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Abstract

Over-use of N fertilization has been common in order to obtain the highest possible grain yield. We investigated the efficiency of
combining the application of N and ZnCHE (Zn-DTPA-HEDTA-EDTA). Different rates (30, 60, or 90 kg ha ') and sources [pig
slurry(PS) or urea] of N and rates of ZnCHE (0, 0.5, 1, or 1.5 kg ha™") were applied to a barley crop. Nitrogen fertilization
combined with soil Zn applications had a significant interaction on various plant parameters (grain protein concentration, yield,
Zn uptake, and N uptake). An application rate of 90 kg N ha ' seems recommendable to obtain high values for both crop yield
and N uptake by the plant. PS application was associated with higher mean grain yield and Zn utilization than urea application,
but with lower grain protein concentration. On the other hand, the lowest Zn application rate was sufficient to achieve a high grain
yield (>3200 kg ha™'). Higher Zn rates provided great Zn concentrations in the different parts of the plant. Furthermore, high
grain protein concentrations (> 9.6%) were obtained with combinations of N60 or N90 and ZnCHE-1 or ZnCHE-1.5, both for PS
and for urea. The application of this synthetic Zn chelate could be recommended as a strategy for reducing the N application rate
but still obtaining high grain yield and nutritional value in barley. These effects may have been due not only to Zn application but
also to the influence of chelating agents such as DTPA, HEDTA, and EDTA.

Keywords N-Zn combined fertilization - Yield - Nutritional composition - Protein - Agronomic efficiency - Utilization efficiency

1 Introduction

Barley (Hordeum vulgare L.) is primarily used for both malt
and beer production and as animal feed; it is also used as food
for human consumption. Barley grain is high in carbohydrates
and also contains moderate amounts of protein, calcium, and
phosphorus and small quantities of vitamin B. Barley is the
world’s fourth most important cereal crop (after wheat, rice,
and maize) in terms of both quantity of production and area of
cultivation. The increase in the total barley production over
the last half-century has mainly been due to increases in yield,
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since the total area under production has remained relatively
stable, or has even decreased in recent years (FAOstat 2018).
Hordeum species are found in most areas with Mediterranean
climates.

Nitrogen (N) is an essential element for crop development.
The rate of N fertilizer application is critical for cereal crops
since N affects grain yield and plant quality (Lopez-Bellido
2009). Under Mediterranean climatic conditions, barley crops
under rainfed Mediterranean conditions extract approximately
25 kg of N per 1000 kg of grain produced from the soil. The
need for N fertilization in barley crops differs from region to
region. While the need for greater food production has in-
creased, the global consumption of N in its synthetic
(commercial) and organic (manure) forms has increased at
an even greater rate. Several organic and inorganic N sources
can supply the N required for optimum crop growth. In 2018,
Spain was the largest pig producer in the EU (Eurostat 2018).
These animals produce large quantities of manure every year,
which presents a problem in terms of the management of the
very large volume of waste produced. The agricultural use of
this manure is recommended not only for fertilizing but also to
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facilitate the disposal of these increasingly important residues.
Given its value as a fertilizer, pig slurry is commonly used in
agriculture and this is a relatively cheap way of decomposing
it and offers a low-cost alternative to mineral fertilizers.
However excessive applications of manure may cause the pol-
lution of groundwaters as a result of leaching, especially in-
volving nitrates.

In various regions of Spain, it has been traditional to apply
high doses of N fertilizer with the sole aim of achieving high
yields. However, there are several drawbacks associated with
the overuse of N fertilizers: (1) the cost, from an agronomical
point of view overuse does not produce a significant increase
in crop yield; and (2) environmental problems, normally as-
sociated with N losses to the natural environment, through N
leaching to groundwater, the runoff of surface water and emis-
sions of hazardous gases, such us ammonia (NHj3), nitrous
oxide (N,O), and nitric oxide (NO) (Spiertz 2010). The ex-
cessive use of fertilizers constitutes an environmental risk and,
according to the European Commission, farming is responsi-
ble for over 50% of total nitrogen discharges into surface
waters. Nitrogen application is usually based on crop N re-
quirements which are applied in accordance with the EU
Nitrates Directive (Council Directive 91/676/EEC n.d.). In
most EU countries, slurry application is limited to
170 kg N ha ! year '. The original objective of the Nitrates
Directive was to protect water quality across Europe by
preventing nitrates from agricultural sources polluting ground
and surface waters and by promoting the use of good farming
practices. In line with this Council Directive, the regional
government of Castilla-La Mancha (central Spain) published
a set of guidelines for the N fertilization of crops, suggesting
stricter limits in areas considered vulnerable to nitrate pollu-
tion (Real Decreto 261/1996 n.d., DOCM 2011: Orden 07/02/
2011).

It is also important for crops to have a high level of
Agronomic Efficiency. Nitrogen agronomic efficiency
(AEN) is a parameter that expresses the ability of the plant
to increase its yield in response to N application. Improving N
use efficiency (NUE) in crops is also economically beneficial
to producers and to the environment. A more efficient and
ecologically responsible use of N could be achieved by
adopting a series of improved strategies and management
practices (Abunyewa et al. 2017; Guo et al. 2019; Ladan
and Jacinthe 2017; Perchlik and Tegeder 2017; Pinochet
et al. 2018; Zhang et al. 2017).

Zinc is an essential micronutrient for plant nutrition and
human health. However, Zn deficiency is a very widespread
problem throughout the world and results in reduced crop
yields and poor crop quality. About 50% of the soils used
for cereal production in the world contain low levels of bio-
available Zn (Cakmak and Kutman 2018). Crop
biofortification offers a sustainable and relatively cheap way
to provide essential micronutrients to people in both

developing and developed countries. Biofortification is a pro-
cess that involves increasing the natural content of bioavail-
able nutrients in crop plants (Guo et al. 2016). The
biofortification of cereals using Zn has been the focus of con-
siderable research in recent years and has become increasingly
relevant and important for both crops and humans (Guo et al.
2016; Liu et al. 2017). Applying Zn to barley increases both
its fertility (number of grains per ear) and grain quality. Zinc
concentrations and contents have been progressively in-
creased through the application of Zn fertilization. In cases
of extreme deficiency, Zn application may increase barley
crop yields by as much as 48% compared with control crops
only receiving NPK fertilizer (Singh 2008).

Zinc deficiencies in plants have traditionally been corrected
by the application of inorganic Zn sources, such as ZnO, or
salts, such as ZnSO,4 or Zn(NOs),. Organic Zn sources, such
as synthetic chelates and organic complexes, are now com-
monly used. Applications of Zn to calcareous soils in the form
of chelates (such as Zn-EDTA —Zn- ethylenediaminetetraace-
tate-, Zn-DTPA—Zn-diethylenetriaminepentaacetate or Zn-
HEDTA-Zn-hydroxyethyl-ethylenediaminetriacetate) can
have important implications for crop nutrition and that these
are highly effective sources of Zn for crops. Zinc chelates
provide the micronutrients needed to produce high concentra-
tions of water-soluble Zn and available Zn in soils, though the
effectiveness of these chelates depends on their stability.
However, Zn chelates differ in their physical state, chemical
reactivity, cost, bioavailability, and susceptibility to leaching.
The chelating agents EDTA (ethylenediaminetetraacetate acid),
HEDTA (hydroxyethyl-ethylenediaminetriacetate acid), and
DTPA (diethylenetriaminepentaacetate acid) are some of the
strongest synthetic chelating agents, and when used in combi-
nation with Zn, form much stronger chelates than naturally
occurring organic ligands (Mortvedt and Gilkes 1993). Zinc
chelates enhance Zn availability due to less Zn** ion interaction
with soil components (Pagani et al. 2013).

