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ABSTRACT 

Iron (Fe) is a widely deficient micronutrient in agriculture particularly on alkaline and 

calcareous soils due to formation of insoluble compounds in soil as well its inactivation 

in plant body. Several soil-related characteristics may lead to development of Fe 

chlorosis. Prediction of development of Fe chlorosis on basis of single soil parameter is 

not easy for perennial crops. To cure Fe deficiencies, right choice of rootstock and 

efficient Fe sources for soil application need to be explored. The present project was 

designed to study the different soil Fe forms, soil properties and their relation with citrus 

leaf Fe. For soil solution Fe studies, Buchner Funnel Technique (BFT) was used to 

determine water soluble Fe in different soils and Fe buffer power of different soils. 

Different Fe sources were tested in their ability to provide soluble Fe over period of time. 

Responses of different citrus rootstock seedling were evaluated in calcareous medium. 

DTPA-extractable Fe and water soluble Fe though represents the available Fe in soils 

were found unable to justify the symptoms of Fe chlorosis on citrus leaves in our study. 

Ferrihydrite Fe oxide is the main source of soil Fe in calcareous soils and controls plant 

available Fe at each depth. Soil pH was found in inverse relation to leaf active Fe. Water 

soluble Fe extracted from different soils using BFT revealed that all soils were above the 

critical level of 1 µM Fe required for mass flow. While comparing different Fe sources, 

we found organic amendments better than inorganic amendments in their ability to supply 

Fe over long period of time. Inorganic Fe sources rapidly became insoluble regardless of 

soil type. Vivianite was found slightly resistant to oxidation as compared to FeSO4. 

Among chelates EDDHA is highly stable as compared to DTPA. Citrus rootstock 

seedlings responded differently with application of Fe with and without CaCO3 in growth 

medium. Rootstocks differed in their ability to take up Fe from CaCO3 medium and to 

efficiently utilize Fe.
 
Rough lemon found to be efficient rootstock to cope Fe nutrition 

disorders  
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CHAPTER I 

INTRODUCTION 

 

Plants growing on alkaline and calcareous soils commonly suffer from iron (Fe) 

deficiency (Mengel et al., 1984). Iron chlorosis is the second most important 

micronutrient disorder in arid calcareous environment after zinc (Rashid et al., 1997). 

Calcareous soils represent about one-third of world arable lands and are usually 

characterized by high in calcium carbonate levels. Legumes, citrus, and deciduous fruits 

growing on these soils are more susceptible to Fe chlorosis (Rashid and Ryan, 2004). 

Fruit trees are most affected and about 20 to 50% fruit trees suffer from Fe chlorosis in 

calcareous soils (Jaeger et al., 2000).  

Traditionally, Fe chlorosis has been related to soil carbonate contents, but there 

are numerous factors that may contribute either independently or in combination to the 

development of chlorosis. These factors include: low Fe supply,  irrigation water with 

high bicarbonate, heavy irrigation or waterlogged conditions, carbonate mineralogy, high 

phosphate levels, high levels of heavy metals, low or high temperatures, high light 

intensities, high levels of nitrate nitrogen, nutrient imbalances, soil aeration, certain low 

organic matter in soil, soil and plant pathogens and other organisms (White and Robson, 

1989; Wei et al., 1994;  del Campillo and Torrent, 1992a; Lucena, 2000; Velàzquez et 

al., 2004). 

Low Fe supply can be attributed to lower solubility of soil Fe forms, which is due 

to the formation of relatively insoluble ferric-hydroxides in oxygen rich environments 

(Miller et al., 1984; Mengel, 1994). Several different Fe(III) oxides have been identified 

in soils (Schwertmann and Taylor, 1989). The solubility of Fe oxides is very low, at pH 

8, goethite (FeOOH) can support only 0.56 atoms of Fe(III) per liter (Lindsay, 1995). 

Among the Fe oxide forms,  poorly crystalline Fe oxide (Ferrihydrite) are  important and 

main source of Fe for plants growing in calcareous soils (Loeppert and Hallmark, 1985; 

Morris et al., 1990;
 
del Campillo and Torrent, 1992a; Yanguas et al., 1997; Benítez et al., 

2002;
 
Reyes et al., 2006). The poorly crystalline Fe form is also called “active Fe oxide”. 

Under Fe deficiency, plant exudes protons and chelating compounds to mobilize soil 

http://soil.scijournals.org/cgi/content/full/72/5/1493#BIB14
http://soil.scijournals.org/cgi/content/full/72/5/1493#BIB18
http://soil.scijournals.org/cgi/content/full/72/5/1493#BIB5
http://soil.scijournals.org/cgi/content/full/72/5/1493#BIB31
http://soil.scijournals.org/cgi/content/full/72/5/1493#BIB2
http://soil.scijournals.org/cgi/content/full/72/5/1493#BIB2
http://soil.scijournals.org/cgi/content/full/72/5/1493#BIB22
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labile Fe and this labile pool is poorly crystalline Fe oxide. Therefore, poorly crystalline 

Fe oxides influence the Fe availability to plants grown in calcareous soils (Loeppert et 

al., 1994). A strong relationship was observed between the ammonium oxalate-

extractable Fe and leaf chlorophyll content (del Campillo and Torrent, 1992b; de 

Santiago and Delgado, 2006). Soil extraction with ammonium oxalate solution represents 

the poorly crystalline Fe oxide fraction of soil. Numerous modified methods ammonium 

oxalate Fe extraction method by Schwertmann (1964) have been demonstrated to predict 

Fe chlorosis and these  modified extraction methods are very effective for the 

determination of "active Fe oxide forms" (del Campillo and Torrent, 1992b; Benítez et 

al., 2002; de-Santiago et al., 2008). In soil environment, the supply of soluble Fe to the 

plant roots is not dependent on Fe oxides solubility but   dissolution rate of Fe oxides is 

also very important (Schwertmann,
 
1991). 

Among all factors that affect Fe availability in soil, the high pH and bicarbonate 

concentrations are generally the most critical factors (Mengel et al., 1984). Carbonate 

concentration is usually expressed as Calcium Carbonate Equivalent (CCE). Carbonates 

and bicarbonates buffer soil pH in range from 7.5 to 8.5 in calcareous soils, depending on 

the concentration of CO2 and other factors (Loeppert, 1986; Bloom, 2000). In calcareous 

soils, pH range is buffered from 7.5 to 8.5, the equilibrium concentration of total 

dissolved Fe(III) in this range of pH is approximately 10
-10

 M, which is very less than the 

critical limit of  10
-8

 M Fe required for optimum plant growth (Lindsay, 1995). For every 

unit rise in soil pH, the solubility of Fe(II) decreases by 100 times and  Fe(III)  by 1000 

times. Although Fe(II) is more soluble at high pH, it rapidly oxidizes to Fe(III) in aerobic 

environments leaving behind Fe(III) as the only form available for plant uptake at high 

pH. Fe(II) concentration is mainly controlled by redox conditions, in calcareous soils 

these conditions can exist in microsites in root rhizosphere or in organic sites where 

microbial activity is taking place (Crowley et al., 1988). Apart from plants, in calcareous 

soil environments, microorganisms can also face Fe shortage. Microorganisms require 

about 10
-6

 M of Fe to sustain growth and can suffer Fe shortage of about 10 folds in 

calcareous soils (Hersman et al., 2000). Microorganisms respond to this deficiency with 

production of specific microbial Fe(III) chelating agents, known as siderophores 

(Guerinot, 1994; Crowley, 2001; Paul, 2006). 

http://soil.scijournals.org/cgi/content/full/70/6/1945#BIB32
http://soil.scijournals.org/cgi/content/full/70/6/1945#BIB5
http://soil.scijournals.org/cgi/content/full/70/6/1945#BIB1
http://soil.scijournals.org/cgi/content/full/70/6/1945#BIB1
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Whatever are the solubility conditions of Fe in soils, the most important factor for 

plant growth  is the concentration of soluble Fe present in soil solution for plant uptake 

(Ammari and Mengel, 2006). Total soluble Fe concentration in soil solution which can be 

in inorganic form or in an organically-bound form is very important as it controls the Fe 

transfer to plant roots by diffusion and mass flow.  

Iron chlorosis is not only related to Fe supply, but sometimes necrotic leaves have 

high level of Fe as compared to green healthy leaves (Mengel, 1984; Bavaresco et al., 

1999).  It has been called as “Fe chlorosis paradox” in which Fe becomes inactive in 

necrotic leaves (Römheld, 2000). According to Römheld (2000), a high HCO3
-
 

concentration in soil decreases uptake by the inhibition of Fe acquisition in the 

rhizosphere and results in lime induced Fe chlorosis. Iron inactivation in leaves is 

attributed to high pH of leaf apoplast triggered by an alkalinization process by the 

"distant effect" of HCO3
-
, which is thought to be the cause Fe deficiency induces 

chlorosis in leaves. This theory of Fe inactivation due to alkalization of apoplast was well 

explained and proved with experiments where chlorotic leaves were sprayed with acidic 

solutions and chlorotic leaves regained their greenness (Sahu et al., 1987; Tagliavini et 

al., 1995; Kosegarten et al., 2001).  

Therefore, measuring total concentration of Fe in plant leaves is not a valid 

parameter to evaluate Fe nutritional status of crops. The total concentration of Fe in 

chlorotic leaves is often similar or greater than in green leaves (Römheld, 2000). In order 

to overcome this problem in plant analysis, several procedures have been proposed and 

tested for determination of extractable Fe “active iron”. The most common extractants of 

Fe from fresh or dry leaves are, 1.5% phenanthroline (pH 3) and 1N hydrochloric acid 

(HCl) solutions (Stookey, 1970; Takkar and Kaur, 1984; Katyal and Sharma, 1980; 

Rashid et al., 1997; Basar, 2003; Sönmez and Kaplan, 2004). 

Deciduous/perennial fruit tree generally suffers from lime induced chlorosis 

(Pestana, 2003). Iron chlorosis is complex phenomenon in fruit tree as compared to 

annual crops (Morales et al., 1998; Tagliavinie et al., 2000). About 85% soils of citrus 

orchards (Sargodha, Faisalabad and Sahiwal Districts) were found deficient in DTPA 

extractable Fe (Rashid et al., 1991). In citrus trees, lime-induced Fe deficiency results in 

considerable loss of yield, delayed fruit ripening, and impaired fruit quality, (Obreza et 
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al., 1993; Pestana et al., 2001). Often, the chlorotic phenotype appears early in the 

growing season and disappears as the plants continue to grow and mature throughout the 

growing season. The extent of chlorosis and yield depression are influenced by many 

factors such as water shortage and nutrients, but soil properties including carbonates and 

pH has direct effect on supply and utilization of Fe (Mengel et al., 1984). Studying 

properties of soil profile in citrus orchards can be useful tool for understanding the 

problem (Liping Li, 2005). Sometimes deeper depth are rich in CaCO3 as compared to 

shallow, and hence older trees are more likely prone to Fe chlorosis because their roots 

explore more deeper soils with low in Fe and high in CaCO3 (Tagliavini and Rombola, 

2001). 

For the correction of Fe chlorosis, different soil amendments are being applied. 

The effectiveness of Fe source used to correct chlorosis depends on soil type and the 

chemical properties and purity of these products. Ferrous sulphate (FeSO4.7H2O) being 

the cheapest source for controlling Fe chlorosis in developing countries. But, in 

calcareous soils, soil applied FeSO4.7H2O has  no or little agronomic value where it  

rapidly oxidizes and become insoluble  (Loupassaki et al., 1997). The effectiveness 

FeSO4.7H2O in soils can be improved by combining it with organic sources. Organic 

sources (farm yard manure, plant residues compost, sewage sludges, etc.) have the ability 

to complex Fe and increase its solubility and mobility (Pinton et al., 1999). Organic 

amendments contain organic compounds which are highly capable of chelating Fe. These 

chelators of  Fe in organic sources are mostly humic acids, amino acids, phenolics, 

hydroxamates and catechol siderophores (Chen et al., 1998). Organic sources not only 

helps in increasing Fe solubility by providing chelators but also stimulate the microbial 

activities which results in powerful sidersphore production (Chen et al., 2000; Yehuda et 

al., 2000; Rroco et al., 2003; O'Hallorans et al., 2005).  

Use of Fe chelates has proved very effective in controlling Fe chlorosis in 

different crops (Pestana et al., 2003). Fe chelates enhance Fe availability in soil by 

increasing soil solution Fe, enhanced diffusion and quick replenishment of depleted zones 

and provide ease to roots for uptake (Lindsay, 1995). Furthermore, chelates have no 

major problems of root absorption, transport and leaf utilization. However, Fe chelates 

are still expensive and are still out of reach of most growers in developing countries. 



 

5 
 

Over few decades the synthetic vivianite is gaining few appreciations in controlling Fe 

chlorosis. Synthetic iron (II)-phosphate (analogous to Vivianite) showed promising 

results in controlling Fe chlorosis in fruit trees (Eynard et al., 1992). Vivianite is cheap 

source as compared to chelates and can be prepared by growers at farm by simply 

missing the Fe sulphate salt with either Di-ammonium phosphate (DAP) or with mono-

ammonium phosphate in water (Rosado et al., 2002). The vivianite suspension is not only 

Fe fertilizer, but also contains significant amounts of phosphorus and nitrogen which are 

very important especially for orchards. 

In cultivated alkaline and calcareous soils, the potential of applied Fe compounds 

depends upon the ability of applied compound to maintain soluble Fe and capacity of 

roots to assimilate Fe from these applied compounds (Garcia-Mina et al., 2003).To 

evaluate the potential of applied compounds under soil conditions, studying the total 

soluble Fe concentration maintained by these compound in soils over time can be helpful 

(Alvarez-Fernández et al., 1997; Siebner-Freinbach et al., 2004). 

When plants are in Fe-limiting conditions, they counter back Fe deficiency by 

increasing their Fe uptake capacity. Fe-efficient genotypes have shown different 

physiological, biochemical and morphological changes in response to Fe stress (Wallace, 

1991;  Schmidt, 1999; Donninia et al., 2009 ). Genetic improvement of rootstocks  is key 

to success of citrus production and to combat Fe chlorosis (Pestana et al., 2005). 

Keeping all in view, a series of laboratory and field experimentation were done to 

understand Fe nutrition under different soils with the following specific objectives:  

  To study through survey, the distribution of different forms of Fe in alkaline and 

calcareous soils in Pakistan 

 To study the relationship of soil properties to Fe concentration in plant leaves 

 To measure  water soluble Fe forms and Fe buffer power of different soils 

 To assess the ability of different Fe sources  in maintaining water soluble Fe in 

different  soils over  time 

 To determine the response of citrus rootstocks to Fe levels in a calcareous 

medium (hydroponics) 
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CHAPTER II 

 

REVIEW OF LITERATURE 

 

This chapter discuss about role of Fe in plants, it forms in soils and regulation in plant 

body. Different strategies adopted by different plant species to cope Fe regulation and 

role of different agronomical and chemical applications to control Fe deficiency.   

 

2.1 Role of Fe in plants  

Iron is a constituent of nonheme Fe proteins involved in many metabolic functions of 

plants viz; the transfer of electrons (redox reactions such as cytochromes and Fe-sulfur 

(FeS) proteins), N2 fixation, and respiration (Taiz and Zeiger, 2002). It is reversibly 

oxidized from Fe
2+

 to Fe
3+

 during electron transfer. There are many factors which 

contribute either singly or in combination to the development of chlorosis: low Fe supply; 

calcium carbonate in soil; bicarbonate in soil or irrigation water; over irrigation or 

waterlogged conditions; high phosphate levels; high levels of heavy metals; low or high 

temperatures; high light intensities; high levels of nitrate nitrogen; imbalances in cation 

ratios; poor soil aeration; certain organic matter additions to soil; viruses; root damage by 

nematodes and other organisms "(Wallace and Lunt, 1960; Wallace and Wallace, 1986 

and Velazquez et al., 2004). Chlorosis on the leaves due to Fe deficiency generally 

occurs initially on the younger leaves because it cannot be readily mobilized from older 

leaves. The low mobility of Fe is probably due to precipitation in the older leaves as 

insoluble oxides or phosphates or to the formation of complexes with phytoferritin, an 

Fe-binding protein found in the leaf (Bienfait and Van der Mark, 1983). Under conditions 

of extreme or prolonged deficiency, the whole leaf may become white. The precipitation 

of Fe reduces its subsequent mobilization to the phloem for long-distance translocation.  

The expression of the symptoms in young leaves is due to the inability to 

redistribute Fe within the plant. Fe may, however, become more mobile under stress 

conditions (Price, 1968). During a new flush of vegetative growth in ‘Tahiti’ lime, the 

symptoms of chlorosis shifted to the newly formed leaves with a corresponding 

regreening of the previous flush (Davenport, 1983). Mango trees express a typical lime-
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induced chlorosis symptom and the entire young leaf blade turns yellowish green, it 

eventually ceases growth, and the branch gradually dies back (Kadman and Gazit, 1984). 

Grapefruit tended to develop an unidentified gummosis on main limbs under Fe 

deficiency stress (Horesh et al., 1986). In light cases, chlorosis may hardly be recognized. 

In severe cases the trees not only present an acute chlorosis but lose most of their leaves 

and experience a generalized die-back of shoots (Wallace and Lunt, 1960 ).  

Chlorosis is often a useful indicator of Fe content or its activity in leaves. Increased 

chlorosis was related to decreased leaf Fe, chlorophyll, and catalase activity of young 

leaves when plants were grown in increasing levels of CaCO3 in soil (5 to 30%)  

The expression of Fe chlorosis may be confused with the occurrence of 

simultaneous micronutrient deficiencies, as with zinc and Fe (Dixit and Yamdagni, 1983) 

and manganese, Fe and zinc in citrus. To distinguish chlorosis due to Fe deficiency alone 

and to provide a workable diagnosis of the disorder, the definition of Fe-deficiency 

chlorosis presented by Chaney (1984) is most appropriate: any yellowing of leaves that 

re-greens when treated with FeSO4 or FeEDDHA (ethylenediaminedi-o-

hydroxyphenylacetic acid), but does not regreen when nitrogen, sulfur, zinc, manganese, 

copper, cobalt, or other nutrients are applied alone or in combination.  

 

2.2 Uptake by Roots  

The primary form in which Fe is absorbed by plants (except gramineous monocots) is 

Fe
2+

 (Chaney 1984). Since the primary form of Fe in most agricultural soils is Fe
3+

 

(except for flooded rice), plants must solubilize Fe
3+

 and then reduce it to Fe
2+

 for 

absorption or transport into the root. Plant Fe uptake requires energy (Moore, 1972), and 

both oxygen and photosynthetic substrates are required for Fe reduction by roots in apple 

(Tong et al., 1985). The exact area in, on, or near the root where this reduction takes 

place is unknown (Römheld and Marschner, 1986). The root section between 1 and 4 cm 

from the tip in barley absorbed and translocated more Fe than the rest of the root. Roots 

of grape rootstocks under Fe stress displayed enhanced proton release from 

approximately the same area (Korcak, 1987).  

