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Long-term effectiveness of vivianite in reducing iron chlorosis in olive trees
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Abstract

Iron (Fe) chlorosis is common in olive (Olea europaea L.) trees growing on highly calcareous soils in Southern
Spain, where generally causes reduction in yield, size and commercial value of the olives. The objective of this
research was to study the effectiveness of synthetic vivianite (Fe3(PO4)2·H2O) to reduce Fe chlorosis in olive.
Experiments were established in three orchards with cultivars ‘Hojiblanco’, ‘Manzanillo’, and ‘Picual’. The design
was a randomised block design with two or three treatments (control with no Fe fertiliser and vivianite at one or
two rates). A vivianite suspension (0.05 kg dm−3 water) was injected into the soil at 10–20 points around the tree
at the depth of maximum root density (25–35 cm). The rates (and times of application) were 0.5 and 1 kg tree−1

for ‘Hojiblanco’ (March 1997), 1 kg tree−1 for ‘Manzanillo’ (March 1998), and 2 kg tree−1 for ‘Picual’ (March
1998). The leaf chlorophyll content index (CCI) was estimated on the youngest expanded leaves by means of a
Minolta apparatus (SPAD units). The colour index of the olives was estimated by visual comparison with a scale
ranging from 1 (pale yellow) to 8 (normal green). For the period studied (July 1997–November 1999), the CCI of
fertilised trees was, in general, significantly higher than that of control trees, and so was the case with the olive
colour index. Olive yield, measured in the experimental fields with ‘Hojiblanco’ (in 1999) and ‘Manzanillo’ (in
1998 and 1999), was higher for the fertilised than for the control trees but differences were only significant in 1999.
These results suggest that vivianite is effective to reduce Fe chlorosis for more than two seasons. Such effectiveness
is probably due to the poorly crystalline Fe(III) oxides (which are good sources of Fe to plants) that result from the
slow oxidation and incongruent dissolution of vivianite.

Abbreviations: ACCE – active calcium carbonate equivalent; CCE – calcium carbonate equivalent; CCI – chloro-
phyll content index; CEC – cation exchange capacity; EC – electrical conductivity; Feo – oxalate-extractable Fe;
Feca – citrate/ascorbate-extractable Fe

Introduction

Iron chlorosis is commonly observed in olive trees cul-
tivated on highly calcareous soils of Southern Spain.
It is easily recognised by the typical interveinal yel-
lowing of the young leaves and generally results in
yield reduction, yellowing of the olives (which makes
them of little commercial value for direct consump-
tion), and decrease in the stability and chlorophyll and
carotenoids contents of the virgin olive oil. This has
nutritional significance, since carotenoids are anticar-
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cinogenic and anti-ulcer agents (Mínguez-Mosquera
et al., 1991).

Studies over the past ten years showed that vivi-
anite (Fe3(PO4)2·8H2O), mixed with, or injected into
the soil at rates of about 1 g kg−1 was effective
to prevent Fe chlorosis in chickpea (Eynard et al.,
1992) and ‘Picual’ olive trees (Marta, 1999) grown in
pots, and in pear trees cultivated following the usual
farmers’ practices (del Campillo et al., 1998). In pot
experiments, vivianite was as effective as chelate (Fe-
EDDHA) to prevent Fe chlorosis; in the experiments
with pear trees, vivianite was effective even five years
after application.
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The potential value of vivianite as a source of Fe
to plants is supported by its high Fe content (>30%)
(Eynard et al., 1992) and the low price of the products
needed for its synthesis. Moreover, vivianite suspen-
sions are not toxic, can be readily prepared before ap-
plication, and contain, when prepared in the simplest
way, fertiliser N and P.

The objective of this research was to test the ef-
fectiveness of vivianite to prevent Fe chlorosis in olive
trees. For this purpose, we carried out field experi-
ments with three different olive cultivars, which were
studied for two or three growing seasons.

Materials and methods

Experimental fields and vivianite application

Three olive orchards located in Andalusia (Southern
Spain) were selected for this study. Trees in these or in
adjacent orchards had shown symptoms of chlorosis
from 1995 to 1997, as evidence by interveinal yel-
lowing of the youngest leaves. This yellowing dimin-
ished or dissapeared upon treatment with Fe fertilisers
(either Fe chelate applied to the soil or Fe(III) salts
injected into the tree trunk).