Various authors have studied the effects of applying Zn-N
combinations using inorganic sources of Zn, such as ZnO,
ZnSOy, or Zn(NOs), (Cakmak et al. 2010; Erenoglu et al.
2011; Gonzalez et al. 2019; Kutman et al. 2010). All these
studies have focused on the impact of applying Zn-N combi-
nations on N and Zn concentrations in plants in just one way:
N fertilization combined with soil Zn applications has a sig-
nificant interaction on grain Zn and N concentrations.
Improving the N nutritional status of the plant may enhance
the abundance of transporter proteins and nitrogenous chela-
tors involved in the uptake, translocation, remobilization, and
grain allocation of Zn in cereals (Cakmak et al. 2010). For
example, Kutman et al. (2011) obtained increases of over
50% in Zn concentrations in whole grain wheat when the N
supply was increased from low to very high. Zinc-N manage-
ment appears to offer a promising agronomic strategy for the
biofortification of cereals with Zn. On the other hand, to the
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best of our knowledge, there have been no specific studies of
the application of Zn chelates in conjunction with N sources
(organic vs. inorganic) to reduce the N rate with the aim of
minimizing the environmental impact of fertilization yet
maintaining adequate plant nutrient concentrations and a high
crop yield.

The main objective of the present study was to determine
the influence of the combined application of Zn, in the form of
a synthesized Zn chelate fertilizer (Zn-DTPA-EDTA-
HEDTA), and different N sources (pig slurry or urea) as a
strategy to reduce the N application rate in a barley crop
grown in a calcareous soil in order to use fertilizer more ratio-
nally and effectively and for improving both nitrogen use
efficiency and Zn biofortification of barley.

The specific objectives were:

(1) To study the effects of applying a combination of Zn-
DTPA-EDTA-HEDTA and urea or pig slurry N fertiliza-
tion on grain yield, Zn content, and protein content in a
barley crop

(2) To compare the agronomic efficiency of Zn and N ap-
plied via different combinations of Zn and N

(3) To establish the relative status of soil Zn fractions and the
potential phytoavailability of soil-applied Zn based on
different extraction methods

2 Material and Methods
2.1 Field Locations and Soil Characterization

The field experiment was conducted at the “El Encin”
Research Farm (40.52° N 3.30° W, 599 m) Madrid, Spain.
This area is near “Alcarria-Guadalajara,” which is in a part
of Castilla-La Mancha that has been classified as sensitive to
nitrate pollution contamination (DOCM 2011). The average
temperature from December to June was 11.1 °C (average
temperature range =4.32-21.01 °C). The rainfall in the crop
growth period was 344 mm.

Soil samples from the Ap horizon (0-28 cm) were air-
dried, sieved (<2 mm), and then analyzed according to the
Spanish official methodology (MAPA 1994). The soil was
classified as Calcic Haploxerept (Soil Survey Staff 2010). Its
main characteristics were as follows: the soil texture silty-
loam (310 g kg ' soil Sand, 540 g kg ' soil Silt, and
150 g kg ' soil Clay) (Day 1965), pH and electrical conduc-
tivity (soil-to-water ratio of 1:2.5) were 8.20 and
188.1 uS cm™ ', respectively; organic matter, 12.6 g kg™ soil;
total nitrogen, 1.0 g kg™ soil; available phosphorus (Bower
et al. 1952), 30.90 mg kgfl (Olsen 1954); total Zn,
51.70 mg kg_1 soil, and DPTA-TEA extractable Zn,
0.98 mg kg ' soil. Soil texture was analyzed using a
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Bouyoucos densimeter. The percentage of organic matter
and total N content were determined using the Walkley—
Black and Kjeldahl methods, respectively.

2.2 Experimental Design

The experiment was run with a randomized complete block
design that included three replicate plots (7.5 m? plot ') for
each treatment. Barley (Hordeum vulgare L. cv. Quench) was
sown in December and harvested in early-June in the follow-
ing year. Basal fertilization included 90 kg P,Os ha ' and
70 kg K,0 ha! (aqueous solutions of KH,PO, and H3POy,).

A combination of three nitrogen (N) levels (30, 60, and
90 kg ha ') and four zinc (Zn) levels (0, 0.5, 1, and
1.5 kg ha ") of two different sources was applied during the
early vegetative stage (February). Nitrogen was applied in the
form of granular urea (46% N) or the liquid fraction of pig
manure (total N, 2.0 g kgfl; N-NH,*, 123 g kgfl; total P,
97.5 mg kg '; total K, 1.32 g kg ', total Zn 22.14 mg kg ;
total Cu 4.87 mg kg '; oxidizable organic matter, 4.60 g kg ";
dissolved organic carbon, 0.5 gkg '; pH, 7.61; and dry matter
(DM), 16 g kg ). Zinc was applied as ZnCHE (Zn-DTPA-
EDTA-HEDTA) [Zn-DPTA (Zn-
diethylenetriaminepentaacetate), EDTA (Zn-ethylenedi-
aminetetraacetate), and HEDTA (Zn-N-2-hydroxyethyl-
ethylenediaminetriacetate)].

A control, without applications of either Zn or N fertilizer,
was also performed (total plot number 75) to calculate the
NUE. This treatment was not used for statistical analysis as
it did not conform to a real fertilization strategy used for this
crop or in this region. Nitrogen fertilizer applications of about
100 kg N ha ' are typically recommended for barley crops in
this area (Lopez-Bellido 2009). The N application rates were
therefore lower than typically recommended (with approxi-
mate reductions of 70%, 40%, and 10%, respectively, com-
pared to traditional application rates for the 30, 60, and
90 kg N ha ' application rates).

2.3 Sample Preparation and Chemical Analysis

A sample of six 0.5-m-long rows of barley plants were har-
vested from each plot. The different plant parts (root, stem,
leaf, and grain) were then separated. The root samples were
carefully washed with deionized water and then all the sam-
ples were dried at 60 °C for 72 h. Grain from the remaining
plants was harvested using a plot combine (Weinterteiger
Classic). Soil samples from the rhizosphere were collected
and homogenized, air-dried, sieved (<2 mm) and stored for
further analysis.

The Zn, Fe, Mn, and Cu concentrations in the different
parts of the plant (root, stem, leaf, and grain) were determined
by wet digestion in Sample Preparation Block Systems (SPB
PROBE PerkinElmer) using “Teflon tubes” kept at a
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maximum temperature of 150 °C for 2 h, with 1.5 g of dried
samples, 10 mL of HCI (37%), 10 mL of HNO; (65%), and
5 mL of HF (48%). The grain N concentration was determined
using either the Kjeldahl or the Dumas method. Protein con-
centration was calculated as the N concentration multiplied by
5.83.

Total Zn, potentially available Zn (DTPA-TEA and
Mehlich-3), and Zn distribution in the different soil fractions
were all determined from the soil samples. Total Zn was de-
termined by acid digestion after treating 1 g of soil with 14 mL
HNO;3 (65%) and 6 mL HF (48%) followed by digestion in
Teflon bombs in a microwave oven with a rotating tray. This
involved a three-step process at a maximum pressure of
700 kPa.

The concentration of potentially available Zn in the soil
was estimated using two different chemical extraction proce-
dures: DTPA-TEA (diethylenetriaminepentaacetic acid—
triethanolamine), (Lindsay and Norvell 1978) and Mehlich-3
(Tran and Simard 1993). The distribution of Zn in the different
fractions was obtained by selective sequential extraction
(SSE). The SSE used was a six-step procedure which was
performed according to Leleyter et al. (1999). The soil (g)/
extractant solution (mL) ratio was 1:10. The Zn fractions were
sequentially determined using a 2.5 g soil sample combined
with the following extractants: NH4Ac 1.0 M, pH="7.0 (wa-
ter-soluble plus exchangeable, WSEX); NaOAc 1.0 M. pH =
4.5 (Carbonate bound, CAR); NH,OH-HCI 0.1 M in HNO3,
pH =2.0 (easily reducible oxide bound, RMO); (NH4),C>04
0.2 M+H,C,04 0,2 M, pH=3.0 (amorphous minerals col-
loids bound, AMC); (NH4),C,0,4 0.2 M+ H,C,0,4 0.2 M,
pH =3.0 in ascorbic acid 0.1 M (crystalline Fe oxide bound,
CFeO). The organic material and sulphide bound + residual
fraction (OM + RES) was calculated as the difference between
the total Zn extracted by wet acidic digestion in a microwave
oven and the sum of the other fractions.

“PerkinElmer Pure” standard checks were used for the
Quality Assurance System (certified by NIST-SRM).
Standard solutions of Zn, Fe, Mn, and Cu were prepared for
each extraction in background solutions of the extracting
agents. In all cases, the Zn, Fe, Mn, and Cu concentrations
were determined by flame atomic absorption spectrophotom-
etry (PerkinElmer A Analyst 700).