Based on qualitative differences, Römheld and Marschner (1986) have proposed that Fe 

uptake occurs by two species-dependent strategies. Iron mobilization by dicots and 
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nongramineous monocots in response to Fe deficiency stress is termed strategy I, and that 

found only with gramineous monocots is called strategy II. The chemo-taxonomic 

boundary for the two strategies is not between dicotyledons and monocotyledons, but 

between most higher plants and grasses (Poaceae) (Römheld, 1987).  

 

2.2.1 Strategy-I plants 

The plant having the following adaptive mechanism are categorized as strategy-I plants. 

Under Fe deficiency  the plant  mechanism are i) enhancement in reduction of Fe(III) to 

Fe (II) at soil-root interface and uptake of Fe(II) by roots (Chaney et al., 1984; Marchner, 

1995), ii) release of H+ which promotes the reduction  process of Fe(III) to Fe(II) 

(Römheld et al., 1984), iii) third mechanism is release of certain chelating compounds 

than enhance Fe solubility (Hether et al., 1984).  

Reduction of Fe(III) is main and typical feature of strategy-I plants. Under Fe deficiency, 

the activation of  “reductases”   which is located at plasma membrane of apical roots and 

also in cell wall (apoplast) of roots, is main feature of strategy-I plants (Bienfait and 

Mark, 1983). Under alkaline and calcareous soils, this activation is inhibited by high pH 

and rapid oxidation of Fe(II). High pH in the root medium depressed the reduction of 

Fe3+ complexes (Romera et al., 1991). This is the reason why strategy-I plants are 

unable to cope Fe deficiency in soil high in calcium carbonate (HCO3
-
) and pH above 7.5. 

The only source of  Fe under calcareous soil is soluble Fe which is present in organic 

form (Chelated-Fe) for root uptake and reductase system. 

 

2.2.2 Strategy-II plants 

Strategy-II plants are characterized by system in which plant release specific chelating 

compounds known as “phytosiderophore” under Fe deficiency conditions. (Takagi et al., 

1984). These phytosiderophore chelate with Fe(III) and facilitate the uptake of Fe 

(Römheld and Marschner, 1986). 

Gramineous species are highly efficient in acquiring Fe from sparingly soluble inorganic 

Fe (e.g. iron hydroxide). This is in contrast to species with strategy-I.  In grafted plants, 

the root system has shown a dominant effect on iron absorption. In grafting experiments 

with Fe-efficient and Fe-inefficient tomato (Brown et al., 1971) and soybean (Brown et 
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al., 1958), the roots controlled development of Fe-efficiency reactions: Only those grafts 

with the roots from the Fe-efficient variety showed normal iron uptake. However, the 

control is not necessarily located exclusively in the roots. Under Fe deficiency, in 

efficient varieties, signals are sent to the roots by the chlorotic leave that  results in 

activate the mechanics and reaction in root for Fe uptake. 

 

2.3 Translocation from roots to shoots  

Iron is translocated from roots to shoots as a ferric-citrate chelate (Tiffin, 1972). This is 

transported to actively growing shoot regions (Bennett et al., 1982; Conte and Walker, 

2011). The Fe stress did not change the redox potential of the sap compared to that of 

non-stressed trees. Since Fe moves as a citrate complex, its stability during transport 

would be determined, in part, by both pH and redox potential. Thus, under Fe stress, 

movement as a citrate-chelate should not be affected. Translocation via citrate in stem 

exudates of four soybeans genotypes (Brown et al., 1958) and of peach (López-Millán et 

al., 2001) was most nearly related to the available Fe supply.  

 

2.4 Biochemistry, metabolism, and physiology  

The best known function of Fe is in enzyme systems in which haem or haemin function 

as prosthetic groups (Mengel and Kirkby, 1987). Here, Fe plays a somewhat similar role 

to Mg in the porphyrin structure of the chlorophyll. These haem enzyme systems include 

catalase, peroxidase, cytochrome oxidase as well as the various cytochromes. The role of 

these enzymes in plant metabolism is not completely understood. More is known of the 

function of the cytochromes in electron transport and the involvement of cytochrome 

oxidase in the terminal step of the respiration chain. Catalase brings about the breakdown 

of H2O2 to water and ½ O2. This enzyme also plays an important role in the chloroplasts 

along with the enzyme superoxide dismutase, and in photorespiration and the glycolytic 

pathway.  

Cell-wall-bound peroxidases appear to catalyze a reaction in the polymerization 

of phenols to lignin. Peroxidase activity seems to be particularly depressed in Fe-

deficient roots. Cell-wall formation and lignification were impaired and phenolics 

accumulated in the rhizodermis of Fe-deficient sunflower roots (Römheld and Marschner, 
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1981). Phenolics can be released into the external solution (Olsen et al., 1981), and in the 

case of caffeic acid may bring about chelation and reduction of inorganic Fe
3+

. This 

reaction is favored not only by the accumulation of phenolics but also by an increase in 

the reducing capacity of the roots which accompanies the impairment of lignin synthesis.  

In green plants, Fe and chlorophyll concentrations are often well correlated. The 

same metabolic pathway involved in chlorophyll formation also operates in the 

biosynthesis of haem. Iron appears to control the rate of formation of delta-amino-

laevulinic acid (ALA), the precursor of porphyrins (Miller et al., 1984). In Fe deficiency, 

a decrease occurred in the rate of condensation of glycine and succinyl CoA to form 

ALA. In Fe-deficient leaves, the photosynthetic apparatus remained intact, but the 

number of photosynthetic units decreased (Terry, 1980).  

 

2.5. Soil Fe availability  

The total Fe contents in earth crust don’t justify the development of Fe chlorosis 

in plants. Fe deficiency often occurs as result of poor Fe availability for crops. 

development of Fe chlorosis is related to many soil characteristics may lead to its 

development. Due to the number of soil factors that impair Fe nutrition, it is not always 

easy to predict the possible chlorosis development of a perennial crop on the basis of a 

single soil parameter. Soil Fe availability is predicted by a number of extraction 

solutions. Soil Fe extracted by different extractants reflects the soil available Fe fraction 

(Başar, 2000). In alkaline and calcareous soil, the pH is buffered between 7.5-8.5, and the 

solubility of Fe oxides are pH dependent, under these under these conditions the 

inorganic fraction of Fe is far below than required by plant (Lindsay, 1974). So under 

alkaline and calcareous soil, the major soil Fe form which is available for plant root 

uptake will be other than inorganic fraction. 

 Soil pH is very  useful but not a sufficient parameter to just development of Fe 

Chlorosis: it is well known that fruit crops develop  growing over alkaline and calcareous 

soils quickly develop chlorosis while other genotypes are more able to cope with high 

soil pH (likely through an inherent ability to lower root apoplastic pH), unless the soil is 

also calcareous and, therefore, buffered in the range of 7.5–8.5 (Loeppert et al., 1994). 

Total lime is another criteria to predict Fe chlorosis development but not always useful, 
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while the fine, clay-sized, fraction of CaCO3, active carbonate or active lime is more 

reactive (Drouineau, 1942) and maintain high levels of HCO3 in the soil solution (Inskeep 

and Bloom, 1986). Therefore, reactive CaCO3 is more reliable indic.ator. Species differ 

in their ability to tolerate active carbonates and  ranked according to level they start 

developing Fe chlorosis.: very susceptible species do not tolerate even low concentrations 

(50g kg
-1

) of active carbonate like quinces and kiwifruit, while other like Vitis genotypes 

can be grown in soils containing 100–150 g kg
-1

 of active carbonate. It is also observed 

that certain genotypes can tolerate higher levels of active lime when amount of available 

Fe increased to a certain level. This concept resulted in the ‘chlorotic power index’ 

proposed by Pouget (1974) where the amount of active lime is related to the amount of Fe 

extracted by ammonium oxalate. It must be stressed, however, that the determination of 

active lime is only an indirect estimate of the amount of fine textured CaCO3, as it 

actually indicates the amount of free calcium reacting with oxalic acid: caution, therefore, 

must be taken in using such a method in soils where potential sources of carbonates other 

than CaCO3, e.g. dolomite, are present.  

Iron in soil is largely present as amorphous Fe, goethite, hematite and ferrihydrite 

as an inorganic form and under aerobic conditions its availability for plant uptake is very 

low. under alkaline and calcareous conditions, the solubility of Fe-oxides is highly pH 

dependent and soil inorganic Fe form is far below that  is required for normal plant 

growth (Lindsay, 1974). Therefore, to predict soil Fe availability, a series of extraction 

solutions of soil available Fe have been proposed (Başar, 2000). One of the main recent 

experimental evidence concerning major impact on Fe nutrition is the key role played by 

forms of root available Fe other than inorganic-Fe (Ammari and Mengel, 2006). 

According to (Tagliavini and. Rombolà, 2001),  in orchards and vineyards, Fe nutrition is 

controlled by three main Fe forms or compounds. They listed them as i) soil Fe form that 

is complexed by siderophores produced by microbes, ii) Fe complexed with siderophores 

produced by plants “phtyosiderophores and iii) Fe chelated  with soil organic matter.  

Crowley et al. ( 1992) studied the role of microbial siderophores  and demonstrated the  

Fe acquisition by roots. Masalha et al. (2000) studied the role of microbial activity in 

regulating soil Fe for plant and found severe impairments of Fe nutrition in strategy I 

plants when soil microflora was destroyed by sterilisation. Strategy I plants do not 
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produce phytosiderophores in their roots (Romheld and Marschner, 1986) and the role of 

phytosiderophores in Fe uptake has been exclusively studies in strategy II plants (which 

can produce or synthesize  siderophores in their roots). In some Strategy I species, Chen 

et al., (2000) found that Fe chelated by siderophores (Fe-aerobactin present in the 

compost) taken up by roots directly as a complex.  Growing strategy I and Strategy II 

plants in same soil volume can improve Fe availability for plant or tree roots (Tagliavini 

et al., 2000). A large number of siderophores have been identified and isolated (Yehuda 

et al., 2000; Crowley, 2001), some are produced by microorganisms present in cow 

manure (Chen et al., 1998). Fe complexation by humic substances represents the third 

group of natural Fe chelates available for root uptake. Cesco et al. (2000) found that 

water extractable humic substances (WEHS) solubilized Fe from hydroxide and increased 

the  Fe availablility for root uptake (Pinton et al., 1999).  

 

2.6 Principal forms of soil Fe  

The predominant Fe oxides in the soil are hematite, goethite, lepidocrocite, agnetite, 

maghemite and ferrihydrite (Schwertmann and Taylor, 1989). Each of these oxides is 

Fe
3+ 

containing mineral, except for magnetite which contains both Fe
2+

 and Fe
3+

, and 

each exists predominantly in the clay-size fraction of the soil (except for magnetite which 

can occur predominantly in the silt- and sand-size reactions). The soil Fe oxide minerals 

can exhibit considerable substitution of other ions, e.g., Al or Mn, for Fe in the structure. 

Goethite and hematite are the dominant minerals in well-oxidized or arid or semiarid 

environments, and lepidocrocite is found predominantly in hydromorphic environments. 

Magnetite is most common in reduced or slightly-weathered soils. Ferrihydrite is likely to 

exist in most soils, though usually in small quantities, but is frequently a major 

component in soils exhibiting fluctuating redox potentials. Each of the soil Fe oxide 

minerals exists in relatively well-ordered crystalline forms in the soil, except for 

ferrihydrite which is more highly hydrated, with only short-range crystalline order and 

with particle sizes of 10 nm or less. Ferrihydrite often exists in association with layer 

silicates, amorphous silicates and organic matter. Positive identification of the 

predominant Fe oxides is accomplished by powder x-ray diffraction, infrared 

spectroscopy and mossbauer spectroscopy (Schwertmann and Taylor, 1989). Positive 



13 
 

identification of ferrihydrite in the soil is especially difficult due to its usually low 

concentration and poor crystallinity, though selective-extraction procedures indicate that 

ferrihydrite or a ferrihydrite like phase may be present in most soils. The relative 

stabilities of the soil Fe oxide minerals decrease in the following order (Schwertmann, 

1991): hematite = goethite > lepidocrocite = magnetite > ferrihydrite. The major factor 

which influences the bioavailability of a soil Fe oxide is its relative ease of dissolution, 

which is influenced by the particle size and surface reactivity of the mineral phase. 

Kinetic studies have indicated that ferrihydrite, due to its small particle size, high surface 

area and high surface reactivity, is considerably more reactive than equivalent quantities 

of goethite or hematite. Ferrihydrite and similar poorly crystalline Fe oxides playa 

dominant role in influencing the availability of Fe to plants in oxidized calcareous soils 

(Loeppert and Hallmark, 1985; Morris et aI., 1990).  

Iron is present as a structural component of layer silicates in the soil (20-50 g kg
-1

 

is common), but this Fe is largely unavailable for plant growth. Iron also may exist as an 

exchange ion on layer-silicate surfaces, but in appreciable quantities only in low-pH 

(<4.5) or low-redox conditions. Iron is a component of other primary or secondary 

minerals, e.g., pyroxenes, amphiboles, pyrite and siderite. The occurrence of each of 

these minerals is usually restricted to reduced or relatively less-weathered soils. Pyrite 

(FeS2) is an important source of Fe in acid mine drainage, where the oxidation of Fe
2+ 

and 

S results in high concentrations of dissolved Fe
3+

and SO4. The Fe
3+

 released during FeS2 

oxidation in these environments often forms secondary minerals, including jarosite 

[KFe3(S04MOH)6] and ferrihydrite (Nordstrom, 1982; Van Breeman, 1988). Siderite 

(FeCO3) is sometimes important in reduced environments (e.g., submerged sediments or 

flooded soils) where Fe
2+

 is stable relative to Fe
3+

and concentrations of CO2 are high 

(Lindsay, 1979).  

Complexation of Fe by organic matter, e.g., humic substances, in soils is highly 

influenced by pH and redox potential. At low pH (<5.0), stable complexes of organic 

matter with Fe, especially Fe
3+

, are likely to exist (Goodman, 1987). At pH values greater 

than 6.0, Fe
3+

humic complexes become less important due to hydrolysis of Fe and 

precipitation of Fe oxides. In calcareous soils, where the pH of the bulk soil solution is 

usually within the range of 7.5 to 8.5, Fe
3+

 is not readily retained by soil humates against 
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hydrolysis; however, in microenvironments of reduced pH and redox potential, e.g., in 

zones of active microbial activity, complexation of Fe by organic matter can be 

appreciable. Also, in the rhizosphere, complexation of Fe by soluble organics can be 

appreciable due to the action of plant- and microbial-siderophores (chelators), some of 

which will retain Fe against hydrolysis at pH values >7.5. In addition, high 

concentrations of organic acids such as oxalate and citrate in the rhizosphere of some 

plant species can be important in the complexation of Fe
3+

 (Inskeep and Comfort, 1986). 

These observations all point to the fact that Fe concentrations can be considerably higher 

in the rhizosphere than in the bulk soil solution. The concentration of solution-phase Fe is 

controlled by pH, redox potential, the concentration of water-soluble Fe-complexing 

agents, the solubility of soil Fe-oxide phases, and the kinetics of dissolution and 

precipitation of these phases (Lindsay, 1979). In the pH range of most calcareous soils 

(approximately 7.5-8.5), the concentration of solution-phase Fe
3+

 is at an approximate 

minimum (Lindsay, 1979). In the absence of organic complexing ligands, the total 

dissolved Fe
3+

 concentration is approximately 10
-10

 M, which is considerably less than 

the approximately 10
-7.7

M concentration that is required for plant growth in nutrient 

culture (Lindsay & Schwab, 1982; Lindsay, 1995). The equilibrium total Fe 

concentration of the soil solution increases with decreasing redox potential, due to the 

increased concentration of Fe
3+

 species in solution.  

Lindsay and Schwab (1982) calculated that for Fe in solution to exceed the 

critical level for plants the redox potential must drop below a pe + pH level of 9.75. Most 

calcareous soils have bulk soil solution pe + pH values considerably greater than 9.75; 

therefore, except under conditions of flooding or saturation of soil pores for extended 

periods, it is likely that the total dissolved Fe concentration of a bulk soil is insufficient to 

meet the immediate nutritional needs of most plant species. Plants and microorganisms 

have evolved mechanisms of increasing the solubility and availability of Fe in the 

rhizosphere, by exudation of H
+
, organic acids, reducing agents and phytosiderophores.  

 

2.7 Soil Fe fractions and selective extraction procedures  

A large number of selective dissolution procedures designed to target specific fractions of 

soil Fe have been developed over the last 30 years. Since total soil Fe is of limited use in 



15 
 

understanding bioavailability or pedogenic processes, it is often helpful to estimate the 

amount of Fe present in different solid-phase forms. The principal fractions of soil Fe 

which are targeted for selective  dissolution (extraction) include total or "free" Fe oxide, 

"amorphous" or "active" Fe oxide, organically bound Fe, and exchangeable or solution-

phase Fe. It is appropriate to consider these selective-dissolution procedures as 

operationally defined based on the specific extraction procedure, rather than to think of 

each extraction as an accurate measure of a specific fraction of soil Fe, since none of the 

procedures is absolutely selective for the specific phases for which they are intended. 

 

2.7.1 Active Fe oxides in soils 

The "active" Fe oxides (often called noncrystalline, poorly ordered, poorly crystalline, 

short-range ordered or amorphous Fe oxides) are the most reactive Fe oxides in the soil 

due to their small size and consequently high surface area. This class of oxides includes 

ferrihydrite and the ferrihydrite like minerals. The most commonly used procedure for 

obtaining quantitative estimates of the "active" Fe oxide component is pH 3.0, 0.2 M 

ammonium oxalate extraction in the dark for either 2 h (Schwertmann, 1964) or 4 h 

(McKeague and Day, 1966).  

 

2.7.2 Water soluble and exchangeable forms of Fe 

Extraction of soil with neutral (e.g., CaCI2, MgCl2 or KCI) or buffered (e.g., NH4C2H302) 

salt solutions will result in the displacement of both dissolved Fe and exchangeable Fe. 

Acid-buffered extractants may not be suitable for neutral or calcareous soils, since they 

could result in considerable dissolution of solid-phase carbonates and oxides with the 

possible release of Fe from the mineral structures. Because of the usually low 

concentrations in the soil, detection of exchangeable Fe extracted with neutral or buffered 

salts only will be possible for soils of low pH and/or redox potential.  

 

2.7.3 Bio-available Fe (DTPA  extracted Fe) 

Water soluble or neutral-salt extractable Fe are not generally useful as indices of plant -

available Fe due to the low (often non detectable ) quantities of Fe extracted. The 

extractability of Fe can be increased by the use of reducing agents (reductive dissolution). 
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However, none of these extractants has been extensively utilized. The two most widely 

used procedures for assessment of Fe availability to plants have been EDTA and 

diethylenetriaminepentaacetic acid (DTPA) extraction (Lindsay and Norvell, 1978). 

Ethylenediamine di-(o-hydroxyphenylacetic acid) (EDDHA) also has been used 

successfully. Each of these compounds will complex Fe
3+

. The stability of the Fe
3+

 

complex is strongly influenced by pH (Norvell, 1972; Lindsay, 1979). At a given pH, the 

stability of the Fe
3+

chelate decreases in the following order: EDDHA > DTPA > EDTA. 

The quantity of Fe extracted generally decreases in the same order. Lindsay and Norvell 

(1978) concluded that DTPA was the most useful extractant for the simultaneous 

extraction of Fe, Zn, Mn and Cu.  

