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Abstract: Sesame (Sesamum indicum L.) is an important oilseed crop, but is negatively affected by
continuous cropping. There is still a lack of information on the effect of continuous cropping on soil
chemical properties and mineral nutrition related to sesame growth and yield decline. Therefore,
we investigated sesame growth and yield, nutrient concentration and soil chemical properties on
five fields with continuous cropping history: non-continuous cropping (Year 0) and durations of
two, four, five and six years on an upland field converted paddy in Tottori, Japan. Results show that
plant height significantly decreased by 18.76%, 15.22%, and 13.64% in the Year 4, Year 5 and Year 6
fields, respectively, compared to Year 0. The effect of continuous cropping was more pronounced
on the 1000-seed weight decline than seed yield. Compared to Year 0, seed yield decreased by
52.86% in Year 2 with no significant differences among the Year 2, Year 4, Year 5 and Year 6 fields,
whereas the 1000-seed weight decreased by 6.68% and 12.20% in the Year 2 and Year 5 fields,
respectively, compared to Year 0. Plant leaf tissue N concentration significantly decreased in the
Year 2, Year 4 and Year 6 fields compared to Year 0, whereas leaf tissue K concentration decreased
in the Year 6 field. The increase in duration of continuous cropping years gradually altered soil
chemical properties. Soil pH, exchangeable Ca and Mg and cation exchange capacity (CEC)
gradually increased in the long duration of continuous cropping, whereas total N and C,
exchangeable NHis*-N, urease, dehydrogenase and catalase activities decreased. Our study
suggested that the decrease in soil available N and enzyme activities, and decrease in K nutrition
due to competitive ion effect as a result of increase in soil Ca and Mg could possibly contribute to
the growth and yield decline of continuous sesame on upland field converted paddy.

Keywords: Sesamum indicum L.; continuous cropping; enzyme activities; total N and C; available N;
competitive ion effect
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1. Introduction

Sesame (Sesamum indicum L.) is an important oilseed crop and widely cultivated in the world for
its edible oil and uses in food [1]. In Japan, the production of sesame seed has been on a negligible
scale but is gradually increasing after reconsideration as a local specialty crop [2]. However, the
domestic production is still low and cannot satisfy the rising demand for sesame seed. Hence, Japan
is one of the leading sesame seed importers in the world. In 2016, Japan sesame seed import was
estimated at 152,101 tons, second after China (931,159 tons) [3].

With the increase in abandoned paddy fields [4], sesame production is gradually increasing
upon conversion of the abandoned fields for sesame cultivation. Given the profitability of sesame
seed trade coupled with limited land area, continuous sesame cropping has become popular.
Moreover, continuous cropping is one of the agricultural intensification practices towards increasing
crop production at the expense of limited arable land [5,6]. However, continuous cropping for more
than three years may lead to growth and yield decline in croplands [7]. The mechanisms of growth
and yield decline may be associated with changes in nutrient availability, deterioration of soil
physicochemical and biological characteristics, phytotoxins accumulation, and soil-borne pathogens
[8,9]. This study primarily focused on understanding the changes in soil chemical properties and crop
nutrition after long-term continuous cropping of sesame.

Several studies indicate that continuous cropping negatively influences soil chemical properties,
nutrient absorption and yield of several crops [10-13]. For instance, continuous cropping leads to
decrease in available K due to removal of K by crops [14]. Panda and Patra [14] reported lower dry
matter yield accompanied by decrease in K absorption in the second cropping than in the first
cropping cycle attributed to decrease in soluble and exchangeable K contents. In maize case, total
organic C, total N, and available P were significantly decreased by seven years of continuous
cropping [15]. Furthermore, soils under continuous cropping of garlic and onions for 1, 6-10, 11-15
and 16-20 years showed decrease in pH as well as exchangeable Ca and Mg with increase in the
duration of continuous cropping [16]. Kim et al. [16] reported a decrease in exchangeable cation
capacity (CEC) due to decrease in the exchangeable cations and an increase in soil available P caused
the imbalance of nutrition, leading to yield and quality decline.

In addition to altering soil nutrient status, the effect of continuous cropping may influence soil
enzyme activities [10]. Soil enzyme activity is directly or indirectly affected by agricultural practices
such as tillage and fertilization, including continuous cropping [17,18]. Soil enzymes are important
components of soil as they are related to changes in nutrient status. For instance, soil urease is
involved in nutrient cycling, releasing available ammonium nitrogen (NH4-N) [19]. Soil
dehydrogenase plays a significant role in the biological oxidation of soil organic matter by
transferring the hydrogen from organic substrates to inorganic acceptors, whereas catalase enzyme
is related to soil carbon content and might be a good indicator of soil quality [19-21]. However, little
is known on the effect of continuous sesame cropping on soil enzymes that could predict changes in
the soil quality.

Although continuous cropping negatively affects sesame yield, most studies focus on changes
in soil microbial diversity leading to soil borne diseases [22,23]. In addition, studies show that upland
fields converted from rice paddy for cultivation of crops that require no constant flooding are often
associated with changes in biological, chemical and physical properties [24,25]. Previous studies
report that continuous cropping on upland fields converted paddy causes yield decline in other
crops, which is partly attributed to changes in nutrient availability [26-28]. There is scarce
information on changes in the soil chemical properties and mineral nutrition under continuous
sesame cropping on upland fields converted paddy.

The purpose of this study was to evaluate the effect of continuous sesame cropping on mineral
nutrition and changes in the soil chemical properties while comparing leaf tissue nutrient
concentrations, soil nutrient contents including pH, EC and soil enzyme activities related to sesame
growth and yield on fields of different durations of continuous cropping on upland field converted
paddy.
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2. Materials and Methods

2.1. Site Description and Field Weather Condition

The experiment was conducted on fields converted from paddy in Tottori, Japan (35° 29" N, 134°
07" E) in 2018. The soil chemical properties of the upland field converted from paddy before sesame
cultivation was characterized by pH of 5.4 (1:5, soil/water), electrical conductivity (EC) of 0.05 dS m~!
(1:5, soil/water), total N (TN) of 2.14 g kg1, total C (TC) of 22.37 g kg, C/N ratio of 10.45, available P
of 29 mg kg, exchangeable K of 248 mg kg1, exchangeable of Mg 107 mg kg, exchangeable Ca of
918 mg kg, and cation exchange capacity (CEC) of 10.4 cmolc kg

Sesame was cultivated during the warm summer from June to September 2018. The total
monthly rainfall received in June, July, August and September was 109.5, 321.0, 19.5 and 609.5 mm,
respectively. The average daily maximum temperatures in June, July, August and September were
24.8,30.7, 32.4 and 25.8 °C, respectively.

