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The movement and availability of Zn from six organic Zn sources in a Typic Xerorthent (calcareous)
soil were compared by incubation, column assay, and in a greenhouse study with maize (Zea mays
L.). Zinc soil behavior was studied by sequential, diethylenetriaminepentaacetate, and Mehlich-3
extractions. In the incubation experiment, the differences in Zn concentration observed in the water
soluble plus exchangeable fraction strongly correlated with Zn uptake by plants in the greenhouse
experiment. Zinc applied to the surface of soil columns scarcely moved into deeper layers except for
Zn-ethylenediaminetetraacetate (EDTA) that showed the greatest distribution of labile Zn throughout
the soil and the highest proportion of leaching of the applied Zn. In the upper part of the column,
changes in the chemical forms of all treatments occurred and an increase in organically complexed
and amorphous Fe oxide-bound fractions was detected. However, the water soluble plus exchangeable
fraction was not detected. The same results were obtained at the end of the greenhouse experiment.
Significant increases were found in plant dry matter yield and Zn concentration as compared with
the control treatment without Zn addition. Increasing Zn rate in the soil increased dry matter yield in
all cases but Zn concentration in the plant increased only with Zn-EDTA and Zn-ethylenediaminedi-
o-hydroxyphenyl-acetate (EDDHA) fertilizers. Higher Zn concentration in plants (50.9 mg kg™1)
occurred when 20 mg Zn kg—! was added to the soil as Zn-EDTA. The relative effectiveness of the
different Zn carriers in increasing Zn uptake was in the order: Zn-EDTA > Zn-EDDHA >
Zn-heptagluconate > Zn-phenolate ~ Zn-polyflavonoid ~ Zn-lignosulfonate.
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INTRODUCTION chelating agents, which contribute to Zn mobility in soil

Zinc can be a limiting factor for plant growth in alkaline soils ~ 14)- Mobility and extractability have been studied by means of
(1). Crop response to Zn fertilization varies with the source of column experiments (15). Alvarez et al. (16) found differences
Zn fertilizer (2) and soil physicochemical propertied).(Among between Aquic Haploxeralf (acidic) and Calcic Haploxeralf
the plants, maize (Zea mays) is very susceptible to Zn  (neutral) soils when Zn-EDDHA, Zn-EDTA, Zn-heptagluconate,
deficiency (4), particularly in calcareous soils where high pH Zn-polyflavonoid, Zn-lignosulfonate, and Zn-phenolate were
and high CaC@content may affect Zn availabilitysj. The Zn applied in a column experiment. In the acidic soil, the
sources mostly used to correct Zn deficiencies are inorganic application of the six organic Zn complexes produced little
salts, synthetic chelates, natural organic complexes, and inor-migration and very little leaching of Zn in soil columns. The
ganic complexest). Several authors reported that Zn chelates same occurred in the neutral soil except with Zn-EDTA, which
are more effective than inorganic Zn formé—9). Anderson produced a loss of Zn by leaching.

(10) reported that the relative effectiveness of different Zn  sequential extraction procedures were also useful to assess
carriers on crop growth was in the order: Zn-DTPA (Zn- jndirectly the potential mobility and bioavailability of metals

diethylenetriaminepentaacetate) Zn-EDTA (Zn-ethylenedi-  jn soils (17). Zinc can be found in the following forms in soils:
aminetetraacetatey Zn-EDDHA (Zn-ethylenediaminedi-o- () a5 free and complexed ions in soil solution, (i) as nonspe-
hydroxyphenyl-acetate ZnSQ; > Zn-Rayflex (polyflavonoid). cifically and specifically adsorbed cations, (iii) as ions occluded

Rico et al. (11) found that the application of Zn-EDTA and  4inly in soil carbonates and hydrous oxides, (iv) in biological
Z.n-llgnosulfonate led to larger increases in maize dry matter  ociqies and living organisms, and (v) in the lattice structure
yield. . . . . of primary and secondary mineralsg). Metal fractions in soils
The movem_ent Of. Zn in the soil proflle_ma_rkedly |nf|uenc_es can be operationally classified as water soluble, exchangeable,
Zn concentrations in plants and organic ligands, especially carbonate bound, Mn oxides bound, amorphous and crystalline