 

2.8 Relationship of Fe fractions with Fe chlorosis 

Correlation studies relating DTPA-extractable Fe with crop growth are necessary to give 

meaningful interpretations to the soil test. Lindsay and Norvell (1978) observed that 

DTPA-extractable Fe was highly correlated with the incidence of Fe chlorosis of 

sorghum (Sorghum x alum L. Parodi) and reported the following Fe soil-test correlation 

values for sorghum: <2.5 mg DTPA- extractable Fe kg
-I
 soil, deficient; 2.5 to 4.5 mg kg

-I
, 

intermediate; >4.5 mg kg
-I
, sufficient. Correlation of DTPA-extractable Fe with the 

incidence of Fe chlorosis generally has been most successful for grasses (Strategy II 

plants; Marschner et al., 1986; Romheld and Marschner, 1986) in well-drained calcareous 

soils (Loeppert and Hallmark, 1985). For Strategy II plants the primary mechanisms of 

Fe-deficiency stress response are phytosiderophore (chelator) release and subsequent Fe 

mobilization and uptake. The strength of the DTPA soil test lies in the ability of DTPA to 

extract the same labile forms of soil Fe as the plant (Geiger and Loeppert, 1988). The 

DTPA soil test has been considerably less successful with Strategy I plants in which the 

primary Fe-deficiency stress-response mechanisms are acidification of the rhizosphere 

and increased root plasma-membrane Fe
3+

-reductase activity (Marschner et al., 1986; 

Romheld and Marschner, 1986). Diethy1enetriaminepentaacetic acid-extractable Fe 

predicted only 14 to 20% of the observed variation in chlorophyll concentration of 

soybean (Glycine max (L.) Merr.) grown in 23 calcareous soils in a growth chamber 

(Morris et al., 1990). For the Strategy I plants, solution HCO3 concentration (Marschner 
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et al., 1986; Inskeep and Bloom, 2000) and soil CaCO3 reactivity (Morris et al., 1990) are 

important soil factors which influence the effectiveness of the plant Fe-deficiency stress-

response mechanism. Also, in wet or poorly drained soils, the DTPA soil test is usually of 

limited usefulness in the assessment of Fe availability to plants because of the important 

influence of soil aeration and root respiration on Fe mobilization and uptake. Other 

indigenous soil factors (such as soil carbonate reactivity) and soil environmental factors 

(such as soil water, aeration and compaction), as well as cultivar Fe-deficiency stress 

tolerance, also must be considered to adequately predict Fe chlorosis of soybean (Morris 

et al., 1990). Multi-parameter models (e.g., DTPA-extractable Fe, soil-water status, and 

CaCO3 activity) may be much more generally useful, but have not been extensively 

utilized.  

 

2.9 Iron acquisition in fruit plants  

The primary form in which iron is absorbed by plants (except gramineous monocots) is 

Fe
2+

 (Chaney et al., 1984). Since the primary form of Fe in most agricultural soils is Fe
3+

 

(except for flooded rice), plants must solubilize Fe
3+

 and then reduce it to Fe
2+

 for 

absorption or transport into the root. Plant Fe uptake requires energy (Moore, 1972), and 

both oxygen and photosynthetic substrates are required for Fe reduction by roots in apple 

(Tong et al., 1985). The exact area in, on, or near the root where this reduction takes 

place is unknown (Römheld and Marschner, 1986). The root section between 1 and 4 cm 

from the tip in barley absorbed and translocated more Fe than the rest of the root. Roots 

of grape rootstocks under iron stress displayed enhanced proton release from 

approximately the same area (Korcak, 1987).  

Based on qualitative differences, Römheld and Marschner (1986) have proposed that Fe 

uptake occurs by two species-dependent strategies. Iron mobilization by dicots and non-

gramineous monocots in response to iron deficiency stress is termed strategy I, and that 

found only with gramineous monocots is called strategy II. The chemo-taxonomic 

boundary for the two strategies is not between dicotyledons and monocotyledons, but 

between most higher plants and grasses (Graminaceae) (Römheld, 1987).  
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Most studies on Fe acquisition mechanisms by plants have been carried out with 

herbaceous annual plants, whereas this topic in perennial plants has been less investigated 

and significant advances came only in the last decade. The uptake of Fe is preceded by a 

reduction step from Fe
3+

 to Fe
2+

 before it can cross the plasma membrane of outer root 

cells (Crowley et al., 1991; Fox and Guerinot, 1998). A ferric chelate reductase (FCR) 

and proton pump activities, along with the release of reductants into the rhizosphere have 

long been considered as the main components of the Strategy I-based plants (Romheld 

and Marschner, 1986), therefore, studies on Fe acquisition mechanisms in perennial 

dicots have been focussed on these physiological and biochemical parameters (Tagliavini 

et al., 1995; Alcantara et al., 2000; Gogorcena et al., 2000 ). Many of these studies have 

indicated that, similarly to herbaceous dicots, some woody genotypes are able to improve 

Fe acquisition through adaptation mechanisms, like root apoplast acidification and the 

increase of root enzymatic Fe reduction, whereas the release of reducing compounds (e.g. 

caffeic acid) plays only a minor role. In general, rootstock tolerance to Fe chlorosis was 

associated with the ability of reducing external Fe
3+

. for example, upon induction of Fe 

deficiency, a clear increase of the root Fe reducing capacity has been observed in tolerant 

rootstocks used for citrus (Treeby and Uren, 1993; Manthey et al., 1994;) and peach 

(Romera et al., 1991)  

 

Iron tolerant and sensitive rootstocks for fruit trees and grape also vary as to their 

ability to decrease nutrient solution or the rhizosphere pH. In a study conducted with 

different quince and pear genotypes grown in a calcareous soil, it was shown that the 

root–soil interface was more alkaline with quinces than with pear genotypes (Tagliavini 

et al., 1995). Under Fe-stress condition, M. xiaojinensis, an Fe-efficient species, 

decreased the rhizosphere pH by around 2 units in a calcareous soil (Han et al., 1994, 

1998). Data indicating higher proton extrusion in Fe chlorosis tolerant than in Fe 

susceptible genotypes have been reported in nutrient solution studies for Actinidia 

(Vizzotto et al., 1999) and blueberry (Brown and Draper, 1980). The rootstock ability to 

release protons is also affected by the presence of the scion. This phenomenon has been 

investigated by Mengel and Malissovas (1982) who studied in solution culture the H
+
 

excretion by roots of the grapevine cultivars Huxel and Faber, both grafted on rootstock. 
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Even if roots were able to lower the rhizosphere pH at the level of 6.0, inorganic Fe 

dissolution is still so poor that by far it will not meet the plant Fe demand (Lindsay, 

1974). The importance of H
+
 release by roots is due to depressing the pH in the root 

apoplast by neutralizing HCO3
-
 and thus providing better conditions for the reduction 

(Mengel, 1994) of Fe, which in a calcareous soil is trapped in the apoplast of root 

epidermis (Kosegarten and Koyro, 2001). Adaptative strategies to acquire Fe are not 

confined to proton extrusion and FCR. Recent literature (de Nisi and Zocchi; 2000; 

Abadià et al., 2002) has suggested a role of the enzyme phosphoenolpyruvate 

carboxylase (PEPC) within the adaptive mechanisms to cope with Fe deficiency in 

calcareous soils. Phosphoenolpyruvate carboxylase incorporates bicarbonate, the main 

causal factor of Fe chlorosis (Mengel, 1994) into phosphoenolpyruvate, generating 

oxalacetate, which can be easily converted into malate. Oxaloacetate is also a precursor 

of citrate, which plays an essential role in xylem Fe transport (Tiffin, 1970). In sugar 

beet, a species tolerant to Fe chlorosis, the increase in PEPC activity was 40-fold higher 

in root tips of plants grown without Fe than in the controls (Lopez-millan et al., 2000). 

The differential tolerance to Fe chlorosis of two genotypes was associated with a 

stimulation of the enzyme PEPC in the roots and with an upward flow of organic acids in 

the xylem (Rombolà et al., 2002). Accumulation of organic acids in Fe deficient plants is 

often reported for both herbaceous dicots (Abadià et al., 2002), as well as in woody 

perennials like apple (Sun et al., 1987), grapevine (Brancadoro et al., 1995), kiwifruit 

(Rombolà et al., 1998) and quinces (Marino et al., 2000).  

 

2.10 Inactivation of Fe in the leaves  

Even in a calcareous soil a significant part of total Fe is located at the root level, both 

precipitated outside the roots and trapped in the root apoplast (Kosegarten and Koyro, 

2001).However, it is still unclear what proportion of the absorbed Fe is retained at the 

root level and how much is transported to the canopy where it undergoes a second 

reduction before entering the mesophyll cells. Iron availability for reduction in the leaf 

apoplast is a second important step necessary before Fe can be available by leaf cells. In a 

chlorotic leaf, the existence of Fe pools which are somehow inactivated has been 

proposed by Mengel (1994) and demonstrated by several authors (Tagliavini et al., 2000; 
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Kosegarten et al., 2001), a fact suggesting that part of the Fe coming from the roots does 

not pass the leaf plasma membrane and may be confined to the apoplast. Reasons for 

inactivation of Fe in the apoplast are still being debated. To some authors (Romheld, 

2000) Fe inactivation is a side (secondary) effect occurring in a leaf after the occurrence 

of Fe chlorosis: a high HCO3
-
concentration in the soil would lead to a decrease in the 

uptake and availability of Fe for canopy growth, so the higher Fe concentration in 

chlorotic leaves would be the final consequence of the leaf growth inhibiting effect of 

bicarbonate. Other authors consider Fe inactivation of major importance for the 

development of Fe chlorosis and have identified some responsible factors. According to 

Mengel (1994) the poor efficiency of Fe in leaf tissues is primary related to the high pH 

of the leaf apoplast under alkaline conditions that would impair Fe
3+

 reduction by 

mesophyll cells and consequently depress Fe transport across the plasmalemma. More 

insights into apoplast pH and Fe
3+

 reduction derived from studies of Kosegarten et al. 

(1999a) who, after developing a technique for in vivo measurements, have found that 

alkaline apoplast pH in different leaf portions may attain values (6.3–7.0) able to depress 

Fe
3+

 reduction. The relationship between chlorosis and apoplast pH is also confirmed by 

data of Lopez-Millan et al. (2001) who found that the pH of leaf apoplast from field-

grown pear trees increased from 5.5–5.9 to 6.5–6.6. Kosegarten et al. (2001) suggest that 

nitrate, almost the only form of nitrogen available for uptake in calcareous soils, plays a 

key role in the alkalisation of leaf apoplast. As many fruit trees reduce the nitrate at root 

level and transport N as amino acids in the xylem sap (Faust, 1989), other processes than 

nitrate uptake into leaf cells may be involved in the apoplast alkalization and in leaf Fe 

inactivation. Optimum values of pH for Fe
3+

 reduction in intact leaf apoplast were 

obtained at apoplastic pH 5 (Kosegarten et al., 1999) and in experiments with leaf 

protoplasts, which likely relates to optimum pH at the apoplast side of the 

plasmamembrane-located Fe
3+

 reductase, was estimated at approximately 5.5–6.0 (Susin 

et al., 1996; Gonzalez-Vallejo et al., 2000;).  

The theory of Fe inactivation due to alkalization of apoplast fits with experimental 

data obtained under field conditions, showing re-greening of chlorotic leaves as a result 

of spraying acidic solutions to the canopy (Sahu et al., 1987; Tagliavini et al., 1995). 

Kosegarten et al. (2001) spraying chlorotic sunflower leaves with citric acid recovered an 
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apoplastic pH drop from 5.5 to 5.0, and found a re-greening of leaves, whose Fe 

concentration remained on the same level.  

Whether bicarbonate exerts a direct effect on leaf Fe inactivation is still discussed 

and deserves further attention. Experiments by Rutland (1971) demonstrated that the 

presence of bicarbonate in the medium alters the normal distribution of 59Fe, which does 

not reach interveinal laminar areas, while accumulates in veins and the surrounding 

tissues. Relatively high bicarbonate concentrations (up to 1.8 mM) were found in the 

xylem sap of woody plants like Populus deltoides (Stringer and Kimmerer, 1993). 

According to other authors, at standard apoplast pH values of 5.5–6.0, however, 

bicarbonate should not be present (Lucena, 2000).  

During the occurrence of Fe chlorosis the citrate: Fe ratio in the leaf apoplast 

significantly increases as found in bean (Nikolic and Romheld, 1999) and sugar beet 

(Lopez et al., 2000). As FCR activity is adversely affected by increases of citrate: Fe ratio 

(Lopez-Millan et al., 2000), it is likely that accumulation of Fe in the leaf apoplast may, 

at least partially, derive from high citrate concentrations in the leaf apoplast (Abadià et 

al., 2001). At increasing pH values (Spiro et al., 1967) ferric citrate may form large 

citrate polymers and also could be a cause for the depressed Fe
3+

-citrate reduction. One 

may speculate whether the increase of citrate concentration in the xylem sap of chlorotic 

plants is related to the uptake of HCO3 by roots and its reaction with phospho-enol 

pyruvate leading to oxaloacetate which is a precursor of citrate synthesis. Using an 

ecological approach in their experiments, Zohlen and Tyler (2000) suggested that 

calcicole and calcifuge species have different ability to use the Fe taken up by roots. With 

some exceptions, although Fe uptake by calcifuges is not restricted even in calcareous 

soils, they, in contrast to calcicoles, are not able to retain the Fe in a metabolically active 

form and leaves turn chlorotic.  

. 

2.11 Agronomic and chemical means to prevent and cure Fe chlorosis  

2.11.1 Synthetic Fe chelates  

 

.Use of Fe chelates has proved very effective in controlling Fe chlorosis in different crops 

(Pestana et al., 2003). Fe chelates enhance Fe availability in soil by increasing soil 



22 
 

solution Fe, enhanced diffusion and quick replenishment of depleted zones and provide 

easy to roots for uptake (Lindsay, 1995). Iron chelates are still expensive and are still out 

of reach of most growers in developing countries.  Several Fe chelates are mainly used; 

ethylenediaminetetraacetic acid (EDTA) and diethylenetriaminepentaacetic acid (DTPA) 

characterised by a low stability and mostly used as foliar applications and 

ethylenediamine-di(o-hydroxy-phenylacetic) acid (EDDHA), ethylenediamine-di(o-

hydroxy-p-methylphenylacetic) acid (EDDHMA) and ethylenediamine-di(o-hydroxy-p-

sulphoxyphenylacetic) acid (EDDHSA) with higher stability constants can be used for 

soil application (Lucena et al., 1996). Chelates are very effective for improving Fe 

nutrition in alkaline and calcareous soils, however, excessively high stability constants 

may impair root Fe by taking up poorly available Fe (Lucena et al., 2000). Soil applied 

chelates may leached out of the root zone where frequent irrigations are applied. 

Synthetic Fe chelates are either applied to the soil or sprayed on the canopy with 

aims to enhance Fe availability for uptake at root level and efficient Fe transport and 

utilization in the leaves (Lucena, 2003). Because of quite low Fe mobility in the plant 

phloem, repeated sprays of Fe on leaves are need in active stage of shoot development. 

Iron chelates are usually more effective for preventing than curing the chlorosis because 

once the leaves become chlorotic, the Fe may hardly pass the leaf plasma-membrane, 

possibly as a result of unfavourable conditions to reduce Fe
3+

.  

 

2.11.2 Other Fe containing compounds  

2.11.2.1 Iron sulphate 

Ferrous sulphate (FeSO4.7H2O) being the cheapest source for controlling Fe 

chlorosis in developing country. But, in calcareous soils, soil applied FeSO4.7H2O has  

no or little agronomic value where it  rapidly oxidizes and become insoluble  (Loupassaki 

et al., 1997). The effectiveness FeSO4.7H2O in soils can be improved by combining it 

with organic sources. Organic sources (farm yard manure, plant residues compost, 

sewage sludges, etc.) have ability to complex Fe and increase its solubility and mobility 

(Pinton et al., 1999). Organic amendments contain organic compounds which are highly 

capable of chelating Fe. These chelators of  Fe in organic sources are mostly humic acids, 

amino acids, phenolics, hydroxamates and catechol siderophores (Chen et al., 1998). 
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Organic sources not only helps in increasing Fe solubility by providing chelators but also 

stimulate the microbial activities which results in powerful sidersphore production (Chen 

et al., 2000; Yehuda et al., 2000; Rroco et al., 2003; O'Hallorans et al., 2005).  

 

2.11.2.2 Vivianite 

The soil application of synthetic iron(II)-phosphate (Fe3(PO4)2.8H2O) has shown 

promising results in supplying Fe over period of time. Iron (II)-phosphate is analogous to 

the mineral “vivianite”. Vivianite is cheap source and is non-toxic compound which can 

easily be prepared at farm by simply mixing ferrous sulphate with di-ammonium 

phosphate or mono-ammonium phosphate in water by vigorous shaking. Moreover, it is 

also an excellent source of nitrogen and phosphorus for plant. Eynard et al., (1992) found 

that high content of Fe in vivianite (> 30% make it a potential source of Fe for plants 

growing over calcareous soil. Studies of Rosado et al. (2000) and Del Campillo et al. 

(1998) also showed that   application of vivianite had prevented the Fe chlorosis in plants 

grown over alkaline and calcareous soils. In pot experiments, after monitoring the effects 

of vivianite on pear for five year, Rosado et al (2002) ranked vivianite was as effective as 

chelate (Fe-EDDHA) to prevent Fe chlorosis. They found significant increase in yield of 

pear when fertilized with vivianite as compared to control. They concluded that slow 

oxidation and dissolution of vivianite help in formation of poorly crystalline oxide. 

Poorly crystalline iron oxide can easily be mobilized by plant roots and microorganism 

and is a readily source of Fe for plant growth (loeppert at el., 1994). de-Santiago et al., 

(2008) treated soils with different rates of ferrous sulphate and vivianite with humic acid. 

They found vivianite significantly increased the SPAD reading and yield of white lupin 

as compared to ferrous sulphate. They also found that applying viviiantie with humic 

substances enhanced the effectiveness of vivianite in preventing Fe chlorosis in white 

lupin.  Application of vivianite has successfully prevented iron chlorosis in many crops, 

grapevine (Diaz et al., 2010) pears (Iglesias et al., 2000), olive (Rosado et al., 2002), 

kiwifruit (Rombolà et al. 2003).  

 

 Del Campillo et al. (1998) and Rosado et al. (2000) also found vivianite as a promising 

compound in preventing Fe chlorosis in plants grown in calcareous soil. When compared 
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with synthetic Fe chelates, soil injection of vivianite was slightly less effective, but 

showed a more lasting impact. Vivianite application has the advantage of being relatively 

inexpensive and is directly prepared by growers simply mixing ferrous sulphate with di-

ammonium (or mono-ammonium) phosphate (Rosado et al., 2000). The effectiveness of 

soil applied Fe amorphous minerals is presumably due to the fact that they are more 

easily mobilized by plants and microorganisms as compared with crystalline Fe forms 

(Loeppert et al., 1994).  

