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Abstract: A field investigation on direct seeded rice (DSR) was carried out in the two consecutive
rice growing seasons of 2017 and 2018 at Pantnagar, Uttarakhand, India for the development and
validation of soil test crop response (STCR) to fertilizer and for assessing the performance of STCR-
treatments as compared to the general recommended dose (GRD) in terms of yield, nutrient uptake
and use efficiency, and the economics of DSR. For producing 1 Mg of rice-grain, the required nutrients
(N, P, and K) were 2.01 kg, 0.44 kg, and 3.06 kg; the contribution from the soil was 22.05%, 37.34%,
and 41.48%; from applied farmyard manure 23.25%, 28.34%, and 16.80%, from fertilizer 38.08%,
49.93%, and 252.98%; and from fertilizer with FYM 44.83%, 60.57%, and 278.70%; for N, P, and K,
respectively. The STCR approach, with or without FYM, at both the target yields (4.5 Mg ha~! and
5.0 Mg ha™1) markedly enhanced the grain yield (20.2% to 32.3%) and production efficiency over
the GRD. It also exhibited a higher NPK uptake and use efficiency, along with better profitability,
than the GRD. Therefore, the STCR-targeted yield approach could improve the yield, economics, and
efficiency of nutrient use for direct seeded rice.

Keywords: direct seeded rice; soil test crop response; nutrient use efficiency; grain yield; net return

1. Introduction

Rice (Oryza sativa L.) is mostly grown using the transplanting establishment method,
which requires more time, water, and labor for nursery preparation. The profit margins
of transplanted rice (TPR) have been reduced continuously due to the higher water input
and labor intensive transplanting, as well as higher labor costs [1]. The water and labor
demand may be reduced by growing direct-seeded rice (DSR) instead of TPR [2]. There
has been a shift towards DSR in South East Asia during recent times [3]. In India, DSR
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produces about 2 to 12 per cent higher GY than TPR [4]. Direct seeding helps in reducing
the water consumption by up to 30 per cent, as it does not require seedling raising in a
nursery, puddling operations in the main field, transplanting, or maintaining 4 to 5 cm of
water in the main field after transplanting. Furthermore, DSR matures about 8 to 10 days
earlier than transplanted rice.

According to the conventional estimate, food grain demand will be 355 Mt by 2030 in
India; while on the other hand, the response ratio (RR) and factor productivity of crops are
continuously declining every year, due to the applied fertilizer in intensive cultivation [5].
The use efficiencies of nitrogen, phosphorus, and potassium are 30-50%, 15-20%, and
60-70%, respectively [5], which is certainly low and increases the cost of cultivation. During
the past few decades, the use of fertilizers for enhancing food production has increased
many fold, and which, if it exceeds the crop requirements, often causes environmental
pollution. The imbalanced use of inorganic fertilizers in India has resulted in a net negative
balance of nutrients of about 8 to 10 MT y ! [6], and by 2025, the extent of this negative
balance may rise up to 15 MT y~!. Resource-poor farmers of the nation used to follow
an imbalanced fertilization, which disturbs the nutrient availability, leading to a decrease
in soil productivity in the long run [7]. Apart from this, increasing fertilizer prices and
their availability is one of the main hurdles to balanced fertilization. Excessive chemical
fertilizer application has aggravated the deficiencies of secondary and micro-nutrients in
different soils. Furthermore, inadequate nutrition of crops worsens the situation, in terms
of declined soil fertility.

Organic manures (OM) are a valuable source of nutrients, but their sole application
is not sufficient to meet the nutrient requirements of high yielding varieties and often
results in poor crop yields [8]. Furthermore, using the generally recommended dose
(GRD) of fertilizer is not able to maintain yields vis-a-vis the economic returns of crops,
due to fatigue in soil health, and this requires refinement for balanced crop nutrition [7].
Therefore, the sole use of neither OM nor chemical fertilizer can enhance the sustainability
of an intensive production system [9]. The use of an appropriate combination of OM
and chemical fertilizers [10], depending on soil fertility status [11], is a step forward for
providing balanced fertilization to crops. Such integrated nutrient management (INM) can
increase the income of farmers [12]. The continuous application of the GRD of fertilizer
along with FYM enhances rice grain yields and their sustainability [7,13,14].

Harnessing the potential yields of high yielding varieties of crops requires the applica-
tion of optimum doses of nutrients [15]. However, an inadequate and imbalanced fertilizer
use for crop production, without proper knowledge of the inherent soil capabilities and
crop requirements, is also one of the causes that prevent gaining the full yield potential
of crops and the deterioration of soil health, as well as economic losses to farmers [8,16],
and often resulting in an adverse impact on crops and the soil, in terms of nutrient tox-
icity and deficiency [8]. Furthermore, fertilizer use requires knowledge of the expected
GY response, which depends upon the crop nutrient requirements, nutrient supply from
indigenous sources, and the fate of fertilizers applied to the soil in the short and long
term [17]. Therefore, a comprehensive approach, considering soil tests, field research, and
profitability, could be employed for fertilizer use. Thus, the soil test crop response (STCR)
methodology can be adopted for calculating nitrogen (N), phosphorus (P), and potassium
(K) requirements as needed. NPK requirements are linearly correlated with the target
yield (TY), depending on the soil test values (STVs). In the STCR approach, the fertilizer
doses are prescribed according to the developed fertilizer adjustment equations, after the
establishment of a significant relationship between STVs, the added fertilizer nutrients, and
the crop response [8] for a particular soil type. Thus, precise fertilizer recommendations
can be made using this approach, as it involves data of soil and plant analysis [3]. A higher
response ratio is also observed along with a higher benefit—cost ratio as the nutrient applica-
tion is based on demand and the correction of soil nutrient imbalances [18]. There is a need
to develop a balanced nutrient management strategy, involving the STCR methodology
for the sole use of chemical fertilizers and the integrated use of chemical fertilizers and
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FYM for DSR. Hence, the present study was carried out to (i) develop fertilizer equations
for chemical mode and integrated mode using the STCR methodology; (ii) validate these
equations for achieving target yields; and (iii) assess the performance of STCR treatments
with the various prevailing nutrient management strategies, in terms of grain and straw
yield, economics, nutrient uptake, and use efficiency.