2.4 Statistical Analysis

Descriptive, simple, and stepwise multiple regression analyses
and other statistical studies were conducted using Statgraphics
Plus software, version 5.1 (Manugistic Inc., Rockville, MD).

Multifactor analyses of variance (ANOVA) of the parame-
ters studied were carried out to determine the main effects of
the Zn application rate, N application rate, N source, and ex-
perimental repetition, and the interactions between them.
When two-way interaction between the Zn rate and N rate

factors was significant, we performed a new multifactor anal-
ysis of variance to determine the main effects of the combined
factor. Means were compared using Fisher’s protected least
significant difference (LSD) tests. Differences were consid-
ered significant at P < 0.05.

3 Results
3.1 Plant Response to Fertilizer Treatments

The analysis of variance (ANOVA) for the plant variables
studied in the barley crop to determine the main effects of
the ZnCHE (Zn-DTPA-EDTA-HEDTA) application rate
(ZnCHE-0, ZnCHE-0.5, ZnCHE-1, ZnCHE-1.5), N applica-
tion rate (N30, N60, N90), and N source (pig slurry (PS) or
urea) and the interaction between these main effects are shown
in Table 1. The Zn and N application rates caused significant
differences in grain yield and Zn concentrations in the differ-
ent parts of the plant. However, only grain yield was signifi-
cantly influenced by the N source. In leaf and grain Zn con-
centrations, there were interactions between the Zn application
rate and N source. In the grain Zn concentration, there was
also an interaction between the N application rate and N
source.

Figure 1 shows the grain yield for each treatment and also
the mean values when all the data were studied in combina-
tion. The highest grain yield was observed with PS + N90
treatments when ZnCHE was applied at any of the three Zn
application rates (3873, 3857, and 3928 kg ha™', with
ZnCHE-0.5, ZnCHE-1.0, and ZnCHE-1.5, respectively).
The lowest grain yield was obtained without a Zn treatment
(ZnCHE-0) and with N30, applied either as PS or in the form
of urea treatments (3015 and 3026 kg ha™', respectively).
According to the statistics, grain yield increased when all of
the ZnCHE application treatments were compared to the
ZnCHE-0 treatments (by between 9.5 and 11.0% compared
to the ZnCHE-0 treatments). An increase in the N application
rate also significantly increased the mean grain yield (by be-
tween 6.9 and 13.0%) and the application of PS produced a
higher mean grain yield than urea (which increased it by
6.0%). Orthogonal contrasts were used to compare the effects
of the combined application of Zn and N on mean grain yield.
Increases were observed in the mean grain yield produced by
combined application of Zn and N compared with the com-
bined application of the nil-Zn treatment (ZnCHE-0) and N.
The estimated difference between the treatment means was
1505 kg ha ' for ZnCHE-0 (N30 + N60 + N90) vs. ZnCHE-
0.5 + ZnCHE-1.0 + ZnCHE-1.5 (N30 + N60 + N90)
(P<0.05).

The mean Zn concentrations in root, stem, leaf, and grain
obtained with the different Zn and N application rates and N
sources and their respective interactions are shown in Table 2.
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Table 1

Analysis of variance (ANOVA) of the effects of Zn application rate, N application rate, N source, and their interactions on grain yield; root,

stem, leaf, and grain Zn concentrations; N and Zn uptake and grain protein concentration

Zn application rate (a) N application rate (b) N source (c) axb axc bxc axbxc

df 3 2 1 6 3 2 6

Grain yield <0.05 <0.05 < 0.05 NS NS NS NS
Root Zn conc <0.0001 <0.001 NS NS NS NS NS
Stem Zn conc <0.0001 <0.0001 NS NS NS NS NS
Leaf Zn conc <0.0001 <0.0001 NS NS < 0.05 NS NS
Grain Zn conc <0.0001 <0.0001 NS NS < 0.05 < 0.05 NS
N uptake <0.0001 <0.0001 NS NS NS NS NS
Zn uptake <0.0001 <0.0001 < 0.05 NS < 0.05 < 0.05 NS
Grain protein conc <0.0001 <0.0001 < 0.001 NS NS NS NS

NS, not significant

The different Zn rates employed had an effect on the mean Zn
concentrations in the different parts of the plant (root, stem,
leaf, and grain), with average increases of up to 75, 106, 59,
and 30%, respectively, when the ZnCHE-1.5 treatments were
compared to the ZnCHE-0 treatments.

Increasing the N application rate from N30 to N60 signif-
icantly increased the mean Zn concentrations in the root and
stem (by 10.2 and 26.0%, respectively). In contrast, the mean
Zn concentrations in the root and stem were not significantly
affected by an increase in the N application rate from N60 to
N90. However, increases in the N application rate from N30 to
N60 and from N60 to N90 significantly increased the mean Zn

concentrations in the leaf (by 8.2 and 14.7%) and grain (by
7.8% and 8.0%), respectively. In contrast, the different N
sources employed (PS or urea) had no effect on the mean Zn
concentrations in the different parts of the plant.

The combined factor of N sources x Zn application rates
significantly affected (P <0.0001) the leaf and grain Zn con-
centrations. The treatments in which ZnCHE-1.5 was applied
(both with urea and with PS), and also those involving PS +
ZnCHE-1.0, produced the highest leaf and grain Zn concen-
trations. The combined factor of N sources X N application
rates employed only had a significant (P < 0.05) effect on
grain Zn concentration. The highest grain Zn concentrations

b a
A B
4000 ¢
3500 b
ie)
N a
27
c e
52 3000
g
2500
2000
N30 N60 N90: N30 N60 NSO N30 N60 N90 N30 N60 NS0 N30 N60 N90 N30 N60 N90 N30 N60 NS9O N30 N60 N90
Zn-CHE-0 Zn-CHE-0.5 Zn-CHE-1 Zn-CHE-1.5 Zn-CHE-0 Zn-CHE-0.5 Zn-CHE-1 Zn-CHE-1.5
PIG SLURRY UREA

Fig. 1 Effect of ZnCHE (Zn-DTPA-HEDTA-EDTA) at doses 0, 0.5, 1,
and 1.5 kg ha™' and N in form of pig slurry or urea (at doses 30, 60,
90 kg ha ') treatments on grain yield of barley (Hordeum vulgare L.)
grown under field conditions. Vertical bar at each of the data points
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at P <0.05 (LSD test) are presented by different letters (bold, capital, and
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Table2  Zinc concentrations in root, stem, leaf, and grain obtained with the different Zn and N application rates and N sources. Italic values show mean
Zn concentrations and the ANOVA of the effects of Zn application rate, N application rate, N source, or their interactions when these were significant

ROOT (Zn) mg kg STEM (Zn) mg kg LEAF (Zn) mg kg ' GRAIN (Zn) mg kg
Zn N30 N60 N90 N30 N60 N90 N30 N60 N90 N30 N60 N90
PS 0 10.35 11.95 13.66 329 429 456  6.01 6.30 7.00 17.36 18.41 19.08
0.5 14.66 16.86 17.08 456 5.98 645 127 7.61 8.91 19.74 20.25 2091
1 20.85 21.46 22.60 599 6.52 7.07 923 9.92 12.16  23.35 24.07 25.02
1.5 21.10 22.92 2389 719 8.17 922 898 9.84 1228  24.38 26.23 27.01
Urea 0 12.47 13.69 14.00 336 3.98 415 598 6.86 7.04 17.86 19.95 21.98
05 1374 18.50 18.00  4.22 5.52 558 1.72 7.80 10.53  18.47 20.25 22.69
1 19.41 19.75 19.98 536 7.19 729 796 9.17 1023 18.71 21.13 24.39
1.5 20.55 21.54 23.05 630 9.07 8.69  10.07 10.90 1029 21.03 23.04 27.47
PS x Zn0 1828 a
N30 7.90 a PS xZn0.5 20.30 ab
Zn-0 12.69 a Zn-0 394 a N60 855b PSxZnl 24.14 ¢
Zn-0.5 1647 b Zn-0.5  539b N9O 9.81 ¢ PSx Znl.5  2587c
Zn-1 20.67 ¢ Zn-1 6.57 ¢ Ux Zn0 19.93 ab
Zn-1.5  22.17d Zn-1.5 811d PS x Zn0 6.44 a Ux Zn0.5 20.01 ab
PSxZn0.5  7.93b Ux Znl 21.41b
N30 16.64 a N30 5.03a PS xZnl 10.44 c Ux Znl.5 2384 ¢
N60 18.33 b N60 6.34b PSxZnl5 10.37c
N90 19.03 b N90O 6.63 b U x Zn0 6.63a PS x N30 21.21 ab
UxZn0.5  8.69b PS x N60 22.24 be
PS 18.11 a 6.11 a Ux Znl 9.12b PS x N90 23.00 be
UREA 1789 a 589a UxZnl5 1042c Ux N30 19.02 a
U x N60 21.09 ab
Ux N9O 23.79 ¢

Values compared using LSD multiple-range test at the 0.05 level of probability. Homogeneous groups are denoted with the same letter

were observed with the urea + N90 treatment. Even so, there
were no significant differences between the grain Zn concen-
tration obtained with the urea + N90 treatment and the PS +
N90 and PS + N60 treatments.

