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Abstract

BACKGROUND: Intensive cropping systems have caused widespread Zn deficlency, low nutritional quality of cereals and envi-
ronmental problems. The alm of the microplot field experiment reported In this paper was to assess the option of using Zn
In conjunction with urea fertilization In order to reduce N rate and to maintain the yield level and grain quality but minimizing
environmental risks. Barley (Hordeum vulgare L.) was cultivated In a calcareous soll under semi-realistic conditions. Combina-
tions of four Zn levels, applied by spraying aqueous solutions of ZnSO,, and three N levels, applied by spreading granular urea,
were tested.

RESULTS: Zn and N showed a synergistic effect, Increasing yleld and Zn content In all plant parts and proteln content In grain.
A low Zn dosage of 5 kg ha—" was sufficlent to significantly Increase the amount of bloavallable Zn In soll and significantly ralse
Its concentration In plant material and also the protein content In grain. The remobilization of Zn from leaf tissue to graln was
dependent on the avallabllity of Zn and was only cruclal when Its bloavallabllity was low.

CONCLUSIONS: A Zn dosage of 5 kg ha—" enhanced the agronomic efficiency of N by 15.5 kg grain kg~ N. The Zn applied to the
soll permitted a reduction In the rate of N with only a small decrease In barley grain yleld and nutritional value. However, due
to the Interannual variability In rainfall, which Is characteristic of Mediterranean climates, further studles will be necessary to
confirm and extend these results.
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Zinc application in conjunction with urea as a fertilization strategy for improving both

nitrogen use efficiency and Zn biofortification of barley

ABSTRACT: Intensive cropping systems have caused widespread Zn deficiency, a low
nutritional quality of cereals and environmental problems. The aim of this microplot field
experiment was to evaluate the possibility of use Zn in conjunction with urea in order to reduce
N rate for minimizing the environmental impact of fertilization but maintaining yields and
quality of grain. A barley crop (Hordeum vulgare L.) was developed in a calcareous soil under
semi-realistic conditions. Combinations of four Zn levels as ZnSO, and three N levels as urea
were tested. Zinc and N showed a synergistic effect by increasing yield and Zn content in all
barley parts, and protein content in grain. The remobilization of Zn from leaf tissue to grain was
dependent on Zn availability, and was only crucial under low availability. An application rate of
5 kg Zn ha" was sufficient to increase the availability of Zn in soil and produce significant
increases in both plant Zn concentration and grain protein content. This rate produced an
increase in the agronomic efficiency of nitrogen of 15.5 kg grain kg N, and its application to
the soil allowed a reduction in the rate of N with a small decrease in barley grain yield and
nutritional value. Nevertheless, due to the interannual variability of rainfall, characteristic of the

Mediterranean climate, further studies are necessary to confirm and extend these results.

KEYWORDS: agronomic efficiency of nitrogen; calcareous soil; field conditions; nutritional

quality; Zn availability
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INTRODUCTION

Nitrogen is one of the most yields-limiting nutrients in most crop production systems in the
world. Applying N has a major effect on crop biomass production, yield and quality, ! but
excessive application rates can cause a reduction of these as well as serious environmental
problems. Losses of N by volatilization and denitrification contribute to climate change, and
leaching of nitrates impact surface and ground water pollution. 2 High N rates have been
applied for decades worldwide. The current nitrate concentrations in rivers across Europe are
often sufficient to promote eutrophication in many of Europe’s coastal waters. In addition,
approximately 13% of groundwater monitoring stations across Europe recorded in 2009
exceeded the 50 mg NOs37/L limit. 3 Currently around one third of groundwater bodies in
Europe exceeded the nitrate guideline value established by “Nitrates Directive 91/676/EEC”
which aims to reduce and prevent water pollution caused by nitrates loss from agricultural
sources. In year 2011, the regional government of “Castilla-La Mancha” (region located in
central Spain), following this EU directive, published the guidelines for N fertilization of
crops in the areas considered vulnerable to nitrate contamination. The maximum authorized N
rates for rainfed barley crop is between 50 and 60 kg N ha™! year!. 5 Therefore, N fertilizer
application rates should be reduced to minimize environmental problems. However, supply of
N below optimum level significantly decreases crude protein and Zn concentrations in wheat
and barley grains.