2. Material and Methods
2.1. Experimental Site

The study area falls in the Tarai region, with a sub-tropical-humid climate. Three
kinds of field studies, i.e., 1. fertility gradient (FG) experiment with wheat in 2016-17,
2. test crop experimentation with DSR in 2017-18 to develop fertilizer equation, and
3. verification experimentation in 2018-19 were conducted at the B2 block of NEBCRC,
Pantnagar University, U.S. Nagar, Uttarakhand, India (29° N latitude, 79°29" E longitude,
243.84 m above MSL). During the rice-growing season, the total rainfall was 1355.40 mm
and 1641.30 mm for 2017 and 2018, respectively. The maximum temperature fluctuated
from 30.8 to 38.2 °C, while the minimum temperature fluctuated from 14.5 to 26.4 °C during
2017. During 2018, the maximum temperature fluctuated from 29.6 to 37.2 °C, while the
minimum temperature fluctuated from 12.0 to 26.9 °C (Figure 1).
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Figure 1. Standard meteorological weekly variation in the weather during the crop growing season.

The soil texture of the study area was clay-loam, under the taxonomically categorized
great group named, Hapludoll. Before the start of experimentation, soil samples were
randomly collected from different spots at a depth of 0-15 cm from the experimental field,
and after making a composite; it was shade dried and processed and analyzed for various
chemical properties. The results revealed that the values of pH [19], electrical conductivity [19],
WBC (Walkley and Black organic C) [20], available N [21], available P [22], and available
K [23] were 7.33,0.41 dSm™!, 0.57%, 150.53, 15.64, and 141.12 kg ha-?, respectively.

2.2. Fertility Gradient (FG) Experiment

A FG experiment was performed in 2016 to nullify the previous effects on soil fertility
and create an artificial FG prior to testing crops, as per Ramamoorthy et al. [24]. Strips
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of 75.0 m x 7.5 m area were made, and these strips were fertilized with three levels of
N, P,0s, and K,O (0-0-0, 100-100-100, and 200-200-200 kg ha™! applied to strip I, II, and
111, respectively). A uniform dose of ZnSOy at 25 kg ha~! was applied to all strips. An
exhaust crop of wheat (variety: UP 2526) was grown during Rabi 201617 to stabilize the
soil fertility and create an artificial FG. After the harvest of the wheat crop, 24 samples
from the surface soil were collected from each strip and were analyzed for available N, P,
and K, by the method adopted for analysis of the initial soil sample, in order to assess the
development of FG.

2.3. Test Crop (DSR) Study

Three varied fertility gradient strips were again split into twenty-four plots (21 treat-
ments + 3 controls), resulting in a total of 72 (24 x 3) plots with a size of 5m x 3 meach. The
treatments were different identified groupings of 4 levels of N (0, 60, 120 and 180 kg ha™1),
P,05 (0, 30, 60 and 90 kg ha—1), and K,O (0, 20, 40 and 60 kg ha~1), which were randomized
in each strip. The treatments (0, 5, and 10 Mg ha~—! FYM) were superimposed across the
strips. Details of treatments are given in Table S1.

After the layout, samples were again taken from the soil surface to determine the
available N, P, and K of each experimental plot before sowing, as per the procedure
mentioned for analysis of the initial soil sample. The sources of N, P, K, and Zn were
urea, single super phosphate, muriate of potash, and zinc sulphate, respectively, while the
organic source was FYM. Half the amount of N, the full amount of P, K, Zn, and FYM were
applied as basal. Healthy rice seeds were sown continuously at a line spacing of 20 cm at
2-3 cm depth on 8 June 2017 and were covered manually. The remaining N was applied in
two equal amounts (30 days after sowing (DAS) and 50 DAS) as a top dressing. At harvest
(24 October 2017), grain and by-product (straw) samples of DSR were taken from each plot
for the estimation of total N, P, and K content. The applied FYM had 25% moisture, 0.63 %
total N, 0.13 % total P, and 0.60% total K.

2.4. Plant Analysis

Total N, P, and K contents of the economic plant parts, i.e., grain and by-products
were obtained as per the standard procedure [19]. Nutrient uptake by grain and straw
was computed by multiplication of GY (kg ha~—!) with nutrient content in grain (%) and
SY (kg ha~!) with nutrient content in the by-product (%), respectively. The summation of
nutrient uptake in the grain and in straw gives the total nutrient uptake by the crop.

2.5. Basic Parameters (NR, CS, and CF)

Calculation of the basic parameters, i.e., NR, CS, and CF was computed following
the formulae illustrated by Ramamoorthy et al. [24]. The fertilizer nutrient requisite for
targeted productivity was calculated as follows:

Chemical mode:

FN:% xlOOT—%xSN
Fpoos = li—léx 2.29 x 100T — g x 2.29 x SP
Fxoo = % x 1.20 x 100T — % x 1.20 x SK
Integrated mode:
FNzgxlooT—%xSN—%xF\{M— N
Fpoo5 = % x 229 x100T — % x 229 x SP — CEYM x 229 x FYM — P

Fxoo = NR x 120 x 100 T — % x 1.20 x SK — S

Cr» x 1.20 x FYM — K
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Here, Fn;, Fpoos, and Fxop stand for fertilizer nitrogen, phosphorus, and potassium
(kg ha™1), respectively. NR denotes the nutrient requirement of nitrogen, phosphorus, and
potassium (kg hafl) ; CF, CS, and CFYM are %-share of corresponding nutrient (N/P/K)
of the total nutrient uptake from fertilizer without FYM, soil, and FYM. CF* represents
the % contribution of the corresponding nutrients from fertilizers with FYM. T represents
targeted yield (Mg ha’l) ; SN, SP, and SK correspond to the STVs for the available N, P, and
K (kg ha™?') in the soil. FYM-N, FYM-P, and FYM-K correspond to the N, P, and K content
added through FYM (kg ha™1).

2.6. Verification Experiment

A field experiment was conducted with DSR (variety: ND 359) during Kharif 2018-
19 to assess the performance of STCR treatments with different nutrient management
strategies in terms of GY, SY, economics, nutrient uptake, and use efficiency in a randomized
block design (RBD) with three replicates. Table 1 contains the treatment details.

