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Chapter

Effect of Balanced and Integrated
Crop Nutrition on Sustainable
Crop Production in a Classical
Long-Term Trial

Melkamu Jate and Joachim Lammel

Abstract

The classical long-term trial at Hanninghof was established in 1958 on loamy sand
soil in Duelmen, Germany to study the long-term effects of different nutrient man-
agement strategies. The impact of balanced mineral fertilizer application and inte-
grating farmyard manure (FYM) with mineral fertilizer on indicators of sustainable
crop production are evaluated in comparison to unbalanced nutrition. Crop rotation
since 1958 was potato, followed by winter rye and oat. After 2008, the rotation was
silage maize, winter rye, and potato to adjust the trial to current farm practice, but the
treatments remained the same: a control plot without fertilizer; FYM alone; and min-
eralP+ K,N,N+P,N+K,N+P+K,and N + P + K + Mg fertilizers with and without
FYM. The effect of each treatment on crop yield, revenue, sustainable yield index,
water and nutrient use efficiencies, soil nutrient and carbon contents, and soil pH are
presented. Evaluation of the 62 years data shows that unbalanced nutrition caused
by omitting nutrients and application of only FYM as organic nutrition reduced crop
yield and revenue, led to inefficient use of resources and nutrients, and a depletion
of soil fertility with negative implications on sustainability. Application of mineral
fertilizer N + P + K + Mg as the balanced nutrition and supplementing FYM with
mineral fertilizer as the integrated nutrition had social, economic and environmental
benefits indicating sustainable crop production.

Keywords: balanced nutrition, integrated nutrition, soil fertility, sustainable crop
production

1. Introduction

Long term trials (LT Ts) are conducted on a stationary site for many years and
classified as Young, Medium, and Classical, respectively in age less than 20, 20-50, and
older than 50 years [1, 2]. They are appropriate to study the sustainability of crop pro-
duction which is defined as the ability to produce the required crop yield and quality to
satisfy present and future food demand, while protecting the environment. Population
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and economic growths are estimated to result in a 50% increase in the demand for
food by 2050 with little scope to expand the agricultural area [3]. Thus, a sustainable
increase of crop yield per area is required to meet the rising demand for food.

This target requires improvement of yield through integration of productive crop
varieties, fertile soils, adequate water supply, sufficient plant nutrients with efficient
use, protection of crops against weeds, diseases and pests, and post-harvest care [4].
Continuous crop yield increases are mostly determined by the improvement of crop
varieties. Improved crop varieties require advanced cultivation practices, best nutrient
application strategies, and pre- and post-harvest crop protection [5]. Improvement of
crop nutrition is one of the essential management factors to increase yield.

A trial conducted in India for example, showed that improved cultivars along
with balanced nutrition resulted the highest yield increase in range of 92 to 204%
over the farmer’s practice [6]. Vyn (2014) said “global maize yields will not be able to
continually boost to achieve food security without providing adequate and balanced
nutrients” [7]. The synergy between improved genetic and adequate nutrient sup-
ply sustained the increased production of rice and wheat for nearly three decades in
India; however, in recent years the high productivity is stagnating or declining in spite
of supplying increased N, P and K fertilizer rates, because of unbalanced nutrient
application [8].

Soil fertility is the major environmental factor and is viewed as the capacity of
the soil to retain, cycle, and supply essential nutrients to support crop growth for
along time [9]. The relationship of nutrient application and soil fertility is reliably
studied in the LTTs, because soil fertility develops gradually and therefore, evaluation
of its effect on crop production requires monitoring over a long time and a proper
documentation of data [10]. The LT Ts are the right tool to study changes that can take
decades before they become visible, for example: trends of crop yield and effects of
the environment on agriculture or vice versa [11]. Since agriculture is removing nutri-
ents from the soil an efficient replacement of nutrients back into the soil is required
to sustain crop yields [12]. The target to increase crop yield per area requires avoiding
nutrient mining, maintaining soil fertility, and minimizing nutrient loss to protect the
environment.

Balanced nutrition is the key to sustainable crop production and maintenance of
soil health with both economic and environmental benefits. An unbalanced nutrition
results in a low nutrient use efficiency, poor economic returns, and high environmen-
tal pollution [13]. The Law of the Minimum states: “If one of the essential growth
factors/nutrient is deficient, plant growth will be limited even when all other factors/
nutrient are sufficiently available that growth is improved by the application of defi-
cient factor/nutrient”. Dev (1998) viewed the balanced nutrition as “a best manage-
ment practice refer to the application of essential nutrients in optimum quantity and
proportion including proper application methods and time for the specific soil, crop,
and climate conditions” [14]. It ensures accessibility of crops to an adequate nutrient
supply at every growth stage to avoid over or under-supply enabling the crop for a
strong, healthy and productive growth while minimizing pollution of the environ-
ment [15]. It can be further defined as the application of right sources of nutrients in
an adequate amount and ratio with optimum methods at the time required to support
healthy crop growth to increase yield and quality.

Integrated crop nutrition is the combined application of organic and mineral
fertilizers to increase yield and to improve soil fertility. Organic fertilizer alone can
often not fully satisfy the nutritional demand of crops, because it contains inadequate
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and unbalanced nutrients [16]. It may not be available in sufficient quantities.
Supplementing organic fertilizer with mineral fertilizer is needed to improve nutrient
availability and increase crop yield.

The Hanninghof classical LT'T was established in 1958. Three strategies of crop
nutrition are compared: (1) Balanced nutrition, (2) Integrated nutrition, the combina-
tion of farmyard manure (FYM) with mineral fertilizer, and (3) Organic nutrition,
application of FYM only. The effects of these different treatments on crop yield,
economic revenue, sustainable yield index, water and nutrient use efficiencies and soil
nutrient content, organic matter and pH are measured to evaluate social, economic,
and environmental benefits of best strategies of nutrient application. The objective of
the trial is to study the long-term impacts of different nutrient management on param-
eters of crop productivity and soil fertility to quantify sustainable crop production.