The location, age and cultivar of the three orchards
were, respectively: (1) Province of Seville, one-year-
old ‘Hojiblanco’; (2) Province of Málaga, twenty-
year-old ‘Manzanillo’, and (3) Province of Jaén,
eighty-years-old ‘Picual’. For each orchard, composite
samples from the surface horizon (0–15 cm) and from
the horizon with maximum root density (generally, at
a depth of 15–35 cm) were collected. Each composite
sample was the combination of four subsamples. Soil
samples were air-dried and passed through a 2 mm
sieve before analysis. Organic matter was determined
by dichromate oxidation (Walkley and Black, 1934),
particle soil distribution analysis was determined by
the pipette method, and cation exchange capacity
(CEC) by the method of 1 M NH4OAc buffered at pH
7. Soil pH was measured in a 1:2 soil:water mixture
and electrical conductivity (EC) was measured in a
1:5 soil:water extract. Total CaCO3 equivalent (CCE)
was determined by weight loss after treating 2 g of
sample with 6 M HCl. The active calcium carbonate
equivalent (ACCE) was determined with NH4-oxalate
as described by Drouineau (1942). The acid oxalate-
extractable Fe (Feo) was determined according to
Schwertmann (1964), with 0.25 g of sample in 50 cm3

of 0.2 M NH4 oxalate at pH 3. The citrate/ascorbate-

extractable Fe (Feca) was determined according to
Reyes and Torrent (1997).

A randomised block design was used with (1) two
blocks, three treatments (control with no Fe fertiliser,
0.5, and 1 kg of vivianite tree−1), and four trees per
plot in the ‘Hojiblanco’orchard; (2) five blocks, two
treatments (control with no Fe fertiliser and 1 kg of
vivianite tree−1), and two trees per plot in the ‘Man-
zanillo’ orchard, and (3) five blocks, two treatments
(control with no Fe fertiliser and 2 kg of vivianite
tree−1), and two trees per plot in the ‘Picual’orchard.
In this orchard a third treatment with Fe chelate (50
g Fe-EDDHA tree−1 applied to the soil in April
1999) was added. After the experiments, the statist-
ical analysis was carried out using the Costat Program
(CoHort Software, Minneapolis, MN). Means were
separated by the LSD (Least Significant Difference)
test (P <0.10).

Vivianite application

Vivianite, in the form of suspension, was applied in
March 1997, March 1998, and March 1998 to the
‘Hojiblanco’, ‘Manzanillo’, and ‘Picual’ fields, re-
spectively. In the ‘Hojiblanco’ field, vivianite powder
was suspended in water at a concentration of 0.05
kg dm−3. This vivianite had been previously synthes-
ised by bringing 100 dm3 of a solution containing 16
kg of FeSO4·7H2O and 3.6 kg of H3PO4 to pH 6.5
with KOH. The resulting suspension of vivianite was
washed several times with water until salt free (EC
<0.2 dS m−1), air-dried and finally stored in plastic
bags. In the ‘Manzanillo’ and ‘Picual’ orchards the
vivianite suspension was prepared directly in the field
by dissolving first 2.5 kg of (NH4)2HPO4 in a tank
with 100 dm3 of water. Then, 7.5 kg of FeSO4·7H2O
were added in several steps while stirring. After dis-
solution of this salt, a gelatinous suspension formed
which rapidly transformed into a thin suspension of
partly oxidized vivianite with a pale greenish-blue col-
our. This suspension contained about 0.05 kg vivianite
dm−3 in the form of particles of 2–10 µm, which were
kept in suspension by gentle stirring.

The suspension of vivianite (either prepared from
the powder or synthesised directly in the field) was in-
jected into the soil using a T-shaped injector connected
to a tank. The pressure and the volume of suspension
applied were controlled with the injector. The suspen-
sion was injected into the soil at a depth of 25–35 cm
(where active root density was high) at 10–20 points
regularly distributed below the tree canopy. At each
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Table 1. Selected properties of samples from surface (A) and subsurface (B) soil horizons

Cultivar Horizon Organic Clay CCEa ACCEa CECa pH ECa Fe fomsa

matter (H2O) (1:5)