Table 1. Treatment details of the verification experiment.

N-P,05-K,0-FYM*Applied

Treatment Symbol (kg ha-1/Mg ha—1 %)
Control CK 0-0-0-0

General recommended fertilizer dose GRD 120-60-40-0
GRD +5tFYMha™! GRDFYM 120-60-40-5
Soil test based fertilizer dose (STB) STB 200-60-40-0
STB+5tFYMha™! STBFYM 200-60-40-5
STCR based fertilizer dose for TY; STCR TY; 143-62-36-0
STCR TY; INM STCR TY;FYM 105-44-31-5
STCR based fertilizer dose for TY, STCR TY, 169-72-43-0
STCR TY, INM STCR TY,FYM 127-52-37-5
Farmer’s practice FP 130-40-20-0

Target yield level 1= TY; = 4.5 Mg ha~!; target yield level 2= TY, = 5.0 Mg ha~!; * FYM application rate in terms
of Mg ha~! and other fertilizers were applied as kg ha~1.

An initial soil sample from the surface soil was collected prior to the sowing of DSR.
Fertilizer prescription equations developed in test crop experiments on DSR crops were
used to calculate the amount of fertilizer nutrients for achieving TYs of 4.5 Mg ha=! (TY1)
and 5.0 Mg ha~!(TY2). The FYM used in this experiment had 0.58 % total N, 0.15 % total P,
and 0.54% total K. The sowing operation for this experiment was performed on 12 June
2018, and the crop was harvested at full maturity stage on 25 October 2018. Standard
agronomic practices were followed for the growing of the DSR.

2.7. Yield and Nutrient Uptake
The DSR was harvested and threshed manually. Grain yield (GY) (kg) and straw yield

(SY) (kg) was recorded from the net plot leaving the border rows and was later converted
to Mg ha~!. Harvest index was determined as follows:

Harvest index (HI) = GY x 100/(GY + SY)

PE (kg ha~! d~!) was calculated by dividing GY (kg ha~!) by the duration of the crop
(days), which was constant for all the treatments (136 days). Collected samples of rice grain
and by-product (rice-straw) from each treatment were processed and analyzed for total N,
P, and K content by adopting the procedure given in the test crop experiment.

2.8. Economic Analysis

The cost of fertilizer (Indian rupee (INR) ha~!) for various treatments in the verification
experiment was worked out separately, considering the prevailing prices of fertilizers in
INR at the time of their use. Gross return (value of additional yield) was calculated based
on the MSP (price for minimum support) of rice set by the Indian government during



Agronomy 2021, 11, 1756

60of 17

the year 2018-19 and expressed as INR ha~!. Net return (INR ha~!) was calculated by
subtracting the fertilizer cost from the gross return. B:C ratio was worked out as follows:
e  B:Cratio = Net return (INR ha—!)/Fertilizer cost (INR ha~!)

e  Economic efficiency was calculated as follows:

e  Economic efficiency (INR ha~! d~!) = Net return (INR ha~!)/duration (days).

where the duration of DSR was constant for all the treatments (136 days).

2.9. Nutrient Use Efficiency

Nutrient (N/P/K) use efficiency parameters were calculated using the following
formulae, as per [25]:
Agronomic efficiency of nutrient (kg grain (kg nutrient) 1)
Agronomic efficiency (AE) = (GYF — GYC)/AFN
Recovery efficiency of nutrient (%)
Recovery efficiency (RE) = (TNUF — TNUC)/AFN x 100
Partial factor productivity of nutrient (kg grain (kg nutrient) 1)
Partial factor productivity(PFP) of nutrient = (GYF)/AFN
Reciprocal internal use efficiency of nutrient (kg Mg ™! grain yield)
Reciprocal internal use efficiency (RIUE) of nutrient = GNU/GY

where TNUF is the total nutrient uptake of DSR from the fertilized plot (kg ha~—!), TNUC
is the total nutrient uptake of DRS from the control plot (kg ha~!), AFN is the amount of
applied fertilizer nutrient (kg ha~!), GYF is the grain yield of the fertilized plot (kg ha™1),
and GYC is the grain yield of the control plot (kg ha~!). GY is the grain yield (Mg ha~1!).
GNU is the nutrient uptake by the grain.

2.10. Statistical Analysis

Descriptive statistics was used for the test crop experiment. Data recorded in verifica-
tion experiments were analyzed using the ANOVA technique [26]. Treatment means were
compared with a LSD-test (least significant difference) with a probability level of 0.05.

3. Results and Discussion
3.1. FG Establishment Experiment

To allow maximum deviations in the fertility strips, gradient experiments were con-
ducted to minimize the factors related to soil and other management practices that could
affect the crop yields. Table 2 showed the range and average STVs for N, P, and K, indi-
cating significant variation with respect to fertility strips. Strip III is highest in nutrient
level, as the maximum fertilizer was applied in comparison to strip I and II. STVs for
N, P, and K varied from 125.4 to 200.7 kg N ha~?!, 14.4 to 21.7 kg P ha~!, and 122.1 to
173.6 kg K ha~!, with the mean 168.8, 17.8, and 151.7 kg ha—1, respectively. The STVs for N,
P, and K increased with increasing fertility levels, from strip I to strip III. Ammal et al. [27]
also reported that the average level of N, P, and K STVs increased with increasing fertility
level, and the highest STVs were reported in strip III. The highest level STVs of N in strip
III might be due to the addition of two folds more NPK fertilizers than the onefold and
control [27]. The STVs of P and K in strip III were the highest owing to having a graded
fertilization [27]. Dwivedi et al. [28] also explained that the reason behind the higher STVs
of P might be due to its fixation, due to its immobile nature in soil.

The multiple linear regression (MLR) study showed that the effect of the strips on
the STVs of N, P, and K was highly significant when it was taken as a dependent variable,
separately (Table 3). This proved that the experiment created a significant fertility gradient;
furthermore, it made the soil suitable for the test crop in the STCR experiment. Similar
findings have also been reported by [29-32].
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Table 2. Descriptive statistics of available soil nutrients (0-15), nutrients after the soil fertility
gradient experiment.