 

2.11.2.3 Blood Meal 

Another way to correct iron deficiency is with application of blood meal to trees. Blood 

meal is a byproduct of slaughter industry and an excellent source  Fe (ferrous form and 

complexed with heme group of hemoglobin) . Blood meal can contain Fe in range from 

20 to 30 g  kg
-1

. Kalbasi and Shariatmadari, (1993) tested the effectiveness of blood meal 

and found effective source of Fe for plants. 

Tagliavini et al., (2000) obtained recovery of Fe chlorosis in pear orchard with 

application of blood meal with ferrous sulphate and compost. They  applied blood meal at 

the rate of 70 g per pear tree and found it very effective in alleviating Fe chlorosis.  

 

2.12 Injection of Fe salts 

Iron salts in liquid forms (ferrous sulphate and ammonium citrate) has been injected into 

plant xylem vessels and reported as very effective in alleviating Fe chlorosis in many 

plants like pear, kiwifruit, apple, peach, olive  (Wallace and Wallace, 1986; Wallace, 

1991). Iron compounds have been successfully applied in the form of bullets into holes 

made in the trunk to control Fe chlorosis in orchards. Wallace, (1991) found this 

technique very long lasting technique (2-3 years) in curing Fe chlorosis  in severe 

chlorotic trees and  prompt in re-greening but found it more feasible for low density 

planting systems. However, may cause phytotoxicity when Fe concentration and injection 

times are wrongly chosen. 
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2.13 Organic matter addition 

Organic sources (farm yard manure, plant residues compost, sewage sludges, etc.) have 

ability to complex Fe and increase its solubility and mobility (Pinton et al., 1999). 

Traditionally, animal manures (particularly from cow) have been used to enhance soil 

organic matter contents and soil fertility in fruit trees. Organic amendments contain 

organic compounds which are highly capable of chelating Fe. These chelators of  Fe in 

organic sources are mostly humic acids, amino acids, phenolics, hydroxamates and 

catechol siderophores (Chen et al., 1998). Organic sources not only helps in increasing Fe 

solubility by providing chelators but also stimulate the microbial activities which results 

in powerful sidersphore production (Yehuda et al., 2000; Rroco et al., 2003; O'Hallorans 

et al., 2005). Manures are excellent substrates for bacteria (e.g. Citrobacter diersus) 

producing powerful Fe siderophores (Chen et al., 2000). Under alkaline conditions, 

organic matter addition improves soil aeration and may prevent the re-crystallisation of 

ferrihydrite to more crystalline oxides (Schwertmann, 1966). Moreover, organic 

complexes can be taken up by the roots and may stimulate root activity (e.g. proton 

ATPase) and growth (Pinton et al., 1999). Organic components of animal manures has 

the ability to dissolve soil insoluble Fe compounds, incubation Fe salts with organic 

manure can  improve efficiency of Fe sources before application (Tagliavini et al., 2000).  

Ferrous sulphate (FeSO4) as Fe source may be added to the organic source and the 

chelators may be recycled to supply Fe to plant roots. Fe is present in exchangeable form 

in organic sources and roots grow freely in lime free organic matrix and absorb Fe 

whenever needed. Horesh et al., (1986) achieved very good results when Fe enhanced 

organics were applied at rate 1 ton ha
-1

. The organic matter  can minimize inactivation of 

the Fe by the lime in soils, but not inactivation caused by high bicarbonate of irrigation 

water. The higher levels of organic-acid-Fe applications are required for high bicarbonate 

waters. 

 

2.14 Management of the rhizosphere and soil pH  

The availability of nutrients in rhizosphere is controlled by the combine effect of soil 

properties, plant responses and characteristic and microbial-root interaction (Jones et al., 

2004). Soil amelioration to prevent lime induced iron chlorosis  by acidification of the 
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entire root zone is impractical (Wallace, 1991). However, acidification of small spots can 

be feasible (Sommer, 1993) by removing  part of calcareous soil and its replacement with 

acid peat. For complete neutralization of soil, it is necessary to bring the pH less than 7, 

so that no CaCO3 left behind. In complete neutralization has no or little effect on 

decreasind  lime induced Fe chlorosis. Kalbasi et al. (1986) found that  two hole per tree 

are needed for complete acidification of soil  one on each side in quince orchard. They 

reduced the soil pH from 8 to 7 with sulphuric acid and concluded it a very effective 

method to enhance iron availability with acids. However, in calcareous soils continuous 

application of strong acids is not practically possible and can raise salt level near root 

zone.(Tagliavini et al., 2000). Application of sulphur is another approach to bring  down 

soil pH, but  complete oxidation  of sulphur by microbes is difficult to achieve (Aburto 

and Lindemann, 1986). Application of sulphur with acid and organic matter  enhanced 

the process of oxidation of sulphur (Wainwright et al., 1986). Kalbasi et al. (1988) in the 

field observed considerable improvement in preventing Fe chlorosis  with broad cast 

application of 400 kg  ha
-1

 of sulphur  in corn, sorghum, and soybeans . 

 

2.15 Foliar applications  

The inactivation of Fe pools "Iron chlorosis paradox" in chlorotic leaves has been 

proposed (Mengel, 1994). Under field conditions, there is possibility of leaf re-greening 

chlorotic leaves by spraying acidic solutions (e.g. citric, sulphuric, ascorbic acids) 

without applying exogenous Fe (Aly and Soliman, 1998; Tagliavini et al., 1995). 

Kosegarten et al. (2001) have reported decrease of apoplastic pH and leaf re-greening by 

spraying citric and sulphuric acid. Although re-greening of leaves has often been 

obtained, especially in kiwifruit and peach, the magnitude of chlorophyll increases 

following acidic sprays was not so satisfactory for justifying the practical adoption of this 

means to cure Fe chlorosis (Tagliavini et al., 2000).  

 

2.16 Use of tolerant rootstocks to prevent Fe chlorosis  

To prevent Fe chlorosis, use of Fe chlorosis resistance genotypes or rootstocks in 

orchards would be a reliable solution. But, this is a long term approach. In many cases, 

existence of genetic difference in fruit tree species to tolerate the Fe chlorosis result in 
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selection of suitable rootstocks for alkaline and calcareous but Fe chlorosis tolerant 

rootstocks may not be attractive in other agronomic features (Pestana et al., 2003). 

When plants are in Fe-limiting conditions, they counter back Fe deficiency by increasing 

their Fe uptake capacity. Fe-efficient genotypes have shown different physiological, 

biochemical and morphological changes in response to Fe stress (Wallace, 1991;  

Schmidt, 1999; Donninia et al., 2009 ). New biotechnologies along with classical 

methods of plant breeding are being adopted to incorporate traits of wild relatives of 

naturally growing species resistance to lime induced Fe chlorosis into new. The screening 

of cultivars resistant to Fe deficiency in hydroponics systems with bicarbonate has been 

used in herbaceous (Campbell and Nishio, 2000; Lucena,  2000;) and woody species 

(Sudahono et al., 1994; Pestana et al., 2005).  

 

2.17 Need of project 

Several soil related characteristics lead to the development on Fe chlorosis in fruit 

trees. It's not possible to predict development of Fe chlorosis in perennial crops on the 

basis of single soil parameter. Soil pH can be useful tool but not a sufficient parameter to 

justify Fe nutrition. Other soil factors may affect the Fe solubility and availability to 

crops. The predominate soil Fe forms are geothite, hematite and ferrihydrite but little is 

available for plant. Therefore, to predict soil Fe availability, a series of extracting solution 

must be compared. Whatever the soil factors are, its water soluble fraction of soil solution 

Fe that represents the quantity of Fe available for plant growth. As compared to routine 

soil analysis, measuring the nutrient buffer power of soils give better and alternative 

approach to quantify the plant available nutrients. Adsorption and desorption reactions, 

kinectis of realease of nutrients can be "effective tool to determine the capacity of the soil 

to provide plant nutrients. 

 A number of strategies have been proposed to cure Fe chlorosis, among which the 

use of various soil amendments is common. Various Fe sources may have different 

solubilities within soil and may result in varying degrees of Fe availability. A possible 

way to evaluate the potential effectiveness of the Fe compound under soil conditions 

would be to study the changes in concentration of the total soluble Fe in soil solution over 

time. The use of Fe chlorosis tolerant genotypes represents another reliable solution to 
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prevent Fe chlorosis. Huge variation among higher plants exists for Fe deficiency 

tolerance mainly because of differences in one or more of adaptive strategies to low Fe in 

soils. These variations need to be explored for producing more efficient plants. Keeping 

all in view, a study was planned to understand Fe nutrition under different soils with the 

following specific objectives:  

  To study through survey, the distribution of different forms of Fe in alkaline and 

calcareous soils in Pakistan 

 To study the relationship of soil properties to Fe concentration in plant leaves 

 To measure  water soluble Fe forms and Fe buffer power of different soils 

 To assess the ability of different Fe sources  in maintaining water soluble Fe in 

different  soils over  time 

 To determine the response of citrus rootstocks to Fe levels in a calcareous 

medium (hydroponics) 
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CHAPTER 3, STUDY I 

 

DISTRIBUTION OF DIFFERENT FORMS OF IRON IN DIFFERENT SOILS 

AND THEIR CORRELATION WITH SOIL PROPERTIES AND LEAF IRON 

CONCENTRATIONS 

 

 

3.1 ABSTRACT 

Iron (Fe) deficiency on calcareous soil is complex phenomenon and is related to 

many abiotic and biotic factors. The study was conducted to determine different soil Fe 

forms, soil properties and their relationship with each other and with different Fe forms in 

plant leaves. For this purpose, citrus (Kinnow mandarine) was selected as a test crop. Soil 

and leaf samples were collected from sixteen different citrus orchards of Sargodha 

District. The DTPA extracted Fe was found above the critical limits (4.5 mg kg
-1

) in 80% 

of sampled orchards despite the presence of visual chlorosis symptoms in these orchard. 

However, DTPA extractable Fe was found negatively correlated with pH and CaCO3 (r = 

-0.68 and -0.52, respectively), and positively with organic matter content (r = 0.59). 

Active Fe "Ferrihydrite" extracted with ammonium oxalate was significantly correlated 

(r= 0.83) with DTPA-Fe at all soil depths. This indicates that Ferrihydrite is the main 

source of Fe in calcareous soils. All soil Fe fractions decreased with soil depth excluding 

total soil Fe. The rate of decrease was almost half from upper to lower depth. When leaf 

Fe contents were compared with soil Fe forms and soil properties, it was found that Fe-

DTPA of soil had no or little correlation with active leaf Fe (r = 0.02) and with total leaf 

Fe.  We concluded that DTPA extractable Fe is not good indicator of soil Fe availability 

in soils as other factor also affect Fe uptake. Among soil factors, soil pH had a 

significantly negative correlation with leaf Fe contents. The active Fe concentration in 

young chlorotic leaves was found below 50 µg g
-1

. 
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3.2 INTRODUCTION 

Plants growing on alkaline and calcareous soils commonly suffer from Fe 

deficiency called as "Iron chlorosis" (Mengel et al., 1984) and its second most important 

micronutrient disorder in arid calcareous environment after zinc (Rashid et al., 1997). 

Legumes, citrus, and deciduous fruits growing on these soils are more susceptible to Fe 

chlorosis (Rashid and Ryan, 2004). Fruit trees are most affected and about 20 to 50% 

fruit trees suffer from Fe chlorosis in calcareous soils (Jaeger et al., 2000).  

Iron deficiencies in agricultural crops are commonly associated with calcareous 

soils (Tagliavini and Rombola, 2001); however, factors other than total CaCO3 may also 

play important role. In an extensive study of chemical factors influencing Fe availability, 

Loeppert et al. (1994) found amorphous Fe oxide, clay, organic matter, and CaCO3 

contents, as well as pH can be related with Fe chlorosis. The  poorly crystalline Fe oxides 

and their amount in the soil can be related to Fe chlorosis occurance in various crops 

(Reyes et al., 2006). A strong relationship was observed between the ammonium oxalate-

extractable Fe and leaf chlorophyll content (de Santiago and Delgado, 2006) 

About 85% soils of citrus orchards (Sargodha, Faisalabad and Sahiwal Districts) 

were found deficient in DTPA extractable Fe (Rashid et al., 1991). Iron chlorosis is not 

only related to Fe supply, but sometimes necrotic leaves have high level of Fe as 

compared to green healthy leaves (Mengel, 1984; Bavaresco et al., 1999).  It has been 

called as “Fe chlorosis paradox” in which Fe becomes inactive in necrotic leaves 

(Römheld, 2000). Therefore, measuring total concentration of Fe in plant leaves is not a 

valid parameter to evaluate Fe deficiency in plants (Abadia, 1992). In order to overcome 

this problem in plant analysis, several procedures have been proposed and tested for 

determination of extractable Fe “active iron”. The most common extractants of Fe from 

fresh or dry leaves are, 1.5% phenanthroline (pH 3) and 1N hydrochloric acid (HCl) 

solutions (Başar, 2003; Sönmez and Kaplan, 2004). 

Studying properties of soil profile in citrus orchards can be useful tool for 

understanding the problem (Liping Li, 2005). Sometimes deeper depth are rich in CaCO3 

as compared to shallow, and hence older trees are more likely prone to Fe chlorosis 

because their roots explore more deeper soils with low in Fe and high in CaCO3 
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(Tagliavini and Rombola, 2001). To assess soil Fe fertility, DTPA-Fe soil test has been 

widely used, although its application is not always successful to all crops (Loeppert and 

Inskeep, 1996).  

The objective of this study was to determine different soil properties, soil  Fe forms and 

their depth wise distribution and correlation with  Fe concentrations in citrus leaves.  

 

3.3 MATERIALS AND METHODS 

 

3.3.1 Soil and plant sampling 

The soil samples were collected randomly from sixteen different citrus orchards 

of Sargodha District of Punjab Province. The survey area stretched in between 

32.25632N, 73.27321E to 31.92571N, 72.49542E.  Soil samples were collected under 

tree canopy and leaf samples of same tree were also collected. 8-10 trees were selected 

from each orchard and composite leaf samples were made from them (Dias et al., 2005). 

Old leaf samples (5-6 months old) were collected as described by Shah & Shahzad 

(2008). 20-30 leaves were collected from non-fruiting branches of each tree. Young 

healthy and chlorotic leaves (2 month old) showing Fe deficiency chlorosis were also 

collected. The 4
th

 leaf from shoot tip was collected with 10-20 leaves per tree (Whiley et 

al., 2002). For soil sampling. A stainless core sampler was used to take soil samples from 

different depths viz: 0-15, 15-30, 30-60 and 60-90 cm..  

 

3.3.2 Soil analysis 

Collected soils were air dried and ground to pass through 2 mm sieve. Different  

physical and chemical properties were determined according to standard methods 

described by U.S. Salinity Lab. Staff (1954) otherwise mentioned in Table 3.0.  
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Table 3.0. List of soil physical and chemical properties, analytical methods and 

instruments used in study 1. 

Soil Property Instrument Method Reference 

 ECe EC meter(AGB 1001) Saturated Paste  Method 1 

pHs pH meter (Hanna pH212) Saturated Paste Method 2 

CaCO3  Titration method Ryan et al., 2001 

Texture Hydrometer Hydrometer method Sheldrick and Wang, 1993.   

OM Titration Method Walkely and Black  Nelson and Sommers, 1996 

 

Soil Fe forms were determined using different extraction procedures: 

i. “Plant Available Fraction” was extracted with 0.005 M DTPA solution (Lindsay 

and Norvell, 1978) 

ii. “Active Fe oxide ” was determined with ammonium oxalate solution  at pH 3.0  

(Mehra and Jackson, 1960) 

iii. “Organically bound Fe” was determined with sodium pyrophosphate (Tessier et 

al., 1979) 

iv. “Soluble and Exchangeable Fe” with 1 M MgCl2 (Tessier et al., 1979) 

v. “Total soil Fe ” with acid digestion 

Extracts were filtered and analysed for Fe contents using Atomic Absorption 

Spectrophotometer (Varian®, SpectrAA-220) 

 

3.3.3 Leaf analysis: 

Leaf samples were washed with tap water, rinsed with deionized water and dried 

on tissue papers. Dried leaf samples were oven dried (at 70 
o
C) in hot air driven oven for 

three days. Dried samples were ground to pass through sieve size of 2 mm. A portion of 

plant samples was analyzed for Fe contents using the following methods: 
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1. Total Fe was measured using a nitric acid (HNO3)–perchloric acid (HClO4) 

(2:1) digestion mixture (Chapman, 1975) 

2. Active Fe was measured by incubating oven dried samples in 1 N Hydrochloric 

acid (HCl) with ratio of (1:10) for 24 hours, according to the method described by 

Llorente et al. (1976). 

Atomic absorption spectrophotometer was used to measure Fe in extracted and digested 

plant and soil material 

 

3.3.4 Statistical Analysis 

Sample means were calculated using MS Excel and Pearson correlation 

coefficients were determined using statistical software; Statistix 9.  Soil properties, Soil 

Fe forms were correlated to leaf Fe concentration with help of statistical package of 

MINITAB using linear regression analysis (Ryan et al., 1985). 

 

3.4 RESULTS AND DISSCUSION 

 

3.4.1 General description of soils 

According to the results given in Table 3.1, the soil textures of the soils were 

sandy loam, loam and silt loam. ECe of soils ranged from 0.7-1.3 dS m
-1

 indicating that 

these orchards were without any salt problem. Organic matter contents of the soils  

ranged from 0.45% - 1.23% at depth of 0-30 cm. Calcium carbonate (CaCO3) contents of 

the soils differed from 2.3% to 12.0% at depth of 0-30cm. the Soil-15 (Sultanpur series) 

was found high in CaCO3 (12%) while Soil-4 (Bhalwal series)  was lowest in CaCO3 

among all soils  The soil pH values ranged from 7.9-8.4 indicating that soils are alkaline 

in nature. DTPA extractable Fe contents of the soils were found between 2.6-10.8 mg  kg
-

1
 with mean average value of 6.3 mg kg

-1
. According to Lindsay and Norvell (1978), the 

critical concentration DTPA extractable Fe in soil is 4.5 mg kg
-1

. We found that most of 

soils in our study had DTPA Fe contents more than critical limit despite the fact that we 

have observed visual symptoms in leaves grown on these soils. The soils of about 5 

orchards were found less than critical value of 4.5 mg kg
-1

. Among other micronutrient, 
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the DTPA-extractable contents of Copper and Manganese were found in adequate range, 

while Zinc was deficient in some soil samples. 

3.4.2 Different soil Fe forms 

Different soil Fe forms found in the surveyed orchards are given in Table 3.2. The 

ammonium oxalate extracted Fe also called as “active iron oxide” or “amorphous Fe 

oxide” or “Ferrihydrite” was found in a range from 611 to1523 mg kg
-1

. The total soil Fe 

determined by wet digestion was found between 1.7-3.3%. Fe extracted with Na-

Pyrophosphate, also referred as “Organically bound- Fe” was found in a range from1.2 to 

3.6 mg kg
-1

.  

The depth wise distribution of different soil Fe forms is given in Table 3.0. All soil Fe 

fraction decreased with soil depth excluding total Fe iron. The rate of decrease was 

almost half from upper to lower depth.  