The grain N and Zn uptake and grain protein concentra-
tions obtained with each of the treatments are shown in Fig. 2.
As expected, the mean comparisons for the N application
showed that N uptake significantly (P <0.0001) increased
with each increment in the N application rate; it increased by
26.9% with an increase in the N application rate from N30 to
N60 and by 16.4% with an increase from N60 to N90. The Zn
rate administered also significantly influenced (P < 0.0001)
the N uptake. An increase in the mean N uptake was observed
when the Zn application rate was increased from ZnCHE-0 to
ZnCHE-0.5 (with an increase of 32.6% in the mean N uptake)
and from ZnCHE-0.5 to ZnCHE-1.0 (with an increase of
11.8% in the mean N uptake). There were, however, no sig-
nificant differences between the N uptake obtained with the
ZnCHE-1.0 and ZnCHE-1.5 treatments.

As expected, the Zn uptake significantly increased
(P<0.0001) with increases in the Zn application rate.

Increases of 23.1 and 7.2% were observed in mean Zn uptake,
respectively, when the PS + ZnCHE-0.5 and urea + ZnCHE-
0.5 treatments were compared to the ZnCHE-0 treatments.
Moreover, increases of 59.4 and 25.9% were observed in the
mean Zn uptake by changing from ZnCHE-0 to ZnCHE-1.5,
applying PS and urea, respectively. Furthermore, increases in
the N application rate significantly (P < 0.0001) increased the
Zn uptake (with increases of 12.3% and 19.0% in the mean Zn
uptake when the N application rate was increased from N30 to
N60, applying PS and urea, respectively, or with increases of
22.2% and 46.6% in the mean Zn uptake when the N appli-
cation rate was increased from N30 to N90, applying PS and
urea, respectively).

An increase in the N application rate significantly increased
mean grain protein concentrations. On the other hand, apply-
ing ZnCHE produced significantly (P <0.0001) higher mean
grain protein concentrations than the ZnCHE-0 treatments.
Increases in mean grain protein concentrations of from 21.4
to 34.8% were observed when applying ZnCHE as opposed to
ZnCHE-0 treatments. The protein concentration was not sig-
nificantly affected by an increase in the Zn application rate
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from ZnCHE-1 to ZnCHE-1.5. Something similar occurred
with total N uptake by grain, although the grain protein con-
centration was significantly affected by the different N sources
employed, with higher mean grain protein concentrations be-
ing associated with treatments using urea than those applying
PS.

The Fe, Mn, and Cu concentrations in several aerial parts of
the plant (stem, leaf, and grain) are shown in Fig. 3. In the case
of stem Fe concentration, significant (P < 0.0001) differences
were observed between N sources. Greater increases in Fe
levels were observed in the stem with PS applications than
with urea treatments (22.98 and 16.67 mg Fe kg™, respective-
ly). Significant differences (the P values ranged from 0.0000
to 0.05) were observed between N application rates or N
sources in leaf and grain Fe concentrations. As the statistical
interaction between the N source and N application rate fac-
tors were significant (P < 0.05) for leaf and grain concentra-
tions, we used a factor that combined both of them: N source x
N application rates. Significant (P < 0.0001) differences were
observed between the N source x N application rates factor in
terms of Fe concentration in these parts of the plant. The
highest concentrations were observed for the treatment with
the highest N application rate (N90) and where PS was ap-
plied. Even so, there were no significant differences between
the leaf or grain Zn concentrations obtained with PS + N30
and any of the urea treatments. Furthermore, significant dif-
ferences (P < 0.05) were observed between N application rates
or N sources in stem Mn concentrations. Significant differ-
ences were also observed between the N source x N applica-
tion rates interaction in the stem Mn concentration. The
highest mean concentrations were observed for the treatment
with the highest N application rate (N90) and where PS was
applied.

3.2 Zinc, Fe, Mn, and Cu Status of the Soil

The effect of the fertilizer treatment on the total Zn, DTPA-
TEA- and Mehlich-3-extractable Zn, and Zn fractions in the
soil at harvest are shown in Table 3. In total and available (Zn-
DTPA-TEA and Zn-Mehlich-3) Zn concentrations significant
differences were observed between Zn application rates.
Significant differences were also observed between Zn appli-
cation rates in all of the fractions except the CFeO, OM, and
RES fractions. Zinc and N application rates and N source
factors did not show any statistically significant interactions
in any of the cases studied. As expected, when the Zn concen-
trations in the soil were statistically different, the highest Zn
concentrations were observed with ZnCHE applied at 1.5 mg
Zn kg " and the lowest Zn concentrations were obtained with
ZnCHE-0.

The total available Fe, Mn, and Cu concentrations in the
soil (DTPA-TEA and Mehlich-3) and distributions within the
different soil fractions did not show any significant differences

between Zn application rates (data not shown). Potentially
available (DTPA-TEA and Mehlich-3) Fe concentrations in
the soil showed significant (P < 0.05) differences between N
application rates or N sources. Furthermore, Fe-WSEX +
CAR showed significant (P <0.001) differences between N
application rates or N sources. The statistical interaction be-
tween N source and the N application rates factors were sig-
nificant (P <0.05) in all these cases. Significant (P between
0.008 and 0.046) differences were observed between N source
x the N application rates interaction for Fe concentration in the
soil. The highest mean concentrations were observed for the
treatment with the highest N application rate (N90) and where
PS was applied (Fe-DTPA-TEA, 5.08 mg Fe kg '; Fe-
Mehlich-3, 42.90 mg Fe kgfl; Fe-WSEX + CAR, 2.12 mg
Fe kg ). The lowest mean concentrations were observed for
the treatments including urea (Fe-DTPA-TEA yiea + Noo =
4.26 mg Fe kgfl; Fe-Mehlich-3 ,;ca + n30=30.80 mg Fe
kg™'; Fe-WSEX + CAR e + noo = 1.27 mg Fe kgﬁl). Even
so, there were no significant differences between the poten-
tially available Fe concentration obtained with PS + N30 and
the urea treatments.

On the other hand, Mn-Mehlich-3 showed significant
(P <0.05) differences between N application rates or N
sources. The statistical interaction between N source and the
N application rate factors was significant (P < 0.05). The Mn-
Mehlich-3 concentrations ranged from 61.75 mg Mn kg ' to
76.08 mg Mn kg ', urea + N60, and PS + N90, respectively.
Conversely, the potentially available (DTPA-TEA and
Mebhlich-3) Cu concentration in the soil and its distribution
within the different soil fractions did not show any significant
differences between N sources.