Soil Available Nutrients (kg ha—1)

Stri
P N P K

Range 125.4-200.7 14.4-192 122.1-172.5

Strin 1 Mean -+ SD 165.2 +20.2 169 + 1.1 1443 + 133
'P (CV %) (12.2) (6.5) 9.2)
Median 163.1 17.0 1434

Range 125.4-200.7 15.8-19.5 125.4-173.6

Strio 11 Mean = SD 169.3 £ 21.9 17.7 £ 1.0 154.3 + 14.1
P (CV %) (12.9) (5.5) 9.1)
Median 175.6 17.7 156.8

Range 150.5-188.1 16.6-21.7 133.3-171.4

Strio III Mean + SD 172.0 £ 13.1 189 £ 15 156.5 + 11.0
Tp (CV %) (7.6) 7.8) (7.0)
Median 175.6 18.2 157.4

Range 125.4-200.7 14.4-217 122.1-173.6

All st Mean -+ SD 168.8 +18.7 178 +15 151.7 + 13.8
Stips (CV %) (11.1) (8.1) 9.1)
Median 169.3 17.7 153.4

SD, standard deviation; CV (%), co-efficient of variation (%).

Table 3. R2, CV (%), and SD of whole plots.

Dependent Variable p Level R? Average SD CV (%)
SN <0.01 0.76 168.82 18.71 11.08
SpP <0.01 0.79 17.81 1.42 7.99
SK <0.01 0.71 151.73 13.77 9.08

SN, SP, and SK denote soil nitrogen, phosphorus, and potassium, correspondingly.

3.2. Yield and Nutrient Uptake

Descriptive statistics for GY, SY, and nutrient uptake for DSR is given in Table 4. The
GY and SY of DSR in the whole plot ranged from 2273 to 6705 kg ha~! and 3750 kg ha~! to
12,386 kg ha~!, with mean values of 4291 kg ha~! and 7699 kg ha~!, respectively. The range
of GY and SY was 2273-5341 kg ha!, 3864-11,250 kg ha~! in strip I; 2841-6705 kg ha~!,
3750-12,273 kg ha~! in strip II; and 3636-6477 kg ha~!, 4545-12,386 kg ha~! in strip
III. The mean for GY and SY was 3902 kg ha~! and 7014 kg ha~!, 4276 kg ha~! and
7869 kg ha!, and 4697 kg ha~! and 8215 kg ha~!, respectively, in strips I, II, and III.
Likewise, GY and SY, total nitrogen uptake (TUN), phosphorus uptake (TUP), and potas-
sium uptake (TUK) followed the order strip I < strip II < strip III. In the whole plot
TUN, TUP, and TUK ranged from 24.0 to 171.0 kg ha™?!, 4.3 to 45.7 kg ha~!, and 44.0 to
238.6 kg ha~!, with a mean of 87.6 kg ha~!, 19.3 kg ha™!, and 131.6 kg ha™!, respec-
tively. TUN in strips I, 11, and III ranged from 24.0-100.9 kg ha~!, 43.2-152.1 kg ha~!, and
53.9-171.0 kg ha~!, with mean values of 66.2 kg ha™!, 88.2kgha~!, and 108.5 kg ha™!,
respectively. TUP ranged from 4.3-18.1 kg ha=!, 4.3-25.5 kg ha~!, and 10.1-45.7 kg ha™ !,
with a mean of 11.4 kg ha~!, 16.0 kg ha~!, and 30.4 kg ha~!, respectively. TUK ranged from
44.0-186.4 kg ha !, 60.2-238.6 kg ha !, and 72.0-236.8 kg ha~!, with mean of 106.5 kg ha ™1,
136.1 kg ha~!, and 152.1 kg ha~!, respectively.
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Table 4. Descriptive statistics of DSR GY and nutrient uptake.

Sri Grain Yield Straw Yield N Uptake P Uptake K Uptake
P (kg ha—1) (kgha—1) (kg ha=1) (kg ha—1) (kg ha=1)
Range 2273-5341 3864-11,250 24.0-100.9 43-18.1 44.0-186.4
. . 3902 + 899 7014 + 1752 662 +17.3 114+ 35 106.5 + 32.8
Strip I Mean £ SD (CV%) (23.0) (25.0) (24.4) (31.0) (30.8)
Median 3864 6875 714 115 104.7
Range 2841-6705 3750-12,273 432-152.2 43255 60.2-238.6
. . 4276 + 1098 7869 + 2254 88.2 +30.9 16.0 + 6.0 136.1 + 46.1
Strip II Mean = SD (CV%) (25.7) (28.6) (32.7) (37.4) (33.9)
Median 4034 7727 86.6 17,5 135.2
Range 3636-6477 4545-12,386 53.9-171.0 10.1-45.7 72.0-236.8
4697 + 897 8215 -+ 2245 108.5 £ 30.7 30.38 £ 9.6 152.07 + 45.8
: o,
Strip Il Mean = SD (CV%) (19.1) (27.3) (26.4) (31.6) (30.1)
Median 4375 8580 1252 324 155.0
Range 2273-6705 3750-12,386 24.0-171.0 43-457 44.0-238.6
. . 4291 £ 1010 7699 + 2129 87.6 +32.5 19.3 + 10.6 131.6 + 45.6
Allstrips - Mean =+ SD (CV%) (23.5) (27.6) (34.6) (55.0) (34.7)
Median 4091 7580 84.0 16.6 124.2

SD, standard deviation; CV, coefficient of variation (%).

The grain yield of DSR had a strong correlation (p < 0.001) with total N uptake
(r? = 0.578), followed by total K uptake (r? = 0.523) and total P uptake (r? =0.376) (Figure 2).
Variability in FG and the application of variable doses of nitrogenous, phosphorus, and
potassium fertilizers gave impactful results on the GY and SY of DSR. The highest GY and
SY were obtained in strip III due to the overall highest nutrient application. Plots where
NPK fertilizer was applied with the FYM obtained higher GY and SY, as compared to sole
NPK fertilizer application. Expected outcomes were also reported by [11] in beetroot, [33]
in wheat, [34] in rice, and [35] in maize crops under different conditions. TUN was highest
in strips III and II compared to I, as also reported by [36], and it might have been the
sufficient availability of N fertilizer in the III strip which created a favorable N uptake. An
adequate dose of N application, and enhanced absorption and accumulation resulted in
higher GY, SY, and uptake (NPK), as also reported by [37]. The possible reason behind the
highest TUP being in strip III was attributed to better root proliferation, having a graded P-
application [31,38-41]. The higher dose of N application stimulated the vegetative and root
foraging capacity, meaning the crops require additional P and K, and increased the TUP in
the crops [42—44]. The highest total potassium uptake by a crop was recorded with strip I
to strip III and might be attributed to the higher application of fertilizer potassium [31,41].
Panaullah et al. [45] also reported that the majority of potassium uptake was in straw, as
compared to grain. A similar effect of FYM on phosphorus uptake by crop plants has
previously been reported [46,47].