*To whom correspondence should be addressed. E-mail: jmalvarez@ F€ 0xides bound, and residudd; 20). Zinc in soils can be
gaa.etsia.upm.es. separated into fractions relevant to the physicochemical forms
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Table 1. Selected Properties of Soil Used in the Incubation, Column, Table 2. Procedure for the Sequential Extraction of Zn from Soil2
and Greenhouse Experiments?
step form/association extracting solution ref
property ref 1 water soluble plus 1 M Mg(NO3); (pH 7.0) 20
clay (g kg™ 280 25 exchangeable (WSEX)
texture (USDA) clay loam 2 organically 0.7 M NaOClI (pH 8.5) 20
predominant clay montmorillonite 26 complexed (OC)
permeability moderate 27 3 carbonate 1 M NaOAc (adjusted 19
pH (1:2.5, wv) . 83 bound (CAR) to pH 5.0 with HOACc)
oxidizable OM (g kg™) 9.1 28 4 Mn oxides 0.1 M NH,0H-HCI (pH 2.0) 37
extractable P (mg kg™?) 34.9 29 bound (MnO)
tcoltzacl:N © klg;(l)il glgg g(l) 5 amorphous Fe oxides 0.2 M (NH4)2C204 + 20
CEC (el 10 (0)/) i bound (AFeO) 0.2 M H,C204 (pH 3.0)
ase saturafion 31 6 crystalline Fe oxides solution as for previous step 20
total CaCOj3 (g kg™?) 206 32 o
ot bound (CFeO) plus 0.1 M ascorbic acid
free CaCOs (g kg™?) 242 33 7 idual (RES id mixture?
total Zn (mg kg—1)? 873 residual (RES) acid mixture
poorly crystalline (active) 8.0 34
oxides (g kg1 Fe,03) aTwo grams of the soil residue of step 6 air-dried and ground, digested in a

microwave oven with HCI (2 mL) + HNO3 (5 mL) + HF (5 mL).

2Soil digestion in a microwave oven with an HCI-HNOs;—-HF mixture
(1:14, wh). column (except the control) containing 24 mg of Zn in all cases and
mixed with the soil in the zone of 1.5 cm from the top. Two groups of

. C . columns were maintained at room temperature-28 °C), and 30
while the distribution of Zn depends on the extracting reagents mL days . of water were added to them in both the 30 and the 60 day

and the seqpence of EXtraCt'mQ'.Th'S t‘?p'c was reviewed experiments. Three replicates were prepared of each fertilizer treatment
comprehensively by Ure2@). According to Li and Shumar2@), 5jys the control soil with measurements at 30 and 60 days. Leachates
the most labile Zn fractions have the greatest leaching potentialwere collected in eight fractions of 150 mL (0.235 pore volume) in
and may be a threat to groundwater quality. Simple extraction the 60 day experiment, and the Zn concentration of each portion was
methods including DTPA-CagITEA and Mehlich-3 are nor- measured. After leaching, the two halves of the columns were separated
mally used to predict Zn availability to plantd,(18). along the longitudinal axis and the soil was handled as described by
The objective of this study was to investigate the influence Alvarez etal. {6). The columns were collected at depths 6ff)(312

of six organic ligands on the behavior of zn found in zn 9): 7—17 (444 g), and 727 cm (444 g). Each zone was analyzed by
fertilizers, when they were added to a calcareous soil underchemlcal fractionation and DTPA and Mehlich-3 extractable Zn
laboratory and greenhouse conditions. The distribution in the methods.

il and leachabil d ined by incubati d col In the greenhouse experiment, three seeds of maize were sown in
soil and leachability were determined by incubation and column polyethylene pots containing 8 kg of air-dried soil, uniformly fertilized

experiments. Plant uptake efficiency and availability of residual yith 75'mg N kg* (as urea), 75 mg P kg (as superphosphate), and
Zn were also_ determined by grov_ving maize in_a greenhouse 75 mg K kgt (as K.SOy) and spiked with 0 (control), 10, and 20 mg
experiment. Finally, the results of different extraction procedures zn kg! (as organic Zn fertilizer). Additional applications of 37.5 mg
were compared with the yield of maize and Zn concentration N kg~ were added to the pots at 7 and 30 days after sowing the seeds.
in plants. The maize genotype (A-33, ASGROW Seed Co., Madrid, Spain) double
hybrid was a short growth season variety extensively used as fodder.
MATERIALS AND METHODS The pots were placed in a greenh_ouse with average day a_nd night
temperatures of 42 and 2€, respectively, and were irrigated slightly
The surface 27 cm layer (Ap horizon) of a calcareous soil was above field capacity moisture. The experimental design was a random-

collected at Loeches (Madrid, Spain, latitudé2® N, longitude 324' ized complete block with three replications. After 45 days, the plants
W). The soil was classified as a Typic Xerorthed) (Table 1) and were cut at soil level, washed in deionized water, and then dried in an
had no B horizon. The soil sample was air-dried and crushed, and theoven at 65 C until a constant weight was obtained. Zinc concentrations
fraction of less than 2 mm was used in the experiments. in the plants were determined after treating 1 g of the dried samples
Six liquid fertilizers with different organic Zn complexes were Wwith 14 mL of an acid mixture (HCH HNOs + HF) and digesting
selected as follows: Zn-EDDHA (70 g Zn'E), Zn-EDTA (88 g Zn them in Teflon tubes in a microwave oven. Soil Zn concentrations were
L™Y), Zn-heptagluconate (60 g Zrmt), Zn-polyflavonoid (50 g Zn LY), determined after harvesting the maize crop by sequential fractionation
Zn-lignosulfonate (75 g Zn %), and Zn-phenolate (70 g ZnmE). All and DTPA and Mehlich-3 extraction procedures.
of them were commercial trademarks, and their characteristics were  The chemical fractionation of Zn was performed by sequentially
described by Lian (35). treating 5 g subsamples of soil (except in step 7) with 50 8#) (f