2. Materials and methods
2.1 Location and history

The Hanninghof LTT is one of few classical LTT in the world. It is located near
Duelmen in Western Germany. Crop rotation started with potato cultivation in 1958,
followed by winter rye in 1959 and oat in 1960. The sequence of rotation changed to
silage maize, winter rye, and potato after 2008 to adjust the trial to current agricultural
practices, but the basic setup of the trial remains the same. During 1958-2020, potato,
winter rye, oat, and silage maize were cultivated respectively 19, 21, 17, and 5 times.

2.2 Soil and climate

The trial was established on a loamy sandy soil with the following initial soil
parameters: P,05 13.3 mg (100 g) ', K,0 10 mg (100 g) ', Mg 2.1 mg (100 g)
organic carbon 2.1%, N total 0.1%, and pH 5 at soil depth 0-30 cm. The annual rain-
fall and yearly mean air temperature were, respectively 469-1273 mm and 7.7-12.3°C
during 1958-2020.

2.3 Layout

The trial is a two-factorial experiment in a split-plot with a randomized complete
block design. The cultivated area of the trial is 0.3 ha (72 m x 42 m). The field is split
into two parts, one receiving FYM every 3 years during 1958-2008 and yearly since
2009 and the other part is without FYM. Each of the two parts is subdivided into 32
plots, i.e., 64 plots in total. The gross area of a plot is 4.5 m x 10.5 m with a harvested
area of 3.5 m x 9.5 m to avoid the border effect.

2.4 Treatment

Sixteen treatments were established as shown in Table 1. Each treatment is repli-
cated four times and randomly assigned to plots. In 1960, a treatment with N only (#8
and #16) was established. Since the trial was already ongoing for 2 years, new control
treatments were assigned. The new control treatments (#7 and #15) are omitted from
data evaluation (Table 1), because they were not different from treatments #2 and #10.
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FYM plus mineral fertilizer Mineral fertilizer without FYM

# Treatments # Treatments

1 FYM+N+P 9 N+P

2 FYM without mineral fertilizers 10 Control (without mineral
fertilizers)

3 FYM+ N + K 11 N+ K

4 FYM+N+P+K 12 N+P+K

5 FYM+P +K 13 P+K

6 FYM + N + P + K+ Mg 14 N +P + K+ Mg

7 FYM without mineral fertilizers 15 Control (without mineral
fertilizers)

8 FYM + N 16 N

Table 1.

Description of treatments.

2.5 Nutrient application

Mineral fertilizer nitrogen (N), phosphorous (P), potassium (K), and magne-
sium (Mg) rates were the same for the treatments with and without FYM during
1958-2008. FYM was applied as pig manure at a rate of 25 t ha™ once every 3 years
in spring. Nutrient content of FYM is calculated based on 7 kg N-total, 6.7 kg P,Os,
7.2 kg K;0 and 2.2 kg MgO per ton of pig manure [17].

After 2008, the trial was adjusted to reflect recent crop rotation and nutrient
application. Oat was replaced by silage maize. FYM was replaced by cattle slurry and
applied annually at the rate of 30, 20, and 20 m® ha™", respectively during silage maize,
winter rye, and potato cultivation. The nutrient content of FYM was considered in the
total nutrient application rate to make the nutrient input with FYM and without FYM
comparable. The nutrient content of cattle slurry was analyzed every year in the labo-
ratory. Nutrient rates for potato, winter rye, oat and silage maize are given in Table 2.

N, P, K, and Mg from mineral fertilizers were applied as calcium ammonium
nitrate (CAN) with 4% MgO, triple supper phosphate, potassium chloride, and mag-
nesium nitrate respectively. Since 2013, N was applied as CAN with 6% S to avoid 4%
MgO content of CAN that resulted in a reduction of the treatment effect of Mg on crop
yield. Since 1958, lime (CaO) was applied to the whole field at a rate of 1000 kg ha™
every 3 years to stabilize soil pH. Since 2009, S fertilizer was applied every year at a
rate of 20 kg S per ha on the whole field to avoid S deficiency. Pig manure was applied
10 days before potato planting during 1958-2008. Since 2009, cattle slurry was applied
10 days before silage maize and potato planting, and at the early vegetative stage of
winter rye. Mineral fertilizer N was applied once at planting for potato. It was split
applied for winter rye at early vegetative, stem elongation, and booting; for oat at
seeding and booting; and for maize at seeding and early vegetative growth stages. P, K
and Mg mineral fertilizers were applied once at the planting of potato, oat, and silage
maize; and at the early vegetative stage of winter rye cultivation.

2.6 Analysis of crop and soil parameters

Crop fresh and dry matter yields were recorded. The crop samples were dried in a
drying cabinet at 70°C. Soil samples were collected before crop seeding (planting) at
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Crop Years FYM + mineral fertilizer (kg ha 1) Mineral fertilizer alone (kg ha 1)
N P,0s K,O MgO N P,0s K,0 MgO
Potato 1958-1979 175+100 168 +90 180 + 160 55 +50 100 90 160 50
1979-2006 175+140 168 +90 180 + 160 55 +50 140 90 160 50
2013-2018 68 + 88 29 +27 83 +77 18 + 10 140 60 160 30
Rye 1959-1980 0+ 60 0+90 0+ 120 0+50 60 90 120 50
1980-2007 0 + 140 0+90 0+ 120 0+50 140 90 120 50
2010-2018 77+100 31+31 85 +41 20 +11 150 60 120 30
Oat 1960-2008 0 + 100 0+90 0 +120 0+50 100 90 120 50
Maize 2009-2016 132+87 55+20 135+ 20 35+9 170 60 150 38
2019-2020 78 +125 35+27  95+104 24 + 14 200 75 230 44
Table 2.