2.2. Field Experimental Design

We compared five different fields with durations of continuous cropping: where sesame had not
previously been cropped (non-continuous cropping; Year 0) and where sesame had been cropped for
two years (Year 2), four years (Year 4), five years (Year 5), and six years (Year 6). To avoid variation
due to different cropping years in terms of environmental conditions, we conducted this experiment
in 2018 on these five fields with continuous cropping history. All fields were adjacent to each other
and with relatively similar initial soil chemical properties before sesame cultivation.

Briefly, each field measuring 14 m x 6.5 m had previously been divided into micro plots of 3 m
x 2.3 m (6.9 m?) to cultivate four sesame cultivars. However, we selected one cultivar for this study.
The same agronomic practices of sesame as recommended by the National Agriculture and Food
Research Organization (NARO, Japan) was followed from planting methods to inorganic fertilizer
application. Inorganic fertilizer N-P20s-K:O was used at a rate of 70-105-70 kg ha™ in the form of
cyclo-diurea (CDU) compound fertilizer (15%-15%-15%) and triple superphosphate (34%). In
addition, CaO and MgO in the form of dolomite (Total alkali, 53%; CaO, 39.1%; and MgO, 10%) were
applied at 1000 kg ha! before sowing every year to raise soil pH of initially acidic paddy field while
supplying Mg and Ca for sesame growth. However, in 2017, the Year 2, Year 4 and Year 6 fields
received additional K fertilizer after noticing decreasing levels of soil K content. During each harvest,
plants were cut down from the base, and all aboveground crop residues were removed from the fields
to minimize fungal and bacterial disease, and release of allelopathic compounds exuded from the
residues.

Cultivar “Gomazou” was cultivated on raised ridges (75 cm in width; 40 cm between ridges),
onto which double rows of plants were sown at spacing of 45 cm x 15 cm. All ridges were covered
with black plastic mulch to maintain soil moisture and temperature and to reduce weed growth
(Figure 1). Sowing was done on 9 July 2018 and seedlings thinned to two plants per hole on 16 July
2018 (one week after sowing), and then finally to one plant per hole on 24 July 2018 (two weeks after
sowing).
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Figure 1. Land preparation (A); seedling stage (B); flowering stage (C); and physiological maturity stage
(D).

2.3. Growth and Yield Determination

Sesame growth was determined at full maturity stage from the field. Growth was determined
by measuring plant height, height of the first capsule and counting the number of branches per plant
of ten representative plants per replication on 24 September 2018. Harvesting from Year 2, Year 4,
Year 5 and Year 6 fields was done on 28 September 2018 due to early drying of sesame plants while
Year O field was harvested a week later (5 October 2018). All plants per micro-plot per replication
were cut down and taken to dry in a greenhouse at Tottori University. After drying, the samples were
threshed to release seeds. Total seed weight harvested per micro plot was then obtained to calculate
yield in kg ha!, whereas 1000-seed weight was determined by weighing 100 mature seeds in triplicate
for each replication to extrapolate the weight of 1000 seeds.

2.4. Plant Sampling and Leaf Tissue Nutrient Concentration Analysis

Sesame leaves from ten representative plants per replication were collected at reproductive stage
(full bloom) on 23 August 2018 (45 days after sowing). One mature leaf per plant was collected and
samples were then oven dried at 72 °C for one week. Prior to analysis, all leaf samples were ground
to fine powder and digested with concentrated sulfuric acid (H2504, 98%) and hydrogen peroxide
(H202, 30%) for analysis of leaf tissue P, K, Ca and Mg concentrations. The leaf tissue P concentration
was determined by the vanadomolybdate method [29] and the yellow vanadomolybdo-phosphoric
acid measured colorimetrically by a spectrophotometer at 420 nm (Model U-5100, Hitachi Co., Tokyo,
Japan). Leaf tissue K, Ca, and Mg concentrations were determined using an atomic absorption
spectrophotometer (Model Z-2300, Hitachi Co., Tokyo, Japan). The leaf tissue N concentration was
determined from the ground sample using the dry combustion method on a CN Corder machine
(Macro corder JM 1000CN, J-Science Co., Ltd., Kyoto, Japan).
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2.5. Soil Sampling and Analysis

2.5.1. Soil Available Nutrients, pH and EC Values

At harvest, soil samples were collected with a trowel to a depth of 15 cm, air dried, and passed
through a 2-mm sieve. Soil suspension (1:5 w/v, soil: water) was used to measure pH with a pH meter
and electrical conductivity with an EC meter (AQUA COND METER F-74, Horiba, Ltd., Fukuoka ,
Japan). Total C and N were analyzed by dry combustion on the CN analyzer (Macro corder JM
1000CN, J-Science Co., Ltd., Kyoto, Japan). For determination of exchangeable ammonium N (NH4*-
N) and nitrate N (NOs~-N), fresh soil samples were collected after harvest and stored at —80 °C prior
analysis. The exchangeable ammonium N (NH4*-N) was extracted with 10% potassium chloride, KCI
(1:10, w/v), and extracts determined by indophenol blue method [30], at 693 nm on a
spectrophotometer (Model U-5100, Hitachi Co., Japan). The soil NOs-N was extracted with 0.01%
aluminum chloride, AlCls.6H20 (1:100, w/v), and determined by rapid ultraviolet (UV) absorption
method [31], at 210 nm on a spectrophotometer. Soil exchangeable K, Ca, and Mg were extracted in
1N ammonium acetate (pH 7.1), and analyzed by using an atomic absorption spectrophotometer (Z-
2300, Hitachi Co., Tokyo, Japan). Cation exchange capacity (CEC) was measured by the 1 N (pH 7.1)
ammonium acetate (NH4OACc) extraction method, in which the NH4* saturated soil was equilibrated
with 10% KClI [32], and analyzed colorimetrically using Indophenol blue method [30]. The CEC was
calculated and expressed in cmol. kg™ soil, as shown in Equation (1) [33].