The soil was treated with aqueous suspensions of the six fertilizers the corresponding extracting solutichaple 2). The total concentration
to obtain samples of each one with a concentration of added Zn of 0 of Zn in soil was calculated as the sum of Zn extracted from the seven
(control), 10, and 20 mg Zn kg soil. Weighed samples were incubated ~ fractions. The form of Zn available for plants was extracted with DTPA
in appropriate containers for direct analysis: 5 g in 100 mL centrifuge (38) and Mehlich-3 (39). In all cases, Zn concentrations were
glass tubes for chemical fractionation and 10 g in 125 mL conical glass determined by atomic absorption spectrophotometry.
flasks for DTPA extractable Zn and maintained at24 °C with soil Analysis of variance was performed on the data, and the mean values
moisture at field capacity (26.9% w/w) for 15, 30, and 60 days. Soil were separated by the LSD methdt£ 0.05), using the Statgraphics
moisture content was maintained by weighing every 3 days and adding Plus software, version 5.1 (Manugistic Inc., Rockville, MD).
water as required. Three replicates of each sample were analyzed.

Homogeneous columns of each fertilizer treatment were prepared RESULTS AND DISCUSSION

by uniformly packing 1.2 kg of soil in 40 cm long, transparent Plexiglas . . . .
tubes (inside diameter, 7.2 cm) with two filter papers (Whatman no. Incubation Effects on the Chemical Extractions of Zinc

4) and gravel at the bottom. The bulk density of the packed soil was ffom Soil. Concentrations of Zn extracted with DTPA from
1.1 g cm3. The packed soil was saturated by adding water and by the incubated control soil and from the incubated samples with
permitting the excess to drain overnight. The soil occupied about 27 SOil plus fertilizers are shown iRigure 1. The concentration
cm of the column. Variable amounts of fertilizer were added to each of Zn extracted from the control soil was hardly affected by
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Figure 1. DTPA extractable Zn in soil with different Zn rates (10 and 20 mg Zn kg™?) of fertilizers and incubation period. Error bars are based on one

standard deviation.

Table 3. Average Values of DTPA Extractable Zn and WSEX and OC
Fractions (mg kg~2)? with Different Rates (mg kg~?) of Zn Fertilizers
as Influenced by Incubation Period (Days) and Zn Source

method of extraction

DTPA WSEX ocC
Zn (mg kg~1) applied to soil
source of variation 10 20 10 20 10 20
Znmgkg!

incubation period (days)

15 3.57¢ 749 031> 0777 037" 073
30 307"  659° 0152 0462 0222 0.54°
60 2782 6.10° 008 036 0242 0312
fertilizer

Zn-EDDHA 3100 6.51° 029> 072 0.39° 0.392
Zn-EDTA 354> 8.30° 0.67¢ 233 0.24% 0.46°
Zn-heptagluconate 3000 629 0022 003 032 075
Zn-polyflavonoid 3072 6428 003 0042 025 0.56°
Zn-lignosulfonate 3.022 6328 005 0058 0242 0612
Zn-phenolate 3100 651° 0012 0012 025 0.38

aIn the same column, means followed by the same letter are not significantly
different at the 0.05 level of probability.

the incubation and was in all cases less than 0.5 md, kghich

is considered deficient in alkaline soils for most crops. Levels
lower than 0.8 mg kg! DTPA extractable Zn are insufficient
for maize production (38) and require application of Zn
fertilizers. Potentially available Zn decreased during the incuba-
tion period in soil treated with both Zn rates {P0.0001;Table

3). After incubation of ZnS@with alkaline soils, Ma and Uren
(40) reported that drying and rewetting at a relatively high
temperature might be an important factor in the process of
decreasing the availability of Zn to plants. Significant differences
were found between fertilizer treatments with each Zn rBte (
< 0.0001). The highest concentration of DTPA extractable Zn
occurred with the Zn-EDTA treatments. Statistical analysis
showed that for both Zn rates significant differences existed
between Zn-EDTA and the other five fertilizers. According to
Norvell (41), little chelated Zn is substituted by Ca in calcareous
soils and Zn-EDTA remains effective for plants in these soils.
A significant interaction existed between the incubation period
and the fertilizer treatment?( < 0.0001). At the end of the

20.8 and 24.8 for the 10 mg Zn kYrate and between 24.8
and 33.5% for a rate of 20 mg Zn k§ These values are large
enough to consider a favorable influence of the ligands on the
availability of Zn although not all of them behave the same.