Nutrient application vate per year during 1958—2020.

0-30 cm soil depth from all 4 plots of each treatment and mixed thoroughly to obtain a
uniform sample. Macro and micro nutrient concentrations in the tuber, grain, straw and
silage of crop and soil nutrient content, organic matter and pH were analyzed as follows:

N content of crop: Crop dry matter was digested with sulfuric acid and catalyst
tablet to produce 50 ml of filtered samples. The N concentration of the sample was
determined by continuous flow analysis based on standard operation procedures
according to the Kjeldahl method.

Macro and micro nutrients content of crop: The dried crop samples were digested
with nitric acid by direct heating in the microwave. The macro and micro nutrient in
the digested samples were determined on the ICP-OES (inductively coupled plasma-
optical emission spectrometry) according to standard operation procedures.

Soil P and K content: The air-dry soil samples were sieved via 2 mm sieve and
mixed with 100 ml calcium acetate and lactate solutions and shaken on the flat shaker
for 90 minutes. The plant available P and K contents of filtrate of the soil samples
were determined by ICP.

Soil organic matter: The total organic carbon (TOC) was determined by Vario
Select Elementary device. The TOC content was calculated from the integral values of
the measurement peaks and the calibration coefficients.

Soil pH: The air-dried soil samples were sieved on 2 mm sieve and pH was mea-
sured in a 0.01molar CaCl, solution after 1 hour by pH electrode.

2.7 Data organization and evaluation

Crop yield data were converted to cereal units to aggregate data of different crops
along 62 years. The potato tuber, winter rye grain, oat grain, and maize silage yield
were multiplied by respectively 0.22, 1.01, 0.85, and 0.18 to convert into cereal unit
[18]. The significance differences between average crop yield of treatments were
analyzed statistically. The yield data were grouped into 12 periods (1958-1963,
1963-1968, 1968-1973, 1973-1978, 1978-1983, 1983-1988, 1988-1993, 1993-1998,
1998-2003, 2003-2008, 2008-2014, and 2014-2020) to evaluate the trend of crop
yield, because crop varieties remained unchanged during 5- or 6-years interval per
each period with similar effect on yield.
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Crop yields data (1958-2020) were converted to revenue (economic yield) by
multiplying annual yields with historical crop prices [19]. The cost of mineral fertil-
izer was obtained by multiplying the mineral fertilizer rate with historical prices [20].
FYM was regarded free of cost. The economic evaluation included mineral fertilizers
cost only, because all other costs of crop production were considered equal for all
treatments. Economic benefit (USDha™') = crop revenue - mineral fertilizer cost.

Sustainable yield index (SYI) was calculated according to Singh et al. (1990)
based on the standard deviation of mean to evaluate the stability of yield [21, 22].
SYI = average yield (AY) of treatments minus standard deviation (SD) divided by
maximum yield (MY) in different years and treatments.

Green water use efficiency (WUE) was calculated according to Sharma etal. (2013)
based on historical rainfall data recorded at the LTT site [23]. WUE (kg yield per mm
rainwater) = Yield (kgha‘l) divided by cumulative rainfall (mm) from sowing to harvest.

Nutrient use efficiency was calculated according to partial factor productivity
[24]. N use efficiency (%) = N removal with N fertilized crop divided by N fertilizer
rate and multiplied by 100. The calculation was done similarly for P and K fertilizer
use efficiencies.

The soil fertility is measured by nutrient content, organic matter and pH. The soil
parameters were organized with a three-year moving average. The changes in soil
fertility were evaluated in comparison to the control treatments and initial values
measured in 1958.

3. Results

3.1 Effect of balanced and unbalanced nutrition on crop production
and soil fertility

3.1.1 Average agronomic and economic yields

The balanced nutrition (N + P + K + Mg treatment) resulted in the highest average
cereal unit yield of 5.4 t and an economic benefit of 1216 $ha™' (Figure 1). The average
yield of 5.4 tha™ is low because of the low-yielding varieties at the early decades of the
trial and a low water holding capacity of the sandy soil at the site. Without fertilizer
application, the yield was only 1.9 t and 469 $ha". The application of P and K without N
showed almost no increase in crop yield, 2.1 t and 404 $ha™". N fertilizer application but
omitting P, K, and Mg resulted in a yield of 3.8 t and 831 $ha". The yield declines due to
omission of K + Mg, P + Mg, and Mg were respectively 18%, 9%, and 7% and the cor-
responding income loss were 315$, 70$ and 89$ (Figure 1). Omitting K fertilizer leads to
a higher yield reduction than omitting P fertilizer because of decreasing K supply from
the soil (Figure 2). The yield and income loss due to the omission of P were rather small
because of the high P content of the soil (Figure 3). Application of CAN with 4% MgO
during 1958-2013 as a source of N resulted in low effect of omitting Mg fertilizer on
crop yield. Application of only FYM decreased yield by 38% and 275$ha™" (Figure1).

