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Abstract: A field experiment was carried out in 2017-2019 as a split-plot design with four replicates at
the Agricultural Experimental Station in Grabéw, Poland. The aim of the study was to compare the gas
exchange parameters of the pea depending on the use of different soil tillage systems. Physiological
plant parameters as: net photosynthetic rate (PN), transpiration rate (E), stomatal conductance
(gs), intercellular CO, concentration (Ci) and relative chlorophyll content were measured in three
developmental stages. The study have showed that all the measured parameters were affected
by the tillage system of the soil. Net photosynthetic rate and transpiration rate were significantly
lower in the treatments, where simplified-tillage was applied. Pea grown in the plough tillage
(CT) showed a generally higher rate of net photosynthesis and transpiration rate compared to that
of peas grown in the reduced tillage and no-tillage systems, but this was dependent on the plant
development stage and the weather conditions prevailing in a given year. The highest intercellular
CO; concentration (Ci) under different cultivation methods were found in the no-tillage system,
regardless of the developmental stage of legumes. The values of determination coefficients showed
a positive relationship between the photosynthetic rate and seed yield of the peas tested in all the
years of the research. The study also showed that a significantly higher SPAD index was found in the
CT tillage system, irrespectively on the developmental stage.

Keywords: tillage system; legume; net photosynthetic rate; stomatal conductance; transpiration rate

1. Introduction

Crop productivity depends directly on the photosynthesis intensity process and is re-
duced by the loss of biomass resulting from respiration [1]. Nearly 90% of the accumulated
biomass depends on the intensity of this photosynthesis process, which is one of the most
important physiological processes [2,3].

The photosynthesis intensity of the legume and other crop species depends on many
environmental factors, among others: temperature, type and intensity of light, concentra-
tion of oxygen and carbon dioxide in the air, and water availability. The intensity also
depends on a number of other factors, such as, chlorophyll content, enzyme activity and
plant developmental phase [3], thickness of leaves [4], age of leaves [5] and availability of
water [6].

The leaf greenness index (SPAD) is used to diagnose, among other things, the state
of plant nutrition. Based on this measurement, one may assess the chlorophyll content in
leaves, which consequently allows for the proper dose of fertilizer to be determined [7].

Cultivation has a significant influence on seeds yield, the physicochemical properties,
and the biological activity of soil, which affects plant growth [8-16]. Earlier studies have
shown that cultivation systems significantly influence the physiological activity of crops,
i.e., their photosynthetic activity, stomatal conductance, and transpiration [17].

However, the influence of tillage practices on physiological parameters of legumes
has not been investigated yet and has not been well understood. The need for this kind
of research effects is also fromthe fact that in numerous scientific studies have shown
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the impact of the soil tillage system on the growth, development, and yielding of plants.
In the literature, there is little information on the effects of tillage systems on the gas
exchange parameters of the pea and other legume species. Observation of these effects may
considerably improve the amount of knowledge and contribute to the partial explanations
of the effect of soil tillage systems before legume sowing on photosynthesis rates and other
physiological parameters.

The aim of this study was the assessment of the efficiency of the photosynthesis
process depending on the soil tillage system used.

2. Materials and Methods
2.1. Field Experiment and Cultivation Management

A field experiment was carried out at the Agricultural Experimental Station in Grabow
(51°21'18"” N 21°40/09” E; Masovian Voivodeship, Poland) belonging to the Institute of
Soil Science and Plant Cultivation-State Research Institute in Putawy. The static field
experiment was conducted in seasons from 2017 to 2019, as a split-plot design with four
replicates on a Luvisol soil with sandy loam texture classes, belonging to a good wheat
complex [18] using 24 plots (each with an area of 30 m? and for harvest 15 m?). At the
beginning of the trial, at a depth of 0-20 cm, the soil layer contained 0.74-0.83% organic
carbon (measured using the Tiurin method); the total nitrogen content was measured using
the Kjeldahl method). The soil pH was 5.4-6.3 (measured in 1 M of potassium chloride
(KCI)). The content of phosphorus (P), potassium (K), and magnesium (Mg) amounted to
15.7-22.0, 9.2-20.4, 5.9-7.6 (mg-100 kg ! soil), respectively.

The scheme of the trial included one factor, the soil tillage system (TM) of peas
(Pisum sativum L.): direct sowing (NT), reduced tillage (RT) and ploughing (CT). Legumes
were sown at a density of 200 seeds per 1 m?, in rows intercropping 100 in all soil tillage
treatments in the first 10 days of April. The selection of soil treatments was dependent on
the tillage system (Table 1). A fertilization treatment (N-15, P,Os5-50, K,O-75 kg-ha’l) was
applied to all tillage systems before sowing the legumes. Plants were harvested at the full
maturity stage of the peas (BBCH 89) in the third 10 days of July.