Chemical fractionation of the originally collected soil showed
the following distribution of Zn in the different fractions:
WSEX, not detected; OC, 0.3%; CAR, 0.1%; MnO, 0.1%;
AFeO, 4.8%; CFeO, 1.7%; and RES, 93.0%. As observed, Zn
concentrated mostly in the RES fraction reflecting the tendency
of Zn to transform into forms unavailable to plants. Among the
nonresidual fractions, the Fe oxide fraction contained a larger
amount of Zn than the other fractions, probably due to the high
stability of the Fe-Zn oxides §2). In the control soil, Zn
distribution among the fractions remained in the order as in the
original soil (except that OC was larger than CAR), RES, AFeO,
CFeO, CAR, OC, MnO, and WSEX, and hardly varied during
the whole incubation period. Also, Zn in the WSEX fraction
was not detectedl@ble 4). The addition of Zn complexes led
to different increases in all fractions, but as time passed, Zn
concentrations diminished for WSEX, OC, MnO, and CFeO
(P < 0.0001, except the WSEX fractioR < 0.0002) and
increased for CAR, AFeO, and RES fractiori® € 0.0001,
except the AFeO fraction with a rate of 10 mg ZnkgP <
0.05). The order between Zn fractions was the same as for the
control soil for all fertilizers except Zn-EDDHA and Zn-EDTA,
which changed the order of the three last fractions, where both
had the smallest MnO fraction.

Among the fertilizer treatments, significant differences were
found in WSEX and OC fractions with both Zn rateB €
0.0001; sedable 3). The highest Zn concentration in the most
labile fraction (WSEX) occurred with the Zn-EDTA treatments,
and Zn concentrations with both rates of Zn-EDDHA fertilizer
were approximately three times lower, although Zn-EDTA and
Zn-EDDHA complexes in aqueous solutions have similér p
values (FKanEDTA = —17.4 and KanEDDHA = —17.8 with
ionic strength of 0.01 M42). Aboulroos (43) reported that the
Zn-EDDHA molecule was unstable in a calcareous soil and that
adsorption of the Zn-EDDHA molecule by soil was the main
process of removing Zn from solution. The influence of time
on Zn associated with this fraction (WSEX) can be observed

incubation, the percentage of available Zn extracted was betweerin Figure 2 for Zn-EDTA and Zn-EDDHA fertilizers. During
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Table 4. Zinc Fractions (mg kg=1)2 in Soil at the End of the Incubation Time (60 Days) as Influenced by Fertilizer Treatments

Zn applied Znmgkg?
treatment (mg kg™ WSEX ocC CAR MnO AFeO CFeO RES
control 0 nd? 0.082 0.372 0.052 4512 0.902 81.042
Zn-EDDHA 10 0.112 0.32¢ 0.59¢d 0.052 8.89° 1.49° 87.020c
20 0.48¢ 0.35¢ 0.71¢ 0.05? 14.26¢ 1.53 91.61%
Zn-EDTA 10 0.35° 0.26¢ 0.54bcd 0.052 10.000¢ 1.59° 85.240¢
20 1.65¢ 0.34¢ 0.81¢f 0.08be 11.41° 1.61° 91.76%
Zn-heptagluconate 10 nd 0.25¢ 0.60¢ 0.06% 9.510 1.55° 86.19¢
20 nd 0.51f 0.73¢f 0.09¢ 9.98 1.59° 95.67¢
Zn-polyflavonoid 10 nd 0.25¢ 0.452 0.062 10.31b¢ 1.47° 86.510¢
20 nd 0.318 0.76¢f 0.10¢ 16.15¢ 1.520 87.49bcd
Zn-lignosulfonate 10 nd 0.21¢ 0.49P¢ 0.052 10.22% 1.41° 84,602
20 nd 0.26¢ 0.74¢f 0.08bc 16.11¢ 1.55P 88.000cd
Zn-phenolate 10 nd 0.19° 0.71¢ 0.09¢ 9.50P 1.46b 85.19%
20 nd 0.21¢ 0.82f 0.10¢ 14.24¢ 1.59P 89.54¢d

aIn the same column, means followed by the same letter are not significantly different at the 0.05 level of probability; nd, not detected.
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Figure 2. Water soluble plus exchangeable fraction (WSEX) concentrations vs incubation period with different Zn rates (10 and 20 mg Zn kg™) of
Zn-EDDHA and Zn-EDTA fertilizers. Error bars are based on one standard deviation.