3.1.2 Trend of average agronomic and economic yields

Crop varieties improved during 62 years of the trial which can be seen in the yield
increase over time in almost all treatments. The balanced nutrition (N + P + K + Mg
treatment) resulted in the highest yield and income compared to nutrient omissions
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Effect of balanced nutrition, omitting nutrient, and FYM on average crop yields (n = 62 years); Grain yield with
the same letters showed the insignificant difference.
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Figure 2.
Effect of balanced nutrition, omitting nutrient, and FYM on soil K content in 030 cm depth.
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Figure 3.
Effect of balanced nutrition, omitting nutrient, and FYM on soil P content in 0-30 cm depth.
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or FYM application without mineral fertilizer (Figures 4 and 5). Before 1980, the N
fertilizer rate was insufficient to provide the N demand of potato and winter rye. The
low N rate of 100 kgha™" for potato and 60 kgha" for rye cultivation during1958-1980
(Table 2) and reduction of potato yield by nematodes infection in 1973-1982 resulted
in decreasing yields during 1968-1980. Since 1980, increasing N rate and cultivating
nematode resistance potato reversed the trend of decreasing yields. Improvement

of crop variety resulted in increasing yields and income in all treatments, however
declining cereal prices during 1990-2003 (data not shown) resulted in decreasing
crop economic yield during 1993-2003. Compared to the income at the initial phase
(1958-1963), the balanced nutrition increased crop income by 1981 $ha ! at the final
(2014-2020) time interval (Figure5).

3.1.3 Sustainable yield index (SYI) and green water use efficiency (WUE)
SYT indicates the stability of crop yields in the long run. The high index shows

the low variation of yield increase over years. Application of mineral fertilizers
N + P + K + Mg increased SYI and WUE of crop. Omitting nutrient and application
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Figure 4.
Effect of balanced nutrition, omitting nutrient, and FYM on the trend of average yield.
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of only FYM decreased SYI and WUE compared to the balanced nutrition. The WUE
was reduced by 63%, 34%, and 7-59%, respectively at without any fertilizer, applica-
tion of only FYM, and omitting nutrients compared to the N + P + K + Mg treatment
(Figure 6). The reduction of WUE is directly related to the decline in crop yield
because of nutrient omission and application of only FYM.

3.1.4 Nutrient use efficiency

Nitrogen use efficiency (NUE) at the balanced nutrition (N + P + K + Mg) treat-
ment was 77%. Any lack of nutrients reduced the NUE to 49% - 73% (Figure 7).
P use efficiency (PUE) at the balanced nutrition was 49%. Omitting Mg, K + Mg,
and N + Mg resulted, respectively 46%, 42%, and 25% PUE compared to the
N + P + K + Mg treatment (Figure 7). The balanced nutrition resulted in the highest
K use efficiency (KUE) of 84% compared to omitting nutrients and application of
only FYM. The KUE at omitting Mg, P + Mg, and N + Mg fertilizers and only FYM
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B —eua ' o 0,6
_ 100% 0.61 0.60 0.60 0.58
g 7% -10% . 0.5
g 12
B -21% 0.51 0.49 -
= 04 >
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Figure 6.

Effect of balanced nutrition, omitting nutrient, and FYM on average WUE and SYI of the crop (n = 62 years).
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Figure 7.
Effect of balanced nutrition, omitting nutrient, and FYM alone on average N, B, and K use efficiency
(n = 62 years).
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application were, respectively 78%, 77%, 37%, and 75% (Figure 7). The highest
nutrient use efficiencies were achieved in the treatment with the balanced supply of
nutrients for crop demand. Application of FYM without mineral fertilizer decreased
N and K use efficiencies, because of the lower plant availability of N and K in the
FYM. P and K fertilizers application without N resulted in a very low PUE and KUE,
because of the very low yield and poor recoveries of P and K.

3.1.5 Soil P,Os and K>O contents

P and K fertilizers application affects soil P,Os and K,O content. The balanced
nutrition (N + P + K + Mg) increased soil P,O5 and maintained the soil K,0 in com-
parison to the omission of P and K respectively.

The P,05 content of loamy sand soil on arable land is classified as ‘very low’
(below 3), low’ (4-9), ‘medium’ (10-18), ‘high’ (19-32), and ‘very high’ (above
33) mg P,0s per 100 g soil at 0-30 cm depth [25]. At the start of the trial the soil
P content, as well as the K level were therefore classified as medium. P fertilizer
application increased soil P,Os content toward very high during 1958-1983: the
inadequate N rate during 1958-1980 (Table 2) and the limited potato growth in
1973-1982 caused a low crop yield (Figure 4) that resulted in an accumulation of
P fertilizer in the soil. Increased crop yield after 1982 due to increased N fertilizer
rate and cultivating potato variety resistance to nematodes reduced soil P,O5 content
during 1984-1996. P fertilizer application generally increased soil P,Os content to
‘high’ level, but omitting P fertilizer reduced the soil P,Os content compared to the
initial measurement in 1958 (Figure 3).

The K,0 content of loamy sand soil on arable land is classified as ‘very low’
(below 3), low’ (4-9), ‘medium’ (10-18), ‘high’ (19-32), and ‘very high’ (above 33)
mg K,O per 100 g soil at 0-30 cm depth [25]. Application of K fertilizer-maintained
soil K,0O content at the ‘medium’ range, while the omission of K fertilizer decreased
soil K,O content to the low’ level (Figure 2). Application of K fertilizer increased
the soil K,O content during the early decades, because of low K removal from the
soil. The decreasing soil K,0 content after 1981 was generally driven by combined
effects of increased K removal from the soil with high crop yield and loss of K by
leaching on sandy soil.

A low crop yield (Figure 1) produced a low PUE and KUE (Figure7), at P + K
mineral fertilizers application without N, resulted in the highest soil P,0s and K,0
contents (Figures 2 and 3). Soil P,Os and K,O analysis at 30-90 cm in 1987, 2008, and
2018 showed residual P and K fertilizers movement below 30 cm depth. P + K mineral
fertilizers application without N increased the soil P,Os5 and K,O contents respectively
by 43% and 49% in 30-60 cm and by 48% and 96% in 60-90 cm depth compared to
the application of N + P + K mineral fertilizers (data not shown).