3.3. Evolution of Basic Parameters

The basic parameters NR, CS, CFYM, CF, and CF* were required for the computation
of prescription equations for the TY of DSR, with and without FYM, which is necessary for
developing fertilizer doses. Basic parameters are developed with the help GY, TUN, TUP,
TUK, initial STVs of N, P, and K, applied nutrient rates (N, P, and K) through fertilizers,
and FYM. These parameters are shown in Table 5.
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Figure 2. Linear correlations between grain yield and total N (a), P (b), and K (c) uptake in direct-seeded rice in the test

crop experiment.

Table 5. Basic parameters for calculating fertilizer requirement, with and without FYM, for the
targeted yield of DSR.

Nutrient
Basic Parameter
N P K
Nutrient requirement (NR) (kg 100 kgfl) 2.01 0.44 3.06

Soil nutrient-supply (CS) (%) 22.05 37.34 41.48
Nutrients from fertilizers only (CF) (%) 38.08 49.93 252.98
Nutrientsupply by fertilizer with FYM (CF*) (%) 44.83 60.57 278.70
Nutrients from FYM only (CFYM) (%) 23.25 28.34 16.80

The NR was 2.01 kg, 0.44 kg, and 3.06 kg for N, P, and K, respectively. The NR for K
was 1.52 and 6.95 times higher than N and P, respectively. Similar results were also reported
by [48], who observed 1.48 kg N, 1.05 kg P,Os, and 1.86 KO as required per q of rice
grain, respectively. In DSR, CS-22.05, 37.34%, and 41.48%; CF-38.08, 49.93%, and 252.98%;
CF*-44.83, 60.57%, and 278.70%; and CFYM- 23.25, 28.34, and 16.80, respectively, for N, P,
and K was found. The contribution of nutrients from the fertilizer was high compared to
the contribution from the soil, owing to having a higher and rapid nutrient availability in
the inorganic form from the fertilizers. CFYM was calculated with the help of data using
the FYM treated and control plots, and it followed the order P > N > K. Bera et al. [49] also
reported a similar trend. The nutrient supply through a native source in all the plots and
their interaction effects might be the reason that the addition of CS, CFYM, CF, and CF*
was not equal in percentage. The higher value of CF and CF* for potassium for the uptake
in native soil source might be due to the interaction effects of the optimum supply of N
and P, combined with the priming effects of potassium; this may increase the release of soil
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exchangeable and non-exchangeable potassium [50]. Similar findings were also reported
by [27,51].

3.4. Prescription Equations in Chemical and Integrated Mode in DSR
Fertilization equations based on STCR were made to get the target yield of DSR
with and without FYM by taking fundamental crop-production parameters viz. nutrient

requirement (NR), efficiencies of fertilizers (CF and CF*), soil test (CS), and organic source
FYM (CFYM) (Table 6).

Table 6. Fertilizer-prescription equations as per the STCR for the target-yield of DSR.

Nutrient Requirement (kg ha—1) Without FYM With FYM
Nitrogen (FN) 5.28 T—0.579 SN 4.48 T—0.492 SN—0.519 FYM-N
Phosphorus (FP,0s) 2.02 T—1.71 SP 1.66 T—1.41 SP—1.07 FYM-P
Potassium (FK,0) 1.45 T—0.200 SK 1.32 T—0.179 SK—0.072 FYM-K

T is yield target in q ha~!; 1 quintal (q) = 100 kg; SN, SP, SK are alkaline KMnO4-N, Olsen’s-P and NH;OAc-K in
kg ha™, respectively; FYM-N, FYM-P, and FYM-K are the amounts of N, P, and K in kg ha~! applied through
FYM, respectively.

Sharma and Singh [52], Benbi and Benipal [53], and Verma et al. [39] also developed
fertilizer prescription equations based on STCR. Prescription equations are simple to
use, and by putting values of the TY and STVs of N, P, and K into the equation, one
can find the fertilizer requirement precisely for that crop in certain climatic conditions.
Tables 2-4 show that the high STVs of NPK require smaller amounts of additional chemical
and organic fertilizers. For the range of STVs of N, P, and K and TY of 4000, 4500, and
5000 kg ha—!, ready reckoners were prepared for NPK alone and NPK with 5 Mg ha~!
FYM. It is understandable that in the experimental outcomes the fertilizer N, P,Os, and
K;O requirements for the desired TY of DSR decreased with increasing STVs. For the TY
of 4000, 4500, and 5000 kg ha~! of DSR without FYM with STVs of available N, P, and
K as 200:20:120 kg ha~!, the amounts of fertilizer N, P,Os, and K,O to be applied are
95.40, 121.80, and 148.20 kg N ha~!; 46.44, 56.53, and 66.62 kg P,Osha~! 1; and 34.46,
41.72, and 48.98 kg K,O ha~!, respectively. However, when 5 Mg ha~! FYM was applied
along with NPK, the amount of fertilizer N, P,Os, and K,O were reduced to 64.45, 86.85,
and 109.25 kg N ha—1;31.11, 39.42, and 47.73 kg P,Osha1; and 29.18, 35.78, and 42.38 kg
K,0 ha~!, respectively. FYM application in combination with chemical fertilizer resulted
in savings of the chemical fertilizer and, ultimately, the cost of cultivation. The requirement
of fertilizer when FYM was applied along with chemical fertilizer and when chemical
fertilizer was applied alone was worked out separately for a particular STV and TY, and
the difference between the two was a fertilizer nutrient equivalent (FNE) to FYM. Applying
5Mg FYM ha~! along with chemical fertilizers, on average, saved 36.04 kg N ha~1, 16.62 kg
P,0O5 ha~!, and 4.60 kg K,0O ha~! at the range of STVs and varying TY. The effect of FYM
varied with crops, soil fertility level, and TY. FNE to FYM decreased with increasing STVs,
while it increased with increasing TYs. Moreover, in the short term experiments, fertilizer
savings were not up to the mark, but in the long term, they might give better results, as OM
addition improves the crop sustainability and soil quality by improving the soil physical,
chemical, and biological health. A similar finding for FNE and fertilizer savings with FYM
was also reported by [54] for rice.