Barley (Hordeum vulgare L.) is widely grown in semiarid Mediterranean areas. Both the
low water requirements and the low cost of cultivation make barley an interesting crop for
farmers. As a result, this cereal is the largest crop grown, on the basis of surface area, in Spain
7 and the fourth largest crop grown worldwide & Barley grain and straw are widely used for
animal fodder, and barley grain is also considered a raw material for some industries and is

consumed as unleavened bread. Barley is the main cereal used in the manufacture of animal
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feed in Spain. The total amount consumed is in the order of 3.5 million Mg year, which
represents about one-third of all cereals. ® An important limiting factor for barley production
is the poor fertility status of soils in these areas, coupled with imbalanced nutrition. Intensive
cropping systems in these areas based on continued use of NPK fertilizers without
micronutrient fertilization have caused, in addition to ground water pollution, widespread Zn
deficiency, mainly in light-textured soils. 1° According to Alloway ', Zn deficiency is major
problem particularly in alkaline-calcareous soils. Plants grown under Zn-deficient soil
conditions show a high susceptibility to environmental stress factors such as drought and
pathogenic infections. Among plants, cereals are generally the most susceptible to Zn
deficiency . Zinc deficiency produces a severe reduction in yield, but also in the Zn content
of cereal grain and hence in its nutritional quality. Barley is considered medium sensitive to
Zn deficiency *? and, in the case of acute deficiency, its response to Zn application tends to be
very marked with yield increases of 48% compared with controls which only receive NPK
fertilizer. 13 Although synthetic Zn chelates are highly efficient at correcting Zn deficiency in
calcareous soils, 416 their use is limited due to their high cost. Zinc sulfate is the most
common Zn fertilizer applied to cereals crops because of its high water solubility and low cost
17 and rates of 5-10 kg Zn ha' soil as ZnSO4 are adequate to correct Zn deficiency. ! In
addition, the application of Zn to soil can be considered a tool for the agronomic
biofortification of crops. ' Therefore, increasing the Zn concentration in grain is a challenge
with significant implications in barley production and the nutritional quality of grain. 1

As one of the major agricultural practices in crop production, N fertilization can have
significant effects on Zn accumulation in plants, possibly through alteration of soil
characteristics in the rhizosphere and/or the uptake and translocation of Zn in plants. 2° The
increase in grain Zn could be related to the increase in N compounds involved in the transport

of Zn in plants as nicotianamine, histidine, mugineic acid and proteins. 2 Zebarth et al. 2 and
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De Brouwere and Smolders 2® showed that N fertilization increased Zn accumulation in wheat
and barley grain, whereas Brennan ?* found that N fertilizer application decreased the Zn
concentration of wheat grain grown on a range of soils in southwestern Australia. Recent
studies have shown that Zn micronutrient plays an important role in the utilization of N by
wheat plant. 252° Khanda and Dixit * also found in rice under lowland conditions that the
maximum grain yield and nutrient uptake were observed with combined application to soil of
N and Zn. Therefore, Zn management could be an effective agronomic tool to reduce N
fertilizer application rate.

The selection of the appropriate source of N is very important to improve Zn availability
and to reduce N losses. In soils with high pH, the formation of Zn-NH3 complexes increases
the solubility of Zn; 3! urea or ammonium-based fertilizers could therefore be more effective
than nitrate-based fertilizers in order to maintain Zn in available forms. 3 Urea is the most
common source of N fertilizer because of its low cost and high N content. However, its rapid
hydrolysis promotes NHs volatilization when it is applied to the soil surface without
incorporation, reducing its efficiency and contributing to environmental pollution. A wide
variety of compounds that include ZnSO4 have been shown to inhibit the effects of urease
activity and to retard urea hydrolysis. Recently, Guimaries et al. 3 based on a greenhouse
study, showed that the use of ZnSO4 in conjunction with urea significantly increased both the
total N uptake and the efficiency of urea N fertilization in a forage crop. However, they did
not study the efficiency of Zn applied or the concentration of Zn in the crop.

The main goal of this research was to evaluate in a calcareous soil the use of Zn (as
ZnS0s4) in conjunction with urea in order to reduce N rate for minimizing the environmental
impact of fertilization but maintaining yields and achieving an optimal concentration of
protein and Zn in barley grains. This goal is particularly important to adjust N fertilization to

the maximum authorized N rates in sensitive areas to nitrate contamination. The specific
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objectives were to study the effect of combined ZnSO4 and urea N fertilization on: (i) soil Zn
status, (ii) partitioning of Zn among different vegetative and grain tissues in barley crop (iii)
crop yields and the accumulation of both Zn and N in grain, and (iv) the agronomic

efficiencies of N and Zn.

MATERIALS AND METHODS

Soil Characteristics. An experiment was conducted at an agricultural field located in
Alcala de Henares (Madrid) (40°32°N, 3°17'W). This area is close to the “Alcarria-
Guadalajara” sensitive area to nitrate contamination of “Castilla-La Mancha”. ® Soil samples
of the Ap horizon (0-28 cm) were air-dried, sieved (< 2 mm) and then analyzed according to
the Spanish official methodology. 3* The soil was classified as Calcic Haploxerept. * The pH
and electrical conductivity (EC) were measured at a 1:2.5 soil-water ratio; organic matter and
total nitrogen content were determined using the Walkley-Black and Kjeldahl methods,
respectively. Total and free CaCOs contents were determined by volumetric method; and
available phosphorus was evaluated using sodium bicarbonate. ¥ The cation exchange
capacity (CEC) was assessed using both sodium acetate and ammonium acetate extraction
procedures. Water-holding capacity (WHC) at 33 kPa was determined in a Richard’s
membrane-plate extractor. Soil texture was analyzed using a Bouyoucos densimeter. Table 1
shows the main physico-chemical properties of the soil.