3.1.6 Soil ovganic matter and soil pH

Improvement of soil organic matter positively influences soil fertility through its
impact on the chemical, physical, and biological properties of a soil. The soil organic
matter was measured as soil C (carbon) content. The soil organic C decreased in
comparison to the initial value of 2.1% measured in 1958, because crop residues were
removed from the field during 1958-20009. It was slightly increased with mineral
fertilizer and FYM application compared to the treatment without any fertilizer
(Figure 8). During 1959-1973, the soil organic C was not measured.
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The soil pH was optimized by lime application to avoid the negative effect of pH
on nutrient availability. Lime (CaO) applied every 3 years to the whole field at 1000
kgha " increased soil pH compared to the initial pH measured in 1958 (Figure 9).

3.2 Effect of integrating FYM with mineral fertilizer on crop production
and soil fertility

3.2.1 Average agronomic and economic yields

Application of FYM plus mineral fertilizer increased yield and income. The
highest yield was measured at 6 tha™ in the treatment of FYM plus NP fertilizer. FYM
application without mineral fertilizer as organic nutrition only, decreased yield by
44% (Figure 10). Application of FYM + N, FYM + NP, FYM + NK, FYM + NPK, and
FYM + NPKMg achieved similar yield levels, but FYM + PK fertilizer significantly
decreased yield and income due to inadequate availability of N applied as FYM in
the treatment. Integrating FYM with NK fertilizer resulted in the highest income
measured at 1433 $ha™" (Figure 10). The economic yield at FYM + NP treatment was
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Figure 8.
Effect of balanced nutrition, omitting nutrient, and FYM on soil carbon content in 030 cm depth.
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Figure 9.
Effect of balanced nutrition, omitting nutrient, and FYM on soil pH in 030 cm depth.
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Effect of integrated nutrition and FYM on average crop yields (n = 62 years); Grain yield with the same letters
showed the insignificant difference.

14 $ lower than the economic yield at FYM + NK, because the historical P fertilizer
price was higher than K fertilizer price (data not shown). Application of only FYM
significantly decreased yield and income, because of the insufficient availability of
nutrients in the FYM for the crops.

3.2.2 Trend of average agronomic and economic yields

Improvement of crop varieties during the 62 years of the trial resulted in increasing
yield and income trends in all the treatments. The integrated nutrition supported the
highest yield and income compared to FYM application only (Figures 11 and 12). The
decline in yield during 1968-1980 was caused by the low N fertilizer rate in1958-1980
and the reduction of potato growth by nematodes infection in 1973-1982. Increased
N fertilizer rate after 1980 and cultivating nematode resistance variety after 1982
reversed decreasing yield levels. The yield was high at integrated nutrition treatment
because nutrients were balanced and adequately available compared to only FYM
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Figure 11.
Effect of integrated nutrition and FYM on the trend of average ceveal unit yield.
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Figure 12.
Effect of integrated nutrition and FYM on the trend of average economic yield.

application. Crop yield and income at integrated nutrition was even higher than at the
balanced nutrition (NPKMg) because until 2008, the treatments with FYM received
the nutrients from the FYM in addition to nutrients from the mineral fertilizer.

3.2.3 Sustainable yield index (SYI) and green water use efficiency (WUE)

The sustainability of crop production is measured by SYI. A high or low index
indicates the level of variations in yield. It is measured as the standard deviations
and it is seen as an indicator for sustainability. Nutrient management influences the
long-term yield stability. Application of FYM plus mineral fertilizers increased SYI
and WUE of the crop (Figure 13). WUE decreased by 67% without any fertilizer and
by 40% at only FYM compared to the WUE of integrating FYM with NP fertilizer
(Figure 13). A reduction of crop yield because of nutrient deficiency resulted in a low

SYI and inefficient use of water.
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Figure 13.
Effect of integrated nutrition and FYM on average WUE and SYI (n = 62 years).
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3.2.4 Nutrient use efficiency

Nitrogen use efficiency (NUE) was 73% at the integrated nutrition treatment
(FYM + NP mineral fertilizer). Application of FYM only and FYM plus PK fertilizer
decreased NUE to 49% and 51% (Figure 14). Low yield (Figure 10) due to low N avail-
ability in the FYM reduced NUE at the treatments FYM only and FYM plus PK fertil-
izer. The highest P use efficiency (PUE) of 66% was calculated at FYM + NK fertilizer
(Figure 14). Low PUE of 51% at the application of only FYM and 32% at FYM plus
PK fertilizer were recorded, because inadequate availability of N from FYM reduced
yield (Figure 10) and P output. Combining FYM with NK or N fertilizer significantly
increased PUE. K use efficiency (KUE) was increased to 99% at integrating FYM with
NP fertilizer (Figure 14). It was decreased to 75% at the application of FYM only and
decreased to 47% by omitting mineral nitrogen at FYM plus PK. The nitrogen defi-
ciency in the FYM plus PK fertilizer treatment decreased yield and limited K recovery.

3.2.5 Soil P,Os and K,O contents

The soil P,0s content indicates the capacity of a soil to supply P for crop growth
and it is affected by P fertilizer application. It was increased during 1958-1983,
because of inadequate N fertilizer rates during 1958-1980 (Table 2) and low yield-
ing potato from 1973 to 1982 resulted in an accumulation of P fertilizer in the soil.
Increased crop yield after 1982 due to increased N fertilizer rate and cultivating
nematode resistance variety caused a decreasing trend of soil P,0Os during 1984-1996
compared to the highest soil P,Os content recorded in1977 and 1982. Integrating FYM
with P fertilizer increased soil P,Os content to the ‘very high’ level. FYM only and
FYM plus N or NK fertilizers increased soil P,Os to the ‘high’ level compared to the
initial soil P,Os measured in 1958 (Figure 15).