 

3.4.3 Correlation of soil properties with different Fe forms 

The correlation coefficients between soil Fe forms  and soil properties are shown 

in Table 3.4. According to the table, the soil DTPA extractable Fe in soils was negatively 

correlated with pH and CaCO3, respectively (r= - 0.68 and - 0.52) in upper depth of 30 

cm. Correlations between DTPA-Fe and pH was not  found significant in the soil from 

30-60 cm. DTPA-Fe was found positively correlated with soil organic matter, this 

indicates that soil high in organic carbon are rich in soil available Fe. Correlations 

between ammonioun oxalate extractable Fe and pH was found negative. Ammonium 

oxalate extracted Fe was also found positively correlated with soil CaCO3. This might be 

due to the fact that we used non-buffer ammonium oxalate solution to extract soil Fe. 

However, the correlation between organic bound Fe was negative with pH and CaCO3 (r= 

-0.26 and -0.40, respectively). Soil organic matter had a significant positive correlation 

with DTPA-Fe, ammonium oxalate-Fe and organically bound-Fe (r= 0.62, 0.70 and 0.57, 

respectively). 

The correlation study of soil Fe forms and soil properties revealed that all soil Fe 

forms were positively correlated with soil organic matter. This indicates the soil rich in 
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organic matter are more capable of supplying the Fe to plants primarily in form of 

organic complexes. Many studies found this positive correlation soil DTPA-Fe and 

organic matter (Sharma et al, 2003; Ahmed et al., 2012).  Studies have shown a positive 

influence of organic matter in preventing Fe chlorosis in different crops. This ability of 

organic matter is attribute to its ability in solubilizing the active Fe oxide phases 

(Lindsay, 1991). High organic matter on other hand can cause chlorosis owing to increase 

microbial activity which may produce sufficient carbon dioxide and formation of HCO3
-
 

which cause Fe immobilization in plant body (Başar, 2000). 

  Soil Fe forms were found to be reduced with increase in pH and CaCO3. 

Carbonates and bicarbonates buffer soil pH in range from 7.5 to 8.5 in calcareous soils 

(Loeppert, 1986; Bloom, 2000). In pH range buffered from 7.5 to 8.5, the equilibrium 

concentration of total dissolved Fe(III) is approximately 10
-10

 M, which is very less than 

the critical limit of  10
-8

 M Fe required for optimum plant growth (Lindsay, 1995). The 

soil Fe solubility reduction with increase in soil pH is not a new phenomenon and is 

already well established. For each unit rise in soil pH, Fe (III) and Fe (II) solubility 

decreases by 1000 and 100 times, respectively (Loeppert, 1986).  

Table 3.1. Physical and chemical properties of soils (0-30cm) used in Study I. 

Soil. 

No. 

Soil 

Series 

ECe 

(dSm m
-1

) 
pH 

CaCO3 OM Clay Silt Sand 

% 

Soil-1 Bhalwal 1.1 8.1 5.0 0.9 8 60 32 

Soil-2 Bhalwal 1.3 8.0 6.8 1.1 10 65 25 

Soil-3 Bhalwal 1.2 7.9 4.3 0.7 10 75 15 

Soil-4 Bhalwal 1.1 7.9 2.3 1.0 8 72 20 

Soil-5 Hafizabad 0.9 8.3 5.3 1.2 9 50 41 

Soil-6 Hafizabad 1.0 8.1 5.0 0.9 6 53 41 

Soil-7 Hafizabad 1.0 8.0 4.0 1.1 10 68 22 

Soil-8 Hafizabad 1.7 8.3 8.7 0.8 8 76 16 

Soil-9 Hafizabad 1.1 7.9 4.0 0.9 7 66 27 

Soil-10 Jakkar 1.1 8.4 8.0 1.0 8 79 13 

Soil-11 Jakkar 1.7 7.9 4.8 0.8 10 78 12 

Soil-12 Miani 0.9 8.2 11.8 0.9 8 68 24 

Soil-13 Rasalpur 1.0 8.0 5.0 0.7 7 52 41 

Soil-14 Rasalpur 0.8 8.1 8.8 0.5 8 45 47 
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Soil-15 Sultanpur 1.1 8.2 12.0 0.4 7 50 43 

Soil-16 Sultanpur 0.7 8.2 5.1 0.8 8 69 23 

 

Table 3.2. Different forms of Fe in different soils of citrus orchards sampled in Punjab. 

Soil. 

No. 

Soil 

Series 

DTPA-

Fe 

Amm.  

Oxalate- 

Fe 

Organic 

bond-Fe 

Soluble + 

exchangeable- 

Fe 

Total 

Soil Fe 

(%) 
---------------------- mg kg

-1
-------------------------- 

Soil-1 Bhalwal 5.5±0 .3 1137±40 2.3+ 0.6 1.1+ 0.4 2.4±0.2 

Soil-2 Bhalwal 10.8±0.7 1523±66 3.2±0.4 0.3±0.3 1.9±0.1 

Soil-3 Bhalwal 7.2±0.9 1132±34 1.5±0.7 0.8±0.2 3.1±0.1 

Soil-4 Bhalwal 8.6±0.5 1246±54 3.6±0.5 0.9±0.4 2.9±0.2 

Soil-5 Hafizabad 5.3±0.8 1012±34 1.9±0.6 1.2±0.3 1.7±0.2 

Soil-6 Hafizabad 7.1±0.6 1189±56 2.3±0.9 1.2±0.2 2.3±0.3 

Soil-7 Hafizabad 8.7±0.4 1203±39 3.1±0.4 0.5±0.3 2.6±0.2 

Soil-8 Hafizabad 4.8±0.3 862±32 2.7±0.3 0.9±0.4 2.0±0.1 

Soil-9 Hafizabad 6.1±0.2 1436±54 2.1±0.6 0.4±0.2 2.5±0.3 

Soil-10 Jakkar 9.1±0.6 1133±67 3.2±0.9 0.5±0.4 2.9±0.2 

Soil-11 Jakkar 9.6±0.9 1425±48 3.7±0.7 1.6±0.3 3.3±0.3 

Soil-12 Miani 4.5±0.6 1000±51 2.1±0.5 0.4±0.2 2.1±0.2 

Soil-13 Rasalpur 4.1±0.4 717±46 1.2±0.3 0.8±0.4 1.5±0.2 

Soil-14 Rasalpur 2.6±0.8 611±43 1.2±0.6 0.7±0.3 2.0±0.3 

Soil-15 Sultanpur 3.3±0.7 375±35 1.2±0.8 0.4±0.2 2.1±0.2 

Soil-16 Sultanpur 4.2±0.3 925±40 1.6±0.4 0.73±0.4 2.0±0.2 

Values are means of replicates, ± standard deviation 

 

Table 3.3. Distribution of different Fe forms within the soil profile 

Depth 

(cm) 

DTPA-Fe 

(Plant 

Available) 

Active Fe 

oxide 

(Ferrihydrite) 

Organic 

Bound- Fe 

Adsorbed and 

water soluble-

Fe 
Total Soil 

Fe (%) 

---------------------------------mg kg
-1

------------------------------- 

0-15 6.70±4.3 1199±478 2.1±1.2 1.2±0.5 2.3±1.4 

15-30 4.16±2.4 972±332 2.1±1.3 1.0±0.6 2.1±1.2 

30-60 3.11±1.9 823±233 1.2±0.8 0.46±0.2 2.4±1.8 

60-90 2.44±1.2 765±241 0.8±0.6 0.34±0.2 2.3±1.6 

Values are means of replicates, ± standard deviation 
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Table 3.4. Correlation coefficient (r) of Fe Forms with soil properties 

 DTPA-

Fe 

Amm. 

Oxalate -

Fe 

Organic 

Bound-Fe 

CaCO3 O.M pH 

Amm. Oxalate -Fe 0.83**      

Organic Bound-

Fe 

0.61* 0.58*     

CaCO3 -0.51* 0.204 -0.40*    

O.M 0.62** 0.70** 0.57* -0.07*   

pH -0.68* -0.61** -0.26* 0.23* -0.72**  

Clay 0.24* 0.24* 0.09 0.06 0.14 -0.07  

* significant(p<0.05) , ** highly significant (p<0.01) level. 

 

3.4.4 Relationship between soil Fe forms with each other  

In this study, DTPA-Fe was found positively correlated with amorphous Fe-oxide 

(Ferrihydrite) contents of the soil (r = 0.83**) as shown in Fig 3.1. To evaluate soil Fe 

availability for plant, DTPA extraction method was used to extract and represent plant 

available Fe. As DTPA solution is buffered at pH 7.3 and therefore, the effect of soil pH 

on extracted Fe is negligible. At this point, the main factor influencing the quantity of 

extracted Fe is the reactivity of the Fe oxide phase (Geiger and Loeppert, 1986). The high 

level of correlation between DTPA-extracted Fe and amorphous Fe oxides proves that 

DTPA method is also a good indicator of quantity of reactive Fe oxide phase in 

calcareous soils (Reyes et al., 2006). Under Fe deficiency, plant exudes protons and 

chelating compounds to mobilize soil labile Fe and this labile pool is poorly crystalline 

Fe oxide. Therefore, poorly crystalline Fe oxides influence the Fe availability to plants 

grown in calcareous soils (Loeppert et al., 1994). A strong positive relationship was 

observed between the ammonium oxalate-extractable Fe and leaf chlorophyll content (de-

Santiago and Delgado, 2006). 

The organically bound Fe fraction which was extracted with sodium 

pyrophosphate  solution was also significantly correlated with DTPA-Fe and Ammonium 

Oxalate-Fe (r=0.61 and r=0.58, respectively). Organically bound-Fe also had significant 

relation with soil organic matter and similarly, the other soil Fe fractions were also found 
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in significant correlation with soil organic matter. Many scientists believe that Na-

Pyrophosphate  method not only extracts Fe from organic matter but also removes Fe 

from other Fe oxides (Taylor, 1987; Loeppert and Inskeep 1996 ). This can be the reason 

which explains the  high correlation between  ammonium oxalate and Na-Pyrophosphate  

extracted Fe. 

The relationship between CaCO3 with DTPA-Fe and Ammonium oxalate-Fe was found 

negative. However, the DTPA-Fe was found positively correlated with organic bound Fe 

(r = 0.61).  

 

 

Fig. 3.1. Correlation between Active-Fe oxides and DTPA-Fe 

 

 3.4.5 Relationship of soil Fe forms, soil properties and leaf Fe in old leaves 

The average Fe concentrations in three different citrus leaves are shown in Fig 

3.2. Total Fe concentrations of the oven-dried old leaf tissue ranged from 110 to 320 µg 

Fe g
-1 

with average value of 190 µg g
-1

. The total-Fe in all leaves were found above the 

critical value of 80 µg g
-1

 as defined by Srivastava and Singh (2006 and 2008). The 
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active-Fe concentration in old leaves ranged from 60 to 120 µg g
-1

 with average value of 

84 µg g
-1

. 

Correlation coefficient between total leaf Fe, soil Fe forms and soil properties are 

shown in fig (3.4). The correlation of total Fe in old leaves with DTPA-Fe (r = 0.14) and  

pH (r = -0.03) was found very weak (Table No. 3.5 and Fig 3.5 ). The weak correlation 

between DTPA-Fe and total Fe contents indicate that both parameters are not good 

indicator of Fe deficiency or chlorosis in citrus. Başar (2005) also concluded that the use 

of commonly accepted method (DTPA, diethylene triamine pentaacetic acid + CaCl2 + 

TEA, triethanolamine) for determining bio-available Fe in calcareous soils is not a 

reliable tool to assess Fe nutrition of plants. Katkat et al., (1994), Başar (2005), Celik and 

Kathak, (2007) and Ahmed et al., (2012) also reported soil DTPA extractable Fe contents 

in different soils above the critical limits required by plant despite the fact that they also 

observed visual chlorosis symptoms in crops grown on these soils. They also found poor 

relationship with DTPA-Fe in soil with leaf Fe contents. This behavior may also be due 

to " Iron Chlorosis Paradox" where chlorotic leave may have more Total Fe as compared 

to healthy leaves  (Abadia 1992). Morales et al., (1998) suggested that diagnostic can be 

useful when leaf Fe is expressed as concentration per leaf area or amount per leaf rather 

than concentration per dry basis. Interaction of other nutrients can also induce Fe 

deficiency. Fe deficiency like symptoms has been reported in leaves withe high 

Manganese concentration (Roomizadeh and Karimian, 1996). When soil and plant 

analysis fail to diagnose the problem,  Srivastava and Singh (2006) has suggested that 

measuring the enzymatic activity or metabolic can be affective and quick tool to identify 

the unknown chlorotic symptom during the growing season. 
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Fig 3.2. Average concentration of active and total Fe in different citrus leaves. Error bars 

on figure shows standard deviation of means. 

 

Pearson correlation coefficients between Fe forms, soil properties and active leaf 

Fe in old leaves are shown in Fig 3.3. Active leaf Fe in old leaves was also correlated 

very weakly with Fe-DTPA (0.06). However, its correlation (r=0.40) with organic bound 

Fe was better than DTPA Fe but still non significant.. Loeppert and hallmark (1985), 

Basar, (2005) also found similar trends. Regression analysis of some of interaction 

between leaf Fe concentration, Soil Fe forms and soil properties is shown in Table No. 

3.3. Among the different soil Fe forms, the organic bound Fe extracted with Na-

Pyrophosphate solution was found significantly correlated with active Fe contents in old 

leave. This shows the organic bound Fe is a more available source of Fe for plants in 

calcareous soils.  
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Table No. 3.5.  Regression analysis of some of interactions between leaf nutrient 

concentrations, soil Fe forms and soil properties 

Sr. 

No. 

Interactions Regression Equation r 

value 

1.  Total-Fe (Old leaves) x DTAP-Fe y=108 + 1.05x 0.14 

2.  Total-Fe (Old leaves) x pH y=190-9.3x 0.03 

3.  Total-Fe (Old leaves) x CaCO3 y=105+1.43x 0.29 

4.  Active-Fe (Old leaves) x Organic bound Fe y=55.2 +12.8x 0.47 

5.  Active-Fe (Old leaves) x pH y=412-40.7x 0.30 

6.  Active-Fe (Young leaves) x Ferrihydrite-Fe y=43 + 0.001x 0.40 

7.  Active-Fe (Young leaves) x pH y=285-28.4x 0.46 

8.  Active-Fe (Young leaves) x CaCO3 y=46.6+1.40x 0.40 

 

3.4.6 Relationship of soil Fe forms, soil properties and leaf Fe in young leaves 

The total Fe concentration in young non-chlorotic leaves was 110 µg g
-1 

and  in 

chlorotic leaves, the average value of total Fe was 80.1 µg g
-1

. The active Fe 

concentration in young healthy leaves was above 50 ug g
-1

 but in chlorotic leaves its 

concentration was below 50 µg g
-1

 (Fig. No. 3.2). The concentrations of all Fe forms in 

young leaves were far below than the old leaves. The very low mobility of Fe inside plant 

body may result in lower Fe concentration in young leaves which leads to development of 

interveinal yellowing first in the youngest leaves (Bavaresco et al., 2006). Shortage of 

physiological active Fe leads to decrease in production of photosynthetic pigments (Val 

et al., 1987; Morales et al., 2000). In other studies, the concentration of active Fe was 
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found more in young healthy as compared to chlorotic peanut and citrus leaves (Zhang et 

al., 2012; Kangarshahi et al., 2013) 

The relationship between active Fe in young citrus leaves, soil Fe forms and soil 

properties is given in Fig. 3.5. Active Fe in young leaves was  significantly and inversly 

related with soil pH (r= -0.46*). The DPTA-Fe (r= 0.15) and ammonium oxalate-Fe (r= 

0.40) were correlated positively with active Fe concentration in young leaves.  

Basar (2005) found a strong positive relationship between pH and CaCO3 

concentration in soil and active Fe in peach leaves. High soil pH significantly reduced the 

active Fe and total Fe in peach leaves. He also found that the correlation of active and 

total Fe was numerically similar. In our study, we also found good relationship between 

Active Fe in young leaves and soil pH. Iron concentration in young leaves either total or 

active Fe behaved very similarly when there correlation was drawn with soil properties 

and Fe forms. Sӧnmez and Kaplan (2004) compared the number of Fe extraction methods 

for oven dried apple leaf; 1NHCl, 0.1NHCl, 0.005M diethylenetriamine pentaacetic acid 

(DTPA), and 1.5% phenanthroline. They found strong relationship between 1N HCl 

extracted Fe concentration with chlorophyll reading. However, according to Neaman and 

Aguirre (2007) the ferrous Fe is expected to be oxidized to ferric form during oven 

drying of leaves and they prefer use of fresh leaves to measure active Fe with 

phenanthroline-extractable procedure. In some other studies,1N HCl extracted Fe from 

oven dried leaf sample was found highly correlated  with chlorophyll reading (Çelik and 

Katkat et al., 2008; Kangarshahi et al., 2013). 

The strong relationship between active Fe(II) in young leaves and ferrihydrite Fe 

suggest the ferrihydrite has strong influence on  the supply of Fe in calcareous soils. 

Strong and inverse relationship was found between ferrihdydrite and degree of chlorosis 

in many crops (Morris et al., 1990; Ryes et al., 2006). To evaluate the impact of various 

factors on Fe availability, measuring active Fe in leaves has been considered as effective 

parameter as compared to Total Fe by many researchers (Katyal and Sharma 1980, 

Mengel et al., 1984, Rashid et al., 1997) 
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3.5 CONCLUSION 

Iron nutrition on alkaline and calcareous soils is a complex phenomenon and is related to 

many biotic and abiotic factors. Its deficiency is not related to its low availability rather 

many soil related factors lead to development of Fe chlorosis. We studied relationship 

between different soil Fe forms, soil properties and  leaf Fe forms.  DTPA-Fe was highly 

correlated (r= 0.83) with active Fe oxide “Ferrihydrite” in all soils types. This indicates 

that ferrihydrite is main source of Fe for plants growing in calcareous soils. Soil analysis 

revealed that soil DTPA extractable Fe contents were in negative correlation with pH, EC 

and CaCO3 (r= -0.260, -0.68 and -0.51, respectively), but correlations were positively 

significant with organic matter content (r=0.59). However, DTPA-Fe contents were 

higher than the critical concentration range required for plant growth (4.5 mg Fe kg
-1

) in 

orchards with chlorotic and analytically Fe deficient leaves. The total-Fe in all old leaves 

was found above the critical value of 80 µg g
-1

 as defined by Srivastava and Singh (2006 

and 2008). The active Fe concentration in young chlorotic leaves was found below 50 µg 

g
-1

. When leaf Fe contents were compared with soil Fe forms and soil properties, it was 

found that DTPA-Fe of soil had no or little correlation with leaf Fe concentration. We 

concluded that the DTPA extractable Fe is not good indicator of soil Fe availability in 

soils as other factor also affect Fe uptake of roots. Among soil factors, soil pH had 

significantly negative correlation with leaf Fe contents especially with active Fe.  
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Fig. 3.3. Relationship between active-Fe in old leaves, soil Fe forms and soil properties  
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Fig. 3.4. Relationship between total Fe in young leaves, soil Fe forms and soil properties 
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Fig. 3.5. Relationship between active-Fe in young leaves, soil Fe forms and soil properties  
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    Fig. 3.6. Relationship between total Fe in different leaves of citrus and soil DTPA-Fe 
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CHAPTER 4, STUDY 2 

TOTAL WATER SOLUBLE IRON FORMS IN DIFFERENT CALCAREOUS 

SOILS OF PUNJAB 

 

4.1 ABSTRACT 

 

Bucher funnel Technique (BFT) elaborated by Ammari and Mengel (2006) was used to 

determine the water soluble fraction of Fe.  A soil and quartz sand was mixed in ratio 1:1 

and incubated at 80% of water holding capacity for 3 days prior to extraction. Bipyridine 

was used to form colored complex with Fe(II) and its absorbance was measured at 520 

nm. Sixteen soils with different physicochemical properties were analyzed for total 

soluble Fe by BFT. The Fe concentrations  in soil solutions of all extraction  differed in a 

range from 1.2 μM Fe to about 3.1 μM Fe. Soluble Fe concentrations of each extract were 

found with no strong correlation with any soil characteristics. In all soils, Fe 

concentrations were high enough to meet the plant’s demand and were above the critical 

limit of 1 μM Fe. It was also observed that 22 to 84 % of soil solution Fe was found in 

organically complexed form. All soils showed higher buffering capacity with an average 

value of 0.8. The Fe concentrations in soil solution extracts were above the critical limit 

required for plant and prove that Fe chlorosis in calcareous soils is not due to low 

solubility of Fe but rather due to reduced uptake by roots. 