Table 1. Methods of soil treatment in different soil tillage systems.

Tillage System Soil Treatment

Post-harvest of forecrop cultivation: a shallow cultivation with a disc harrow
to a depth of 5 cm of soil.

*
ct Basic land preparation: ploughing to a depth of 30 cm with a plough.
Pre-plant tillage: cultivator followed by harrowing.
After plant harvest, post-cultivation was carried out with a rotary cultivator
RT to a depth of 5 cm.

Basic land preparation: stubble cultivator (2.5 m wide).
Pre-plant tillage: cultivator followed by harrowing and rolling.

The preparation of the land for pea sowing was reduced to the use of a
NT herbicide, followed by sowing directly into the stubble of the forecrop using
a special seeder for direct sowing.

* tillage system; CT—conventional tillage; RT—reduced tillage; NT—no tillage.

2.2. Gas Exchanges and SPAD Measurements

Physiological plant parameters: net photosynthetic rate (Py), transpiration rate (E),
stomatal conductance (gs), and intercellular CO, concentration (Ci) were measured in
three developmental stages (DS): (1) the appearance of an inflorescence (BBCH 51); (2)
full of flowering (BBCH 65) and; (3) binding of the pods (BBCH 75). Measurements of
gas exchanges were taken every day before noon (between 8:00 am. and 11:00 a.m.)
with a CIRAS-2 Portable Photosynthesis System (USA) in four replications. Gas exchange
parameters were measured on the young fully exposed leaf at a concentration of 390 ppm
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CO,, 1000 PARi (umol-m~2's~!) and the temperature of 17-25 °C, a chamber flow rate of
200 mL min !, and a relative humidity of 50%.

Relative chlorophyll content (SPAD index) was measured with a SPAD 502 (Minolta,
Tokyo, Japan) chlorophyll meter in four replications.

This device measures the difference between light absorption at a wavelength of 650
and 940 nm, and the quotient of these values is presented as leaf greenness, i.e., indexed
chlorophyll content [19]. The result is given in SPAD units in a range from 0 to 800.
Measurements were taken in three developmental stages of the peas (on 30 leaves were
measured per each plot).

2.3. Statistical Analysis

The data presented are the mean values from the years 2017-2019 as a result of a
similar reaction with the plants examined using different soil tillage methods during the
study years. The results were statistically analyzed with the use of the variance analysis
using Statistica v.10.0 program. Tukey’s multiple comparison test was used to compare
differences between the means for cropping methods, while confidence intervals for the
means of LSD (x = 0.05) were used.

2.4. Weather Conditions

Weather conditions in the period of the research were diversified (Figure 1). In the
growing season of 2017, the highest amount of precipitation was noted in spring (April),
which exceeded the long term average by 77%. In June and July a small amount of rainfall
was recorded. In the first 10 days of August, there were very small amounts of rainfall
(0.9 mm). In 2018, the amount of rainfall in May and July exceeded the average from
multi-years by 70.9 and 41.1%, respectively. During April and June the total rainfall was
only 65% and 63% of the long-term average, respectively. In 2019, the total rainfall was the
smallest during the vegetation season of the peas (252.4 mm) compared to earlier years.
In July, there was a small amount of rainfall was recorded, which was lower than the
long-term average by 30.0%.
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Figure 1. Course of weather conditions during the vegetation periods (2017-2019); * mean from 1871 to 2000.

3. Results and Discussion

Photosynthesis is one of the most stress-sensitive life processes. Factors limiting the
photosynthetic activity of crops include water, carbon dioxide, temperature, and light.
Water strongly affects CO, assimilation, as under water deficit, stomata close and CO,
input gets cut off, which reduces its concentration in the intercellular spaces, and, hence,
photosynthesis is inhibited [20]. The main important factor affecting the yield of plants is
their gas exchange. The photosynthesis process is conducted in all green parts of the pea
plant but most intensively in the leaves. Pea leaves, in comparison to other parts, such as
the stem or the pods, showed the highest photosynthetic activity, and these are the source
assimilations for developing pods and seeds [21,22].

The obtained results showed that the amount of CO, released by the peas was higher
than their uptake from the atmosphere. The results also showed that the concentration of
intercellular CO; was high and increased with the intensity of the soil treatment, which
may indicate that this source of gas could be coming from the surface of the soil.