Integrated nutrition and application of FYM only increased soil K,O during
1958-1980 compared to the initial soil K,O content (Figure 16), it was caused by
low crop yield resulting in an accumulation of residual fertilizer K in the soil. The
decreasing trend of soil K,O after 1980 was caused by a combined effect of increased
K removal from the soil through high crop yields (Figure 10) and K loss by K leaching
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Figure 14.
Effect of integrated nutrition and FYM alone on average N, B and K use efficiency (n = 62 years).
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Effect of integrated nutrition and FYM on soil P content in 0-30 cm depth.
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Effect of integrated nutrition and FYM on soil K content in 030 cm depth.

on sandy soil. FYM combined with K fertilizer generally maintained soil K,O content,
but FYM only and FYM plus N or NP fertilizers depleted soil K,O to the ‘low’ level
after 1982 (Figure 16). The negative input—output balance caused a K-mining of

the soil of 5 kg K per ha and year at FYM alone, and 41, and 30 kg K per ha per year,
respectively at FYM plus N, and FYM plus NP fertilizers and decreased soil K,O con-
tent. FYM plus PK fertilizer resulted in the highest soil K,O content (Figure 16) due to
low crop yield (Figure 10) and inefficient use of K fertilizer (Figure 14). Analysis of
soil K,O in 30-90 cm in 1987, 2008, and 2018 showed residual K fertilizer movement
below 30 cm depth. The soil K,O content increased by 37% in 30-60 cm and 22% in
60-90 cm depth at FYM plus PK fertilizer compared to the FYM plus NPK fertilizer
(data not shown).

3.2.6 Soil organic matter and soil pH

The soil organic matter improves soil fertility by its influence on the chemical,
physical, and biological properties of a soil. It was measured as an organic fraction
of soil C. The soil organic C decreased in comparison to the initial value of 2.1%
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Effect of integrated nutrition and FYM on soil carbon content in 0-30 cm depth.
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Effect of integrated nutrition and FYM on soil pH in 030 cm depth.

measured in 1958, because crop residues have been removed from the field until 20009.
Integrated nutrition increased soil C compared to only FYM application (Figure 17).
Reduction of crop growth and low root biomass indicated by low yield (Figure 10)
decreased soil C content at the treatment without any fertilizer. During 1959-1973,
the soil organic C was not measured.

Liming of soil every 3 years with 1 tone CaO per ha increased soil pH compared to
the initial pH measured in 1958 (Figure 18).

4, Discussion

Sustainable crop production can be defined as the agricultural practices that meet
human needs for food, is economically viable, while at the same time being environ-
mentally positive [26]. Evaluation of 62 years data of the classical long term trial has
shown the importance of nutrient management on all three aspects of sustainability:
(1) Improvement of crop yield, sustainable yield index, WUE and soil fertility to
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produce sufficient food (Social), (2) Profitability of crop production, efficient

use of resources, and maintenance of soil fertility to grow the income of farmers
(Economic), and (3) Efficient use of nutrients and improving soil fertility to mini-
mize nutrient loss (Economic and Environmental).

4.1 Effect of balanced nutrition on the sustainability of crop production

The data of the trial confirmed that a balanced nutrition increases crop yield,
avoids nutrient deficiency, increases nutrient and water use efficiency, protects the
environment by minimizing nutrient loss, and improves soil fertility. Chopra et al.
(2014) reported similar results [27]. Application of mineral N + P + K + Mg fertilizer
as balanced nutrition resulted in the highest yield and income of crop (Figure1).
Similar results were reported for potato with N + P + K + Mg + S application [28] and
for maize with N + P + K + Mg application [29, 30] as balanced nutrition compared
to treatments of unbalanced nutrition. Omitting nutrients reduced crop yield and
resulted in an economic loss of between 89 and 812 $ha! (Figure1). Dev (1998) and
Chander et al. (2012) also reported that omitting nutrients significantly decreased
yield and profit of maize, millet, rice, soybean, and wheat [14, 31]. Application of
only FYM significantly reduced crop yield and income compared to the balanced
nutrition (Figure1). Cern;’r et al. and Dilshad et al. (2010) and Abid et al. (2020)
reported a significant reduction of barley, maize, potato, rice, and wheat yields
with the application of FYM only compared to N + P + K mineral fertilizer [32-34].
Bhattacharyya et al. (2014) reported a decrease in maize and wheat economic benefit
at FYM alone compared to N + P + K fertilizer [35].

Crop varieties improved during the 62 years of the trial and resulted increas-
ing yields. Evaluation of the cereal yield per ha indicates that the average yield was
increased by 101% during the latest decade (2010-2020) compared to the average
yield measured between 1961 and 1970 for Germany [19]. Fertilizer application is
an essential management practices that positively affects yield and income in the
long-term. The balanced nutrition of the essential plant nutrients was best nutrient
management practice and resulted in the highest yield (Figures 4 and 5). Crop yield
and income increased during the years 2008 to 2020 were 66% and 1901$ha "higher
than in the earliest years 1958 t01968 (Figures 4 and 5). The combined effects of bet-
ter varieties and fertilizer application improved crop yield and soil fertility during the
trial periods (Figures 2, 3 and 9). An unbalanced nutrition resulted in yield loss of 6
to 53% or up to 311$ha! during the earliest decade, but 8 to 69% (158 to 3075$ha™)
loss during the latest decade. N fertilizer application without PK fertilizer similarly
resulted in 86% reduction of maize grain yield during 2001-2006 compared to maize
yield at N without PK fertilizer during 1987-1988, because cumulative K releasing
power of the soil has depleted 33% in 2003 compared to K releasing power of the soil
in 1986 [36]. The high productivity and revenue per area with the balanced nutrition
support the social and economic aspects of sustainable crop production.