 

4.2 INTRODUCTION 

 

The critical value of Fe in soil solution that is required for plant growth is in the μM 

range (Siebner-Freibach et al., 2003) but in well aerated soils this value is many folds 

less than plant requirement. In neutral to alkaline soil pH, soil solution level of inorganic 

Fe fraction is far below than required for mass flow and diffusion to plant roots 

(O’Corner et al., 1971). The critical level of soil solution Fe is 10
-8 

M and below this 

level plant suffers from Fe deficiency. At pH 7.5-8.5, Fe(III) concentration in solution 

can be as low as 10
-10.4 

M, which is 250 times less than the critical value required for 
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plant growth (Lindsay, 1995). Fe(II) concentration is mainly controlled by redox 

conditions, in calcareous soils these conditions can exist in microsites in root rhizosphere 

or in organic sites where microbial activity is taking place (Crowley et al., 1988). It 

appears that formation of soluble organic complexes is very important factor in supplying 

Fe to the plants growing in calcareous soils (Paul, 2006). These organic complexes may 

include root exudates, natural chelates produced by soil organic matter degradation, 

products of microorganisms metabolic activities and chelated fertilizer added to soils 

(Jurkevitch et al., 1988). Moreover, another process in calcareous soil that has strong 

influence on Fe availability is microbial activity. Microbial activity enhances Fe 

solubility by production of powerful chelators of Fe “Siderophore” which chelate and 

solubilize Fe (Rroco et al., 2003). Studying the buffering capacity of soils for their 

adsorption and desorption reactions, kinectis of realease can be effective tool to 

determine the capacity of the soil to plant nutrient (Young et al., 2006). Whatever the soil 

factors are, its water soluble fraction of soil solution Fe that represent the quantity of Fe 

available for plant growth (Ammari and Mengel, 2006). Total soluble Fe concentration in 

soil solution which can be in inorganic form or in an organically-bound form is very 

important as it controls the Fe transfer to plant roots by diffusion and mass flow 

Several techniques with non-destructive and destructive methods have been 

proposed to collect soil solution. Nondestructive methods involve collect soil solution 

with the help of soil solution collector (a lysimeter). Destructive methods involve 

different extraction producer in laboratory to collect of soil solution Fe. 

In this study we used (BFT method to collect soil solution and analyzed it for inorganic 

and organic fraction of Fe.  

The main objective of this study was to determine total water soluble Fe and soil Fe 

buffer power of different calcareous soils using BFT  
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4.3 MATERIALS AND METHODS 

 

Soil sampling and preparation were the same as for study 1. The Buchner Funnel 

Technique was used to collect the soil solution by keeping soil at 80% of maximum water 

holding capacity. Soils were mixed with sand to improve the water flow and to reduce 

anaerobic conditions. According to Ammari and Mengel (2006) soil solution extracted 

with BFT represents the soil aqueous liquid phase and its solutes. 

 

4.3.1 General description of the “Buchner funnel technique” (BFT) 

The BFT (Fig. 4.1) was used to collect the total soluble Fe with minimum use of water as 

extractant under vacuum. Quartz sand was washed with strong acids and distilled. After 

washing, sand was mixed with soil at a ratio of 1:1 (150 g sand:150 g air-dry soil) to ease 

the extraction procedure. To prevent the entry of soil particles into the collector,  Nylon 

filter  with 10 μm pore diameter were placed at the bottom of the funnel. The mixture of  

soil–sand (50g soil + 50g sand) was placed in plastic cups and watered daily to maintain 

moisture level at of 80% of  maximum water holding capacity. This was done by 

determining weight loss of each sample on everyday. BFT was to extract the soil solution 

by applying suction pump. After extraction soils were again kept at their field capacity 

for next three days. Each soil was replicated in thrice and total of three extractions were 

done from each soil. Extracted soil solution was passed through disposable filter paper 

apparatus with pore size of 0.22 µm.  Filtered soil solution was analyzed for ferric and 

ferrous forms using modified method by Violler (2000)  and Pourreza  (2012). 2,2`-

dipyridyl was used as color developing reagent for Fe(II). 2,2`-dipyridyl(6.4 x 10
-4

 M) 

solution was prepared by dissolving 0.0lg in 100ml of water. The hydroxylamine 

hydrochloride was used  to reduce the Fe(III)  to Fe(II) according to following equation 

 

4Fe
3+ 

+ 2NH2OH => 4Fe
2+

 + N2O + 4H
+
 + H2O 

Spectrophotometer (Shimadzu®, UV-1201) was used at wavelength of 520nm to 

measure colored Ferrous2,2`-dipyridyl compound. A total of three extractions were done. 

Relative buffering power (RBP) was calculated using the formula: 

RBP =a/b 

http://www.hindawi.com/25235813/
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a = Fe concentration of the 3rd extraction 

b = Fe concentration of the 1st extraction 

The extracted soil solution after each extraction was divided into two portions. 

One portion was used to measure total soluble Fe using Atomic absorbance 

spectrophotometer (AAS).  Second portion of extracted soil solution was analyzed for 

ferrous form using 2,2`-dipyridyl method.  Chelated Fe was calculated by subtracting the 

ferrous concentration from total water soluble concentration.  

 

Fig. 4.1. The components of the Buchner funnel technique 

 

 

 

4.3.2 Statistical Analysis 

Sample means were calculated using MS Excel and Pearson correlation 

coefficients were determined using statistical software; Statistix 9. Each soil was 

replicated in thrice and total of three extractions were done from each soil. 
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4.4 RESULTS AND DISCUSSION 

 

4.4.1 The total soluble Fe concentration in the soil solutions of different soils 

The total water soluble Fe concentration in soil solution extracts of different soils 

was found in micro molar (μM) range. For chemical and physical properties of soils 

used in this study, see materials and methods of Study 1. The concentration of total 

soluble Fe in the soil solutions of the first collection (Fig. 4.2) ranged from 1.45 to 3.17 

μM for Soil-9 and Soil-10, respectively. In the second collection, the highest total 

soluble Fe concentration was found in soil-7 (2.51 μM) and lowest in soil-13 (0.59 μM). 

On average, all soils maintained soil solution levels of Fe above 2 μM  in  the first 

extraction and 1.59 μM in the third extraction.  On average basis, the total soluble Fe in 

the first extraction was higher than in other extractions. Mengel et al. (1984) also found 

total soluble Fe concentration of calcareous soil after incubating soil at different 

moisture level (60-100% of max. water holding capacity). They found that soils which 

were even saturated at 60% of water holding capacity had Fe concentration above the 

critical limit of 2.0 µM Fe.  Ammari and Mengel (2006) also found that calcareous soils 

maintained high level of total soluble Fe. In their study some calcareous soils maintained 

soil solution Fe levels up to 30.0 µM. They concluded that soil solution level of Fe in 

calcareous soils is not a limiting factor to Fe deficiency but rather soil pH is the main 

factor that affects root physiology and ultimate render Fe uptake. The high percentage of 

water soluble Fe in calcareous soils was explained by Jackel et al. (2001). They 

concluded that when soils are kept saturated at 30-70% of maximum water holding 

capacity, anaerobic condition created in small pores resulted in production methane gas. 

In these pores Fe(II) was formed due to anaerobic respiration and FE(III) function as 

electron acceptor. Lindsay (1974) conducted experiment on dissolution of Fe oxide and 

came to conclusion with theoretical consideration that the soil Fe in soil solution must be 

more than 1.0 µM for plant uptake and growth. In our study we found that total soluble 

Fe of all extraction was above the critical limit of 1.0 µM. According to Ammari and 
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Mengel, (2006)  the measured total soluble Fe by BFT represent soil solution Fe and its 

control the transfer of Fe to plant by diffusion and mass flow 

 

4.4.2 The relationship of total soluble Fe concentration and soil properties 

There was no strong correlation was observed between total soluble Fe 

concentration in first extraction and soil physicochemical properties of soils 

 All soil maintained appreciable amount of total soluble Fe regardless of soil pH, soil 

Organic matter and CaCO3. That’s why there was no strong correlation was observed 

between soil solution Fe concentrations with either soil pH, CaCO3 or soil organic matter. 

However, the concentration of total soluble Fe was weakly correlated with the soil 

DTPA-extractable Fe (r = 0.33) in first extraction and (r=0.42) in third extraction.  

 

Table 4.1. Correlation coefficient (r) of Fe Forms with soil properties 

Soil 

Properties 

Extraction-1 

Total Soluble Fe 

(µM) 

Extraction-2 

Total Soluble Fe 

(µM) 

Extraction-3 

Total Soluble Fe 

(µM) 

RBP 

Organic 

Complex 

Fe (%) 

EC 0.188 0.218 0.065 0.275 0.113 

pH 0.295 0.111 0.406 0.102 0.439 

CaCO3 0.130 0.210 0.203 -0.123 0.333 

Silt 0.368 0.347 0.347 0.303 -0.049 

DTPA-Fe 
0.331 0.300 0.424 0.491 0.229 
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Figure 4.2.Total soluble Fe (µM) in soil solutions of three extractions of different soils. Each extraction was done after 3 days 

of incubation at 80% of field capacity. 
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4.4.3 The relative Fe buffer power of different soils 

  The relative buffer power of different soils is shown in Fig. 4.3. The relative 

buffer power (RBP) of soil is measure of soil ability to maintain soil solution of Fe after 

every extraction. To evaluate this behavior three extractions were done each after 3 days 

of incubations. The concentration of soil solution Fe after 1
st
 extraction was divided with 

concentration of Fe in 3
rd

 extraction of each soil to get value to Relative Buffer Power 

RBP. Higher the value RBP, higher will be soil ability to maintain soil solution Fe.  The 

maximum Fe buffer power was found in Soil-5 and minimum was found in Soil-14. All 

the soils had the highest Fe buffer power and maintain constant total soluble Fe 

concentration in soil solutions in each extraction. This means that soil buffering power is 

independent of soil Fe contents and other physical and chemical properties of soils.  

The concentration gradient between nutrient removals from soils and vicinity of root 

uptake depends upon the concentration of that particular ion species in the soil mass, the 

uptake rate and rate at which nutrient is replenished (Nair and Mengel, 1984; 

Reyhanitabar et al., 2005).  

As compared to routine soil analysis, Nair (1996) has purposed measuring the nutrient 

buffer power of soils give better and alternative approach to quantify the plant available 

nutrients. A root of plants growing in soil first may encounter relative high concentration 

of nutrient at their root surface at first encounter, however as uptake increase, the nutrient 

concentration at root surface decreases 

 

4.4.4. Organically-complexed  Fe (%) in different soil solution 

The organically complexed Fe % of different soils is shown in Fig. 4.4. The 

percentage of the organically-complexed Fe ranged from 22 (Soil-14) to 83.0 % in the 

collected soil solutions. The high proportion/percentage of organically complexed Fe is 

due to the fact that microbial activity is usually more at high pH and all inorganic Fe 

forms precipitate and become less soluble. According to Siebner-Freibach et al., (2003), 

it is the high pH of calcareous soils that enhances microbial activity and ultimately 

production of Fe-siderophores (Siebner-Freibach et al., 2003). Thus the organically 
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complexed Fe form is a major fraction of Fe available for plant uptake in alkaline 

calcareous soil. All soils maintained high percentage of organically complexed Fe except 

Soil-14. DTPA-Fe of this soil was also the lowest compared to the other soils. In alkaline 

and calcareous soil, the pH is buffered between 7.5-8.5, and the solubility of Fe oxides 

are pH dependent. Under these under conditions the inorganic fraction of Fe is far below 

than required by plant (Lindsay, 1974). So under alkaline and calcareous soil, the major 

soil Fe form which is available for plant root uptake will be other than inorganic fraction. 

Accodring to Tagliavini and Rombolà (2000) under alkaline and calcareous soil  the 

solubility of Fe-Oxides is pH dependent and inorganic Fe is far low to supply plant 

demand. In these conditions, and in soils of fruits and orchards, chelates of Fe complexed 

by microbial siderophores, complexed by phytosidophores and complexed by organic 

matter play import role in Fe nutrition.  
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Fig. 4.3. The relative buffer power (RBP) of Fe in different soils. RBP was calculated by dividing First extraction by 3
rd

 

extraction 
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Figure 4.4. Organically-complexed Fe (%) in the soil solutions in different soils. Error bars on figure shows standard deviation 

of means. 
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4.5 CONCLUSION 

Fe deficiency is related to many soil factors and not easy to predict its availability 

to plant. However, water soluble Fe is a main source of Fe for plant growth. In our study 

we used BFT to extract total water soluble Fe. All soils were found above the critical 

level of 1 µM Fe required for mass flow. The highest Fe was 3.17 µM which was 

extracted from Soil-10 on first extraction. In all three extractions, all soil maintained 

soluble Fe concentration over the critical limit of 1.0 µM. The soluble Fe concentration in 

soil solution was found in no correlation with soil properties. The high percentage of 

organically complexed Fe (22-83 %) was found in soil solution extracted with BFT 

method. This indicates that in calcareous soils, chelated or complexed Fe is in 

appreciable amount to support plant growth. 
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CHAPTER 5, STUDY 3 

ABILITY OF DIFFERENT IRON SOURCES TO MAINTAIN WATER SOLUBLE 

IRON IN ALKALINE AND CALCAREOUS SOILS OVER TIME 

 

5.1 ABSTRACT 

 

The main objective of this study was to evaluate effectiveness of different sources of Fe 

(Fe) to maintain water soluble Fe in different soils over passage of time. For this purpose, 

three different soils were incubated with various organic (Fe-EDDHA, Fe-DTPA, FYM) 

and inorganic sources (ferrous sulphate, vivianite) for the period of four weeks. All 

amendments were adjusted to maintain 20 mg kg
-1

 of soil Fe except FYM.  Fe sources 

showed significant different behavior in maintaining soil Fe in different soils. The 

chelates of Fe proved very effective in maintaining soil solution Fe throughout the 

incubation period. Fe-EDDHA maintained 12 mg kg
-1

 with 56% recovery of total Fe 

added throughout the whole incubation in all soils. Fe-DTPA was second to Fe-EDDHA 

in maintaining soil solution Fe with 30% recovery in soil solution. Ferrous suplate rapidly 

oxidized to insoluble forms and Fe recovery was negligible on the first day of incubation. 

This indicates that application of FeSO4 has no agronomic value. Vivianite which was 

prepared by mixing DAP fertilizer with FeSO4.7H2O also rapidily converted in to 

insoluble fractions on first contact to soils but maintained slightly more amount of 

soluble Fe as compared to ferrous sulphate.  

 

5.2 INTRODUCTION 

Plants growing on alkaline and calcareous soils commonly suffer from Fe 

deficiency called as "Iron chlorosis" (Mengel et al., 1984) and its second most important 

micronutrient disorder in arid calcareous environment after zinc (Rashid et al., 1997). 

Legumes, citrus, and deciduous fruits growing on these soils are more susceptible to Fe 

chlorosis (Rashid and Ryan, 2004, Ahmed et al., 2012). 

A number of strategies have been proposed to cure Fe chlorosis among which the use of 

various soil amendments is common.  Ferrous sulphate (FeSO4.7H2O) is the cheapest 
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source, hence the first choice, but it rapidly oxidizes and becomes insoluble as hydroxide 

(Loupassaki et al., 1997). Its effectiveness can be increased after mixing with some 

organic substrates. Organic manures contain different organic compounds which can 

chelate Fe and increase its solubility and mobility in the soil (Marschner, 1995, Cesco et 

al., 2000). Use of chelates proved very effective in controlling Fe chlorosis in different 

crops but these chelated compounds are expensive (Lucena, 2003). Synthetic iron (II)-

phosphate (also known as Vivianite) showed promising results in controlling Fe chlorosis 

in fruit trees (de Santiago et al ., 2008). The performance of any Fe source used depends 

on soil type and the chemical properties and/or purity of these products (Cantera et al., 

2002).  

In cultivated alkaline and calcareous soils, the potential of applied Fe compounds 

depends upon the capacity of compounds to maintain soluble Fe and capacity of roots to 

assimilate Fe from these applied compounds (Garcia-Mina et al., 2003). Stability of 

compound depend upon sorption, chelating agent, soil texture , pH and time (Norvel, 

1999). A possible way to evaluate the potential effectiveness of the Fe compound under 

soil conditions would be to study the changes in concentration of the total Fe and the Fe 

compound in soil solution over time (Alvarez-Fernández et al., 1997; Siebner-Freinbach 

et al., 2004). In order to assess the best means of improving Fe availability in alkaline 

calcareous soils, the main objective of this study was to evaluate ability of different Fe 

sources to maintain water soluble Fe in calcareous soils over time. 

 

5.3 MATERIALS AND METHODS 

5.3.1 Soil sampling and preparation 

Three soils with different physicochemical properties were collected from 

different citrus orchards of Sargodha District (Table 1). Collected soils were air dried and 

ground to pass through 2 mm sieve. Different  physical and chemical properties were 

determined according to standard methods  (Ryan et al., 2001). 
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5.3.2 Sources of Fe used in study 

  Five different sources of Fe were used and prepared soils were incubated with Fe 

different sources  for 4 weeks. Five sources of Fe viz; ferrous sulphate (FeSO4.7H2O), 

chelates (Fe-DTPA, Fe-EDDHA), farm yard manure (FYM) and modified vivianite 

(Diammonium Phosphate plus FeSO4) were used. Twenty gram of each soil was take in 

plastic bottles and  incubated for 1 day, 7 days, 14 days and 28 days. All soils were kept 

at their field capacity during the whole incubation period and kept in dark.  All treatments 

were adjusted to maintain 20 mg kg
-1

 of Fe in incubated soils except FYM. Well 

decomposed FYM (cow dung) was applied at rate of 10 tons ha
-1

 (100 mg per 20 g of 

soil) with and without FeSO4.7H2O. FYM was analysed for Total Fe contents with wet 

digestion process (Chapman, 1975) and digested material was subsequently anlysed on 

Atomic Absorption Spectrophotometer 

 

5.3.3 Preparation of vivianite solution 

Vivianite was prepared by mixing DAP fertilizer with Fe sulphate at the ratio of 

1:3(w/w). The solution was shaken on a reciprocating shaker until a grayish color 

appeared. The vivianite solution was applied to soil by continuous shaking. 