The pea cultivation system had the significant impact on the parameters of photosyn-
thesis, transpiration, concentration of intercellular CO,, and stomatal conductance. Peas
grown in the plough tillage (CT) showed a generally higher rate of net photosynthesis com-
pared to peas grown in the reduced tillage and no-tillage systems, but this was dependent
on the plant development stage and the weather conditions prevailing in that given year.
A significant difference between all the tillage systems was noted.

In the first year of the study (2017), the highest values of Py were recorded in the full of
flowering stage (65 BBCH)-14.1 umol (CO;) m~2 s~!, while in the remaining developmental
phases, only such tendency was shown (Table 2). In the second and third years of the
study (2018 and 2019), the highest values of parameters of net photosynthetic rate were
recorded in the third developmental phase (binding of the pods—75 BBCH):16.9 and
16.2 pmol (COy) m~2 571, respectively. Comparing all the years of the study, the lowest net
photosynthetic rate was noted in the first year, especially at the stage of the beginning of
flowering where there was a small amount of rainfall recorded. The simplification of the
soil tillage system caused a significant decrease in PN on average by 14% (NT) and 5% (RT),
respectively, regardless of the developmental stage of the legumes (Table 1). Moreover,
Pisum sativum exhibited significantly higher Py in the third year of the study than in the
other years, irrespectively on the developmental stage.
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Table 2. Net photosynthetic rate (Pyy) and transpiration rate (E) in different tillage systems in 2017-2019 (mean =+ standard deviation).
Year 2017 2018 2019 2017-2018
NT * RT CT NT RT CT NT RT CT NT RT CT
Tillage System
Mean + SD
Netphotosyntheticrate (PN) 94 597 1394125 111+084 1004093 1084099 1324043 126+050 1324053 1394029 111 128 128
(umol CO, m™ = s ) in I **
Netphotosyntheticrate (PN) 171 4 033 1314102 1414036 1074053 1154048 1354094 1194036 1254059 1354080 116 132 137
(umol CO, m™= s %) in II
Netphotosyntheticrate °N) 1754 019 1194021 1364078 1554080 1444066 1694052 135+1.02 151+094 1624095 134 139 155
(umol CO,; m™=s™ 1) in III
LSD (« = 0.05) for:
Tillage system (TS) 1.489 *** 1.424 0.807 -
Development stage (DS) ns. 1.084 2.105 -
DS/TS 1.864 1.445 n.s. -
TS/DS 1.657 1.715 n.s. -
Tran;pga:rll‘lrz‘ rsafle)(iEn) I(ﬂm"l 26+030 334047 214019 274019 304031  35+026  32+041 234025 274017 27 28 27
X .
Traﬁ"gi:?? ;itle) (ifl)éﬂm"l 254018 284026 314027 25+022 274016 324022 294017 314025 34£030 20 22 25
) .
Transpiration rate (E) (mmol o 51 584004 334025 354029 334023 384004 314034 364028 374017 31 32 36
HyOm™=-s7%) in III **
LSD (« = 0.05) for:
Tillage system (TS) n.s. 0.303 n.s. -
Development stage (DS) ns. 0.501 0.668 -
DS/TS 0.555 n.s. 0.815 -
TS/DS 0.504 n.s. 0.573 -

* NT—no-tillage, RT—reduced tillage, CT—plough tillage. ** I—the beginning of flowering stage (51 BBCH stage); II—full of flowering stage (65 BBCH); IIl—binding the pods (75 BBCH). *** (p < 0.05).

ns.—nonsignificant. BBCH = biologische, bundesanstalt, bundessortenamt and chemical.
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In turn, the lowest net photosynthetic activity (Py) in all years of the study was
found in the legumes grown in the no-tillage system, where the peas were sown di-
rectly without a plough treatment in each year: 9.9; 10.0, and 12.6 pmol (CO,) m 2 s~ 1.
Niewiadomska et al. [23] and Yang et al. [17] found similar results in their study with
spring wheat, which was cultivated in different tillage systems. In those studies, simplified
cultivation caused the decrease in net photosynthetic activity.

The intensity of net photosynthesis was dependent on the developmental stage of the
pea plant. In all the years of the study and with all the tillage systems, the highest Py was
noted in the 75 BBCH stage. However, the developmental stage had not the statistically
significantly effect on the PN of Pisum sativum in the first year of the study. Results of
Koconi and Podleéna [24] showed that net photosynthetic intensity is dependent on the
developmental stage of the pea. According to these authors, the level of this index was
higher in the stage of BBCH 74-75 than BBCH 30.

However, in our study, the interaction between the main experimental factors and the
Py index was only detected in the first and second years of the study.