The long-term application of balanced nutrient positively affects the stability of
crop yield [37]. Balanced nutrition (N + P + K + Mg fertilizer) resulted in the highest
SYI compared to omitting nutrients (Figure 6). Ray et al. (2017) similarly reported
the highest SYI with the balanced nutrition (N + P + K + S + Zn fertilizer) compared
to the unbalanced nutrition [38]. Application of only FYM decreased SYI by 8%
compared to boththe N + P + Kand N + P + K + Mg treatments (Figure 6). Abid et
al. (2020), Bhattacharyya et al. (2014), and Malarkodi et al. (2019) reported a reduc-
tion of SYI, respectively by 6%, 17% and 5% with only FYM compared toN + P + K
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mineral fertilizer [34, 35, 39]. The highest SYI was observed at the balanced nutrition
and it confirms stable yields as an indicator of sustainability.

Land, solar energy, and water are the major natural resources required to produce
crop. Efficient utilization of these resources is necessary for sustainable crop produc-
tion. Nutrient application is important to increase land and water use efficiency.
Reduction of yield because of unbalanced nutrition (Figure 1) resulted in inefficient
use of land, because more land (1.1 to 1.7 ha) is required to achieve the same yield
as on 1 ha of land at the balanced nutrition treatment. The N + P + K + Mg fertilizer
resulted in the highest WUE compared to omitting nutrients and FYM application
alone (Figure 6). Omitting nutrients decreased WUE by 7 to 63%. Chander et al.
(2013), Suhas et al. (2013) and Chander et al. (2012) reported similar results [6,

8, 31]. Efficient use of resources is only possible in a balanced application of plant
nutrients.

The best practice of nutrient management increases nutrient use efficiency in crop
production. The N, P, and K use efficiencies (NUE, PUE, and KUE) of major cereal
crops are reported to be between 40 and 65%, 15-25%, and 30-50% respectively at
recommended management practices with recommended soil P and K contents [40].
The balanced nutrition (N + P + K + Mg fertilizer) resulted in a high nutrient use
efficiency compared to the unbalanced nutrition. The average NUE, PUE, and KUE
of crop at the balanced nutrition were, respectively 77%, 49% and 84% (Figure 7).
Omission of nutrients and application of only FYM decreased nutrient use efficiency
by 5-56%, because crop growth and yield were limited by nutrient deficiency. Kumar
etal. (2021) reported reduction of nutrient use efficiency by 27-65% for potatoes due
to nutrient omission compared to the balanced nutrition [41]. Similar results were
reported in Wang et al. (2010) for maize and wheat [42]. Inefficient use of nutrients
causes a high cost of production or economic loss and a high risk of environmental
pollution.

Physical, chemical, and biological parameters of soil fertility influence the capac-
ity of soil to support crop growth. Nutrient management with its direct impact on
nutrient and organic matter contents, pH, and cation exchange capacity of soil
supports sustainable crop production. Long-term soil fertility is ensured by balanced
nutrition and concurrent application of lime [43]. Omitting P fertilizer decreased soil
P content (Figure 3). Bhattacharyya et al. (2015) also reported a reduction of soil P
content due to P fertilizer omission [44]. K removal without replacement depleted
soil K from the medium to the low level (Figure 2). Zhao et al. (2014) reported that
omitting K fertilizer similarly decreased soil K content at different depths [45].
Balanced nutrition improved soil nutrient content to desirable levels and increased
yield with positive impacts on sustainable crop production.

The soil organic matter improves soil water-holding, aeration, nutrient absorption
and release, and minimization of leaching and erosion [46]. Application of mineral
fertilizer and FYM alone slightly increased soil organic carbon (SOC) compared to
the treatment without any fertilizer (Figure 8). This was also found by Aula et al.
(2016), they reported a significant increase in SOC through the application of NP
and NPK fertilizers and FYM compared to without any fertilizer [47]. The only slight
increase of organic matter at the application of mineral fertilizer and FYM alone was
caused only by root residues (Figure 1), because crop residues were removed from
the field for more than 50 years. Zhao et al. (2014) reported a significant increase of
SOC at mineral NP and NPK fertilizers plus wheat straw compared to NP and NPK
fertilizers without straw [45]. The unbalanced nutrition depleted soil organic matter
content through a low crop yield. The balanced nutrition improves soil organic matter
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with positive implications on soil fertility supporting crop growth and yield directly
related to sustainable crop production.

4.2 Effect of integrated crop nutrition on the sustainability of crop production

The integrated crop nutrition as the combination of organic and mineral fertilizer
contributes: (1) to maintain or enhance soil fertility, (2) to improve nutrient stocks in
the soil, and (3) to reduce nutrient loss to the environment by increasing nutrient use
efficiency [48]. It improves the availability of nutrient and corrects nutrient imbal-
ances to increase crop yield. Application of FYM plus mineral fertilizers significantly
increased crop yield compared to FYM alone (Figure 10), which was also reported
by Abid et al. (2020) and Mahmood et al. (2017) for maize yield [34, 49] and by
Baniuniene and Zekaite (2008) for potato yield [50]. FYM without mineral fertilizer
reduced crop yield by 44% and 492$ha"! (Figure 10). Bhattacharyya et al. (2014)
similarly reported 47% yield and 59% profit reductions for maize and 49% and 52%
for wheat at only FYM application compared to FYM plus NPK fertilizer [35]. The
integration of FYM with mineral fertilizer increased yield and income, because it
improved nutrient availability required to support the healthy growth of crops.

Integrated nutrition was the best nutrient management practice, because it
increased crop yield and income to the highest level (Figures 10-12) and it improved
soil fertility (Figures 15-17). Vasuki et al. (2009) similarly reported that the inte-
grated and balanced use of mineral fertilizer plus organic manures have maintained
an increase of crop yield at a higher level over the years [36]. Application of only FYM
resulted in a loss of income of 1347 $ha ™" in the latest years (2008-2020) compared to
237 $ha! in the earliest years (1958-1968) of the trial, as compared to the treatment
of FYM with NK fertilizer during the respective time intervals (Figure 12). Hejcman
and Kunzova (2010) similarly reported that wheat yield reduction due to applica-
tion of FYM only was high during the latest decade (1997-2006) and low during the
earliest decade (1957-1966) compared to yield at integrating FYM with NPK fertilizer
[51]. The synergy between improved varieties and integrated nutrition sustained the
increasing yield and income during the long-term, because nutrients have been avail-
able in quantity and ratio demanded by high-yielding crop varieties.