the first 30 days of the experiment, a decrease was noticeable Zinc Mobility in the Soil Columns. Despite the fact that
followed by a period of little changes. Differences between the soil columns were well drained and their permeability was
fertilizers should be pointed out, especially for a rate of 20 mg moderate, the amount of Zn leached was very small, not only
Zn kg L. Significant differences were found in this fraction for control columns but also for those treated with Zn fertilizer
between these two fertilizers and the other four (Sables 3 (less than 1% of the Zn applied) except in the case of Zn-EDTA.
and 4). For the other four Zn fertilizers after 15 days, the The results of total Zn leached (mg Zn) from the control columns
concentration of Zn in the WSEX fraction was less than 0.1 and fertilizer treatments were as follows: control, 0.09;
mg kg! in all cases and was not detected by the end of the Zn-EDDHA, 0.22; Zn-heptagluconate, 0.15; Zn-polyflavonoid,
experiment. In the OC fraction, which also decreases with time, 0.15; Zn-lignosulfonate, 0.20; and Zn-phenolate, 0.22. With the
the behavior of the fertilizers is different from that observed in Zn-EDTA treatment, the concentration of Zn (mg%.in the

the DTPA and WSEX extractions. The highest concentrations eight leachates averaged 0.07, 0.73, 3.33, 4.27, 5.40, 2.07, 1.67,
were for Zn-EDDHA at a rate of 10 mg Zn k§ and and 0.93. The concentration increased with time and reached a
Zn-heptagluconate at a rate of 20 mg Zn kgEDTA and maximum in the fifth fraction (approximately 40 days, 1.18 pore
EDDHA are able to complex Zn more strongly than the others volume) and then decreased. Total Zn recovered in the leachates
and therefore decrease the sorption of Zn by soil constituentswas 2.68 mg (11.2% of Zn applied). These results can be
(e.g., the high montmorillonitic clay content). On the other hand, explained by the stability of the complexes, which is in
as Ca is abundant in this soil, it competes with Zn, displacing agreement with that obtained in the fractionation of soil (WSEX

it from the organic Zn chelates and more easily from the natural values) in the incubation experiment. This behavior has also
Zn chelates because these complexes are less s&bMith been observed with the same fertilizers in a Calcic Haploxeralf
respect to the other fractions, most of the Zn applied was found (neutral) soil. The addition of Zn-EDTA produced a loss of 36%
in relatively high amounts in the RES and AFeO fractions. The Zn by leaching, and Zn leached very little with the other five
results of the incubation experiment suggest that in general thetreatments (16).

Zn-EDTA fertilizer behaves as the best micronutrient source, It should be pointed out that the soil column methods used
followed by the Zn-EDDHA fertilizer, on the type of soil are a simplification of the natural processes. According to Li
studied. and Shuman (44), the Zn movement with soluble organics in
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Table 5. Concentrations of Total Zn and DTPA and Mehlich-3 Extractable Zn (mg kg ~)2 in Soil Columns with Different Zn Fertilizer Treatments

Znmg kg!
days after application
30 days 60 days
treatment depth (cm) total Zn DTPA Mehlich-3 total Zn DTPA Mehlich-3

control 0-7 84.892 0.502 2.232 84.522 0.522 2.14@
7-17 83.002 0.392 2152 83.112 0.362 1.952

17-27 83.252 0.392 2.112 83.032 0.382 1.802

Zn-EDDHA 0-7 147.394 19.584 26.17 144.17¢ 18.134 24.21¢
7-17 89.112 2,592 5.802b¢ 90.15% 2.052 5.32b
17-27 86.622 1.632 3.47% 87.77% 0.982 2,972

Zn-EDTA 0-7 110.92¢ 6.05¢ 10.58% 102.56¢ 4,780 9.27¢
7-17 103.95¢ 6.93¢ 13.52¢ 106.574 6.65¢ 12.70d

17-27 94,910 4,450 8.84¢d 95.280¢ 5.76¢ 9.23¢

Zn-heptagluconate 0-7 153.89¢ 30.23f 44,06 151.23¢ 26.30¢f 42.509
7-17 85.042 0.442 2.202 85.0220 0.462 2.15%
17-27 85.202 0.492 2172 86.66% 0.532 1,968

Zn-polyflavonoid 0-7 152,824 29.95 48.75 151.708 28.75f 42.559
7-17 87.45% 0.692 2.392 88.0320 0.632 2.8620
17-27 84.892 0.432 2.242 84,8920 0.692 2.4120

Zn-lignosulfonate 0-7 149,194 26.88¢ 39.559 147.40¢ 25.76¢ 38.54f
7-17 86.002 0.642 3.062 87.61a0 0.872 3.26%

17-27 85.96% 0.392 2.382 86.96% 0.402 1.832

Zn-phenolate 0-7 148,054 24.20° 36.25° 146.71¢ 23.75¢ 37.09f
7-17 90.0720 3.018 7.11bcd 91.15% 2.86% 3.0720
17-27 84.622 0.392 2.132 83.122 0.432 1.962

2|n the same column, means followed by the same letter are not significantly different at the 0.05 level of probability.