Feo Feca

cm —————— g kg−1 —————— cmolckg−1 dS m−1 — g kg−1 —

‘Hojiblanco’ 0–15 9 278 500 310 25 8.4 0.12 0.30 0.45

‘Manzanillo’ 0–15 20 217 656 252 13 8.2 0.19 0.10 0.18

‘Manzanillo’ 15-35 10 238 770 260 11 8.6 0.14 0.17 0.36

‘Picual’ 0–15 10 262 593 242 21 8.1 0.24 0.28 0.58

‘Picual’ 15-35 11 275 675 287 19 8.3 0.12 0.21 0.47

aAbbreviations: CCE, calcium carbonate equivalent; ACCE, active calcium carbonate equivalent; CEC, cation exchange capacity; EC, electrical
conductivity; Feo, oxalate-extractable Fe; Feca, citrate/ascorbate-extractable Fe.

Table 2. Olive colour index of ‘Manzanillo’ and ‘Picual’ olive treesa

Cultivar 1998 1999

Control (-Fe) Fertilised with Control (-Fe) Fertilised with Fertilised with

vivianite vivianite Fe chelate

‘Manzanillo’ 6.1a 7.4b 4.4a 6.5b

‘Picual’ 3.9a 5.8b 6.0b

aMeans in the same row followed by the same letter are not significantly different (P <0.10).

point, between 0.5 and 2 dm3of suspensionwere in-
jected. Injection was carried out when soil moisture
content was between wilting point and field capacity.

Plant analyses

At selected times, 30 randomly picked shoots were
taken from each tree at about 1.60 m from the soil
surface. From each shoot, the chlorophyll content in-
dex (CCI) of the youngest fully expanded leaf was
estimated by a Minolta apparatus (SPAD units). In
the ‘Manzanillo’, and ‘Picual’ fields, the CCI was
measured before applying vivianite (March 1998), and
in May, July and October 1998, and May, July and
November 1999. In the ‘Hojiblanco’ field, CCI was
also measured in July and October 1997 (vivianite
had been applied in March 1997). We discarded us-
ing leaf Fe concentration as a measure of the Fe status
in the olive trees because leaf Fe concentration is not
generally well correlated with leaf chlorophyll content
under field conditions. This so-called “chlorosis para-
dox” (Morales et al., 1998; Römheld, 1997) is likely
due to the effect that Fe chlorosis has on leaf growth.

The colour of the olives was measured in Septem-
ber 1998 and September 1999 for the ‘Manzanillo’ and
in September 1999 for the ‘Picual’ trees. For each tree,
the degree of chlorosis of 16 randomly picked olives

was estimated using a visual scale from 1 (pale yel-
low to 8 (normal green). Olive yield was measured in
the ‘Hojiblanco’ (1999) and ‘Manzanillo’ (1998 and
1999) fields.

Results

Soil properties

Selected soil properties of the experimental fields are
summarised in Table 1. Organic matter ranged from 9
to 20 g kg−1. The CCE varied between 500 and 675
g kg−1 and the ACCE between 242 and 310 g kg−1,
consistent with a pH range of 8.1–8.6. The contents
in Feo and Feca, which can be used as estimates of the
content in poorly crystalline Fe oxides (Reyes and Tor-
rent, 1997), were low (Feo = 0.10–0.30 g kg−1; Feca =
0.18–0.58 g kg−1). These values are below the critical
values that separate soils that induce Fe chlorosis in
olive from those that do not (0.35 g Feo kg−1 and 0.60
g Feca kg−1)(Benítez et al., 2000).

Effectiveness of vivianite

The time course of the CCI is shown in Figure 1.
Control trees showed clear visual symptoms of Fe
chlorosis through the period of sampling in the three
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Figure 1. Time course of the leaf chlorophyll content index (SPAD units) for ‘Hojiblanco’, ‘Manzanillo’, and ‘Picual’ olive trees for different
Fe fertiliser treatments. For the same cultivar and time of measurement, values marked with the same letter are not significantly different (P
<0.10).
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Table 3. Yield of ‘Hojiblanco’ and ‘Manzanillo’ olive treesa

Cultivar 1998 1999

Control (-Fe) 1.0 kg vivianite Control (-Fe) 0.5 kg vivianite 1.0 kg vivianite

tree−1 tree−1 tree−1

———————————————————kg tree −1——————————————————–

‘Hojiblanco’ 4.9a 6.8a 10.4b

‘Manzanillo’ 21.3a 29.7a 18.3a 26.9b

aMeans in the same row followed by the same letter are not significantly different (P <0.10).

experimental fields. However, the CCI of the leaves
of chlorotic trees was not uniform during the growing
season. It generally increased from spring to autumn,
apparently because leaves became older and thicker
(it must be noted that the SPAD units are transmis-
sion measurements). When it was visually evident that
leaf growth had taken place in autumn (e.g., October
1997 and November 1999 for ‘Hojiblanco’), the SPAD
readings were lower in autumn than in summer.