CEC (cmolec kg) = (NH4*-N in mg kg)/14 1)

Individual cation base saturation (BS%) was calculated from the CEC and the exchangeable
cation values. However, Na* measurement was not considered in the calculation of the base
saturation because of very low concentrations (<1% of the CEC in the soil). Soil available P was
determined using 0.002 N H250: (pH 3.0) in ammonium sulfate solution according to Truog method
[34]. The P concentration in soil samples was measured by the phosphomolybdate blue method [35],
at 710 nm on a spectrophotometer (Model U-5100, Hitachi Co., Tokyo, Japan).

2.5.2. Soil Enzyme Activities

Immediately after harvest, soil samples were collected with a trowel to a depth of 15 cm, passed
through a 2-mm sieve and stored at —20 °C prior to enzyme analysis. Soil urease activity was
determined by the method of Kandeler and Gerber [36]. Briefly, 5 g of fresh soil were mixed with 2.5
mL of 0.72 M aqueous urea and 20 mL of borate buffer at pH 10.0. The samples were incubated at 37
°C for 2 h and then 30 mL of 1 N KCl to 0.01 N HCI solution were added and shaken for 30 min before
filtering. The concentration of ammonium released as a result of urease activity was determined by
the indophenol blue method [30], at 693 nm on a spectrophotometer (Model U-5100, Hitachi Co.,
Tokyo, Japan). The urease activity was expressed as pg (g NH+-N)™ (g dry soil)" 2 h.

Soil dehydrogenase activity was determined by the iodonitrotetrazolium chloride (INT) method
of von Mersi and Schinner [37]. Briefly, 1 g of moist soil was mixed with 1.5 mL of TRIS buffer (1 M,
pH 7.0), 2 mL of 0.5% (w/v) aqueous solution of INT (10 mg mL), and incubated at 40 °C in dark for
2 h. Then, 10 mL of N, N-Dimethylformamide/ethanol in a 1:1 ratio were added to extract the
developed iodonitrotetrazolium formazan (INTF), and samples were kept in the dark for 2 h, and
shaken vigorously every 20 min. The absorption of the filtrated was measured at 464 nm on a
spectrophotometer (Model U-5100, Hitachi Co., Tokyo, Japan) using INTF (iodonitrotetrazolium
formazan) as standard. Soil dehydrogenase activity was expressed as nmol INTF (g dry weight soil)™!
2ht

Soil catalase activity was determined by titrating residual hydrogen peroxide (H:02) with
potassium permanganate (KMnOs) [38]. Briefly, 2 g of fresh moist soil samples were mixed with 5
mL of 0.3% hydrogen peroxides solution (H202), shaken on a mechanical shaker at 25 °C for 20 min.
Then, 5 mL of 1.5 M H:2S0s solution were added and hand shaken for 30 s. Thirty milliliters of the
filtrate were then titrated with 0.02 M KMnOs until the permanganate solution turned pink, persisting
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for 30 s, and then the titration was stopped. Catalase activity was expressed as mL of 0.02 M KMnOx
g ' soil hl.

2.6. Statistical Analysis

In each duration of continuous cropping, micro-plots were replicated three times. All data were
subjected to one-way ANOVA using SPSS version 22.0 (SPSS for windows Inc., Chicago, IL, USA),
and means were compared using Tukey’s honestly significant difference (HSD) test at p < 0.05. In
addition, principal component analysis (PCA) was performed with SPSS version 22.0 to clarify total
data variability with respect to correlations among growth, yield, soil chemical properties parameters
and mineral nutrient concentrations in sesame leaf tissue under the different continuous cropping
years.

3. Results

3.1. Effect of Continuous Cropping on Sesame Growth and Yield under the Different Duration
of Cropping Years

Continuous cropping significantly decreased sesame plant height, height of the first capsule and
the number of branches per plant (Figure 2 and Table 1). Compared to Year 0 (control), plant height
significantly (p < 0.001) decreased by 18.76%, 15.22%, and 13.64% in the Year 4, Year 5 and Year 6
fields, respectively. The height of first capsule significantly increased by 5.11% and 1.52% in the Year
2 and Year 6 fields, respectively, whereas a decrease of 16.81% and 7.89% occurred in the Year 4 and
Year 5 fields, respectively, compared to Year 0. The number of branches per plant was significantly
higher in the Year 2 field, whereas it decreased in Year 4 and Year 5, indicating fewer branches in the
long duration of continuous cropping than the short duration.

160 4 2.40 -
150 n a 235 1 a
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140 -
ab 2.25 A
E 130 - 220 1
E bc 4 b b
= 120 bc e 2.15 4 b
5 ¢ 210 -
£ 110 A Z 205 | :
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%01 = 1.90 -
80 1.85
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(@) ®)

Figure 2. (a) The seed yield and (b) 1000-seed weight of sesame. Bars show mean values with standard
deviation (1 = 3). Different letters above the bars indicate significant differences by Tukey HSD test (p
<0.05).

Continuous cropping significantly decreased sesame seed yield (Table 1) and the 1000-seed
weight (Figure 2a). Seed yield (1952 kg ha™') was highest in Year 0 (non-continuous cropping) and
significantly (p <0.001) decreased in the continuously cropped fields (Table 1). Compared to the Year
0 field, seed yield decreased by 52.86% in Year 2, and no significant differences in the seed yield
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among the Year 2, Year 4, Year 5 and Year 6 fields was observed. The 1000-seed weight significantly
(p < 0.001) decreased with increase in continuous cropping years (Figure 2b). The 1000-seed weight
was significantly higher in Year 0 (2.31 g). Compared to the Year O field, 1000-seed weight decreased
by 6.68% and 12.20% in the Year 2 and Year 5 fields, respectively. However, there were no significant
differences among Year 2, Year 4 and Year 6 fields. In addition, the 1000-seed weight tended to
recover in the Year 6 field after decreasing in the Year 5 field.

Table 1. The effect of continuous cropping on the sesame growth and yield parameters under the
different duration of cropping years.