the field will be much slower than in the soil columns due to Table 6. Zinc Fractions (mg kg=4)2 at 07 cm in Soil Columns
the heterogeneity of soils. The results of leaching with organic Amended with Zn Fertilizers and Incubated for 60 Days
Zn complexes in soil columns may represent a long period of

time under natural field conditions. Znmg kg™t

The concentration values of total Zn and DTPA and treatment ocC CAR  MnO AFeO CFeO  RES
Mehlich-3 extractable Zn at depths of-0, 7—17, and 1#27 control 038 015 008 453 199  77.39
cm after 30 and 60 days of leaching are presentethinle 5. Zn-EDDHA 26.38°  0.74° 079" 19418 2.35¢ 9450
For total Zn concentrations, the differences observed between Z1-EDTA 918> 050" 068" 1263 150°  78.07°

. . - d d c C c b
the control columns and the columns with fertilizers were very §22§@§?§$ﬂiﬁ?§‘e iiéia iggd 18; ii'igbc gg;bc ggggb

large in the upper part of the soil profile in all cases and in  zpignosuffonate ~ 30.11%  1.28'  1.37¢ 15734 2120 96.79b

general diminished with the depth. With time, small decreases Zzn-phenolate 29.06%  1.03¢ 1.02¢ 18.23% 2,05 95320

in Zn concentrations were observed in the®cm depth and

small increases can be observed at depths of 7—17 and 17—27 2Water soluble plus exchangeable fraction was not detected. In the same

cm. For the different fertilizers, the order of Zn concentrations column, means followed by the same letter are not significantly different at the

in the 0-7 cm depth was the opposite of that in theT77 and 0.05 level of probability.

17—-27 cm depths; this implied higher mobility for the Zn-EDTA

fertilizer. fraction with the Zn-EDDHA treatment and more so with the
In all cases, Zn extracted with Mehlich-3 was higher as Zn-EDTA treatment. The distribution of Zn in the-G cm soil

compared to DTPA. The order of these values was the same layer (Table 6) differs from the control columns in this

in general, as for total Zn in the three sampling depths showing experiment and also in the soil incubated with fertilizers, because

a relationship between mobility and availability. Significant a significant part of the added Zn accumulated in the OC

differences for the three variables (total Zn and DTPA and fraction. This relates to the results of extractable Zn (e

Mehlich-3 extractable Zn) were found among the fertilizer 5) and can be caused by irrigation that has been associated with

treatments (P< 0.001) and among sampling depthB € significant increases in plant available Zn (DTPA and Mehlich-3

0.0001). In addition, there were significant main effects caused extractions). According to Teutsch et al. (45), Zn in soils is

by time for DTPA @ < 0.001) and Mehlich-3 extractable Zn affected by rainfall in an indirect way through the phases with

(P < 0.0001), which decreased with time after application. For which it is associated. Differences in behavior among the

DTPA and Mehlich-3 extractable Zn, significant interactions fertilizer treatments were also noted in the-0D cm soll

(P < 0.01 andP < 0.0001, respectively) were obtained among depending on the mobility and leachability of the fertilizers.

the type of fertilizer, sampling depth, and time. Zinc concentrations in the OC fraction were approximately three
The results of the Zn fractionation procedure in the three soil times lower with Zn-EDTA fertilizer than with the other five

layers at the end of the column experiment showed that in all Zn fertilizers. The AFeO fraction was slightly lower as compared

of the cases, the WSEX fraction was negligible after adding to the other fertilizers, and the RES fraction did not increase as

water. For Zn materials that hardly moved into the 7—17 and compared to the control columns.

17—-27 cm soil layers, the distribution in the different fractions Relative Effectiveness of Zinc Sources for MaizeThe

was similar in both layers and it was also similar to the control effect of fertilizer treatments on maize dry matter and Zn

columns, which did not appreciably vary from the original soil. concentrations in corn seedling plants can be observédhie

In these layers, Zn concentrations increased slightly in the OC 7. With regard to dry matter, significant yield increases as
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Table 7. Dry Matter Yield and Zn Concentration in Corn Seedlings as was the only treatment that led to a concentration of 50 mg Zn
Affected by Different Fertilizer Treatments? kg™t in dry matter, which is given by some authors as the
' convenient minimum for this plant to be used as feeding fodder
Zn applied dry matter Zn conen for different animals (46).
treatment kg~ ield 1y kg™ - -
feammen (g kg™ yield g pjr poy (mg ga ) To compare fertilizer efficiency, Zn uptake was calculated
control 0 932 869" per pot. A higher Zn rate increased Zn uptake, as was reported
Zn-EDDHA 10 59.07¢ 13.544 7 o .
20 60.941 24.24¢ by Maftoun and Karimian47). This is due to a higher dry
Zn-EDTA 10 53.42¢f 25.20¢ matter yield in all cases, but for Zn-EDTA and Zn-EDDHA,
20 60-72Lc 50-912b an increase in Zn concentration in plants was also observed.
Zn-heptagluconate 10 31867 12927 Zn-heptagluconate, with a rate of 20 mg Zn-kgproduced
20 57.17¢ 16.61
Zn-polyfiavonoid 10 26,600 1176 more Zn uptake by the plants (0.95 mg Zn per pot) than Zn-
20 45.29¢de 12,668 polyflavonoid, Zn-lignosulfonate, and Zn-phenolate. Zn-poly-
Zn-lignosulfonate 10 25.772f 11.26as flavonoid, Zn-lignosulfonate, and Zn-phenolate showed little
20 4753 11.69¢ differences between the Zn uptakes with the two rates of
Zn-phenolate 10 31.52bc 12.56% - . . .
20 34 8gbcd 15,612 applications. Zinc uptake with Zn-EDTA was the largest with
a rate of 20 mg Zn kgt reaching 3.09 mg Zn per pot, followed
2In the same column, means followed by the same letter are not significantly by Zn-EDDHA that reached 1.47 mg Zn per pot with the same
different at the 0.05 level of probabiliy. rate. Lopez-Valdivia et al.48) reported that when the same