<< Table 1 >>

Field experiment. Barley (Hordeum vulgare L., cv. Quench) was selected as the test plant.
A randomized complete block design with a factorial arrangement structure was used with
three replicate microplots (7.5 m? plot!). A rate of 175 kg barley ha! was sown by direct
drilling in December of 2013. Basal fertilization included 90 kg P2Os ha™! and 70 kg K20 ha’!
(as aqueous solutions of KH2PO4 and H3PO4). In February of 2014, fertilizer treatments of Zn
and N were applied to obtain all possible combinations of four Zn levels (control = 0, 5, 10

7
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and 15 kg ha'!) and three N levels (30, 60 and 90 kg ha™!). In Spain, the average optimum N
rate can vary greatly because barley grain yield in rain-fed conditions is estimated to vary
between an average of 2000 kg ha™! in arid regions and an average of 5300 kg ha™! in humid
regions. A mineral fertilization of about 100 kg N ha™! is traditional in the study area (37).
Hence, the N applications rates were lower than the traditional rate. Zinc treatments were
applied by spraying aqueous solutions of ZnSOs4 in several passes, and nitrogen was applied
by spreading granular urea (46% N). In addition, control treatments without Zn or N
application were performed. The long-term means annual temperature and rainfall are 14.5 °C
and 402.7 mm, respectively.

Harvesting took place in June 2014, after maturity of barley grains. Barley biomass of six
0.5 m-long rows was collected randomly from each plot. The different plant parts (root, stem,
leaf and grain) were separated, and roots were washed in deionized water and subsequently
dried. The grain of the remaining plants in each plot were harvested by using a plot combine
(Wintersteiger Classic). All plant parts were dried to a constant weight in a forced-draft oven
at 60 °C, weighed and stored for later analysis. Soil samples were collected by shaking off soil
adhering to roots of the collected plants (approximately 10 cm depth). Soil samples were
homogenized, air-dried, sieved (< 2 mm), and stored for further analysis.

Plant and soil analysis. Total Zn in plant parts (root, stem, leaf and grain) was determined
by wet digestion in Sample Preparation Block System (SPB PROBE Perkin Elmer) with
“Teflon tubes” at a maximum temperature of 150 °C during 2 hours using 1.5 g of dried
samples, 10 mL of HCI (37%) and 10 mL of HNOs (65%). Grain N concentration was
determined using the Dumas method. Protein concentration was calculated as N concentration
multiplied by 5.83. 3%

Total Zn in soil was determined as total Zn in plant ,but changing 10 mL of HCI (37%) for

5 mL of HF (48%) and 5 mL of water, and increasing digestion time to 3.5 h. Potentially
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available Zn was extracted with DTPA 5 mM + CaCl2 10 mM + triethanolamine (TEA) 0.1 M
adjusted to pH 7.3 (40). Soil Zn was fractionated into: water soluble plus exchangeable
(WSEX), carbonate bound (CAR), easily reducible metal oxide bound (RMO), amorphous
mineral colloid bound (AMC), crystalline Fe oxide bound (CFeO), organic material and
sulfide bound (OM), and residual (RES) fractions using a modified version of the procedure
developed by Leleyter and Probst. 4! Soil samples (2.5 g) were sequentially extracted with 25
mL of each reagent (Table 2). After each extraction, the suspension was centrifuged at 5000 x
g (relative centrifuge force) for 15 min. and the supernatant solution was vacuum-filtered
through a 0.45 pm cellulose acetate paper.
<< Table 2 >>

All samples were extracted and analyzed. The Zn concentration was determined by AAS or
by graphite furnace atomic absorption spectrophotometry (GF-AAS). The “Perkin-Elmer
Pure” standard checks were used for the Quality Assurance System (certified by NIST-SRM).
Standard solutions of Zn were prepared for each extraction in a background solution of the
extracting agents.

Statistical Analysis. Correlation analyses and other statistical studies were performed with
Statgraphics Plus software, version 5.1 (Manugistic Inc. Rockville, MD). Multifactor analysis
of variance was carried out to determine the main effects and interactions of the different
parameters. Multiple comparisons of variables were made using the least significant
difference (LSD) test for separation of means. To establish statistical significance, a

probability level of P <0.05 was chosen.