 

5.3.4 Determination of water soluble Fe 

The water soluble Fe contents were measured using the method explained by 

Siebner-Freinbach et al., (2004). On extraction day, soils were tumbled mixed with 

distilled water for 2 hours. For 20mg of soil, 40ml of deionized water was used. After 

shaking, the supernatant was collected and filtered. Atomic Absorbance 

Spectrophotometer (Varian®,  SpectrAA 220) was used to measure Fe concentration 

from filtrate. 

 

5.3.5 Statistical Analysis 

Statistical analysis was done in CRD with three repeats of each treatment. All 

means and graphs were drawn with Microsoft Excel. Means were compared by using the 

least significant difference (LSD) at a 5 % level. 



 

62 

 

Table 5.1. General description of soils used in study 3 and total Fe concentration of FYM 

 Soil 

Series 

ECe 

(dSm
-1

) 

pHs DTPA-Fe 

(ppm) 

CaCO3 

% 

Texture Total Fe 

ppm (oven 

dry basis 

Soil-1 Rasalpur  0.8+0.1 8.1+0.1 2.6+0.2 5.0+1.2 Sandy Loam   

Soil-2 Bhalwal 1.2+0.2 7.9+0.1 7.2+0.3 4.3+0.8 Silt Loam  

Soil-3 Jakkar  1.1+0.1 8.4+0.1 9.1+0.2 8.0+1.1 Loam  

FYM  - - - - -  - 70+5.0 

Values are means of replicates, ± standard deviation 

 

5.4  RESULTS AND DISCUSSION 

Different textured soils did not vary significantly for water soluble Fe 

concentration (Table 5.2). The effect of incubation period (days) was significant in 

regulating the water soluble Fe concentration. Different Fe sources used for incubation 

were found to have significant variation in their ability to provide soil-Fe. Interaction was 

found significant between days of incubation and soil types (p<0.05).  

The highest soil solution Fe (13.7 mg kg
-1

) was maintained by Fe-EDDHA in 

Bhalwal soil series having silt loam texture while the lowest concentration (8.65 mg kg-

1) was extracted from Jakkar soil series. 

With respect to Fe sources, the treatments incubated with chelates were found to 

have significant effect on water extractable soil Fe as compared to other sources. Iron 

concentration of 10.53 mg kg
-1

 was observed when incubated with Fe-EDDHA followed 

by Fe-DTPA (5.812 mg kg
-1

). The other sources remained statistically non-significant. 

Minimum Fe concentration of 0.30 mg kg
-1

 was observed when soils were incubated with 

organic source of FYM. 

 

5.4.1  Water extractable Fe maintained by different soils after 1 day of incubation 

Maximum Fe concentration was observed in Soil-2 which was incubated with Fe-

EDDHA (11.6 mg kg
-1

) followed by Fe-DTPA source. In general, Soil-3 had relative 

higher Fe concentration with respect to Soil-1 and Soil-2. Fe content was relatively 

higher in FYM + FeSO4 as compared to organic sources alone (FYM). In Soil-3 Fe 

content measured by incubating it with vivianite (1.35 mg kg
-1

) was more or less the 
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same (1.36 mg kg
-1

) as compared to treatment which included FYM and inorganic 

FeSO4.With exception of chelates, Fe contents was found statistically non-significant  in 

all other treatments. 

 

Table  5.2. Analysis of Variance (ANOVA) of water soluble Fe concentration  

maintained by different Fe source with time. 

Source DF 
Sum of 

squares 

Mean 

square 

Fisher's 

F 
Pr > F 

Days 3 29.9 9.9 5.3 0.002 

Soil Type 2 5.58 2.7 1.5 0.229 

Sources 5 2145 429 231 < 0.0001 

Days*Soil Type 6 95.8 15.9 8.6 < 0.0001 

Days*Sources 15 27.9 1.8 1.0 0.460 

Soil Type*Sources 10 19.9 1.9 1.0 0.391 

Days*Soil 

Type*Sources 
30 88.19 2.9 1.5 0.058 

DF=degree of freedom 

Table 5.3. Water soluble Fe concentration (mg kg
-1

) in different soils incubated with 

different source of Fe. 

Soils Sources 

Fe concentration (mg Kg
-1

) 

Mean Time 

Day1 Day-7 Day-14 Day-28 

Soil-1 

Fe-EDDHA 11.22 10.79 11.94 9.40 10.84AB 

Fe-DTPA 5.04 5.50 6.87 4.63 5.51D 

FeSO4 0.09 0.27 0.11 0.09 0.14E 

Vivianite 0.35 1.34 0.34 0.35 0.59E 

FYM 0.11 0.30 0.29 0.11 0.20E 

FYM + FeSO4 0.25 0.38 0.38 0.25 0.31E 

Soil-2 

Fe-EDDHA 11.60 11.71 13.70 8.99 11.50A 

Fe-DTPA 5.54 5.68 7.60 4.97 5.95C 

FeSO4 0.34 0.44 0.05 0.34 0.29E 

Vivianite 0.84 1.00 0.23 0.84 0.73E 

FYM 0.47 0.42 0.09 0.47 0.36E 

FYM + FeSO4 0.66 0.62 0.21 0.66 0.54E 

Soil-3 

Fe-EDDHA 11.30 11.88 12.20 8.65 11.01B 

Fe-DTPA 6.36 8.69 4.40 3.29 5.68CD 

FeSO4 0.41 0.20 0.12 0.44 0.30E 

Vivianite 1.36 0.90 0.24 0.35 0.71E 

FYM 0.29 0.25 0.19 0.29 0.25E 

FYM + FeSO4 1.37 0.36 0.50 1.30 0.90E 

Means with the same letter were not significantly different (p<5%)
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5.4.2 Water extractable Fe maintained by different soils after 7 days 

After incubating the soils for seven days, Fe concentration varied significantly. The 

highest Fe content of 11.87 mg kg
-1

 was noted in Soil-3 treated with Fe-EDDHA 

followed by Soil-2 (11.71 mg kg
-1

) and Soil-1 (10.7 mg kg
-1

). Considerably greater Fe 

concentration (8.68 mg kg
-1

) was noted in Soil-3 when incubated with Fe-DTPA as 

compared to the other two soils (Table 5.3). In general, Fe content was found higher in 

Soil-2 in FYM and Fe sulphate treatments. In Soil-1, Fe content was relatively higher 

(1.34 mg kg
-1

) in vivianite treatment compared to the other treatments. In these 

treatments Fe contents were found statistically non-significant (p<0.05). 

 

5.4.3 Water extractable Fe maintained by different soils after 14 days  

Maximum Fe concentration was observed in Soil-2 when incubated with Fe-EDDHA as 

compared to other soils. Maximum Fe concentration (7.6 mg kg
-1

) was observed in 

Bhalwal soil series when incubated with Fe-DTPA and minimum observed in soil-3 (4.4 

mg kg
-1

). The behavior of the three soils with respect to soluble Fe remained almost the 

same even when treated with different sources. After day 28, the water soluble Fe 

recovered from all soils was less than any other source. The Fe contents also decrease 

with same degree of magnitude in the selected soils. However, no drastic change could be 

observed in other treatments even after 28 days of incubation. 
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Fig 5.1 Water soluble Fe of three soils treated with different Fe sources after 1 day. Error bars on figure shows standard deviation of 

means. 
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Fig 5.2 Water soluble Fe of three soils treated with different Fe sources after 7 days. Error bars on figure shows standard deviation of 

means. 

-2

0

2

4

6

8

10

12

14

Fe-EDDHA Fe-DTPA FeSO4 Vivianite FYM FYM + FeSO4

So
lu

b
le

-F
e

 (
m

g 
kg

-1
) 

Treatment 

Soil 1

Soil 2

Soil 3



 

67 

 

 

Fig 5.3 Water soluble Fe of three soils treated with different Fe sources after 28 days of incubation. Error bars on figure shows standard deviation 

of means. 
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5.4.4 Behavior of Ferrous sulphate over time in different soils 

On first day of incubation, little or no Fe was detected in all soils treated with ferrous 

sulphate  (Fig 5.4).  All the soils showed a similar trend with recovery percentage of 

almost zero. This indicates that ferrous sulphate rapidly oxidizes to insoluble forms in 

alkaline and calcareous soils (Rosado et al., 2002). Slightly higher soil solution Fe in 

Soil-3 after one day can be attributed to dispersion of soil due to high pH of Soil-3. This 

happens when soils are extracted with water rather than with buffer solution. But if 0.2 

ppm detection of atomic absorbance is considered as error then Soil-3 will have zero 

concentration of water soluble Fe. Soil solution concentration of Fe with FeSO4.7H2O 

application was almost zero in all incubation periods. This indicates that higher rates of 

ferrous sulphate are needed to alleviate Fe chlorosis with repeated applications. Some 

researcher suggested its band placement with seeds and use of polymers to prevent soil 

reactions (Godsey et al., 2003). 

 

5.4.5 Behavior of Fe-EDDHA over period of time in different soils 

The amount of Fe in soil solution maintained by EDDHA on first day was 12.3 

mg kg
-1

 with the recovery of 56% of total Fe added (Fig. 5.5). This recoverable 

percentage was significantly higher than any other treatment. After a significant drop of 

over half of its amount the Fe-EDDHA on first contact with soils, the solubility of Fe 

declined very slowly afterward. Although the solubility of Fe-EDDHA decreased with 

time yet Fe-EDDHA maintained a significantly higher concentration of Fe as compared 

to the other Fe sources after all incubation periods.  

The behavior of Fe-EDDHA differed significantly with soil types. Moreover, the 

behavior of Fe-EDDHA changed with time in soils with different physicochemical 

properties.  Length of incubation period also affected the pattern behavior of Fe-EDDHA 

among different soils. Soil-3 maintained a higher amount of Fe concentration after first 

day of incubation. Although Soil-3 had a higher pH value and CaCO3 content as 

compared to other soils, it maintained the higher concentration of water extractable Fe as 

compared to other soils after the first day. This might be due to the fact that the Soil-3 

had high DTPA-Fe contents as compared to other soils.  Fe-EDDHA has the ability to 
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solublize the reactive Fe oxides and thus chelate a small amount of Fe from poorly 

crystalline Fe oxide surface (Garcia-Mina et al., 2003). The other possibility could be that 

pH and CaCO3 had nothing to do with EDDHA in that short period of time (Ahrland et 

al., 1990).  But, after 4 weeks of incubation time, Soil-3 had lower contents of solution 

Fe as compared to other soils. This indicates that during the initial period alkalinity and 

calcareousness of soil had little effect on stability of EDDHA. The competition of Fe
3+

 

and Ca
2+

 affect the stability of Fe-chelates in calcareous soils (Norvell, 1991). Soil-3 

(pH=8.4) maintained a higher concentration of Fe as compared to other soils in early 

days. But after 2 weeks, a sharp decline in water soluble Fe concentration was observed 

in Soil-3 as compared to other soils. This explains that reaction time in alkaline 

calcareous soil is a very important factor that regulates the availability of Fe (Cantera et 

al., 2002). Soil-1 and Soil-2 which had lower concentrations of water soluble Fe in early 

days than Soil-3 but maintained slightly higher amount of Fe in soil solution after 2 and 4 

weeks. 

 

5.4.6 Behavior of Fe-DTPA over period of time in different soils 

The adsorption of Fe-DTPA was very high on first contact with 70% of chelate adsorbed 

to soil surfaces (Fig. 5.6). In Soil-3, about 15% increase in its recovery was observed in 

the first eight days of its application, but dropped thereafter. Several studies have 

explained this rise in Fe solubility could be due to desorption of DTPA after first day 

(Goos and Germain, 2001, Garcia-Mina et al., 2003). However, in Soil-1 and Soil-2 this 

rise in Fe concentration was observed in third week. DTPA performed second to EDDHA 

in maintaining soil soluble Fe level with 30% recovery on average basis.  

 

5.4.7 Behavior of vivianite over period of time in different soils 

Vivianite maintained a measureable level of soluble Fe in the solution throughout the 

incubation period (Fig. 5.7). The concentration of Fe (1.24 mg kg
-1

) maintained by 

vivianite was slight more to the amount (0.73 mg kg
-1)

 maintained by the ferrous 

sulphate. After one day of incubation, the concentration of Fe maintained by vivianite 

was higher than that from ferrous sulphate. But for the rest of period, vivianite behaved 
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very similar to ferrous sulphate. Its conversion in to insoluble forms was rapid on first 

contact to soil similar to ferrous sulphate. However, use of vivianite has proved very 

effective in controlling Fe chlorosis in different crops and many researchers found it very 

effective like Fe chelates (Rombolà et al., 2003). In our study vivianite maintained  

very low detectable Fe levels as compared to chelates. The behavior of Fe-vivianite can 

be best judged by applying it to plants where rhizosphere can modify the vivianite over 

period of time. de-Santiago et al, (2013) found Fe sulphate more effective in increasing 

the  leaf Fe concentration in first crop as compared to vivianite, whereas in the second 

crop, viviantie treated plant  were found with  significantly higher Fe  concentration in 

leaf portion as compared to FeSO4.7H2O.  

 

5.4.8 Behavior of FYM over period of time in different soils 

Water soluble Fe concentration was lower in all soils where only FYM was applied as 

compared to all other treatments. There was no significant change in Fe concentration 

was observed over entire period of incubation in all soils. This may be due the fact that 

FYM is very low in soluble Fe contents. However, in many field trial, application of 

FYM manure has shown significant affect in increasing the plant growth  and leaf Fe 

concentration especially in second and third crops (Singh. and  Dahiya, 1980; Özdemir 

and Tangolar, 2007). This may be also due to improvement of soil conditions associated 

with addition of organic matter (Chen et al., 1998).  

 

5.5 CONCLUSION 

All Fe sources behaved differently on different soils. Fe-EDDHA and Fe-DTPA 

chelates maintained significant high amount of soluble Fe for four weeks of incubation 

period. DTPA ranked second to EDDHA in solubilizing the soil Fe. Ferrous sulphate 

rapidily oxidized to insoluble forms on very first contact in all soils regardless of soil 

properties. Vivanite prepared by mixing ferrous sulplate and DAP ,showed better ability 

to maintain Fe as compared to sole application of ferrous sulphate.  
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Fig 5.4. Time course action of FeSO4 in three soils. Error bars on figure shows standard deviation of means. 
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Fig. 5.5. Time course action of Fe-EDDHA in three soils. Error bars on figure shows standard deviation of means. 
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Fig. 5.6. Time course action of Fe-DTPA in three soils. Error bars on figure shows standard deviation of means. 
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Fig. 5.7. Time course action of Fe-Vivianite in three soils. Error bars on figure shows standard deviation of means.
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CHAPTER 6, STUDY 4 

EFFECT OF IRON SUPPLEMENTATION ON TOTAL AND ACTIVE IRON 

CONCENTRATIONS IN CITRUS ROOTSTOCKS 

 

6.1 ABSTRACT 

The calcareous soils with high levels of bicarbonate ions are the major cause of Fe 

deficiency in citrus orchards. These soil bicarbonate ions affect metabolic processes in 

roots and leaves resulting in low Fe uptake and translocation and cause a condition 

known as lime-induced Fe chlorosis. As genetic variation exists among higher plants to 

tolerate Fe deficiency, hence selection of suitable citrus rootstock tolerant against Fe 

deficiency is a viable option. For this purpose three different rootstocks seedlings viz. 

Volkameriana, rough lemon and sour orange were collected from Orange Research 

Institute (ORI) Sargodha and grown in Hoagland’s nutrient solution with two levels of Fe 

viz 0 µM and 20 µM, using Fe-EDTA with and without CaCO3 @1g L
-1

. Growth period 

was three months and plant samples were analyzed for shoot dry mass, total and active Fe 

contents and Fe use efficiency. Addition of Fe resulted in greater shoot dry matter 

production and higher content of total and active Fe in all species. However, addition of 

CaCO3 resulted in reduced total and active Fe contents in leaves of all root stocks, but 

rough lemon showed highest leaf Fe concentration under CaCO3 stress. Rough lemon 

also showed better Fe use efficiency in leaves as compared to other rootstock species 

when treated with CaCO3. Moreover, Volkamarina exhibited a higher root Fe contents 

with addition of CaCO3 in the rooting medium making it less efficient 

 

6.2 INTRODUCTION 

 

Iron is an essential micronutrient required for number of physiological and metabolic 

roles in plant’s growth (Marschner, 1995). Its deficiency may cause decrease in 

photosynthetic pigments results in yellowing of chlorotic leaves due to relative 

enrichment of carotenoids over chlorophyll (Abadía and Abadía,1993; Pestana et al., 

2012). Iron deficiency is common in higher plants grown on calcareous soils and about 
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20 to 50% of fruit trees are also affected worldwide (Jaegger et al., 2000). Citrus is a 

major fruit contributing a lion’s share in fruit export of the country. Fe deficiency has 

been reported in citrus in the country as most soils are alkaline and calcareous. 

High levels of bicarbonate ions in calcareous soils are the major cause of Fe deficiency. 

These soil bicarbonate ions affect metabolic processes in roots and leaves, results in low 

Fe uptake and translocation and cause a condition known as lime-induced Fe chlorosis 

(Álvarez-Fernández et al., 2006).  

Fertilization either through soil application, fertigation or foliar fertilization may cope its 

deficiency and is generally recommended. However, low use efficiency, high cost, skills 

and environmental concerns necessitates searching for other options such as selection of 

Fe deficiency tolerant genotypes (Byrne et al., 1995; Kangarshahi et al., 2013). Huge 

variation among higher plants exists for Fe deficiency tolerance mainly because of 

differences in one or more of adaptive strategies to low Fe in soils such as release of 

phytosiderophores, organic acids and  rhizosphere acidification (Marschner, 1995; Llosá 

et al., 2009)). When plants are in Fe-limiting conditions, they counter back Fe deficiency 

by increasing their Fe uptake capacity. Fe-efficient genotypes have shown different 

physiological, biochemical and morphological changes in response to Fe stress (Wallace, 

1991;  Schmidt, 1999; Donninia et al., 2009 ). These mechanisms need to be explored for 

producing more efficient plants.  

Hence selection of Fe-deficiency tolerant genotypes particulary of root-stock 

would promise to sustain citrus yield and quality. Genetic improvement of rootstocks is a 

key to success of citrus production and to combat Fe chlorosis (Pestana et al., 2005).  