4 Discussion

4.1 Influence of Combined Application of Zn and N
on Yield, Biofortification, and Plant Quality

Under wet conditions, such as parts of the north of the Spain,
with barley yields of between 3000 and 5300 kg ha', it is
recommended to apply N at a rate of between 80 and
140 kg N ha™'. In contrast, in the arid drylands of Castilla-
La Mancha, with average barley yields of around
2000 kg ha™', the N application rate tends to be below
50 kg N ha '. In irrigated areas, with yield levels above
5000 kg ha ', the typical N application rate is around
125 kg N ha ' (Lopez-Bellido 2009). In our experiment, there
was an improvement in grain yield when ZnCHE fertilizer
was added. This enhancement (9—11%) was similar to the
mean yield increase observed when the N rate was increased
from N30 to N60 or N90 (7—13%) (see Fig. 1). This improve-
ment, which was evident following the application of Zn fer-
tilization, could be attributed to an adequate Zn supply that
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Table 3
soil (mg kg ") at the time of barley harvest

Analysis of variance (ANOVA) and effect of fertilizer treatment on total Zn, DTPA-TEA, and Mehlich-3 extractable Zn and Zn fractions in

Total Zn Zn-DTPA-TEA Zn-Mehlich-3 Zn-WSEX Zn-CAR Zn-RMO Zn-AMC Zn-CFeO Zn-OM + Zn-RES

Source of variation

Zn application rate (a) ** wE o wEE HEE wEE o ns ns
N application rate (b) ns ns ns ns ns ns ns ns ns
N source (c) ns ns ns ns ns ns ns ns ns
ZnCHE
0 5269a 1.00a 228a 028 a 1.00 a 0.61a 372a 125ab 4649 a
0.5 53.50b 1.10ab 2.36 ab 0.29 ab 1.00 a 0.68a 4.68b 117 a 49.89 a
1 53.90bc 1.18 be 241b 031b 1.30b 0.84b 494bc 1.18a 49.70 a
L5 5430c 1.29¢ 2470b 0.34c¢ 141b 092b 5.18¢ l.16a 5133 a

wkk k% and * significant at 0.01%, 0.1%, and 5% levels. Values compared using LSD multiple-range test at the 0.05 level of probability. Homogeneous

groups are denoted with the same letter

might have affected metabolic and enzymatic activity. There
were no significant differences between the grain yields
obtained with the different treatments in which Zn was
applied. The mean yields obtained with the combined
applications of Zn and N were greater than those obtained
when applying only N. Harapiak et al. (2000) reported that,
in general, the barley yield response to micronutrients was 3%
of the total response on the Canadian Prairies, while N was
responsible for 73% of the increase in yield. Nitrogen is the
key element for achieving high cereal yields. In our experi-
ment, grain yield increased with the N application rate (e.g. the
application of N90 + ZnCHE-0 increases 23% and 12.5% in
mean grain yield respect to the treatment N30 + ZnCHE-0, for
PS and urea, respectively). Plots fertilized using the lowest N
application rate produced the lowest grain yields. Limited N
availability affects the supply of carbohydrates to developing
seeds and thereby reduces grain weight.

On the other hand, the application of PS rather than urea
produced higher mean grain yields (see Fig.1). Increases in the
N + Zn application rates had a great impact on grain yield,
with mean values increasing by up to 30.3% with PS and by
23.1% with urea. This could have been due to an increase in
the available nutrients and dissolved organic carbon (DOC) to
the crop through the increase in their supply with the applica-
tion of pig slurry. In our study, significant correlations and
positive coefficients were observed between grain yield and
the Zn, Fe, and Cu concentrations in grain (P < 0.05, n="72).
Zeidan et al. (2010) reported increases in grain yield with
respect to the control for the application of Zn and Fe of
42% and 40%, respectively, in a wheat crop.

In our experiment, the combined application of N and Zn
also had a significant, positive effect on grain Zn concentra-
tions (see Table 2). The use of agronomic strategies to increase
concentrations of mineral elements in edible plants is com-
monly known as Agronomic Biofortification. In countries
whose populations exhibit a high incidence of micronutrient

deficiencies, cereal-based foods generally represent a consid-
erable proportion of the daily diet (Cakmak et al. 2010).
According to Velu et al. (2014), the Zn concentration in wheat
in many countries ranges from 20 to 35 mg kg . In our study,
we observed a total Zn concentration in barley of between 37
and 72.4 mg Zn kg ' and in grain we found Zn concentrations
of between 17.4 and 27.5 mg Zn kg ' (PS x N30 + ZnCHE-0
and urea X N90 + ZnCHE-1.5, respectively).

Erenoglu et al. (2011) and Kutman et al. (2010) observed
that the N nutritional status of wheat plants affects root uptake
and shoot transport, retranslocation from vegetative tissues to
seeds, and the seed allocation of Zn. The redistribution of Zn
from leaves to sinks and from roots to shoots is a mechanism
that makes it possible to provide emerging organs and matur-
ing seeds with appropriate concentrations of Zn in all cereals.
Various authors have studied the mobility of metals within
plants by calculating the TF (translocation factor); this is de-
fined as the relationship between the micronutrient concentra-
tions in two different parts of a given plant (Kabata-Pendias
2001; Podlesakova et al. 2001). A high TF value indicates
greater mobility (Intawongse and Dean 2006; Almendros
et al. 2015).

In our study, significant differences in TF were noted
for the different Zn treatments (P <0.0001 in TF grain/
leaf, TF grain/stem, and TF grain/root; P<0.001 in TF
leaf/stem and P<0.05 in TF stem/root) and N rates ap-
plied (P<0.05 in TF stem/root, TF grain/stem, and TF
leaf/stem). The highest TF stem/root values were ob-
served with the ZnCHE-1.5 and N60 or N90 treatments.
Kutman et al. (2010) reported that the positive interaction
between N and Zn in cereals is due to improvements in
root uptake and the translocation of Zn due to the pres-
ence of N. Several nitrogenous compounds, such as amino
acids and nicotianamine, could be involved in the trans-
location of Zn from the root into the shoot. However, in
our study, it was observed that the TF reached similar
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values with the N60 and N90 treatments when the highest
Zn rate was added (ZnCHE-1.5).

In contrast, for TF grain/leaf, TF grain/stem, TF grain/root
(P<0.0001), and TF leaf/stem (P < 0.001), the highest values
recorded in our study were observed with the ZnCHE-O0 treat-
ments. This seems to suggest that when the Zn concentration
in plant is low, it assures the accumulation of Zn in grain or
leaves.

In our experiment, N application rates did not cause any
significant differences in TF grain/leaf. These results differed
from those reported by Erenoglu et al. (2011) who, in a
radiolabelled experiment conducted with ®*Zn and carried
out in wheat, found that plants with high levels of N
translocated more ®>Zn from flag leaves into seeds than those
containing low levels of N. This difference could be explained
by the fact that the N doses applied in our experiment were
low (with approximate reductions of 70%, 40%, and 10%
compared to the traditional application rates used in our area).

The Zn uptake in plants significantly increased at both of
the Zn and N application rates (see Fig. 2). As Zn uptake is
calculated as the product of grain Zn concentration and yield,
the highest values for this crop were obtained with applica-
tions of PS. Combined applications of Zn and N also signifi-
cantly increase the grain protein concentration and N uptake.
Various authors have reported increases in protein content
associated with combined applications of N and Zn, in differ-
ent crops: rice (Guo et al. 2016), maize (Sajad et al. 2014),
wheat (Cakmak et al. 2010), and fodder sorghum (Verma et al.
2005). Speciation and localization studies conducted on cereal
grain indicate that Zn interacts with proteins in the grain and
therefore grain proteins constitute a physiological sink for Zn
(Cakmak and Kutman 2018). Zinc plays an indispensable role
in protein synthesis and Zn deficiency impedes this process
and affects the health and productivity of plants, resulting in
low yields and poor plant quality. According to FEDNA
(2016), grain protein concentrations of between 9.6 (“lower
protein level”) and 11.3% (“upper protein level”) in barley
grain are appropriate for feed use. In Spain, average analyses
for the last 6 years show a tendency towards a reduction in the
protein content of barley grain and an increase in the concen-
tration of starch; this is probably due to the fact that N appli-
cation has been limited by the Nitrates Directive. In our study,
all the treatments with N90 reached these values when
ZnCHE was applied (see Fig. 2). Moreover, treatments with
N60 and ZnCHE-1 or ZnCHE-1.5 also achieved this range.
Conversely, the only treatment involving the lowest N rate
applied to reach this range was the urea x N30 + ZnCHE-
1.5 treatment. It is noteworthy that in our study PS application
affected the grain protein concentration, which decreased by
10% when PS was applied instead of urea. This may reflect a
common characteristic of pig slurry: once it has been added to
soil, the ammoniacal N in slurry quickly changes into nitric N
and this may leach if plants do not assimilate it (Sanchez and
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Gonzalez 2005). Moreover, N from manure is easily lost via
gaseous emissions (NH;, N,O, and NO).