Year * Height of First Capsule (cm) Number of Branches/Plant Seed Yield (kg ha™)
0 61.27 a 2.37 ab 1952.16 a
2 64.40 a 2.80 a 920.29 b
4 51.00 ¢ 1.77 c 72317 b
5 56.43 b 1.70 c 617.32b
6 62.20 a 1.90b ¢ 641.45b
ANOVA (p-values) o o o

*Years of continuous cropping. Different letters indicate significant differences among years by Tukey
HSD test (p < 0.05). Significance levels are indicated as * (p < 0.05), ** (p <0.01) and *** (p < 0.001).

3.2. Effect of Continuous Cropping on Sesame Leaf Tissue Nutrient Concentrations under the Different
Duration of Cropping Years

Continuous cropping did not significantly affect leaf tissue P and Mg concentration, whereas
leaf tissue N, K and Ca concentrations were significantly affected (Table 2). The leaf tissue N and K
concentrations significantly decreased with increase in the duration of continuous cropping.
Compared to the Year 0 field (non-continuous cropping), the leaf tissue N concentration significantly
(p < 0.01) decreased by 22.10% and 16.27% in the Year 5 and Year 6 fields. However, the Year 0 and
Year 2 fields significantly differed from the Year 5 and Year 6 fields in leaf tissue N concentrations,
indicating decrease in N concentrations in long duration of continuous cropping.

Similarly, continuous cropping significantly (p < 0.01) decreased leaf tissue K concentration. The
leaf tissue K concentrations decreased in the Year 6 field by 46.44% compared to Year 0 (non-
continuous cropping). Furthermore, the leaf tissue K concentration in Year 2 was significantly higher
than in both Year 5 and Year 6 fields, indicating decrease in K nutrition in the long duration of
continuous cropping. Although there were no significant differences in the leaf tissue K
concentrations among Year 0, Year 2, Year 4 and Year 5 fields, leaf tissue K concentration tended to
decrease gradually with increase in the duration of continuous cropping.

The leaf tissue Ca concentration tended to significantly (p < 0.05) increase in the Year 6 field
compared to the Year 5 field. In addition, the leaf tissue Ca concentration of Year 5 field was
significantly lower than in the Year 2 field. However, there were no significant differences in the leaf
tissue Ca concentration among Year 0, Year 2, Year 4 and Year 5 fields.

Table 2. The effect of continuous cropping on the sesame leaf tissue nutrient concentrations under the
different duration of cropping years.

Year = N% P(%) K(%) Ca(%) Mg (%)
0 269a 0.80a 291ab 044ab 047a
2 268a 0.79a 3.13a 0.48 a 048 a
4 238ab 0.55a 22labc 040ab 0.43a
5 209b 0.83a 186bc 027b 0.37a
6 225b 12la 1.56¢ 056a 045a
ANOVA (p-values) ** NS * * NS

*Years of continuous cropping. Different letters indicate significant differences among years by Tukey
HSD test (p < 0.05). Significance levels are indicated as * (p < 0.05), ** (p < 0.01), *** (p <0.001) and NS
(Non-significant).
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3.3. Effect of Continuous Cropping on Soil Chemical Properties under the Different Duration
of Cropping Years

The effect of continuous sesame cropping on the soil chemical properties are shown in Tables 3
and 4. With the exception of soil EC, C/N ratio and NOs~-N, all soil macronutrients including base
saturations were significantly affected by continuous cropping. Continuous cropping significantly (p
< 0.001) increased soil pH from 5.29 in the Year O field to 6.30 in the Year 6 field (Table 3). Soil pH
gradually increased from Year 2 to Year 5, indicating increase in pH with increase in continuous
cropping years. Conversely, soil total C (p < 0.05) and N contents (p < 0.001) contents significantly
decreased in the long duration of continuous sesame cropping. Although there were no significant
differences among the Year 0, Year 2, Year 4 and Year 5 fields in the soil total C and N contents, Year
6 had significantly lower soil total C and N contents.

Continuous cropping also significantly (p < 0.01) decreased soil exchangeable NH4*-N content.
Soil exchangeable NH+-N was significantly lower in Year 5 (5.84 mg kg), followed by Year 6 (5.94
mg kg) field compared to the Year 2 field. However, no significant differences between Year 0 and
Year 2 or Year 0 and Year 4 in the soil exchangeable NH4+*-N content were observed. Although the
effect of continuous cropping was not significant on the NOs-N content, there was an overall
decrease in the available N content indicated by the decreasing exchangeable NH4*-N content in the
Year 6 field compared with Year O field. Furthermore, the soil available P content was also
significantly (p < 0.001) higher in Year 0 and lower in the continuously cropped fields, indicating
tendency of continuous sesame cropping to decrease available P content, although no significant
differences among the Year 2, Year 4, Year 5 and Year 6 fields were observed.
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Table 3. The effect of continuous cropping on the soil chemical properties under the different duration of cropping years.

9 of 20

1:5 (H20)
Year? pH EC (dS m™) Total C (g kg™) Total N (g kg™) C/N ratio NHs*-N (mg kg) NOs-N (mg kg™) Available P (mg kg
0 529 ¢ 0.053 a 26.36 ab 2.57 ab 10.23 a 9.71 ab 13.10 a 7135a
2 5.64 bc 0.052a 28.56 a 2.71a 10.54 a 1091 a 9.79 a 49.88 b
4 5.91 ab 0.052 a 24.83 ab 2.40 be 10.36 a 6.53 be 8.06 a 45.17 b
5 6.02 ab 0.052 a 25.86 ab 2.41 bc 10.71 a 5.84c 9.58 a 4331b
6 6.30a 0.046 a 2450 b 230c 10.67 a 594 c 11.28 a 40.84b
ANOVA (p-values) o NS * o NS ** NS o

z Years of continuous cropping. Different letters indicate significant differences among years by Tukey HSD test (p < 0.05). Significance levels are indicated as * (p <
0.05), ** (p < 0.01), ** (p <0.001) and NS (Non-significant).
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Continuous sesame cropping significantly altered the soil exchangeable cations K, Ca and Mg
and their base saturations including soil cation exchange capacity and CEC values (Table 4).
Although soil exchangeable K content was significantly (p < 0.01) affected, there were no significant
differences among the Year 0, Year 5 and Year 6 fields. However, soil exchangeable K content was
higher in the Year 2 (250.47 mg kg) and Year 4 (229.9 mg kg™) fields compared to the Year 0 (157.4
mg kg1 field with no decreasing trend in continuous cropping observed. Both the soil exchangeable
Ca and Mg contents significantly (p <0.001) increased in the Year 5 and Year 6 fields compared to the
Year 0 field. Soil exchangeable Ca content increased from 799.12 mg kg™ in Year 0 to 1478.36 mg kg™
in Year 2 and 1252.35 mg kg in Year 4. No significant differences in soil exchange Ca content were
observed among Year 2, Year 5 and Year 6. Similarly, exchangeable Mg content tended to gradually
increase from Year 0 to Year 6 without significant difference among Year 4, Year 5 and Year 6.