3.5. Verification Experiment

Verification trials are an important way to ascertain the validity of the results ac-
quired from fertilizer prescription equations, before recommendations to farmers for higher
profitability and efficiency than the GRD.
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3.6. Yield and Production Efficiency

The production efficiency (PE) was affected by the different nutrient management
treatments and are presented in Figure 3. Different nutrient management treatments
gave significantly higher GY and SY than the CK (2386 and 3977 kg ha~1!). The highest
GY and SY were obtained with STCR TY2FYM (4962 kg ha~! and 6174 kg ha™!), which
was comparable with that of STCR TY2 (4924 kg ha~!), STCR TY1FYM (4545 kg ha~1),
STCRTY1 (4508 kg ha~!), and STBFYM (4432 kg ha~!) for GY and STBFYM (6250 kg ha™?');
and STCR TY2 (6174 kg ha=1!), STCR TY1FYM (5795 kg ha~!), GRDFYM (5871 kg ha™!),
STCRTY1 (5682 kg ha~'), and GRD (5644 kg ha~1) for SY. The STCR-IPNS based fertilizer
recommendations resulted in 21.20 % in TY1 and 32.32 % in TY2 increases in the GY of
DSR over the GRD.
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Figure 3. DSR production efficiency under different treatment combinations. Bars with the same
letter are not different at a 5% probability level; error bars indicate the standard deviation of the
respective means.

The chemical mode of the STCR based fertilizer recommendation also gave a higher
GY (20.21% in TY1 and 32.31% in TY2) compared to the GRD. The STCR-based fertil-
izer recommendation gave markedly higher rice GY than other approaches of fertilizer
prescription [55]. In general, organic manures+chemical fertilizers significantly increase
the available soil nutrient content and also improve the soil environment [56,57]. The
increased yield under the STCR approach, with and without FYM, might have been due
to the balanced application of fertilizers, as per the soil test, and the crop demand for
growth and development. Furthermore, sufficient nutrient availability might have played
a significant role in the rice-physiology for increased dry matter production and resulted
in higher SY under the STCR-TY approach. Better vegetative growth, along with high
yield attributes, resulted in a higher GY of rice [58]. In a similar experiment with two
TYs (4.5 Mg ha~—! and 5.0 Mg ha~! for maize), Venkatesh et al. [59] reported that a STCR-
target yield based fertilizer recommendation with or without FYM led to 13.14-35.38% and
11.67-26% enhancement in GY and SY, respectively, under maize-lentil rotation. However,
the integrated nutrient management based-STCR-TY approach led to a higher GY and
SY than the sole use of chemical fertilizers. The results of the verification experiment
revealed the achievement of attaining the desired TY of DSR was noted as +1.00, +0.17,
—0.76, and —1.52 per cent with STCR TY1FYM, STCR TY1, STCR TY2FYM, and STCR
TY2, respectively, which were within a variation of +10%, proving the validity of the equa-
tions [60]. In the present study, the STCR-based INM schedule registered a relatively higher
percent achievement than the STCR-chemical fertilizer based approach. Furthermore, a
lower targeted yield was more easily achieved than the higher ones. Similar findings
were also reported by [61]. The maximum HI was recorded in STCRTY1 (44.30%), which
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differed significantly from CK (37.55%) and FP (37.51%). Higher dry matter partition-
ing to grain might be the reason for the higher HI under STCRTY1 treatment. The PE
was highest in STCRTY2FYM (36.49 kg ha~'d~!), which was comparable with STCRTY2
(36.21 kg ha—'d 1), STCRTY1FYM (33.42 kg ha—'d '), STCRTY1 (33.14 kg ha—'d!), and
STBFYM (32.59 kg ha—'d1). The lowest PE was recorded with CK (17.55 kg ha=1d1),
which was markedly lower than the other treatments. The higher PE with STCRTY2FYM
was due to the higher GY under this treatment (Table 7). Furthermore, the adoption of the
STCR-TY approach led to a significant increase in PE, ranging from 5.57 kg ha=! d~! to
8.92 kg ha—! d~!, over the GRD.

Table 7. Yield and harvest index of direct-seeded rice under different nutrition.

Treatments Grain Yield (kg ha—1) Straw Yield (kg ha—1) Harvest Index (%)
CK 2386 © 3977 ¢ 37.55P
GRD 3750 <d 5644 ab 39.93 b
GRDFYM 4053 be 5871 ab 40.84 b
STB 4205 be 5341°P 44.052
STBFYM 4432 ab 6250 2 41.452b
STCRTY; 4508 ab 5682 ab 44302
STCR TY;FYM 4545 ab 5795 ab 44.052
STCR TY, 49242 6174 b 44,032
STCR TY,FYM 4962 2 6402 2 43912
FP 31824 5303 b 37.51P

Significance level * * *

* Significance at 5% level; values followed by the same letter are not different at a 5% probability level.

3.7. NPK Uptake

Data on NPK uptake (grain, straw, and total) by DSR under different treatments are
given in Table 8. The maximum N uptake by grain, straw, and total N uptake was recorded
in STCR TY2FYM, which was significantly higher than all other treatments, except STCR
TY2 (79.65 kg ha~!) and STCR TY1FYM (75.30 kg ha~!) for grain N uptake; STCR TY1FYM
(39.22 kg ha~!), STBFYM (39.14 kg ha~!), and STCR TY2 (37.47 kg ha™') for straw N
uptake; and STCR TY2 (117.12 kg ha~!) and STCR TY1FYM (114.52 kg ha~!) for total N
uptake. The lowest N uptake by grain, straw, and total N uptake was recorded in CK
(26.73 kg ha=1,10.23 kg ha~!, and 36.96 kg ha—!). The highest P uptake in grain, as well as
total P uptake, was found with treatment STCR TY2FYM (18.44kg ha~! and 29.62 kg ha~1),
which was significantly higher than the other treatments. However, the maximum P uptake
in straw, found in STCR TY2FYM (11.18 kg ha~!), was on par with STCR TY2 (9.97 kg ha—!)
and STBFYM (9.56 kg ha™!) and significantly higher than the other treatments.