six fertilizers were applied to an Aquic Haploxeralf (acidic) soil
compared with the control (untreated Zn) were found in all of I & greenhouse maize growth experiment, the highest percent-
the cases due to the application of Zn fertilizePs< 0.0001). ages of Zn taken up by the plants occurred when a rate of 20
In the fertilized pots, the yield was between 2.8 and 6.5 times M9 Zn kg'* was applied as Zn-EDTA fertilizer and a rate of
larger as compared to the control. With each fertilizer, the yield 10 Mg Zn kg* as Zn-lignosulfonate fertilizer, and the Zn
increased with the increasing rate of Zn applied. However, the Percentage taken up by the plants with Zn-EDDHA was bigger
application of Zn-EDDHA and Zn-EDTA fertilizers at a rate than with the other threg f(_artlllzers. Prasad and S_lnha_ (49) as
of 10 mg Zn kg'! led to a similar yield as the application of 20  Well as Maftoun and Karimiard?) suggested that diffusion is
mg Zn kg of Zn-heptagluconate fertilizer and the yield reached the main mechanism cont_rlbutlng to Zn nutrition of crops in
was less in the pots fertilized with the other three Zn sources at @lkaline and calcareous soils, and the application of very stable

a rate of 20 mg Zn kgt sources enhances the diffusion flow and the uptake of Zn by
Differences in the Zn concentration in plant samples were MaiZe roots.

observed between fertilizer treatmeni € 0.0001). In com- The results of the extractions performed on soil collected after

parison with the control treatment, Zn concentration in plant the harvest of maize are shownTable 8. All Zn complexes

was 2.8 times larger for 20 mg Zn kfof Zn-EDDHA fertilizer were effective in increasing soil DTPA and Mehlich-3 extract-

and 2.9 and 5.9 times larger for 10 and 20 mg Zn'agf Zn- able Zn, which was largest at a rate of 20 mg Zn'ipr all

EDTA fertilizer. Besides, the influence of the rate is significant sources. In all fertilizer treatments, extracted Zn concentrations
only with Zn-EDDHA and Zn-EDTA fertilizers. The rest of reached much larger values than those reported as critical for
the fertilizer treatments produced similar concentrations with the two methods in alkaline soils: 1.0 mggoy the DTPA

no influence of the Zn rate. According to Jond3, (a typical extraction (50) and 1.8 mg kg by the Mehlich-3 extraction
sufficiency range for a maize crop is 2500 mg Zn kg? in (51). The amount of Zn that remained available in the soil also
dry matter of mature leaves from new growth. Although the depends on the source. With the results of the column and
Zn rates applied in this study were very high, only the Zn-EDTA greenhouse experiments, a simple linear regression analysis
(10 and 20 mg Zn kg rates) and Zn-EDDHA (20 mg Zn kg defining the relationship between the two extractions of Zn
rate) treatments produced a sufficient concentration in the plantavailable in soil was computed. The equation of the fitted model
tissue. On the other hand, Zn-EDTA at a rate of 20 mg Zntkg is Mehlich-3= 1.71+ 1.44 DTPA (P< 0.0001). The R-squared

Table 8. Zinc Fractions, DTPA, and Mehlich-3 Extractable Zn (mg kg=%)2 in Soil after Maize Harvest

Znmg kgt
Zn applied Zn fraction
treatment (mg kg™ ocC CAR MnO AFeO CFeO RES DTPA Mehlich-3

control 0 0.302 0.062 0.022 413 1.642 79.552 0.292 0.792
Zn-EDDHA 10 1.45¢d 0.220¢d 0.04b¢ 8.84¢ 2.24% 79.642 1,97 5.07¢

20 2.63f 0.32¢ 0.04b¢ 10.96¢f 2.45¢ 84.610c 3.93¢ 8.368
Zn-EDTA 10 1.594 0.17b¢ 0.022 8.15¢ 2.23¢ 79.712 2.29¢ 4.43b¢