Table 4. The effect of continuous cropping on soil exchangeable cation, CEC and base saturations
under the different duration of cropping years.

Exchangeable Cations Base Saturation (%)
Year = K(mgkg?!) Ca(mgkg?) Mg(mgkg?!) CEC (cmolckg?) K Ca Mg
0 157.42b 799.12 ¢ 193.47 ¢ 10.62 b 3.80 bc 3763c 15.18c
2 250.47 a 1478.36 a 281.15b 11.20 ab 5.73a 6597a 2091b
4 229.90 a 1252.35b 349.60 a 11.18 ab 528ab  56.00b  26.06a
5 161.98 b 147844 a 356.68 a 11.67 a 356c  63.37ab 2548a
6 217.69 ab 1658.71 a 381.09 a 11.90 a 470abc  69.74a 26.72a
ANOVA (p_values) *3% e e *% 3% e s

#Years of continuous cropping. Different letters indicate significant differences among years by Tukey
HSD test (p < 0.05). Significance levels are indicated as * (p < 0.05), ** (p < 0.01), *** (p <0.001) and NS
(Non-significant).

Continuous sesame cropping also significantly (p < 0.001) increased the soil CEC values. Soil
CEC significantly increased from 10.62 cmolc kg™ in Year 0 to 11.67 and 11.90 cmolc kg™ in Year 5 and
Year 6 respectively. Continuous sesame cropping also significantly affected the soil cation base
saturations. The soil K saturation in the Year 0 field did not significantly differ from Year 4, Year 5
and Year 6. The Year 2 (5.73%) field had significantly higher K saturation compared with the Year 0
(3.80%) field, although no significant difference between Year 2 and Year 4 was observed. The soil Ca
and Mg saturations significantly increased in continuous cropping compared to the Year 0 field. The
Ca saturation increased from 37.6% in Year 0 to 66.0% and 56.0% in Year 2 and Year 4, respectively,
with no significant differences among Year 2, Year 5 and Year 6. Similarly, Mg saturation increased
from 15.2% in Year 0 to 20.9% and 26.1% in Year 2 and Year 4, respectively, with no significant
differences among Year 4, Year 5 and Year 6.

3.4. Effect of Continuous Sesame Cropping on Soil Enzyme Activities under the Different Duration of
Cropping Years

Continuous sesame cropping significantly altered soil enzyme activities (Table 5). Soil urease
activity was significantly (p < 0.05) higher in the Year 0 (97.17 pug of NH4+*-N g soil 2 h™') and Year 2
(106.18 pg of NHs*-N g soil 2 h™) fields than the Year 5 (80.38 ug of NH«*-N g soil 2 h™) field,
indicating a decrease in urease activity due to continuous cropping. However, there were no
significant differences in the urease activities among the Year 0, Year 2, Year 4 and Year 6 fields,
suggesting a slight recovery in the urease activity. The soil catalase activity was significantly (p <0.05)
decreased in the long duration continuous cropping than in the short duration.

The catalase activity was significantly higher in the Year 4 (6.89 mL of 0.02M KMnOs g soil h1)
field compared to the Year 6 (4.13 mL of 0.02M KMnOs g soil h™) field, indicating a gradual decrease
from Year 5 in continuous sesame cropping.

Continuous sesame cropping significantly (p < 0.001) decreased the soil dehydrogenase activity.
Soil dehydrogenase activity was significantly higher in the Year 0 field (0.70 INTF p moles g soil 2
h), decreasing with increase in duration of continuous cropping to the lowest value in the Year 5
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field (0.39 INTF u moles g soil 2 h™'). However, the soil dehydrates activity slightly increased in the
Year 6 field, although still significantly lower than the Year O field.

Table 5. The effect of continuous cropping on the soil enzyme activities under the different duration
of cropping years.

Year: Urease Catalase Dehydrogenase
(ug NH4-N g1 s0il 2h-1)  (mL of 0.02M KMnOs gl soil h-1)  (INTF p moles g soil 2 h-1)
0 97.17 ab 6.311 ab 0.70 a
2 106.18 a 6.29 ab 0.55b
4 88.13 ab 6.89 a 0.47 bc
5 80.38 b 6.30 ab 0.39¢
6 87.63 ab 413b 0.50 bc
ANOVA (p-values) * * ok

% Years of continuous cropping. Different letters indicate significant differences among years by Tukey
HSD test (p < 0.05). Significance levels are indicated as * (p < 0.05), ** (p < 0.01), *** (p <0.001) and NS
(Non-significant).