4.2 Influence of Treatment Added on the Efficiency
of Zn or N Use

To evaluate the relative effectiveness of the different treat-
ments, we established the agronomic efficiency of Zn or N
use (AEZn and AEN, respectively). These parameters were
used to study the capacity of yield increase per kg of Zn or N
applied. Significant differences between N or Zn application
rates were observed in AEN (P between 0.009 and 0.0000).
The factors studied did not show any statistically significant
interactions in any of the cases. As shown in Fig. 4, it was
possible to observe a (non-significant) tendency for AEZn to
decrease with increases in the application rates of Zn and N
and also with urea application. However, the mean AEN ob-
tained with the application of Zn fertilizer was significantly
(P<0.001) greater than that obtained by only applying N.
According to Cakmak and Kutman (2018), N and Zn act
synergistically when they are both present in sufficient
amounts. Arora and Singh (2004) reported the beneficial ef-
fect of Zn application on N availability, possibly as a result of
the activation of a physiological process in which Zn acts as a
co-enzyme and/or catalyst. Since the agronomic efficiency of
N use (AEN) describes the capacity to increase the yield per
kg of N applied, the highest AEN values for this crop were
obtained with applications of the lowest N doses (N30 treat-
ments). These results are in line with Tilman et al. (2002) who
reported the highest efficiency of N fertilizer use being asso-
ciated with the first increments in added N, with AEN decreas-
ing with higher levels of N application.

According to Prasad and Sinha (1981), the percentage of
Zn used, or Zn utilization, by the crop is a decisive parameter
for the relative effectiveness of any fertilizer treatment. In our
study, significant differences were observed between N
sources (P <0.0001) or Zn application rates (P <0.05). The
factors studied did not show any statistically significant inter-
actions in Zn or N utilization. As expected, in this crop the
highest Zn utilization values were obtained with applications
of the highest Zn doses (ZnCHE-1.5 treatments). There were
differences between the results obtained from treatments with
ZnCHE-1.0 and ZnCHE-1.5, but these were not significant. In
addition, the application of Zn fertilizer produced significant
(P<0.0001) increases in N utilization with respect to the con-
trol treatment. The highest N utilization values were obtained
with applications of the ZnCHE-1.0 and ZnCHE-1.5 treat-
ments. According to several studies (Hu et al. 2003;
Montoya et al. 2018), ethylenediamine-based chelating
agents, such as DTPA and EDTA, may act as nitrification
inhibitors. Nitrification inhibition caused by heavy metals,
such as Zn, has also been addressed in the literature (Kapoor
et al. 2015). The application of nitrification inhibitors is a
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Fig. 4 Agronomic efficiency of
Zn or N use (AEZn and AEN,
respectively), Zn and N utilization
obtained with each treatment. The
vertical line at each of the data
represents the standard deviation
from the mean. Statistical
differences at P < 0.05 (LSD test)
are presented by different letters
according to the statistical
interactions obtained
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strategy employed to increase the efficiency of N use in crops
(Abalos et al. 2014).

The highest level of N utilization was obtained with the
lowest N doses (N30 treatments); this result was in line with
the AEN. The differences in Zn and N utilization between the
different N sources applied (PS and urea) were consistent with
the results obtained for Zn uptake in plant and grain protein
concentration, which was, in itself, directly related to the N
concentration in the plant.

4.3 Soil Status and Nutrient Availability to the Plant

The amount of Zn in soils and plants depends on the source
applied, its behavior (fixation, leaching, transformation, avail-
ability), and several other plant parameters (uptake, transport,
and accumulation). Various authors have assessed the mobil-
ity of metals by calculating soil-to-plant transfer factors (TFg_
p) (Kabata-Pendias 2001; Prasad and Sinha 1981) this concept
is defined as the relationship between the Zn concentration in
the plant root and the total concentration of this element in the
soil. A high TFg_p value indicates greater soil-to-plant mobil-
ity and availability, while a low value indicates a greater prob-
ability of there being a deficiency. In our study, significant
differences between N application rates (P <0.0001) or Zn
application rates (P<0.0001) were obtained for TFs.p. The
mean TFgp concentration increased with N application rates
in the following order: N30 (0.31) < N60 (0.34) =~ N90 (0.35).
Chaudhry et al. (1977) and Singh and Singh (1981) observed
higher Zn contents in plant tissues as a result of applying more
N in response to an increase in Zn solubility. In contrast, the
mean TFgp concentration increased in the following order:
ZnCHE-0 (0.24) < ZnCHE-0.5 (0.31) < ZnCHE-1 (0.38) <
ZnCHE-1.5 (0.41). This Zn source: ZnCHE (Zn-DTPA-
EDTA-HEDTA), was associated with large amounts of bio-
available Zn in the soil and also with high Zn concentrations
resulting from the sum of the most labile fractions (water-
soluble plus exchangeable fractions) in the soil with similar
properties (Almendros et al. 2015). This behavior could be
related to differences in the stability constant (K) of the che-
lates studied under these soil and plant conditions. The Zn
sources that contain the most stable chelates (log K 2.
epta = 17.5 and log K z,.prpa = 19.5 with an ionic strength
of 0.01 mol L) (Lindsay 1979; Smith et al. 2004) maintain
greater amounts of Zn in their soil solution. In contrast, in Zn
sources that contain fewer stable chelates, for example, Zn-
HEDTA (log K z,.1rpTa = 15.3 with an ionic strength of
0.01 mol L"), the metal is retained by the soil components.

5 Conclusion

The results of our study indicate that N-Zn interaction influ-
ences both plant yield and its nutritional composition. The
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application of Zn-DTPA-HEDTA-EDTA not only increased
the Zn concentration in the plant but also affected the amount
of N in the plant. We suggest an application rate of 0.5 mg Zn
kg ' to achieve a great grain yield. However, it is recommend-
able to increase the dose of Zn applied in order to reach high
nutritional values as this improves the Zn concentration in the
plant or grain protein concentration. Higher Zn doses are also
advisable to achieve high levels of Zn and N uptake in plants
and to increase root-stem Zn translocation. In contrast, the
90 kg N ha " application rate was the most effective in terms
of crop yield, grain protein concentration, and plant Zn and N
uptake. These treatments would imply a reduction of 25% in
the “rational N application rate” for barley in this calcareous
Mediterranean soil. Pig slurry application produced a higher
mean grain yield, Zn uptake, and Zn utilization but a lower
grain protein concentration than urea applications. Our study
suggests that the use of combined fertilization (N + Zn-DTPA-
HEDTA-EDTA) could be a beneficial strategy in order to
obtain greater nutritional quality and higher crop production
in both economic and sustainable terms.

Funding Information This work was funded by the Comunidad de
Madrid (Spain) and Structural Funds 2014-2020 (ERDF and ESF) (pro-
jects AGRISOST-CM S2013/ABI-2717 and S2018/BAA-4330).

Compliance with Ethical Standards

Conflict of Interest The authors declare that they have no conflict of
interest.

References

Abalos D, Jeffery S, Sanz-Cobena A, Guardia G, Vallejo A (2014) Meta-
analysis of the effect of urease and nitrification inhibitors on crop
productivity and nitrogen use efficiency. Agric Ecosyst Environ
189:136—144. https://doi.org/10.1016/j.agee.2014.03.036

Abunyewa AA, Ferguson RB, Wortmann CS, Mason SC (2017) Grain
sorghum nitrogen use as affected by planting practice and nitrogen
rate. J Soil Sci Plant Nutr 17:155-166

Almendros P, Obrador A, Gonzalez D, Alvarez JM (2015)
Biofortification of zinc in onions (Allium cepa L.) and soil Zn status
bythe application of different organic Zn complexes. Sci Hortic 186:
254-265. https://doi.org/10.1016/j.scienta.2015.02.023

Arora S, Singh M (2004) Interaction effect of zinc and nitrogen on growth
and yield of barley (Hordeum vulgare L.) on typic Ustipsamments.
Asian J Plant Sci 3:101-103. https://doi.org/10.3923/ajps.2004.101.
103

Bower CA, Reitemeier RF, Fireman M (1952) Exchangeable cation anal-
ysis of saline and alkali soils. Soil Sci 73:251-262

Cakmak I, Kutman UB (2018) Agronomic biofortification of cereals with
zinc: a review. Eur J Soil Sci 69:172—180. https://doi.org/10.1111/
ejss.12437