Pisum sativum showed the highest transpiration rate (E) under the plough tillage
system, regardless to the developmental stage, while considering the individual devel-
opmental stages, the highest values of E were noted in the binding of the pods stage (75
BBCH). The statistically significant differences between the tillage systems were noted only
in the second years of the study. Developmental stage also had the significantly influence
on the value of E in the second and the third year of the study (Table 1). Moreover, the
interaction between the main experimental factors and the transpiration rate index was
detected only in the first and third years of the study.

In all considered periods, Py increased with the transpiration rate (E) (Table 2). A
similar opinion was found in the study of Proietti [25]. This author stated that the reduction
in PN of Olea europaea L. leaves was associated with decreases in transpiration rate. The
increase in Py in leaves of Pisum sativum was associated with a stomatal conductance
decrease. A tendency in all of the tillage systems of the legumes and their developmental
stages was noted. This created conditions under stomata close to a consequent gs decrease.

The stomatal conductance value was different depending on the tillage system of the
soil and the developmental stage of the Pisum sativum. Stomatal conductance decreased
with the simplification of the soil. Taking into account the average values, the highest
stomatal conductance (gs) under the different soil tillage systems was found in reduced
tillage in the BBCH 51, while the lowest one in this soil tillage system was found in the
BBCH 75 (Table 3). During leaf aging, in all the years of the study and in all soil tillage
systems, stomatal conductance decreased. These results are confirmed by the study of
Proietti [25].

The soil tillage systems had the statistically and significantly influence on the the
value of g only in the first year of the study, while the developmental stage had the most
significant effect on stomatal conductance only in the first and third years of the study.
However, an interaction between the main experimental factors and the g5 index was only
detected in the first year of the study.

The highest intercellular CO, concentration (Ci) under different cultivation methods
was found in the no-tillage system, regardless of the developmental stage of the legumes.
The lowest Ci was noted in plough tillage (CT). Differences between the mean value in
the first, second, and last year were more than double. Comparing all three years of the
study, the highest value of Ci was noted in the third (2019) year. Considering the individual
cultivation methods, no significant differences were noted in all the years of the study.
While considering the individual developmental stages, significant differences were found
in all the years. An interaction between the main experimental factors and the Ci index
was not detected.
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Table 3. Intercellular CO, concentration (Ci) in different tillage systems in 2017-2019 (mean =+ standard deviation).

Year 2017 2018 2019 2017-2018
NT * RT CT NT RT CT NT RT CT NT RT CT
Tillage System
Mean + SD
Stomatal conductance (gs) = »53 4 566 399+ 688  191+282 264+ 1141 300+ 1123 38241250 445+ 1118 31241583 3424595 321 337 305
(mmol HpOm™=s™*)inlI
Stomatal conductance (gs) o504 567 2904650 1804253 2504+ 1141 310+ 1123 380 £2329 444 +1120 3094300 3464570 255 255 298
(mmol H)Om™<s™ ) in I **
Stomatal conductance (8) 334 4 405 3124255  316+£238 2164432 1804116 1884486 1894757 1534755 1974225 246 215 234
(mmol H)Om™=s7 ") in III
LSD (« = 0.05) for:
Tillage system (TS) 40.444 *** ns. n.s. -
Development stage (DS) 43.341 ns. 66.539 -
DS x TS 81.102 n.s. n.s. -
TS x DS 79.607 n.s. n.s. -
Intercellular CO,
concentration (Ci) (umol 106 £21.70  112+£12.99 121 4+8.17 1224415 124+£698 12441434 249+1746 22541176 22541105 166 158 159
mol 1) in I**
Intercellular CO,
concentration (Ci) (mol 118+ 652  92+8.44 924+396 14342026 13741079 130+£1819 18142389 193 +£21.85 1662636 140 136 130
mol 1) in IT **
Intercellular CO,
concentration (Ci))umol 128 £28.60 13242858 1244492  151+£3873 16942477 17441040 124+1566 125+6381 1044439 134 142 134
mol 1) in IIT **
LSD (« = 0.05) for:
Tillage system (TS) n.s. n.s. n.s. -
Development stage (DS) 16.630 11.304 18.864 -
DS x TS n.s. n.s. n.s. -
TS x DS n.s. n.s. n.s. -

* NT—no-tillage, RT—reduced tillage, CT—plough tillage. ** [—the beginning of flowering stage (51 BBCH stage); II—the full flowering stage (65 BBCH); Ill—binding the pods (75 BBCH). *** (p < 0.05).

ns.—nonsignificant.
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The decline in Py of the Pisum sativum leaves was associated with a Ci increase. The
decrease in Ci due to an increase in Py causes stomatal closure, with a consequent decrease
in gs, in agreement with the statement of Proietti et al. [26] and Mousavi et al. [27]. This
suggests that the reduction of PNy was caused primarily by non-stomatal effects but could
be the result of damage to the photosystem induced by soil tillage system of the soil.