3.5. Relationship among Soil Chemical Properties, Leaf Tissue Nutrient Concentrations, Growth and Yield
Decline Parameters under the Different Duration of Cropping Years

Principal component analysis (PCA) was performed to visualize the relationships between the
variables and duration of continuous cropping years. The PCA explained 62.1% of the total variance
and clustered continuous cropping fields into three distinct groups (I, II and III) (Figure 3a,b). PC 1
accounted for 45.6% of total variance and showed a high positive correlation with soil TN content,
total C content, exchangeable NHs*-N content, leaf tissue K concentrations, plant height, number of
branches per plant, and soil urease activity that were high in Year 0 (non-continuous cropping field)
represented by Group I. Groups I and II, representing variables from Year 0 and Year 2, respectively,
were correlated and accounted for the highest variability explained by the PCA in the continuous
cropping. PC 2 accounted for 16.5% of total variance among the parameters, and was positively
correlated with the soil exchangeable Ca content, CEC and Ca saturation, while negatively correlated
with the soil catalase activity and EC. PC 2 was a measure of variability in Group III (mainly Year 6
field) due to the high exchangeable cations including soil pH. Group I (Year 0) differed from
continuous cropping Groups II (Year 2) and III (Year 4, Year 5 and Year 6) but Groups I and II, and
Groups II and III were strongly correlated. Group III was clustered based on high soil exchangeable
Ca, pH, Mg, base saturation, and CEC, whereas Group I due to the high seed yield, 1000-seed weight,
number of branches per plant, soil total N and C contents, exchangeable NHs*-N content, leaf tissue
K concentration, soil dehydrogenase and urease activity, and Group II due to high height of the first
capsule, leaf tissue Ca concentration, and exchangeable K and K saturation.
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Figure 3. Principal component analysis (PCA) showing variation in growth, seed yield, nutrient concentration, and soil chemical properties. (a)
Loading plot of the first two components showing the relationship between measured variables. HFC, height of first capsule; T_seed_weight,
thousand seed weight (1000-seed weight); TN, total soil N; TC, total soil C; Avail P, available P; Amm_N, NH4+*-N; Nitr_N, NOs-N; Ca_sat, Ca
saturation (%); Mg_sat, Mg saturation (%); and K_sat, K saturation (%). (b) The score plot of the PCA with clusters corresponding to continuous
cropping years (Year 0, non-continuous cropping; 0-yr, 2-yr, 4-yr, 5-yr and 6-yr indicate Year 0, Year 2, Year 4, Year 5 and Year 6 fields, respectively).



Agronomy 2019, 9, 184 13 of 20

4. Discussion

4.1. Effect of Continuous Sesame Cropping on Soil Chemical Properties under the Different Duration of
Cropping Years

Soil chemical properties, especially pH, total N, and C contents, exchangeable NH+*-N content,
available P, exchangeable Ca and Mg contents, CEC values, Ca and Mg saturations, and soil enzyme
activities, were significantly altered by continuous sesame cropping, indicating the negative influence
of long-term continuous sesame cropping. Similar studies show that continuous cropping can alter
soil nutrients and other chemical properties, negatively affecting crop growth and yield [39,40]. Our
results show that soil pH gradually increased with the increase in the duration of continuous
cropping, suggesting the acidic nature of the upland field converted paddy could be alleviated with
sesame cultivation. Kusumawardani et al. [41] reported that conversion of rice paddy fields to upland
crop cultivation could increase soil pH attributed to the change in land use and cropping system.
However, in our study, the rise in the soil pH was mainly attributed to the continuous addition of
dolomite lime containing Ca that greatly increased soil pH. It is reported that dolomite addition to
acidic soils results in an increase in soil pH [42]. Our results is contrary to several studies that show
continuous cropping of other crops significantly decreases soil pH, attributed to the annual fertilizer
application and increase in allelochemicals exuded from roots and decomposing residues that have
acidic nature [43,44]. In our study, sesame residues were removed from the fields to prevent
occurrence of allelopathy from decomposing residues limiting decrease in pH. Hence, soil pH in
different continuous cropping systems depends on the residue management practice and fertilizer use.

Our results also show that continuous sesame cropping significantly decreased the soil total N
and C contents in Year 6 compared with Year 2, suggesting long-term continuous sesame cropping
could reduce the organic C and N stocks, resulting from nutrient depletion due to the annual crop
harvest. In our study, sesame residues after each harvest were removed from each field, thereby
decreasing the quantity of organic materials from the continuously cropped fields. Liu et al. [45]
reported that decreases in soil organic carbon under continuous cropping could be accelerated by
little crop residue return to the soil. Reducing quantities of crop residues decreases organic matter
content from soil leading to low total N and C contents decreasing soil quality. Similar decrease in
the soil total N and C in continuous cropping have been reported, indicating loss of soil quality
[13,15,46]. Hence, with continuous sesame cropping, decreasing levels of total N and C could indicate
loss in the soil nutrient status since organic matter is responsible for increasing soil fertility.
Moreover, Nishimura et al. [47] reported increase in soil organic matter content in paddy fields under
rice cultivation but significantly decreases when a paddy is converted into upland crop cultivation.
Furthermore, the decrease in the total N could have caused the decrease in the soil exchangeable
NH4*-N content, indicating decrease in available N under long-term continuous sesame cropping.
Our findings agree with several studies that show decrease in available N with continuous cropping
[10,48,49]. In our study, the decrease in the available N could also be enhanced by leaching of soil
nutrients in the upland field converted paddy. Usually, paddy-rice fields are characterized by hard
plow pans that prevent leaching and increase the water for plants in the puddled layer when under
continuous rice cropping [50]. However, the hard plow pans are easily disintegrated as a result of
desiccation of cracks during the dry periods, which leads to increasing percolation of water when
converted to upland crop cultivation [25]. Therefore, as the water leaching occurs under percolation,
soil nutrients could easily be lost to the subsoil layers [51]. This could be aggravated by increasing
duration of continuous sesame cropping whereby the hard pans initially created under rice
cultivation are broken by repeated tillage as in continuous cropping.

Although continuous sesame cropping significantly had lower soil available P content than the
Year O field, the differences could be attributed to the initial soil P status of the freshly opened field
rather than continuous cropping. On the other hand, the significantly higher soil exchangeable K
content in the Year 2 and Year 4 fields compared to the Year O field could be due to the additional K
applied into the soil in the previous cropping year. Therefore, both available P and exchangeable K
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were adequate for sesame growth. Our results also show that soil exchangeable Ca and Mg contents
significantly increased in the Year 5 and Year 6 fields compared to the Year O field, suggesting long-
term duration of continuous sesame cropping under this management practice could lead to build
up of base cations on upland fields converted paddy. The increase in Ca and Mg cations including
their base saturations could be due to the high quantity of dolomite added annually [42]. In addition,
the observed increase in the soil CEC content in the Year 5 and Year 6 fields compared to the Year 0
field could be explained by the increase in Ca and Mg tightly attached on soil colloidal particles.
Although soil CEC is a measure of nutrient retention and supply to crops [52], the increase in the soil
CEC in our study may not indicate an increase in nutrient availability since soil total N and C contents
tended to decrease in continuous sesame cropping. Instead, the increase in the soil CEC values could
be attributed to increase in the Ca and Mg ions from dolomitic lime on the soil colloidal particles. It
is reported that liming soils can increase CEC since at high soil pH, Ca, Mg and other base cations
can be tightly held to the soil [52,53].