Cakmak I, Pfeiffer WH, McClafferty B (2010) Biofortification of durum
wheat with zinc and iron. Cereal Chem 87:10-20. https://doi.org/10.
1094/CCHEM-87-1-0010

Chaudhry FM, Kausar MA, Rashid A (1977) Mechanism of nitrogen
effect on zinc nutrition of flooded rice. Plant Soil 46:649-654


https://doi.org/10.1016/j.agee.2014.03.036
https://doi.org/10.1016/j.scienta.2015.02.023
https://doi.org/10.3923/ajps.2004.101.103
https://doi.org/10.3923/ajps.2004.101.103
https://doi.org/10.1111/ejss.12437
https://doi.org/10.1111/ejss.12437
https://doi.org/10.1094/CCHEM-87-1-0010
https://doi.org/10.1094/CCHEM-87-1-0010

J Soil Sci Plant Nutr (2019) 19:920-934

933

Council Directive 91/676/EEC (n.d.) of 12 December 1991 concerning
the protection of waters against pollution caused by nitrates from
agricultural sources. https://eur-lex.europa.eu/eli/dir/1991/676/0j.
Accessed 1 Apr 2019

Day PR (1965) Particle fractionation and particle-size analysis. American
Society of Agronomy, Soil Science Society of America

DOCM (2011) Orden 07/02/2011. In Spanish. http://www.
castillalamancha.es/gobierno/agrimedambydesrur/estructura/dgaag/
actuaciones/programa-de-actuaci%C3%B3n-en-zonas-vulnerables-
la-contaminaci%C3 %B3n-por-nitratos. Accessed 1 Apr 2019

Erenoglu EB, Kutman UB, Ceylan Y, Yildiz B, Cakmak I (2011)
Improved nitrogen nutrition enhances root uptake, root-to-shoot
translocation and remobilization of zinc (®*Zn) in wheat. New
Phytol 189:438-448. https://doi.org/10.1111/j.1469-8137.2010.
03488.x

Eurostat (2018) Pig population — anual data. http://ec.europa.eu/eurostat/
data/database’node_code=apro_mt_Ispig. Accessed 1 Apr 2019

FAOstat (2018) Food and agriculture data. http://www.fao.org/faostat/
en/#data/QD. Accessed 1 Apr 2019

FEDNA (2016) Fundacion Espafiola para el Desarrollo de la Nutricion
Animal. In Spanish. http://www.fundacionfedna.org/node/495.
Accessed 1 Apr 2019

Gonzalez D, Almendros P, Obrador A, Alvarez JM (2019) Zinc applica-
tion in conjunction with urea as a fertilization strategy for improving
both nitrogen use efficiency and the zinc biofortification of barley. J
Sci Food Agric 99:4445-4451

Guo JX, Feng ZM, Hu XY, Tian GL, Ling N, Wang JH, Shen QR,
Guo SW (2016) Affects of soil zinc availability, nitrogen fer-
tilizer rate and zinc fertilizer application method on zinc
biofortification of rice. J Agric Sci 154:584-597. https://doi.
org/10.1017/S0021859615000441

Guo XL, Chen L, Zheng RB, Zhang K, Qiu YP, Yue HT (2019)
Differences in soil nitrogen availability and transformation in rela-
tion to land use in the Napahai wetland. Southwest China. J Soil Sci
Plant Nutr 19:92-97

Harapiak J, Karamanos R, Johnston A (2000) High yielding barley pro-
duction (Canadian prairies). Better Crops 84. http://www.ipni.net/
publication/bettercrops.nsf/issue/BC-2000-1. Accessed 1 Apr 2019

Hu Z, Chandran K, Grasso D, Smets BF (2003) Nitrification inhibition by
Ethylenediamine-based chelating agents. Environ Eng Sci 20.
https://www.liebertpub.com/doi/abs/10.1089/
109287503321671429. Accessed 1 Apr 2019:219-228

Intawongse M, Dean JR (2006) Uptake of heavy metals by vegetable
plants grown on contaminated soil and their bioavailability in the
human gastrointestinal tract. Food Addit Contam 23:36-48. https://
doi.org/10.1080/02652030500387554

Kabata-Pendias A (2001) Trace Elements in Soils and Plants. CRC Press,
Boca Raton

Kapoor V, Li X, Elk M, Chandran K, Impellitteri CA, Santo-Domingo
JW (2015) Impact of heavy metals on transcriptional and physiolog-
ical activity of nitrifying bacteria. Environ Sci Technol 49:13454—
13462. https://doi.org/10.1021/acs.est.5b02748

Kutman UB, Yildiz B, Ozturk L, Cakmak I (2010) Biofortification of
durum wheat with zinc through soil and foliar applications of nitro-
gen. Cereal Chem 87:1-9. https://doi.org/10.1094/CCHEM-87-1-
0001

Kutman UB, Yildiz B, Cakmak I (2011) Effect of nitrogen on uptake,
remobilization, and partitioning of zinc and iron throughout the de-
velopment of durum wheat. Plant Soil 342:149—164. https://doi.org/
10.1007/s11104-010-0679-5

Ladan S, Jacinthe PA (2017) Nitrogen availability and early corn growth
on plowed and no-till soils amended with different types of cover
crops. J Soil Sci Plant Nutr 17:74-90

Leleyter L, Probst JL, Depetris P, Haida S, Mortatti J, Rouault R, Samuel
J (1999) REE distribution pattern in river sediments: partitioning

into residual and labile fractions. C R Acad Sci Series IIA Paris
329:45-52

Lindsay WL (1979) Chelate equilibria. In: John Wiley and Sons (ed)
Chemical Equilibria in Soils. Wiley, New York, pp 238263

Lindsay WL, Norvell WA (1978) Development of a DTPA soil test for
zinc, iron, manganese, and copper. Soil Sci Soc Am J 42:421-428.
https://doi.org/10.2136/sss2j1978.03615995004200030009%

Liu DY, Zhang W, Pang LL, Zhang YQ, Wang XZ, Liu YM, Chen XP,
Zhang FS, Zou CQ (2017) Effects of zinc application rate and zinc
distribution relative to root distribution on grain yield and grain Zn
concentration in wheat. Plant Soil 411:167-178

Lopez-Bellido (2009) Abonado de los cereales de invierno: trigo y
cebada. In: Guia practica de la fertilizacion racional de los cultivos
en Espafla, parte II. Ministerio de Medio Ambiente y Medio Rural y
Marino. In Spanish. https://www.mapama.gob.es/es/agricultura/
publicaciones/Publicaciones-fertilizantes.aspx. Accessed 1
Apr 2019

MAPA (1994) Métodos oficiales de analisis, vol III. Ministerio de
Agricultura, Pesca y Alimentacion, Madrid

Montoya M, Castellano-Hinojosa A, Vallejo A, Alvarez JM, Bedmar EJ,
Recio J, Guardia G (2018) Zinc fertilizers influence greenhouse gas
emissions and nitrifying and denitrifying communities in a non-
irrigated arable cropland. Geoderma. 325:208-217. https://doi.org/
10.1016/j.geoderma.2018.03.035

Mortvedt JJ, Gilkes RJ (1993) Zinc fertilizers. In: Robson AD (ed) Zinc
in soils and plants, developments in plant and soil science 55.
Kluwer Academic, Dordrecht, pp 33-34

Olsen SR (1954) Estimation of available phosphorus in soils by extrac-
tion with sodium bicarbonate. US Dep Agric Circ 939:1-19

Pagani A, Sawyer JE, Mallarino A (2013) Site-specific nutrient manage-
ment: for nutrient management planning to improve crop produc-
tion, environmental quality, and economic return. Extension and
Outreach Publications 116. https:/lib.dr.iastate.edu/extension
pubs/116. Accessed 1 Apr 2019

Perchlik M, Tegeder M (2017) Improving plant nitrogen use efficiency
through alteration of amino acid transport processes. Plant Physiol
175:235-247. https://doi.org/10.1104/pp.17.00608

Pinochet D, Clunes J, Gauna C, Contreras A (2018) Reasoned fertiliza-
tion of potato in response to nitrogen supply in Andisols. J Soil Sci
Plant Nutr 18:790-803

Podlesakova E, Nemecek J, Vacha R (2001) Mobility and bioavailability
of trace elements in soils. In: Iskandar IK, Kickham MB (eds) Trace
elements in soil. Bioavailability, flux and transfer. Lewis Publishers,
Boca Raton, pp 21-42

