum. These authors observed total potential values
of -0.95, -1.21 and -1.41 MPa for the treatments of 0.5, 4.4 and 8.5, respectively.

For peppers in saline conditions using irrigation waters of 0, 50 (~5 dS m™) and
100 mmol L (~10 dS m™) of NaCl, Azuma et al. (2010) observed that the total potential
in the leaves, at 21 days, were equal to -0.7, -1.05 and -1.29 MPa for the increasing
salt concentrations in the treatments, respectively. These values confirm the strong
correlation between the decrease in total potential in bell pepper leaves with the
saline supply promoted by the use of saline water, which was also reported by Azuma
et al. (2010), who observed values close to those obtained in the present study. For
the electrical conductivity of 9 dS m™, values of -1.29 and -1.33 dS m™ for leaf WV at
42 and 70 DAT, respectively, were found in the present study. In the study by Azuma
et al. (2010), a mean of -1.29 MPa was obtained for the concentration of 100 mmol L™
NaCl (~10 dS m™). For the electrical conductivity of 5dS m™, values of -0.85 and -1.11
MPa for the determinations performed at 42 and 70 DAT, respectively, were found in
the present study. On the other hand, in the study by Azuma et al. (2010), a mean of
-1.05 MPa was observed for the treatment with 50 mmol L™ NaCl.

Relationship between soil and plant total potentials

There was no predawn equilibrium between the total potentials in the soil and in the
plant (Figure 4). The highest and the lowest differences between plant and soil potentials
occurred in the treatments with electrical conductivity of the irrigation water of 0 and 3
dS m™, respectively, as values of -0.467 and -0.0863 MPa. Nevertheless, it was possible
to observe that plants reduced their water potential as the soil potential also decreased.

(a) Electrical conductivity (dS m1)

0 1 2 3 4 5 6 7 8 9
A 42 DAT (P)
@ 70 DAT (P)
@ 70 DAT (N)

(Predawn at 42 DAT) = -0.8297 - 0.0999** EC Rz = 0.9539
(Predawn at 70 DAT) = -0.7759 - 0.1499** EC Rz = 0.9515
(Noon at 70 DAT) = -0.944 - 0.2032** EC R? = 0.8846

Leaf osmotic potential (MPa)

-0.50
-1.50

-2.50 ¥ (Predawn at 42 DAT) = -0.4992 - 0.08833** EC R? = 0.964
¥ (Predawn at 70 DAT) = -0.6282 - 0.0863** EC R? = 0.9662
y

(Noon at 70 DAT) = -1.1637 - 0.1319** EC R? = 0.8767

Leaf water potential (MPa)

-3.50

Figure 3. Mean values of leaf osmotic (a) and water (b) potentials at 42 and 70 DAT at predawn (D) and 70 DAT at noon (N).
**: significant at 1 %.
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Total potential (MPa)

-1.20 - M Plant
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-1.40 -

Figure 4. Test of comparison of means between soil and plant total potentials at each level of electrical conductivity, and the
difference (gradient) between the potentials. Same lowercase letters for each salinity level indicate no significant effect by the
Scott-Knot test (p<0.05).

In order to confirm this claim, it is important to point out that the plant water potential
in the control treatment (0 dS m™) was equal to -0.569 MPa, while in the treatment with
9dS m' it was -1.326 MPa.

Predawn disequilibrium between plant and soil water potentials in 16 out of 21 tested
plant species were observed by Donovan et al. (1999, 2001), and the authors emphasized
that this difference can be greater than 2.0 MPa in halophytes. Disequilibrium between
plant and soil water potentials in plants of the genera Chrysothamnus and Sarcobatus
were also observed by Donovan et al. (2003). Studying plants of the Sarcobatus genus
under saline conditions, James et al. (2006) observed disequilibrium of great magnitude
between plant and soil. In the literature, a few explanations are provided for such
disequilibrium, such as the heterogeneity of soil moisture (difficulty in determining
soil water potential directly close to the roots) and the hydraulic conductivity between
the soil and the roots. In addition, there are some plant characteristics that have an
impact, such as nighttime transpiration and insufficient time for plant rehydration
due to high internal resistance (Donovan et al., 1999). For bell pepper irrigated with
saline water, it is not possible to use the value of water potential determined in the
plant at predawn to estimate the soil water potential.

CONCLUSIONS

Soil total water potential should not be considered similar to the potential in the plant,
since there was no equilibrium between these potentials for the evaluated levels of
electrical conductivity and soil characteristics.

Water potentials in the soil and in bell pepper were similar for sodium chloride and a
mixture of calcium, magnesium, potassium, sodium and chloride.

Leaf water potential at predawn reached values of -1.30 and -1.33 MPa at 42 and
70 days after transplanting (DAT), when water of 9 dS m™ was used for irrigation.
The potential at noon reached a value of -2.19 MPa. The soil subjected to the most
saline treatment reached a total potential of -1.20 MPa at 70 DAT. The supply of salts
to the soil through irrigation water was the main responsible for the decrease in the
osmotic potential in the soil (W,) and in bell pepper leaves.

The determination of the osmotic potential in the soil solution should not be neglected
in saline soils, because it has a strong influence on the calculation of the total potential.
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