Our study also showed that the impact of continuous sesame cropping was significant on
enzyme activity, indicating the negative influence of continuous cropping on both the chemical and
biological properties of soil. Soil enzymes activities are useful indicators of soil fertility status [54]. In
our study, urease activity was significantly lower in Year 5 compared to Year 0 ,indicating a decrease
in N nutrient cycling and release. The decrease in the soil total N could have enhanced the decrease
in urease activity that consequently led to the decrease in the available N in the long duration of
continuous cropping. Furthermore, soil catalase activity was significantly decreased in Year 6
compared to Year 4, suggesting low levels of substrates such as organic matter in the long duration
of continuous cropping. Our results are consistent with previous studies that show continuous
cropping of other crops led to decrease in soil enzymes activities [39,43]. Xiong et al. [43] also reported
decrease in the urease and catalase activities in continuous black pepper cropping that corresponded
with the low organic matter content, limiting the growth. In general, urease and catalase enzymes
have a strong co-relationship with soil carbon content and are good indicators of soil quality [21].
Therefore, the decreasing soil total N and C contents in the long duration continuous cropping
suggests low organic matter could explain the decrease in the enzyme activities. Moreover, soil
dehydrogenase activity was decreased in continuous cropping due to decreasing soil carbon content
[45]. In our study, dehydrogenase was significantly higher in the Year 0 field compared to the Year 5
and Year 6 fields, indicating tendency to decrease soil fertility. Our results are consistent with the
findings reported that continuous cotton cropping led to decrease in soil enzyme activities indicating
a negative impact of continuous cropping on soil function and sustainability [55]. Since increase in
the soil enzyme activities is directly related to soil nutrient cycling and availability [10], the low
enzyme activities in the long duration of continuous sesame cropping suggests low nutrient
availability, especially N that could influence sesame growth and yield.

4.2. Effect of Continuous Sesame Cropping on Leaf Tissue Nutrient Concentrations under the Different
Duration of Cropping Years

Continuous sesame cropping significantly affected N and K nutrition in sesame plant that could
be directly linked to the growth and yield decline. The leaf tissue N concentration significantly
decreased in the Year 2, Year 4 and Year 6 fields compared to the Year O field, indicating low uptake
of N. Several studies also reported a decrease in N uptake as a result of either limited absorption or
depletion in soil N due to continuous monocropping [48,56]. The decrease in the leaf tissue N
concentration could be attributed to the decrease in the soil available N that could arise from its
depletion in continuous cropping.

Furthermore, there was a decrease in the leaf tissue K concentration in Year 6 compared to Year
0, indicating a gradual decrease in K uptake in long duration of continuous sesame cropping that
could negatively influence sesame growth and yield. In our study, the decrease in the leaf tissue K
concentration could be caused by competitive ion effect in which absorption of K by sesame plants
was hindered by high levels of soil exchangeable Ca and Mg in the long duration of continuous
cropping. It is known that high levels of Ca and Mg could affect the uptake of K [57].
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The leaf tissue Ca concentration tended to increase in Year 6 compared to Year 5, possibly due
to the increase in soil exchangeable Ca indicating its adequate absorption. The leaf tissue P and Mg
was unaffected by continuous sesame cropping, signifying these nutrients were adequate in the soil
for sesame growth. The significantly lower soil available P in the continuously cropped fields,
however, did not affect P nutrition.

4.3. Relationship between Soil Chemical Properties, Leaf Tissue Nutrient Concentrations, Growth and Yield
Decline Parameters under the Different Duration of Cropping Years

Increasing duration of continuous cropping years significantly decreased sesame plant height
and number of branches per plant, indicating growth decline under continuous cropping. The non-
significant difference in the seed yield between the continuously cropped fields but significant
differences in the 1000-seed weight could suggest continuous sesame cropping is more pronounced
on 1000-seed weight than overall seed yield. Hence, the decreasing 1000-seed weight confirmed that
continuous sesame cropping could lead to yield decline in terms of low seed weight. A similar
decrease in seed weights is reported for continuous soybean cropping that led to the yield decline
[58]. Usually, the overall sesame yield is composed of number of capsules per plant, number of seeds
per capsule and the seed weight [59]. Furthermore, plant height and height of the first capsule are all
associated with sesame seed yield [60]. With the decrease in 1000-seed weight and plant height under
continuous sesame cropping, these two parameters could be the most influenced in continuous
cropping other than total seed weight that may be affected by factors such as shattering and loss of
seeds during harvesting.

The overall growth and yield decline could be attributed to low uptake of N and K, indicated by
the decreasing leaf tissue nutrient concentrations in long duration of continuous sesame cropping.
Our findings agree with other studies that show decrease in nutrient absorption can lead to growth
and yield decline in continuous cropping [10,11]. Moreover, sesame requires adequate N and K for
both dry matter and yield [61-63]. These macronutrients are important for growth and any imbalance
or inadequate absorption could result in poor growth and consequently yield decline. In our study,
sesame growth and yield could have been limited by decrease in N and K nutrition caused by
decreasing available N and either decreasing K or poor absorption of K due to competitive ionic
effect. Thus, the high growth indicated by increase in plant height and number of branches per plant
and yield indicated by increase in 1000-seed weight in Year 0 could indicate sufficient uptake of N
and K. It is reported that K deficiency in sesame occurs at levels of K leaf tissue concentration of <1.5%
and values of 1.5-2.4% show moderate deficiency levels of K. Under low K, sesame plants are smaller
primarily because of short internodes [64]. The increase in the leaf tissue K in Year 0 could indicate
long internodes in sesame leading to high plant heights. Conversely, the short plants observed in the
long duration continuous cropping could have had shorter internodes and fewer branches per plant
leading to low growth. The decrease in the 1000-seed weight possibly due to low K uptake could
result from low accumulation of photosynthate in sesame plants. K plays a role in photosynthesis
because it stimulates activity of ribulose bisphosphate carboxylase [65].