RESULTS

Soil Zn Status. The ANOVA of the effects of Zn application rate, N application rate and
their interactions revealed that total Zn, potential available Zn (DTPA-extractable Zn) and Zn
associated to different fractions at the time of the barley harvest only depended on Zn

9
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application rate and there was no significant interaction between Zn and N (Table 3). The
values of DTPA-extractable Zn of soils without Zn addition (Zno; Table 3) and of initial soil
(see Table 1) showed that Zn soil content was low and nearly at the limit of sufficiency (1.0
mg Zn kg soil). °° However, Zn treated soils (even at the lower Zn application rate)
presented values of potential available Zn, considerably above the levels of sufficiency.
<< Table 3 >>

The lowest values of Zn concentrations in the more labile fractions of soil, which are the
most important for crop nutrition, were obtained with the Zno treatment (see Table 3). The
added Zn was redistributed in the different soil fractions with significant increases mainly in
the first three fractions (WSEX, CAR and RMO). The applications of 5 kg Zn ha™! produced
Zn concentrations in WSEXC, CAR and RMO fractions of 3.3, 3.1 and 2.0 times the
concentration in the Zno treatment, respectively. The rate 10 kg Zn ha™ soil produced Zn
concentrations of 6.4, 4.7 and 2.7 times the concentration in the Zno treatment for the same
fractions, and the highest Zn rate applied (15 kg Zn ha') produced Zn concentrations 12.7,
10.3 and 2.8 times the concentration in the Zno treatment for the same fractions, respectively.

Plant Response to Zinc and Nitrogen Fertilization. The Zn application rate significantly
affected Zn concentrations in root, stem, leaf and grain of barley, dry matter yield (DM) of all
plant parts, as well as the protein concentration in grain. Nitrogen application rates also
significantly affected these parameters except for root Zn concentration and root yield. The
interaction between Zn and N had significant effects on root, stem and leaf yield and also on
root Zn concentration and grain protein content (Table 4).

<< Table 4 >>

With respect to Zn concentration (Figure 1a), the highest values in root were obtained with

the combined treatments N3oZnis, NeoZnis, NooZnio and NeoZnio which were not significantly

different between them with an increase nearly 2.5 times the concentration of the N30Zno

10
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treatment. The lowest values were found in the N30Zno, NeoZno and NooZno treatments (all of
them without Zn application). The 5 and 10 kg Zn ha! application rates produced significant
increases in stem Zn concentration (Figure 1b): 1.28 and 1.78 times the concentration in Zno
treatments, respectively. However, continued Zn supply, from 10 to 15 kg Zn ha™! soil did not
produce a significant increase in stem Zn concentration. Similar effects were observed in leaf
Zn concentration, however it is interesting to note that the increase produced by the 5 kg Zn
ha! application rate was higher, 3.33 times the concentration of Zno treatments, which had a
mean value of 6.43 mg Zn kg'! DM (Figure lc). Grain Zn concentration increased
significantly with the increase in the rate of Zn. The increases with respect to the Zno
treatments were 4.13, 5.44 and 8.56 mg Zn kg! for the 5, 10 and 15 kg Zn ha'! application
rates, respectively (Figure 1d).
<< Figure 1 >>

Concerning the effect of N fertilization, the increase in the N application rate produced
increases in the Zn concentrations in stem, leaf and grain of barley (see Figure 1). The Zn
concentration increased significantly from 30 to 90 kg N ha' for stem, leaf and grain.
However, from 30 to 60 kg N ha'! the increase in Zn concentration was only significant in
grain.

<< Table 5 >>

The highest root yield was obtained with the combined treatment NeoZnis followed by the
NooZnio, which were not significantly different between them (Table 5). The highest stem
yield was obtained with the NooZnio and NooZns treatments, while the highest leaf yield was
observed with the NooZnio followed by the N9oZns and the NeoZnis treatments. In contrast, the
lowest DM yield of root, stem and leaf was obtained with the N9ooZno, NeoZno and NeoZno
treatments, respectively (all of them without Zn addition).

<< Figure 2 >>

11
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As shown in Figure 2, grain protein concentration reached its maximum with the combined
treatment NooZnis (with the highest N and Zn rates) followed by the NooZnio (which was not
significantly different) and the NooZns treatments, and the lowest value with N3oZno, N30Znis,
and NeoZno treatments.

Zinc and N rates significantly influenced grain yield, but their interaction was not
significant (see Table 4). The grain yield showed a clear response to the 5 kg Zn ha’
application rate (Zns), resulting in an increase of 20% in grain yield with respect to the
treatments without Zn application (Zno). However, the other two Zn application rates (10 and
15 kg Zn ha") did not produce any significant increase in yield with respect to the 5 kg Zn ha’
! application rate (Figure 3). Furthermore, the N application rate produced increases in the
grain yield of barley, although this increase was only significant when raising the rate from 30
to 90 kg N ha!, obtaining an increase of 13%. As indicated in the Materials and Methods
section, a control without either N or Zn (NoZno) was performed. The results of this treatment
were: 2022 + 189 kg grain ha'!, 17.23 + 0.58 mg Zn kg! grain and 5.66 + 0.18% of protein in
grain.