The highest P uptake in grain, as well as total P uptake, was found with treatment
STCR TY2FYM (18.44kg ha~! and 29.62 kg ha~!) which was significantly higher than other
treatments. However, maximum P uptake in straw found in STCR TY2FYM (11.18 kg ha™1)
was at par with STCR TY2 (9.97 kg ha!) and STBFYM (9.56 kg ha~!) and significantly
higher than other treatments. The lowest values for P uptake by grain, straw and total P
uptake were recorded with CK (4.86 kg ha~!, 3.82 kg ha—'and 8.67 kg ha~!). Maximum
rice-grain K-uptake, rice-straw K-uptake and total K-uptake was found in STCR TY2FYM
(31.55 kg ha™!, 106.76 kg ha—'and 138.30 kg ha~!) which was at par with STCR TY2
(29.93 kg ha~!, 98.59 kg ha~'and 128.52 kg ha~!). The lowest values for P uptake by
grain, straw, and total P uptake were recorded with CK (4.86 kg ha~1,3.82 kg ha~!, and
8.67 kg ha~!). The maximum rice-grain K-uptake, rice-straw K-uptake, and total K-uptake
was found in STCR TY2FYM (31.55 kg ha~!, 106.76 kg ha—!, and 138.30 kg ha~!), which
was at par with STCR TY2 (29.93 kg ha~ !, 98.59 kg ha~!, and 128.52 kg ha™!). The lowest
grain and straw and total K uptake were recorded with CK (7.83 kg ha~1,49.72 kg ha™!,
and 57.55 kg ha~1!). The favorable soil conditions with STCR treatments might have paved
the way for better absorption and mobilization, in tune with the growth and activity of
roots, which may have caused a better production of dry matter and absorption of nutrients
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and increased grain and straw yield, and N, P, and K contents, which were reflected in
their higher uptakes.

Table 8. NPK uptake by DSR under different nutrition.

Nitrogen Uptake (kg ha—1) Phosphorus Uptake (kg ha—1) Potassium Uptake (kg ha—1)
Treatments
Grain Straw Total Grain Straw Total Grain Straw Total
CK 26.73 8 10.23 ¢ 36.96 f 4861 3.828 8.678 7.838 49.72¢ 57.55f
GRD 50.75 ©f 18.38 4 69.13¢€ 8.47¢ 6.55 °f 15.02 16.50 f 77.69 «d 94.19 de
GRDFYM 58.65 «de 26.04 be 84.69 4 10.81 4 7.79 cdef 18.60 © 19.26 ¢ 82.39 <d 101.65 <4
STB 57.86 de 26.17 be 84.03 11.53 <d 7.40 def 18.93 de 21.36 de 75.15 <d 96.51 de
STBFYM 67.27 bed 39.142 106.41 be 12.31 <d 9.56 abe 21.87 <d 22.99 «d 89.17 be 112.16 €
STCRTY; 70.48 be 30.63 P 101.10 ¢ 12.90 d 7.96 cde 20.85 cde 25.04 <d 82.87 d 107.91 <
STCR TY;FYM 75.30 2P 39.222 114.52 2 13.40 be 8.95 bed 22.35¢ 26.40 be 88.24 be 114.64 bc
STCR TY, 79.65 2P 37.472 117.12 2 15.45° 9.97ab 25.42b 29.93 ab 98.59 ab 128.52 ab
STCR TY,FYM 83.502 43352 126.85 2 18.442 11.182 29.622 31.552 106.76 2 138.30 2
FP 4083 f 20.97 <d 61.81°¢ 6.71°¢ 595 f 12.66 f 14.97 f 70.19 4 85.16 ©
Significance . " " " " " " " "
level

* Significance at 5% level; values followed by the same letter are not different at 5% probability level.

3.8. Fertilizer Economics and Economic Efficiency

The data on the fertilizer economics in DSR, as affected by different treatments
(Table 9), revealed that the value of the additional yield of DSR over CK was the highest
with STCR TY2FYM (2576 kg ha~!), followed by STCR TY2 (2538 kg ha~!), and was the
lowest with FP (795 kg ha~!). Similarly, the highest net return was noted in STCR TY2
(INR 38,738 ha~'), followed by STCR TY2FYM (INR 38,293 ha~!), and was the lowest
in FP (INR 10,431 ha™!). Similarly, the highest B:C ratio was noted in STCR TY2 (6.83),
followed by STCRTY1 (6.68), and was the lowest in FP (2.99). The STCR-based nutrient
recommendation net return and B:C cost ratio ranged from INR 31,696-38,738 ha—! and
5.21-6.83, respectively, higher than the GRD (INR 19,287 ha~! and 4.21, respectively). The
highest B:C ratio with STCR TY2 might have been due to the highest net return with this
treatment. Similarly, a higher benefit—cost ratio with STCR-based fertilizer treatments than
the GRD or farmer practice has been reported [62]. Net returns from the improved practice
(STCR technology) were substantially higher than the FP for DSR. Similarly, higher indices
of economic analysis, such as gross and net return and benefit:cost ratio, than the GRD
in transplanted rice under rainfed Alfisols have been noticed [15]. The highest economic
efficiency was recorded with STCR TY2 (INR 285 ha~—! d~1), which was due to the highest
net return being obtained under this treatment (Table 10). The economic efficiency of the
DSR was enhanced by INR 91 ha=! d~! to INR 143 ha~! d~! due to the STCR-target yield
based nutrient recommendation, compared to the application of GRD.