In 18 out of the 20 measurements made at different
fields and times, the CCI for the vivianite-treated trees
was significantly (P <0.10) higher than the CCI for
the control trees. For the ‘Hojiblanco’ field, the lower
vivianite application rate (0.5 kg tree−1) resulted in
a significant CCI increase only in four of the eight
measurements.

Figure 1 shows that the relative difference in CCI
between the treated and control trees did not depend
on the time of sampling. This makes it difficult to se-
lect the best sampling time to observe differences in
experiments aimed at studying the effect of vivianite
and other Fe amendments on olive.

Despite their higher CCI relative to control trees,
most vivianite-treated trees showed some visual de-
gree of Fe chlorosis, indicating that vivianite was not
totally effective to prevent Fe chlorosis. However, in
the ‘Picual’ field, where the results of applying vivan-
ite and Fe chelate were compared, chelate was, in
terms of CCI, only a little superior to vivianite applied
two years before.

The olive colour index measured in ‘Manzanillo’
(1998 and 1999) and ‘Picual’ (1999) was significantly
higher for fertilised than for control trees (Table 2).
No significant differences in this index were observed
between vivianite- and Fe chelate-treated trees in the
‘Picual’ field in 1999 (Table 2).

Olives were harvested in September 1998 and
September 1999 in the ‘Manzanillo’ field and in
September 1999 in the ‘Hojiblanco’ field. The
vivianite-fertilised trees always yielded more olives

than the control trees but the differences were signi-
ficant only in 1999 (Table 3).

Discussion

Vivianite is efffective in reducing Fe chlorosis in olive
trees, as indicated by the CCI data (Figure 1) and the
olive colour index (Table 2). This effect is reflected in
the higher yield of vivianite-treated relative to control
trees (Table 3). Because all experimental plots (includ-
ing the control ones) were fertilized by the farmers
with N and P at rates much higher than those con-
tained in the vivianite suspension, differences between
vivianite-treated and control plots cannot be ascribed
to the effect of fertilizer N or P.

Our results suggest that vivianite is almost as ef-
fective as Fe chelate in reducing Fe chlorosis in olive.
In addition, the anti-chlorotic effect of vivianite lasts
seemingly for more than two years. This is consistent
with the aforementioned experiments with pear trees,
for which the application of vivianite was effective to
reduce Fe chlorosis for five growing seasons.

We hypothesize that the effectiveness of vivianite
in reducing Fe chlorosis lies in the type of altera-
tion products that are formed upon its oxidation and
incongruent dissolution. The hydrolysis of Fe salts
in the presence of phosphate (as it is the case with
vivianite) yields poorly crystalline Fe oxides, such
as ferrihydrite (Schwertmann and Taylor, 1989) or
lepidocrocite (Cumplido et al., 2000; Gálvez et al.,
1999). Poorly crsytalline Fe oxides are good sources
of Fe to plants, as suggested by the negative correla-
tion between degree of Fe chlorosis in different plants
and soil Feo or Feca content (del Campillo and Torrent,
1992; Loeppert et al., 1988; Yanguas et al., 1997), and
pot experiments with ferrihydrite as an Fe amendment
(Vempati and Loeppert, 1986). Although the solubility
of vivianite at the typical alkaline pH of calcareous
soils is low, its incongruent dissolution is likely to be
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favoured by removal of its phosphate as a result of:
(1) root uptake; (2) adsorption on active soil surfaces
(Fe oxides, calcite), and (3) precipitation as insoluble
Ca phosphates. Continuous passsage of phosphate to
these sinks probably determines a slow and continu-
ous formation of poorly crystalline Fe oxides; this
would explain the observed long-term effectiveness of
vivianite in reducing Fe chlorosis.
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