<< Figure 3 >>

DISCUSSION

The application of the lower rate of Zn sulfate (5 kg Zn ha™') to the soil was sufficient to
increase the availability of Zn in soil above the level sufficiency indicated in the literature for
this type of soil. 40 Furthermore, the residual Zn produced by this Zn treatment was
sufficiently available that latter crops could be grown without further micronutrient additions.
According to various authors, Zn fertilizers could have a residual effect of several years. 4274
The increase in both Zn associated to the most labile fractions and DTPA-extractable Zn of
soil, i.e. in potential availability of Zn in soil due to Zn supply, not only produced increases in

the concentrations of Zn in all parts of plants but also in their yields. For example, the
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correlation factors (r) between grain Zn concentration and Zn-DTPA-TEA, Zn-WSEX and
Zn-CAR were 0.884, 0.868 and 0.883 (P <0,001), respectively, and 0.702, 0.664 and 0.659 (P
< 0.05), respectively for grain yield.

The Zn concentrations in barley grain for the control treatments without either N or Zn
(NoZno; 17.23 + 0.58 mg Zn kg'!) and for treatments with N but without Zn (20.10 mg Zn kg’
I; see Figure 1d) were lower than the value of 23 mg Zn kg indicated by the CVB ** for
barley grain grown in the Nederlands. However, treatments with 5, 10 and 15 kg Zn ha'
(combined with 30, 60 and 90 kg N ha!) produced grain Zn concentrations ranging from 24
to 29 mg Zn kg'!. The results also revealed that N fertilization was effective in enhancing Zn
concentration in all barley parts especially in grain (see Figure 1). Similar results were
reported by different authors 25284546 for wheat crops. According to numerous authors 42617
N is a critical player in the uptake and accumulation of Zn in plants, since important N
compounds as nicotidamine, mugineic acid and some proteins are responsible for root Zn
uptake, transport and hence mobility of Zn in plant. Moreover, N fertilization was also
effective in enhancing grain protein concentration, which is very important for the nutritional
quality of grain. For a production with the highest protein content, combined treatments with
90 kg N ha! and 10 or 15 kg Zn ha™! should be selected.

As expected, root, stem and leaf Zn concentrations increased with Zn application up to an
application rate of 10 kg Zn ha™'. In contrast, these Zn concentrations were not significantly
affected by an additional increase in the Zn application rate froml0 to 15 kg Zn ha™.
Interestingly, the concentration of Zn in the leaf at harvest time for the Zno treatment was low
in comparison with the treatments in which Zn was applied (see Figure 1c). This can be
explained by the remobilization of Zn from leaves to grain in conditions of restricted Zn

availability, since the control soil was close to the limit of sufficiency in Zn whereas treated

Zn soils were considerably above the levels of sufficiency. The values of the translocation
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factor from leaves to grain of barley calculated as Zn concentration in the grain divided by Zn
concentration in the leaves, which were 3.16 (b), 1.14 (a), 1.10 (a) and 1.15 (a) (statistical
letters are after numbers) for Zno, Zns, Znio, and Znis, respectively, showed this very clearly.
Under conditions of sufficient Zn availability (Zns, Znio, and Znis) the remobilization of Zn
from other plant parts (as leaf) to grain is not crucial. Therefore, the remobilization of Zn
from leaf tissues to grain was dependent on Zn availability in soil. In an experiment of
biofortification of durum wheat with Zn, Kutman et al. %" reported that when the root uptake
of Zn is restricted due to drought or low availability of this nutrient, remobilization of the
previously absorbed and stored Zn from source tissues (leaves, stems) may be a major
contributing factor to the grain Zn accumulation.

The results of our experiment also indicated that N and Zn fertilization promoted the
uptake of Zn by barley grain, which is interesting from the point of view of biofortification.
Consequently, the combined N-Zn fertilization could be considered an effective
biofortification strategy of barley grain with Zn.

The effect of adequate rates of N fertilizer on crop yield is generally accepted. In our study,
a high N application rate was required to obtain the highest root, stem and leaf yields.
However, the lowest yields were obtained without Zn fertilization. Thus, a minimum Zn
availability to plant is necessary to improve root, stem and leaf yields through N fertilization.
This suggests that the Zn micronutrient plays an important role in the utilization of N by
barley plant. Similar conclusions were reached by Kutman et al. 2 for a wheat crop.
Therefore, an adequate availability of Zn is crucial for ensuring that crops utilize N fertilizer
inputs efficiently. In the present experiment, the increase in grain yield of barley due to the
increase in the rate of N from 30 to 90 kg ha! was of 473 kg grain ha™! (see Figure 3).