The SYI is viewed as a quantitative measurement of sustainability. A high SYI with
minimum standard deviation indicates low variability of yield. Integrated nutrition
increased SYI compared to the application of FYM alone (Figure 13). Integrating FYM
with NPK fertilizer similarly increased SYI of maize [34] and sunflower [39] compared to
only FYM treatment. Low SYI at only FYM application shows a high variability of yield,
while the high SYI at the integrated nutrition indicates sustainable crop production.

Natural resource use efficiency of crop production is increased by improving crop
growth. Best nutrient management is therefore needed to achieve efficient utilization
of land and water for crop production. Application of only FYM resulted in inef-
ficient land use, because crop yield was 44% lower than at the integrated nutrition
(Figure 10). Therefore, it requires 1.4 ha of land to achieve the same yield as with
FYM plus NP fertilizer on 1 ha, and it decreased WUE by 40% (Figure 13). Dubey et
al. (2014) similarly reported a 9% reduction of WUE of the crop at only FYM applica-
tion compared to FYM plus NPK fertilizer [52]. Improvement of land and water use
efficiency is an important contribution to sustainable crop production.

Efficient use of nutrients applied as organic plus mineral fertilizers reduces
nutrient losses, protects the environment and improves economic return on invest-
ment in fertilizer. It was confirmed in the trial data as the highest percentage of crop
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NUE, PUE, and KUE were achieved with integrated nutrition. Application of only
FYM decreased nutrient use efficiency by 15-24% compared to integrated nutrition
(Figure 14). Abid et al. (2020) similarly reported a 36% reduction of nutrient use
efficiency of maize [34] and Bhattacharyya et al. (2014) reported a 24% and 23%
reduction for maize and wheat [35] at only FYM compared to integrating FYM with
NPK fertilizer. Application of only FYM was resulted in inadequate and unbalanced
availability of nutrients, so that it has been caused a reduction of crop growth and
yield, which were ultimately leading to low recovery and inefficient use of nutrients.

Nutrient management improves nutrient availability in the soil and supports soil
fertility via its impact on nutrient content, soil organic matter and pH. Integrating
FYM with P fertilizer increased soil P,O5 content compared to only FYM (Figure 15).
Malarkodi et al. (2019) and Hejcman and Kunzova (2010) reported similar results [39,
51]. FYM plus K fertilizer-maintained soil K,O content within the medium range, but
only FYM and FYM + NP fertilizer decreased soil K,O to the ‘low’ level compared to
the initial soil K,O (Figure 16). Application of only FYM similarly depleted soil K,0
compared to FYM plus K fertilizer [39, 49]. Integrated nutrition improved soil nutrient
content and increased crop production as an indicator of efficient use of input and
resources with positive implications on sustainability.

Some authors claim that the production of cereal crops have stagnated or declined
in recent years due to unbalanced and inadequate nutrient application and degrada-
tion of the soil organic matter [27]. The decomposition of organic matter releases the
nutrients necessary to increase crop yield. Integrated nutrition increased soil organic
carbon (SOC) compared to the application of FYM alone (Figure 17). A similar result
was reported in Malarkodi et al. (2019) and Hejcman and Kunzova (2010) [39, 51].
An increase in SOC indicates organic matter improvement that makes soil condition
favorable to increase yield and to sequestrate carbon in crop residues.

The soil pH regulates solubility and availability of nutrients. It increased rapidly
during 1958-1998 at integrated nutrition compared to FYM alone by CaO (lime)
application (Figure 18). Abid et al. (2020) similarly reported that supplementing
FYM with NPK fertilizer significantly increased soil pH compared to only FYM [34].
Since 1998, the soil pH was maintained at a desirable level with a slight difference
between treatments due to the accumulated effect of lime.

5. Conclusion

Analysis of 62 years of data of the long-term trial confirmed that application of
mineral fertilizer N + P + K + Mg as the balanced nutrition and supplementing FYM
with mineral fertilizer as the integrated nutrition supports the social, economic, and
environmental aspects of sustainable crop production. Any unbalanced nutrition
caused by omitting nutrients or applying average quantities of FYM alone resulted
in a reduction of crop yield and revenue. It contributed to inefficient use of nutrients
and resources, an unstable yield increase, and a depletion of soil fertility with nega-
tive implications on sustainability.

Violation of the Law of the Minimum by omitting nutrients decreased crop
yield, revenue, SYI, WUE, NUE, PUE, and KUE, respectively by 7-65%, 89-812
$hal, 1-22%, 7-63%, 5-23%, 6-49%, and 7-56% compared to the balanced nutri-
tion, because essential functions of the missing nutrients cannot be fulfilled by any
other nutrient. Application of FYM alone as organic fertilizer at the local rates in
the long-term trial decreased crop yield, revenue, SYI, WUE, NUE, PUE, and KUE,
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respectively by 44%, 492 $ha™, 10%, 40%, 33%, 23%, and 24% compared to the
integrated nutrition, because nutritional needs of crop were not fully satisfied due to
unpredictable availability and the unbalanced ratio of nutrients in the FYM.

Therefore, both the balanced and integrated principles of crop nutrition are the
best management strategies to support the positive impacts of technological progress
in crop production without depleting the soil fertility. They are important to sustain
crop production for future generations while the environment is protected.
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