3.9. Nutrient Use Efficiency (NUE)

Table 10 shows the NUE as influenced by various nutrition. Nutrient management
practices caused a significant variation in NUE under the DSR system of rice. In general,
the STCR treatments had a higher AEN compared to the other treatments. The highest AEN
occurred with STCR TY2FYM (17.4 kg grain (kg N) 1), which was statistically comparable
with STCR TY1FYM (17.1 kg grain (kg N) '), STCR TY2 (15.0 kg grain (kg N)~!), and STCR
TY1 (14.8 kg grain (kg N)~!). STCR TY2FYM increased the AEN significantly by 6.0 kg
grain (kg N )1 compared with GRD. The lowest AEN occurred in FP (6.1 kg grain (kg N)~1).
The AEP and AEK were significantly higher in STCR-based nutrient management practices
than the application of the GRD alone, except for the AEK in STCR TY2FYM and STCR
TY1FYM, where they were at par with the GRD. An AEN of 6.8-34.2 [63] and AEK of
28.4-55.3 [64] in rice crops have been reported. Similarly, the REN, REP, and REK increased
significantly with STCR treatments compared to application of the GRD alone, except for
REK, where the STCR TY1FYM and GRD were comparable.
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Table 9. Fertilizer-economics in DSR under different treatments.

Additional Value of Fertilizer and Net Return Economic
Treatments Yield Additional FYM Cost (INR ha-1) B:C Ratio Efficiency (INR
(kg ha1) Yield (INR) (INR) ha—1 day—1)
CK 0 - - - - -
GRD 1364 cd 23,864 °d 4576 19,287 de 4.21 bed 142 d
GRDFYM 1667 be 29,167 be 7076 22,090 <d 3.124d 162 bed
STB 1818 be 31,818 be 5504 26,314 bed 4.78 abed 193 be
STBFYM 2045 abe 35,795 abe 8004 27,791 abed 3.47¢cd 204 be
STCRTY; 2121 b 37,121 b 4836 32,286 abc 6.682 237 ab
STCR TY;FYM 2159 ab 37,784 ab 6089 31,696 abc 5.21 abe 233 abe
STCRTY, 25382 44,4132 5675 38,7382 6.832 2852
STCR TY,FYM 25762 45,076 @ 6782 38,293 ab 5.65 ab 2824
FP 795 d 13,9204 3489 10,431 ¢ 2.994d 774
* * * * *

Significance level

* Significance at 5% level; N: 11.6, P,Os: 38.89, and K;0:21.27 INR kg1, FYM: 0.5 INR kg7, rice grain: 17.50 INR kg~ values followed by
the same letter are not different at a 5% probability level.

Table 10. Nutrient use efficiency in DSR, as influenced by different treatments.

NUE PUE KUE
Treatments

AE RE PFP RIUE AE RE PFP RIUE AE RE PFP RIUE
CK - - - 11200 - - - 203N - - - 3.28h
GRD 11.4bc 26.8 cde 31.3be 1353 f 2.7 de 10.6¢ 62.5 e 2268 34.1 be 91.64 93.8 de 4408
GRDFYM 11.8be 33.8¢ 28.7 ¢ 14.47 ¢ 25.5 cde 15.24 61.9°¢ 267 f 27.9¢ 7394 67.98 4757
STB 9.1 235 de 21.09 13.77f 30.3<d 17.14 70.1 cde 2.74 f 45530 97.4 < 105.1 «d 5.08 <f
STBFYM 9.2¢d 314 20.0¢ 15.17 4 312 202 <d 67.7 de 2.78 de 34.3 be 91.54 7421 5.18 de
STCRTY; 14.8 20 449° 31.5be 15.63 < 34.2be 19.6¢ 72.7 «d 2.864 58.92 139.9 12520 5.55<d
STCR TY;FYM 17.12 6152 36.02 16.57 2 43.620 27.6° 91.92 295¢ 42.6b¢ 112.6 bed 89.6 def 5.82bc
STCR TY, 15.0 20 47.4° 29.1¢ 16.10 bc 35.2 abe 23.3 be 68.4 de 3.13°P 59.02 165.12 114.5b¢ 6.12%
STCR TY,FYM 17.42 60.72 33,53 16.80 2 44.8° 3652 86.3 b 3712 454 142.4 2 87.5 ¢f 6.37 2
FP 6.14 19.1¢ 2454 12.838 19.9¢ 10.0¢© 79.5 be 211h 39.8 be 138.0 2bc 159.12 4708

* * * * * * * * * * * *

Significance level

* Significance at 5% level; Values followed by the same letter are not different at 5% probability level.

The REK in this experiment varied from 73.85-165.05, which is in the range of
65.7-366.2% reported by [65] in a rice crop. Except for STCR TY1FYM, all other STCR-
based nutrient management practices were comparable with the GRD in the case of PPFN.
Except for STCR TY2FYM and STCR TY1FYM, all other STCR-based nutrient management
practices were comparable with the GRD in the case of PPFP. Except for STCR TY2 and
STCR TY1, all other STCR-based nutrient management practices were comparable with
the GRD in case of PPFK. A PFPK of 62.42-191.33 has been reported [64]. In general, the
reciprocal internal use efficiency (RIUE) followed the order RIUEN>RIUEK>RIUEP [25].
The RIUE for nitrogen, phosphorus, and potassium was enhanced markedly with STCR-
based nutrient management practices, compared to GRD alone. Significantly lower RIUE
for N, P, and K were recorded with CK, which was at par with FP in the case of RIUEP. A
balanced application of plant nutrients increases the GY and nutrient use efficiency [66].
The relatively higher AE with a STCR-based application of fertilizers compared to common
recommendations might be due to the balanced supply and efficient utilization of nutrients
due to synergistic effects of fertilizers and the applied FYM [18].

4. Conclusions

The fertilizer prescription equations and ready reckoners developed in the present
experiment, considering the crop NPK demand and soil NPK supply, fertilizer, and FYM,
can successfully be used as a guide for implementation of integrated nutrient management
in DSR. Fertilizers equations developed for STCR-INM and STCR chemical mode achieved
the desired target yields with —1.5 to +1.0 percent, proving the validity of these equations.
Nutrient management through the STCR-INM and STCR chemical mode could raise the
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yield, economic return, and efficiency of applied nutrients in direct-seeded rice over the
generally recommended dose and prevailing farmer practices. Therefore, STCR-INM and
STCR chemical mode based nutrient management can be recommended as an effective tool
for balanced fertilization.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy11091756/s1, Table S1: Detailed N, P and K treatment combinations used for test
crop experimentation.
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