In our experiment, the grain yield obtained with treatments where Zn and N were applied

was superior to the mean value of two-row barley grain yield in Spain in the year 2014, under
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rain-fed conditions (2608 kg ha'). 7 Figure 3 shows the significant effect of an adequate Zn
supply on barley grain yield. The lower application rate of Zn (5 kg Zn ha'') was sufficient to
increase the grain yield by more than 20% with respect to the control (Zno). This effect could
be due to the fact that Zn acts as a co-factor of numerous enzymes involved in the metabolism
of carbohydrates, proteins and auxins, in membrane integrity and in flowering and seed
production. ' Different authors %480 have reported increases in yield of different crops as
wheat, maize, safflower and rice with Zn fertilization. Arora and Singh, ' in a field
experiment with barley as test plant, obtained the highest grain and straw yield with the
application of 7.5 kg Zn ha™! and 90 kg N ha!, but these yields were not significantly different
with the application of 7.5 kg Zn ha™! and 60 kg N ha™!. The efficiency of N fertilization is a
very important factor since improved efficiency can result in a reduction of input costs and of
the negative impact of excessive N on the environment. In relation to this, the value of the
agronomic efficiency of N (A.E.N.) was calculated as (Grain Yield of Treatment, kg ha! —
Grain Yield of Control, kg ha™) / (Quantity of N applied, kg ha). > The ANOVA of the
effects of Zn rate, N rate and their interactions showed that the A.E.N depended on Zn (P <
0.001) and N (P < 0.0001) rates, but there was no significant interaction between them. Figure
4 shows the effect of both Zn and N fertilization on the A.E.N. It is interesting to note that the
application of 5 kg Zn ha™' produced a significant increase in the A.E.N. (1.67 times) with
respect to the control (Zno), and that additional amounts of Zn did not significantly increased
this parameter. With respect to the rate of N, the highest A.E.N. was obtained with the lower
rate, and there were no significant differences between the other N rates. Tilman et al. 5
indicated that the highest efficiency of N fertilizer is achieved with the first increments of
added nitrogen, and that efficiency declines at higher levels of addition. Anbessa et al. >
reported that the mean A.E.N. values of three spring barley cultivars in Canada during the

period 1994 to 1996 were 25.2 and 15.0 kg grain kg! N for the rates 50 and 100 kg N ha™,
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respectively, but without Zn fertilization. In our experiment with combined N-Zn fertilization,
the results obtained were higher. So, for example, for the lowest application rate of Zn (5 kg
Zn ha'!) the A.E.N. values were 61.0, 32.4 and 23.1 kg grain kg™' N for the rates 30, 60 and 90
kg N ha'!, respectively, showing the importance of the Zn supply. This low Zn rate produced
an increase in the A.E.N. of 15.5 kg grain kg™! N (the mean value for the 30, 60 and 90 kg N
ha), and its application to soil allows reduction of the rate of N to 60 kg N ha™! or even less
with a small decrease in yield and the nutritional value of barley grain.

Due to the rapid hydrolysis of the amide N by reaction with the enzyme urease, it is
possible to find significant losses of urea N through NHs3 volatilization and NO3™ leaching,
resulting in a decrease in the urea N use efficiency. % One effective way of mitigating these
problems is to use compounds that inhibit soil urease activity and retard urea hydrolysis. In
this respect, the observed increase in the A.E.N. in the present experiment could be partially
explained by the inhibitory effects of ZnSO4 (applied to the soil in conjunction with urea
fertilizer) on urease activity. Guimardes et al. 3 also showed that the use of ZnSOs in
conjunction with urea significantly increased both the total N uptake and the efficiency of
urea N fertilization in a forage crop. Although they found that Zn was effective for inhibiting
urease activity, they suggested that the most likely benefits of applying Zn in conjunction
with urea could be attributed to both supply an essential micronutrient and the synergistic
interaction of these two nutrients. According to Marschner, ' this interaction could be due to
the occurrence of Zn as a constituent of carbonic anhydrase and other enzymes required for
protein synthesis and carbohydrate metabolism.

<< Figure 4 >>

Another interesting parameter considered in this study was the agronomic efficiency of Zn

(A.E.Zn), which shows the capacity of yield increase per kg of applied Zn [A.E.Zn = (Grain

Yield Treatment, kg ha! — Grain Yield of Control, kg ha') / (Quantity of Zn applied, kg ha"
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1)]. The ANOVA of the effects Zn rate, N rate and their interactions showed that the A.E.Zn
depended on Zn (P < 0.01) and N (P < 0.05) rates, though there was no a significant
interaction between them. The highest A.E.Zn was obtained with the lower rate of Zn (5 kg
ha!), though it was not significantly different from the 10 kg Zn ha™! rate (Figure 5). Although
the A.E.Zn decreased with the rate of N, this decrease was only significant from 60 to 90 kg
N ha'l. If the combined fertilization N-Zn is considered, the best treatment was N3oZns (30 kg
N ha! and 5 kg Zn ha'!) with an A.E.Zn value of 178.6 kg grain kg! Zn. For barley crop,
Genc et al. % also reported that the highest AEZn was obtained with the lower Zn application
rate.
<< Figure 5 >>