20 3.979 0.52¢ 0.040¢ 12.67'9 2.36¢ 79.742 4.34¢ 9.87f
Zn-heptagluconate 10 1.41%d 0.18% 0.032 8.42¢ 1.94abc 80.362 1.84P 4,16

20 3.89¢ 0.33¢ 0.0320 13.119 2.30¢ 81.392 4,55 10.27f
Zn-polyflavonoid 10 1,190 0.132bc 0.022 6.21° 1.652 82.3500¢ 2.14pc 393

20 2.19¢ 0.40¢ 0.05° 10.47¢% 1.72% 84.94b¢ 2.86¢ 6.80¢
Zn-lignosulfonate 10 0.83 0.118 0.022 9.43cde 1.672 79.802 1.81° 3.88°

20 2.65 0.23« 0.04b¢ 10.51¢% 1.878 84.31° 3.20¢ 7.86¢
Zn-phenolate 10 1.23% 0.11ab 0.03% 8.79« 1.78% 80.592 1.79° 3.550

20 2.32¢f 0.30% 0.032 9.620de 1.99b¢ 85.11¢ 3.25¢ 8.23¢

2 \Water soluble plus exchangeable fraction was not detected. In the same column, means followed by the same letter are not significantly different at the 0.05 level of
probability.
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statistic indicates that the fitted model explains 99.1% of the Zn-EDTA fertilizer proved to be the most efficient source of

variability in Mehlich-3 extractable Zn. Novillo et al52)

Zn for maize seedling in this soil (under greenhouse conditions)

reported, in soils treated with organic Zn sources, that the than the others five Zn sources.

Mehlich-3 extraction can be an acceptable soil analysis alterna-
tive to the DTPA-CaCGITEA extraction. Abreu et al53) found

that high correlation coefficients are obtained when the con-
centrations of Zn in the extracted soils were high. Both
extraction procedures correlated with plant yield (DTPA<
0.01,R? = 60.6%, and Mehlich-® < 0.01,R? = 58.2%) and
with lower significance level with Zn concentration in plants
(DTPA P < 0.05,R? = 34.8%, and Mehlich-? < 0.1,R? =
29.4%).

For sequential Zn fractionation in the control solil, differences
with regard to the original soil were not observed. In the pots
with fertilized soil, the MnO fraction did not increase as
compared to the control soil at any Zn rate and the CFeO and
RES fractions increased slightly with little influence of the rate.
The order of the OC and CFeO fractions changed with the rate
of Zn applied. With a rate of 10 mg Zn kg, the order was the
same as with the original soil: RES, AFeO, CFeO, OC, CAR,
and MnO fractions. With a rate of 20 mg Zn &g the OC
fraction was larger than the CFeO fraction for all fertilizer
treatments. A correlation can again be noted between the Zn
concentration in the OC fraction and the Zn extractable with
DTPA and Mehlich-3. The differences noted by means of the
sequential extraction would be due to the physicochemical
changes in the soils caused by the maize cropping. Ahumada
et al. 64) reported that crops can affect the soil Zn distribution;
Zn is distributed in all fractions, but the prevailing form is that
associated with iron oxides and organic matter, in the case of
the soil cultivated with lettuce, while Zn associated with iron
oxides prevails in the soil cultivated with celery.

The addition of Zn complexes did not produce an increase
in Zn in the most labile fraction (WSEX) after the maize harvest.
Besides, this fraction is depleted by crop uptake, and the
physicochemical characteristics of this soil (e.g., the high
montmorillonitic clay content, alkaline pH, and the presence
of CaCQ) can result in less lability of Zn complexes. Tiller et
al. (55) found that with soil clay containing a high proportion
of montmorillonite, specific Zn sorption was still high after 2
weeks. In addition, according to Jeffery and Urd6)( Zn
availability decreases to very low levels at high soil pH. The
information supplied by sequential Zn fractioning corresponded
with that provided by the maize plant. Significant correlations
between dry matter yield (P< 0.01, R? = 89.3%), Zn
concentration in plant tissué (< 0.1, R2 = 80.5%), and soil
Zn fractions were obtained. These results indicated the contribu-
tion of the different forms or associations of Zn in soil to the
uptake by plants.

Finally, the incubation and column experiments provided
complementary information to the greenhouse experiment on
fertilizer mobility. The better short-term response of maize to
Zn-EDTA might be attributed to the greater mobility and
adequate distribution of Zn in soil from that fertilizer source.
The irrigation regimen in soil columns influenced the distribution
of Zn in the different fractions as the OC fraction value was
enhanced by the copious irrigation. The order of the available
quantities extracted in the two laboratory experiments cannot
be compared due to the migration and leaching that occurred
in the columns. The incubation experiment showed that when
Zn-EDTA was applied, Zn remained more labile (WSEX
fraction and available Zn) than with Zn-EDDHA and, in both
cases, more labile than with the other four fertilizers. These
results are verified by Zn uptake by the maize plants. Thus,
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