The determined values of determination coefficients (R, = 36% in the first, R, = 7%
in the second, and R, = 34% in the third year of study) and regression equations showed
a positive relationship between the photosynthetic rate and the seeds yield of the peas
tested in all years of research (Figure 2a—d). This dependency was directly proportional,

which indicates a highly significant influence of the intensity of this process on the yield of
the peas.

j y=0,3195x-1,0224 &
e o
= R*=10,3686 o )/
£ PN
= &
ch g
)
-
1
»
1
0 T T T 1
0 5 10 15 20
Py [pmol CO, m2-s]
(a)
4
y =0,0591x+2,0306
4 R2 = 0,0659 4
<3 it
]
U 4
<3 o
Z2
2 2
<
21
1
O T T T 1
0 5 10 15 20
Py [pmol CO,'m2-s1]

(b)

Figure 2. Cont.
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Figure 2. Relationship between net photosynthetic rate (Py) and seed yields in the years: 2017 (a),
2018 (b), and 2019 (c), and mean (d).

The calculated values of determination coefficients and regression equations showed
no significant relationship between transpiration rate, stomatal conductance, intercellular
CO; concentration, and the seeds yield of the peas.

The direct use of leaf chlorophyll content has a physiological basis due to the inherent
dependence of photosynthesis on chlorophyll molecules as the primary means of har-
vesting light energy to drive electron transport reactions [28]. The chlorophyll content in
leaves varies among species and cultivars but also depends on soil and climate conditions,
availability of nutrients, and the developmental stage of plants.

A significantly higher SPAD index was found in the CT tillage system, irrespective
of developmental stage (Table 4). The highest SPAD index was recorded in the full of
flowering stage (65 BBCH). This shows that the SPAD index decreased with leaf aging.

The interaction between the main experimental factors and the SPAD index was
detected only in the second year of the study. No statistically significant differences
between cultivation methods were found. While considering the individual developmental
stages, significant differences were found in all years. Moreover, the SPAD index decreased
when the Py increased.



Agronomy 2021, 11, 1000 10 0f 12
Table 4. The relative chlorophyll content (SPAD index) in different tillage systems in 2017-2019 (mean =+ standard deviation).
Year 2017 2018 2019 2017-2018
NT * RT CT NT RT CT NT RT CT NT RT CT
Tillage System
Mean £ SD
SPAD in I ** 521.8 £65.52 5105+ 1440 528541274 45204954 4445+9.01 4513+£1324 411.5+£650 4028+3.70 406.8+4.60 483.0 4681 478.0
SPAD in I 6280+875 647.8+13.29 619.0+3759 5143 +£829 490.8+1506 500.0+8.28 460.0 212 463.8+7.85 477.3+4.09 5720 5830 571.0
SPAD in III 4448 +23.01 477544327 536.0+£4270 5633 +18.67 6273 +£11.82 59334958 598.0+12.69 5953 +£517 595.0+£587 5350 5672 5754
LSD (& = 0.05) for:
Tillage system (TS) n.s. *** ns. ns. -
Development stage 49.729 54.356 10.167 -
(DS)
DS/TS n.s. 64.537 n.s. -
TS/DS n.s. 50.261 n.s. -

* NT—no-tillage, RT—reduced tillage, CT—plough tillage. ** I—the beginning of flowering stage (51 BBCH stage); Il—the full of flowering stage (65 BBCH); Ill—binding the pods (75 BBCH). *** (p < 0.05).

ns.—nonsignificant.
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4. Conclusions

Our study has demonstrated that the tillage system of the soil varied the rate of
transpiration and photosynthesis in the tested crop species, regardless of the developmental
stage. The experiment indicates that the tillage system significantly reduced the gas
exchange parameters of the legumes as a simplified treatment of the soil.

Net photosynthetic rate and transpiration rate were significantly lower with a simpli-
fied treatment. Peas grown in plough tillage (CT) showed a generally higher rate of net
photosynthesis and transpiration rates as compared to that of peas grown in reduced tillage
and no-tillage systems, but this was dependent on the plant developmental stage. The
highest intercellular CO, concentration (Ci) under different cultivation methods was found
in the no-tillage system, regardless to the developmental stage of the legumes. The values
of the determination coefficients showed a positive relationship between the photosynthetic
rate and the seeds yield of the peas tested in all years of the study.

The presented study broadens the knowledge on the tested issue, but the precise
explanation of this aspect requires further research.
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