In conclusion, in soils with low Zn availability, Zn fertilization produces significant
increases in Zn concentration and dry matter yield of all barley parts, and also in protein
content of grain. In addition, N fertilization also produces increases in the same parameters.
All of this demonstrates the synergistic effect of Zn and N fertilization. In our experiment, the
5 kg Zn ha! application rate was sufficient to increase the availability of Zn in the soil and
hence to produce the aforementioned increments in plant parameters. The application of 5 kg
Zn ha! also allowed to reduce the rate of N to 60 or even 30 kg N ha™! with only small
decreases in barley grain yield and nutritional quality, and hence to adjust N fertilization to
the maximum authorized N rates in sensitive areas to nitrate contamination.

Our results also confirm that the remobilization of Zn from leaf tissue to grain is dependent
on soil Zn availability to plants, with this being crucial only under low Zn availability.

The A.E.N. also shows that 5 kg Zn ha™' is the optimum rate, since the highest increase in
this parameter (15.5 kg grain kg'' N) was obtained with this Zn rate.

Moreover, the highest A.E.Zn (51.4 kg grain kg Zn; mean value for the 30, 60 and 90 kg

N ha!) was again obtained with the same rate (5 kg Zn ha™').
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All of the conclusions shown the potential for using Zn in conjunction with urea in

calcareous Mediterranean soils in order to obtain both higher barley yields and greater

nutritional quality. Other advantages would include reducing input costs and environmental

problems resulting from excessive N applications, such as greenhouse gas emissions and

nitrate leaching losses. However, due to the interannual variability of rainfall, characteristic of

the Mediterranean climate, further studies are necessary to confirm and extend these results.
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Figure 1. Effect of Zn (0, 5, 10, 15 kg ha™!) and N (30, 60, 90 kg ha!) treatments on plant parts Zn concentrations (mg kg™')
of barley (Hordeum vulgare L.) grown under field conditions. Vertical bar at each of the data points represents the standard
deviation from the means. Different letters represent statistical differences at P < 0.05 (LSD test).

“1.5 column fitting image”

Figure 2. Effect of Zn (0, 5, 10, 15 kg ha') and N (30, 60, 90 kg ha'!) treatments on grain protein concentrations (%) of
barley (Hordeum vulgare L.) grown under field conditions. Vertical bar at each of the data points represents the standard

deviation from the means. Different letters represent statistical differences at P < 0.05 (LSD test).
“single column fitting image”

Figure 3. Effect of Zn (0, 5, 10, 15 kg ha'') and N (30, 60, 90 kg ha'") treatments on grain yield (kg ha™') of barley (Hordeum
vulgare L.) grown under field conditions. Vertical bar at each of the data points represents the standard deviation from the

means. Statistical differences at P < 0.05 (LSD test) are represented by different letters.
“single column fitting image”

Figure 4. Effect of Zn (0, 5, 10, 15 kg ha!') and N (30, 60, 90 kg ha'') treatments on agronomic efficiency of N (kg grain kg!
N) of barley (Hordeum vulgare L.) grown under field conditions. Vertical bar at each of the data points represents the
standard deviation from the means. Different letters represent statistical differences at P < 0.05 (LSD test).

“single column fitting image”

Figure 5. Effect of Zn (0, 5, 10, 15 kg ha-1) and N (30, 60, 90 kg ha-1) treatments on agronomic efficiency of Zn (kg grain
kg-1 N) of barley (Hordeum vulgare L.) grown under field conditions. Vertical bar at each of the data points represents the
standard deviation from the means. Different letters represent statistical differences at P < 0.05 (LSD test).

“single column fitting image”

“Figures: our preference for color is online only”
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Table 1. Selected properties of the original soils (n = 3).

Soil property ? Value
pHw (1:2.5; wiv) 82+0.1°
EC (uS cm™) 188.1+1.8
Organic matter (g kg™) 12.6 £ 0.4
N (gkg™) 1.0£0.2
Total CaCOs (g kg™) 88.7+4.2
Free CaCOs (g kg™) 343+25
Extractable P (mg kg™!) 30.9+2.1
CEC (cmolc kg™ 25.7+0.5
Total Zn (mg kg'") 51.7+0.7
DTPA-extractable Zn (mg kg™ 0.98 £0.13
WHC (33 kPa; w/w) (g H20 100 g! soil)  25.1+0.3
Clay (gkg™") 150+7
Silt (g kg™ 540+ 11
Sand (g kg™!) 310+ 6
Texture (USDA) clay loam

* WHC, water-holding capacity; EC, electrical conductivity;
CEC, cation exchange capacity.
® Standard deviation.