The cause of competitive ion effect could be attributed to large quantities of dolomite added
annually. The increase in soil exchangeable Ca and Mg added from dolomite lime and the decrease
in the K led to higher Ca. K and Mg/K and Ca/Mg ratios consequently affect availability and uptake
of K by sesame plants. Loide [66], reported that incorrect use of lime fertilizers alters the Ca/Mg and
Mg/K ratios, which is detrimental to plants and decreases yields. In addition, K deficiency in sesame
occurs in soils with high Ca and Mg, which have wide Mg/K and Ca/K ratios, and often results in
yield decline [67]. In our study, the cation ratios Ca/K and Mg/K increased with the long duration
continuous cropping. For instance, the Ca/K ratio increased from 5.1 in Year 0 to 9.3 in Year 5 and
Mg/K from 1.2 in Year O to 2.3 in Year 5, suggesting imbalances in soil exchangeable cations. This
could be sufficient to hinder absorption of K leading to K deficiency in plants including sesame [68].
A study reported that continuous eggplant leads to yield decline due to imbalance in cation ratios
[69]. Yoshimura et al. [69] observed slight chlorosis between the veins of leaves in the middle parts
of the plants with chlorotic eggplant leaves containing 2-4% of K and above 2.2% of Mg (K/Mg ratios
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of 1.3-2.7) being attributed to Mg excess and K deficiency. In our study, the leaf tissue Ca/K increased
in Year 6 (0.37) compared to Year 0 (0.15), whereas Mg/K significantly increased from 0.15 in Year 0
to 0.20 in Year 6, indicating excess of Ca and Mg in sesame plant tissue and decrease in K could occur
in a long-term continuous sesame under this management practice. Hence, the increase in Mg and
Ca in soil led to the excess Mg in sesame plant tissues and near deficiency in K negatively affected
sesame yield and growth in the long duration of continuous cropping.

The growth and yield decline in continuous sesame cropping due to low available N and
decreased absorption of K as a result of competitive ion effect was further confirmed by the principal
component analysis (PCA) that accounted for 62.1% of variability in the data. The short duration of
continuous cropping (Year 0) was clearly distinguished from the long durations based on high soil
available N, total N, soil enzyme activities, and leaf tissue N and K concentrations that significantly
increased sesame growth and 1000-seed weight. The decrease in soil enzyme activities was confirmed
by the PCA that showed correlation among soil urease, dehydrogenase, soil total N and C contents,
and exchangeable NH4+*-N content, suggesting decrease in the soil enzyme activities resulted from
decrease in the total N and C contents. Urease enzyme plays a role in hydrolyzing urea to CO: and
NHs, thereby releasing ammoniacal N for plants after urea fertilization [70]. In our study, urease
activity was significantly lower in the long duration continuous cropping, suggesting decrease in the
available N as a result of decrease in hydrolysis of urea fertilizer. Furthermore, the high
dehydrogenase activity in Year 0 and significantly lower activity in Year 5 indicated loss in soil
organic matter that directly influenced soil fertility. Moreover, significant positive correlation existed
among soil total organic carbon, organic matter and dehydrogenase activity [71]. Hence, under
continuous cropping of sesame, the loss in the total C and N reflecting low organic matter content
could suggest low mineralization of nutrients leading to decreasing growth and yield.

In addition, the PCA confirmed that, with increase in continuous sesame cropping under this
management, a gradual build-up of soil exchangeable Ca and Mg from dolomite could occur, leading
to competitive ion effect. This was evidenced by the negative correlation between exchangeable Ca
and Mg, and 1000-seed weight and plant height in the long duration of cropping, as indicated by the
PCA. Although dolomite lime was intended to increase soil pH to alleviate acidity, the plant height
and 1000-seed of sesame were significantly higher in the Year 0 with low pH compared to Year 5 or
Year 6 with high pH, indicating that growth and yield of sesame was not influenced by the change
in the soil pH. It is reported that sesame growth can be favorable at pH range of 5.0-8.0 [72]. This
further suggests that a one-time application of dolomite in the first cropping season could be
sufficient for sesame growth. Hence, it may not be necessary to increase soil pH with dolomite in
subsequent cropping since the soil pH of the non-continuous cropping field was in the range
preferred by sesame. However, it is important to identify alternative sources of Mg and Ca fertilizer
for sesame cropping on upland field converted paddy to avoid competitive ionic effect in continuous
cropping. The increase in the soil Ca and Mg limiting absorption of K by sesame plants could suggest
that erroneous fertilization practice is one of the possible causes of growth and yield in continuous
cropping of several crops including sesame. This could also suggest that fertilization programs in
continuous cropping should consider balancing nutrients to overcome imbalances while managing
N availability. Therefore, adequate N and increasing K availability could be the most important
factors in maintaining high sesame growth and yield on upland field converted paddy under
continuous cropping.

5. Conclusions

Our study showed that continuous sesame cropping could lead to decreasing N availability and
decreased absorption of K. Results show a decrease in soil total N and C contents, soil enzyme
activities, and leaf tissue N and K concentrations that led to the decrease in plant height and 1000-
seed weight of sesame in the long duration of continuous cropping. The gradual decrease in soil
urease and dehydrogenase including catalase activities showed a decrease in the available nutrients
in the long duration continuous sesame cropping. For instance, urease activity was significantly
lower in the Year 5 field compared to the Year O field, suggesting decrease in N cycling and its release
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for sesame growth. Our results also show that the large quantities of soil exchangeable Ca and Mg
from dolomite application led to competitive ion effect causing decrease in absorption of K, as
indicated by the low leaf tissue K concentration in Year 6 compared to Year 0. The decrease in the leaf
tissue N was caused by decreasing soil available N that could rapidly be depleted through annual
cropping of sesame without returning residue back to the soil. The low leaf tissue K concentration
was attributed to increased levels of Ca and Mg as a result of large dolomite addition. Our results
also suggest that possible N and K deficiency leading to decrease sesame productivity could occur if
continuous sesame cropping is prolonged on upland fields converted paddy. Therefore, further
research should focus on increasing N availability and establishing appropriate use of dolomite lime
in continuous sesame cropping on upland field converted paddy for sustainable sesame production.
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