Prasad B, Sinha MK (1981) The relative efficiency of zinc carriers on
growth and zinc nutrition of corn. Plant Soil 62:45-52 https:/link.
springer.conv/article/10.1007/BF02205024. Accessed 1 Apr 2019

Real Decreto 261/1996 In Spanish (n.d.). https://www.boe.es/buscar/doc.
php?id=BOE-A-1996-5618. Accessed 1 Apr 2019

Sajad A, Jamil M, Ahmad M (2014) An investigation of nitrogen-zinc
interaction synergise maize (Zea mays L.) fooder quality. WASJ. 31:
91-95 https://www.idosi.org/wasj/wasj31(1)14/12.pdf. Accessed 1
Apr 2019

Sanchez M, Gonzalez JL (2005) The fertilizer value of pig slurry. I Values
depending on the type of operation. Bioresour Technol 96:1117—
1123. https://doi.org/10.1016/j.biortech.2004.10.002

Singh MV (2008) Micronutrient deficiencies in crops and soils in India.
In: Alloway BJ (ed) Micronutrient deficiencies in global crop pro-
duction. Springer, Dordrecht. https://doi.org/10.1007/978-1-4020-
6860-7_4

Singh M, Singh SP (1981) Effect of nitrogen and zinc opn the yield of
submerged rice and uptake of N and Zn on unlimed and limed soils.
Plant Soil 62:183—192. https://doi.org/10.15835/nbha4229469

Smith RM, Martell AE, Motekaitis RJ (2004) NIST critically selected
stability constants of metal complexes. In: Standard reference data

@ Springer


https://eur-lex.europa.eu/eli/dir/1991/676/oj
http://www.castillalamancha.es/gobierno/agrimedambydesrur/estructura/dgaag/actuaciones/programa-de-actuaci%C3%B3n-en-zonas-vulnerables-la-contaminaci%C3%B3n-por-nitratos
http://www.castillalamancha.es/gobierno/agrimedambydesrur/estructura/dgaag/actuaciones/programa-de-actuaci%C3%B3n-en-zonas-vulnerables-la-contaminaci%C3%B3n-por-nitratos
http://www.castillalamancha.es/gobierno/agrimedambydesrur/estructura/dgaag/actuaciones/programa-de-actuaci%C3%B3n-en-zonas-vulnerables-la-contaminaci%C3%B3n-por-nitratos
http://www.castillalamancha.es/gobierno/agrimedambydesrur/estructura/dgaag/actuaciones/programa-de-actuaci%C3%B3n-en-zonas-vulnerables-la-contaminaci%C3%B3n-por-nitratos
https://doi.org/10.1111/j.1469-8137.2010.03488.x
https://doi.org/10.1111/j.1469-8137.2010.03488.x
http://ec.europa.eu/eurostat/data/database?node_code=apro_mt_lspig
http://ec.europa.eu/eurostat/data/database?node_code=apro_mt_lspig
http://www.fao.org/faostat/en/#data/QD
http://www.fao.org/faostat/en/#data/QD
http://www.fundacionfedna.org/node/495
https://doi.org/10.1017/S0021859615000441
https://doi.org/10.1017/S0021859615000441
http://www.ipni.net/publication/bettercrops.nsf/issue/BC-2000-1
http://www.ipni.net/publication/bettercrops.nsf/issue/BC-2000-1
https://www.liebertpub.com/doi/abs/10.1089/109287503321671429
https://www.liebertpub.com/doi/abs/10.1089/109287503321671429
https://doi.org/10.1080/02652030500387554
https://doi.org/10.1080/02652030500387554
https://doi.org/10.1021/acs.est.5b02748
https://doi.org/10.1094/CCHEM-87-1-0001
https://doi.org/10.1094/CCHEM-87-1-0001
https://doi.org/10.1007/s11104-010-0679-5
https://doi.org/10.1007/s11104-010-0679-5
https://doi.org/10.2136/sssaj1978.03615995004200030009x
https://www.mapama.gob.es/es/agricultura/publicaciones/Publicaciones-fertilizantes.aspx
https://www.mapama.gob.es/es/agricultura/publicaciones/Publicaciones-fertilizantes.aspx
https://doi.org/10.1016/j.geoderma.2018.03.035
https://doi.org/10.1016/j.geoderma.2018.03.035
https://lib.dr.iastate.edu/extension_pubs/116
https://lib.dr.iastate.edu/extension_pubs/116
https://doi.org/10.1104/pp.17.00608
https://springerlink.bibliotecabuap.elogim.com/article/10.1007/BF02205024
https://springerlink.bibliotecabuap.elogim.com/article/10.1007/BF02205024
https://www.boe.es/buscar/doc.php?id=BOE-A-1996-5618
https://www.boe.es/buscar/doc.php?id=BOE-A-1996-5618
https://www.idosi.org/wasj/wasj31(1)14/12.pdf
https://doi.org/10.1016/j.biortech.2004.10.002
https://doi.org/10.1007/978-1-4020-6860-7_4
https://doi.org/10.1007/978-1-4020-6860-7_4
https://doi.org/10.15835/nbha4229469

934

J Soil Sci Plant Nutr (2019) 19:920-934

program. National Institute of Standards and Technology,
Gaithersburg

Soil Survey Staff (2010) In: USDA (ed) Keys to soil taxonomy, 11th edn.
Natural Resources Conservation Service, Washington, DC

Spiertz JHJ (2010) Nitrogen, sustainable agriculture and food security. A
review. Agron Sustain Dev 30:43-55

Tilman D, Cassman KG, Matson PA, Naylor R, Polasky S (2002)
Agricultural sustainability and intensive production practices.
Nature 418:671-677. https://doi.org/10.1038/nature01014

Tran TS, Simard RR (1993) Mehlich IlI-extractable elements. In: Carter
MR (ed) Soil sampling and methods of analysis, 1st edn. Can. Soc.
Soil Sci. Lewis Publishers, Boca Raton, pp 4349

Velu G, Ortiz-Monasterio J, Cakmak I, Hao Y, Singh RP (2014)
Biofortification strategies to increase grain zinc and iron concentra-
tions in wheat. J Cereal Sci 59:365-372. https://doi.org/10.1016/].
j€s.2013.09.001

@ Springer

Verma SS, Singh N, Joshi YP, Deodari V (2005) Effect of N and Zn on
growth characters, herbage yield, nutrient uptake and quality of
fodder for sorghum. Indian J Agron 50:167-169 http://www.
indianjournals.com/ijor.aspx?target=ijor:ijja&volume=50&issue=
2&article=026. Accessed 1 Apr 2019

Zeidan MS, Mohamed MF, Hamouda HA (2010) Effect of foliar fertili-
zation of Fe, Mn and Zn on wheat yield and quality in low sandy
soils fertility. WIAS. 6:696—699 http://idosi.org/wjas/wjas6(6).htm.
Accessed 1 Apr 2019

Zhang H, Yu X, Jin Z, Zheng W, Zhai B, Li Z (2017) Improving grain
yield and water use efficiency of winter wheat through a combina-
tion of manure and chemical nitrogen fertilizer on the loess plateau,
China. J Soil Sci Plant Nutr 19:92-97

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1038/nature01014
https://doi.org/10.1016/j.jcs.2013.09.001
https://doi.org/10.1016/j.jcs.2013.09.001
http://www.indianjournals.com/ijor.aspx?target=ijor:ija&volume=50&issue=2&article=026
http://www.indianjournals.com/ijor.aspx?target=ijor:ija&volume=50&issue=2&article=026
http://www.indianjournals.com/ijor.aspx?target=ijor:ija&volume=50&issue=2&article=026
http://idosi.org/wjas/wjas6(6).htm

	Zn-DTPA-HEDTA-EDTA...
	Abstract
	Introduction
	Material and Methods
	Field Locations and Soil Characterization
	Experimental Design
	Sample Preparation and Chemical Analysis
	Statistical Analysis

	Results
	Plant Response to Fertilizer Treatments
	Zinc, Fe, Mn, and Cu Status of the Soil

	Discussion
	Influence of Combined Application of Zn and N on Yield, Biofortification, and Plant Quality
	Influence of Treatment Added on the Efficiency of Zn or N Use
	Soil Status and Nutrient Availability to the Plant

	Conclusion
	References