Table 2. Sequential extraction procedure of Zn from soils.

Step Fraction Extracting solution Shak}qg
conditions
1 Water soluble plus exchangeable _
(WSEX) NH4Ac 1.0 M, pH=7.0 2 h, 120 rpm
2 Carbonate bound (CAR) NaOAc 1.0 M. pH=4.5 5h, 120 rpm
3 f;;;ll(y))r educible oxide bound -\ 1 HCT 0.1M in HNOs, pH = 2.0 0.5 h, 120 rpm
4 Amorphous minerals colloids _ (darkness), 120
bound (AMC) (NH4)2C204 0.2M + H2C204 0.2 M, pH = 3,0 rpm
5 Crystalline Fe oxide bound (NH4)2C204 0.2 M + H2C204 0.2 M, pH = 3.0 2 h. 120 rom
(CFeO) in ascorbic acid 0.1 M 4
6  Organic material and sulfide Digestion: 8 mL H202 30% pH =2.0 almost to dryness,
bound (OM) +3 mL HNOs 0.02 M 85°C
Extraction: 25 mL NH4OAc 3.2 M in HNO320% 15 min, 120 rpm
7  Residual (RES) Differences between the total Zn and the sum of the

previous fractions

Developed by Leleyter and Probst (1999).

Table 3. Effect of fertilizer treatment on total Zn, DTPA-TEA extractable Zn and Zn fractions in soil (mg kg™!) at the time of
barley harvest.

Treatment TotalZn  DTPA-TEA WSEX CAR RMO AMC CFeO oM RES
Zno 524a 1.06 a 0.16 a 1.01a 0.74 a 332a l.11a 0.99 a 450a
Zns 60.1b 6.82b 0.53b 3.11b 1.49b 7.57 ab 1.86b 1.11 ab 444 a
Znio 68.6 ¢ 122¢ 1.03¢ 4.74 ¢ 197 ¢ 8.10 ab 249b 0.94 a 46.5 a
Znis 82.0d 21.2d 2.03d 104d 2.05d 11.0b 4.05¢ 1.23b 542b

Znrate (a) <0.0001 <0.0001 <0.0001  <0.0001  <0.0001 <0,05 <0,0001 <0,05 <0,01

N rate (b) ns ns ns ns ns ns ns ns
axb ns ns ns ns ns ns ns ns

Data are the mean value for nine experimental replications since there is no interaction between N and Zn rates (and each Zn rate include
three N rates). Values within a column were compared using LSD multiple range test at the 95% level. Homogeneous groups are denoted
with the same letter. Fractions are: water soluble plus exchangeable (WSEX), carbonate bound (CAR), easily reducible oxide bound (RMO),
amorphous mineral colloid bound (AMC), crystalline Fe oxide bound (CFeO), organic material and sulfide bound (OM) and residual (RES).
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Table 4. Analysis of variance (ANOVA) of the effects of Zn rate, N rate and their interactions on reported traits of barley
(Hordeum vulgare L.) grown in field conditions.

Source of RootZn  StemZn  LeafZn  GrainZn Gran_l Root Stem Leaf Grain
- Protein - la . . .
variation conc. conc. conc. conc. conc yield yield yield yield

Znrate (a) 3 <0.0001 <0.0001  <0.0001  <0.0001 <0.001 <0,0001  <0,001 <0,0001 <0,001

Nrate (b) 2 ns <0.05 <0.001 <0.0001 <0.0001 ns <0,0001  <0,0001 <0,05
axb 6 <0.001 ns ns ns <0.01 <0.05 <0,01 <0,0001 ns
* dry matter (DM)

Table 5. Effect of nitrogen and zinc treatments on
root, stem and leaf DM yield (kg ha') of barley
(Hordeum vulgare L.).

Treatment Rootyield® Stemyield Leafyield
N30Zno 540 a-c 1882 ab 1683 ab
Ne0Zno 448 ab 1565 a 1382 a
NooZno 442 a 2254 b 2266 c-¢
N30Zns 597 be 2185 b 1956 bc
NesoZns 671 «cd 2803 cd 2446 de
NooZns 750 de 3640 ¢ 3464 f
NsoZnio 609 cd 2152 b 1908 bc
NeoZnio 674 cd 2358 bc 2065 b-d

NooZnio 866 ef 4010 e 4033 g
N3o0Znis 680 cd 2186 b 1807 ab
NeoZnis 915 f 3011 d 3168 f
NooZnis 753 de 2868 d 2706 e

* dry matter (DM)
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Leaf Zn conc. (mg kg?) = Stem Zn conc. (mg kgt) = Root Zn conc. (mg kgt) =

Grain Zn conc. (mg kg?) &
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