The experiment was conducted toevaluate the response of three citrus rootstocks; 

Rough lemon (Citrus jumbhiri L.), Sour orange (Citrus aurantium L.) and Volkameriana 

(Citrus volkameriana) to Fe deficiency with and without bicarbonate application. Total 

and active Fe in leaves as affected by Fe supplementation was also studied. 
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6.3 MATERIALS AND METHODS 

 

Three different rootstocks seedlings; Rough lemon (Citrus jumbhiri Lush), sour orange 

(Citrus aurantium L.) and Volkameriana (Citrus volkameriana) were grown  for three 

months(Dec-Feb.) in wire house of Institute of Soil and Environmental Sciences, 

University of Faisalabad. The average air temperature during growth period was 

approximately 21.2
o
C with minimum of 4.0 

o
C.  The average light period was of 10-12 

hours daily and average precipitation was 17mm during the three months .Seedlings were 

collected from Orange Research Institute (ORI) Sargodha which were grown in sand 

bags. Collected seedlings roots were washed with tap water and then with deionized 

water. Uniformly grown seedlings were selected and grown hydroponically using 

Hoagland’s nutrient solution (Hoagland et al., 1950). Iron was applied at two rates of 0 

µM and 20 µM using Fe-EDTA with or without CaCO3 additions. CaCO3 was applied at 

rate of 1g L
-1

 (Pestana et al., 2005). The experiment was laid out according to completely 

randomized design (CRD) with four replicates (Steel et al., 1996). Four seedlings of each 

species were grown in plastic tank of 5 liter capacity. The nutrient solution contained 6 

mM N; 3 mM K; 0.2 mM P; 2 mM Ca; 1 mM Mg; 50 μM Cl; 25 μM B; 2 μM Mn; 2μM 

Zn; 1 μM Cu and 0.05 μM Mo. The nutrient solution was changed fortnightly and pH 

was maintained at 6.5 every other day, while for CaCO3 treated plants, pH was not 

adjusted.  

Plants were harvested after three months and analyzed for shoot dry mass, total 

and active Fe contents and Fe use efficiency. Leaves were removed from plants and 

harvested plants were separated into shoots and roots before drying them to a constant 

weight at 70 
o
C in a forced-air oven for their dry matter yield. 

For the determination of total Fe contents leaf and root samples were digested in 

diacid mixture containing HNO3 and HClO4 at ratio of 2:1(Chapman, 1975) and analysed 

by atomic absorption spectrophotometer (Varian®, SpectrAA-220). For the 

determination of active Fe contents, 1 g  oven dried plant sample was incubated  in 10 

mL 1 N HCl for 24 hours (Sönmez and Kaplan, 2004) and subsequently analyzed by 

atomic absorption spectrophotometer.  



 

78 

 

 

 

6.3.1 Statistical Analysis 

Statistical analysis was done in CRD with four repeats of each treatment. All means and 

graphs were drawn with Microsoft Excel. (LSD) test at 5% probability level was applied 

to compare the treatments means (Steel et al., 1996) 

 

6.4 RESULTS AND DISCUSSION 

 

6.4.1 Shoot dry matter of three citrus root stocks 

It is quite evident from Fig 6.1 that shoot dry matter accumulated differently in 

three citrus rootstock species. The highest shoot dry matter was recorded in 

Volkameriana while lowest in the case of rough lemon. Although an increasing trend in 

shoot dry matter under 20μM Fe application was evident, yet no significant differences 

were discernable among different treatments. Comparison of cultivars indicated that 

rough lemon had the lowest shoot dry matter shot dry matter and 20 μM Fe application 

had no effect on shoot dry matter. However, addition of CaCO3 decreased shoot dry 

matter from 2.7 to 2.6 g plant
-1

. Similarly, in sour orange shoot dry matter was not 

affected by 20 μM Fe application but it decreased from 2.9 to 2.7 g plant
-1

, under CaCO3 

application. In Volkameriana shoot dry matter increased from 5.2 to 5.6 g plant
-1 

under 20 

μM Fe application, but this increase was statistically non significant. Similarly, a slight 

decrease in shoot dry matter under application was observed. 

Several authors have classified citrus rootstocks according to Fe deficiency 

tolerance supported by growth and chlorosis parameters of shoots (Hamze et al., 1986; 

Sudahono et al., 1994, Llosá et al., 2009). All the rootstocks showed reduced growth with 

no Fe application treatment. Similar results were observed by Pestana et al., 2005  when 

plants grown without Fe were smaller, produced less dry matter and with fewer leaves. 

Volkameriana in our study rootstock was more effective in overcoming the effects of 
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CaCO3 as it accumulated a greater amount of Fe  in the shoots. One possibility could be 

that to attain a significant vegetative growth, rough lemon and sour orange needed more 

Fe in solution compared with Volkameriana. However, the greater accumulation of 

biomass in Volkameriana as compared to other rootstock species is not indicative of its 

greater tolerance of Fe deficiency. As this behavior might be due to its genetic character 

of accumulating more biomass as compared to other rootstocks even under control 

treatment. Pestana et al., (2011) studied the response of different citrus rootstock under 

different  Fe stress. The found that volkmer lemon showed  higher biomass when grown 

with 15 μM and 20 μM  Fe solution as compared to other rootstocks. However, they 

reported lower growth of Sour orange rootstock and concluded low growth performance 

as efficient mechanism in resistance against Fe deficiency. 

All the rootstock showed reduction in biomass with application of CaCO3. This reduction 

can be related to lower photosynthesis rate due to decrease in leaf chlorophyll, reduced 

root due to high bicarbonates (Bavaresco et al., 2003). It has been suggested that an 

increase in apoplastic pH caused by high bicarbonate concentration due to presence of 

CaCO3 in the growth medium might decrease the availability of Fe in leaf tissues 

(Mengel, 1994). 
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Fig. 6.1 Shoot dry matter of three citrus rootstocks grown for 3 months in nutrient 

solution containing different levels of Fe and CaCO3. Columns with the same letter were not 

significantly different (p<5%) 

 

 

Table 6.1 Analysis of variance (ANOVA) for shoot dry matter. 

Source DF Sum of squares Mean square Fisher's F Pr > F 

Root Stock 2 27.127 13.563 181.941 < 0.0001 

Treatment 2 0.154 0.077 1.031 0.395 

Root Stock*Treatment 4 0.080 0.020 0.267 0.892 
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6.4.2 Total Fe concentration in leaves of three citrus rootstocks  

Total Fe concentration in leaves of three rootstocks significantly increased with 

increasing Fe in the growth medium (Fig 6.2). The lowest value was found in control 

treatment where no Fe was applied. However, maximum Fe concentration was recorded 

by applying 20 μM. On the other hand, addition of CaCO3 significantly decreased total 

Fe contents in all three rootstock species. However, no significant differences were noted 

among different rootstocks indicating that all species were equally responsive to Fe and 

CaCO3 application. Total Fe concentration was the lowest in the case of control and it 

ranged between 138.1 to 162.8 mg kg
-1

. It increased to 355 mg kg
-1

 with the application 

of 20μM Fe in different rootstocks. With 20 μM Fe application, Volkameriana exhibited 

the highest Fe contents, yet rough lemon and sour lemon were statistically at par with 

Volkameriana. Applied CaCO3 significantly decreased total Fe concentration which 

ranged between 199.8-221.4 mg kg
-1

. With CaCO3 application, the highest reduction in 

total Fe concentration was noted in Volkameriana and lowest was observed in rough 

lemon. Rough lemon maintained higher total Fe concentration when CaCO3 was applied 

compared to Sour orange and Volkameriana. 

The application of Fe in growth medium increased the leaf Fe concentration in all 

citrus rootstocks. According to Gogorcena et al., (2000) Fe efficient genotypes gained 

higher leaf Fe concentration with resupply of Fe and Fe-inefficient had lower Fe in 

control treatments. Iron uptakes and translocation to shoots can be a significant factor in 

controlling Fe chlorosis in efficient rootstocks. However, the highest Total Fe 

concentration in leaves does not always indicate the resistance capabilities of plant 

species against the Fe chlorosis and this condition is expressed in literature as “Fe-

chlorosis paradox"( Rӧmheld, 2000). Schmidt and Rӧmheld (1997) reported that higher 

leaf Fe could be due to reduced leaf growth in Fe-inefficient genotypes and results in 

relative increase in leaf Fe concentration. On the other hand, the lower Fe concentration 

may be due to dilution effect as result of vigorous growth of leaves in Fe-efficient 

genotypes. The shoot concentration in shoot and leave is not good parameter to diagnose 
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Fe deficiency because it is regulated by genetic difference rather than by Fe availability 

(Pestana et al., 2011). 

 

Fig. 6.2 Total Fe concentration in leaves of three citrus rootstocks grown for 3 months in nutrient 

solution containing different levels of Fe and CaCO3. Columns with the same letter were not 

significantly different (p<5%) 

 

Table 6.2. Analysis of variance (ANOVA) for total Fe concentration in leaves. 

Source DF Sum of squares Mean square Fisher's F Pr > F 

Variety 2 2037.410 1018.705 0.649 0.545 

Treatments 2 93396.380 46698.190 29.772 0.000 

Root Stock*Treatment 4 4279.879 1069.970 0.682 0.622 
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 6.4.3 Active Fe in leaves of three citrus rootstocks  

Data regarding active Fe in leaves of three citrus rootstock species are graphically 

presented in Fig 6.3. Data revealed that the lowest active Fe was observed in the case of 

control and the highest was noted under 20 μM Fe applications. In the control treatment, 

no significant differences were observed among different citrus species regarding active 

Fe concentration which ranged between 52.4-64.3 mg kg
-1

. Application of 20 μM Fe 

significantly increased active Fe in all citrus rootstocks, but with no statistical difference 

between rootstocks. Under 20 μM Fe application, active Fe concentration increased from 

64.3 to 122.2 mg kg
-1

(90%) in rough lemon, from 52.4 to 90.2 mg kg
-1 

in sour orange by 

72 % and from 53.7 to 86.1 mg kg
-1

 (60.3%) in Volkameriana. 

 CaCO3 application (1 g L
-1

) to the nutrient solution supplemented with 20 μM Fe, 

decreased active Fe in all citrus  rootstocks species, but this decrease was statistically non 

significant. In rough lemon active Fe(II) decreased by 23 % from its concentration from 

122.2 to 99.5 mg kg
-1 

. In sour orange its reductions was 6 %  while in Volkameriana 

active Fe decreased from 86.1 to 75.2 mg kg
-1

 (14.7%). 

The higher uptake of Fe in leaf shows higher transport inside the plant body. in many 

studies it has been reported that chlorotic leaves have more Fe than healthy leaves and 

this is known as "Fe Chlorosis Paradox". In contrast, the active Fe (II) was found less in 

yellow leaves as compared to healthy leaves (Abadia, 1992). The correlation between leaf 

active Fe and carbonates has been studied by Kangarshahi et al. (2013) in different citrus 

rootstocks which showed that there was inverse relationship between active carbonate 

and leaf active Fe. They found that increasing active carbonate didnot have any effect on 

leaf active Fe of  sour orange and smooth flat sevil while in active Fe in Troyer  citrange, 

C-35  ,Carrizo citrange, Troyer and decreased with increasing of soils active carbonate. In 

our study, no sign of Fe chlorotic symptoms were appeard on leaves. The rootstock 

normally don’t show chlorossi symptoms when grown ungrafted but  may induce 

chlorosis in the scion (Braveco et al., 1994) 
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Fig. 6.3 Active Fe in leaves of three citrus rootstocks grown for 3 months in nutrient 

solution containing different levels of Fe and CaCO3. Columns with the same letter were not 

significantly different (p<5%) 

 

 

Table 6.3 Analysis of variance (ANOVA) for active Fe concentration in leaves. 

Source DF 

Sum of 

squares 

Mean 

square 

Fisher's 

F Pr > F 

Root Stock 2 1899.834 949.917 2.449 0.142 

Treatment 2 5748.659 2874.330 7.410 0.013 

Root Stock*Treatment 4 421.646 105.412 0.272 0.889 
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6.4.4 Total Fe in roots of three citrus rootstocks 

Data pertaining total Fe in roots of three citrus species are graphically depicted in 

Fig 6.4. The lowest concentration of total Fe in citrus roots was recorded in control 

treatment (where growth media was deprived of Fe), but with considerable genotypic 

variation (Fig 6.4.3). At no added Fe, the highest root Fe concentration was observed in 

rough lemon (296.2 mg kg
-1

) followed by sour lemon (276.2 mg kg
-1

); while minimum 

was recorded in Volkameriana (238.7 mg kg
-1

). Supplementation of growth medium with 

20 μM Fe significantly enhanced total root Fe concentration in all species and genotypic 

variation was also prominent between rough lemon and Volkameriana. With the 

application of 20 μM Fe, in rough lemon total Fe concentration increased from 296.2 mg 

kg
-1

 to 373.7 mg kg
-1

 while in the case of Volkameriana total root Fe concentration 

inceased from 238.7 to 301.2 mg kg
-1

. On the other hand in Volkameriana, 20 μM Fe 

inclusion raised total root Fe concentration from 276.5 to 350 mg kg
-1

, indicating that 

rough lemon and sour orange were not statistically significant. Contrary to total leaf Fe 

concentration, CaCO3 application to the 20 μM Fe treatment further enhanced total root 

Fe concentration in all citrus rootstock seedlings. Anyhow, this response was significant 

only in Volkameriana, where total root Fe concentration increased by 32%
1
. In rough 

lemon and sour orange total root Fe contents increased from 343.7 to 371.5 mg kg
-1

(by 

8%) and from 350 to 382.5 mg kg
-1

(by 9%), respectively. 

Generally, total root Fe concentration increased by the addition of 20 μM Fe in the 

growth medium and further increase was also noted by adding CaCO3. The high 

bicarbonate concentration in solution may cause high pH in root apoplast which may lead 

to Fe precipitation in root cell wall. Under such condition, Fe concentration in root cell 

wall may be high and plants suffer from Fe deficiency (Kosegarten et al., 2004). 

According to Bavaresco et al. 1991, the highest root Fe concentration can be attributed to 

ability of resistant rootstocks to overcome chlorosis with higher root Fe uptake. Plant 

roots increase the solubility by release of proton, phenolic and organic acids to reduce 

Fe(III) to Fe (II) or to chelated ferric forms (Treeby and Uren 1993; Pestana et al., 2011 ). 

Low Fe availability also induce morphological changes root that are similar to those 

induce under phosphorus deficiency and these morphological changes include; increase 
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in secondary roots and differentiation of transfer cells in the root apex (Schmidt and 

Schikora, 2001; Pestana et al., 2011). 

 

6.4.5 Iron use efficiency in three citrus root stocks 

Data regarding Fe use efficiency (g
2
 SDM µg

-1
 Fe) in three citrus rootstocks 

grown under different Fe nutrition are graphically depicted in Fig. 6.5. Data revealed that 

the lowest Fe use efficiency in citrus rootstocks was recorded in control treatment and the 

greatest was observed under 20 μM Fe supplementation. Comparison of rootstock species 

revealed that no differences were present among different species in different treatments. 

Fe use efficiency in rough lemon, sour lemon and Volkameriana was 0.24, 0.24 and 0.29 

g
2
 SDM µg

-1
 Fe respectively, in control treatment. However, 20 μM Fe application 

resulted in a substantial increase in Fe use efficiency and it was 0.52, 0.56 and 0.59 g
2
 

SDM µg
-1

 Fe in rough lemon, sour lemon and Volkameriana, respectively. CaCO3 

application to Fe supplemented species significantly reduced Fe use efficiency in all 

citrus species, particularly in Volkameriana. However, rough lemon showed highest Fe 

use in its leaf when treated with CaCO3. 
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Fig. 6.4 Total root Fe concentration of three citrus rootstocks grown for 3 months in nutrient 

solution containing different levels of Fe and CaCO3. Columns with the same letter were not 

significantly different (p<5%) 

 

Table 6.4 Analysis of variance (ANOVA) for total Fe concentration in roots. 

Source DF Sum of squares Mean square Fisher's F Pr > F 

Root Stock 2 2338.194 1169.097 2.436 0.143 

Treatment 2 38617.361 19308.681 40.238 < 0.0001 

Root Stock*Treatment 4 4578.472 1144.618 2.385 0.128 
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Fig. 6.5 Fe use efficiency of three citrus rootstocks grown for 3 months in nutrient solution 

containing different levels of Fe and CaCO3. Columns with the same letter were not significantly 

different (p<5%) 

 

 

Table 6.5 Analysis of (ANOVA) for Fe use efficiency. 

Source DF Sum of squares Mean square Fisher's F Pr > F 

Root Stock 2 0.002 0.001 0.243 0.789 

Treatment 2 0.289 0.145 28.815 0.000 

Root Stock*Treatment 4 0.017 0.004 0.834 0.537 
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6.5 CONCLUSION 

 

In conclusion, all rootstock seedlings responded differently with application of Fe with 

and without CaCO3 in growth medium but statistically not significant. All species 

showed positive response in dry matter accumulation with addition of 20 uM Fe in 

solution. However, with addition of CaCO3 the biomass decreases in all species. The 

highest biomass was attained by Volkameriana as compared to rough lemon and sour 

orange. The effect of treatments on total leaf Fe was found significant with highest total 

Fe concentration was found in Volkameriana. Under CaCO3, the highest active Fe was 

attained by rough lemon and Fe use efficiency of rough lemon was also found highest as 

compared to other rootstocks under CaCO3. The rough lemon appeared to be efficient 

rootstock to cope Fe nutrition disorders.  
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CHAPTER 7 

SUMMARY 

 

Iron is a widely deficient micronutrient in agriculture, particularly in alkaline and 

calcareous soils due to formation of insoluble compounds in well aerated soil. Fe is 

ranked second to Zn as most deficient micro nutrient in Pakistan. Iron nutrition is 

complex phenomenon and several soil-related characteristics may lead to development of 

Fe chlorosis. Prediction of development of Fe chlorosis on basis of single soil parameter 

is not easy for perennial crops. Moreover, Fe concentration with in fruit trees doesn't 

correlate with soil Fe. To cure the Fe deficiencies or malnutrition on calcareous soil, right 

choice of rootstocks and efficient Fe sources for soil application need to be explored. 

Keeping all in view, a series of laboratory and field experimentation were conducted to 

understand Fe nutrition in different soils of citrus fields with the following specific 

objectives:  

  To study through survey, the distribution of different forms of Fe in alkaline and 

calcareous soils of citrus growing region of Punjab, Pakistan 

 To study the relationship of soil properties with Fe concentration in plant leaves 

 To measure  water soluble Fe forms and Fe buffer power of different soils 

 To assess the ability of different Fe sources  in maintaining water soluble Fe in 

different  soils over  time 

 To determine the response of citrus rootstocks to Fe levels in a calcareous 

medium (hydroponics) 

 

To study the impact of different Fe forms, and soil properties on degree of iron 

chlorosis, citrus trees were randomly selected with visual Fe deficiency symptoms. Soil 

samples and leaf samples were collected from these orchards. Different soil Fe forms in 

these soils were analyzed using different extractants. Leaf samples were collected to 

determine the active and total Fe in leaves. Multiple/ stepwise regression analysis was 

employed to find the impact of soil properties and different Fe forms on Fe chlorosis. Soil 
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analysis showed that soils varied in Fe concentration and its different forms. DTPA-Fe 

was highly correlated (r= 0.83) with active Fe oxide “Ferrihydrite” in all soils types. This 

indicates that ferrihydrite is main source of Fe for plant growing in calcareous soils. Soil 

analysis revealed that soil DTPA extractable Fe contents negatively correlated with pH, 

EC and CaCO3 (r= -0.260, -0.68 and -0.51, respectively), but correlations were positively 

significant with organic matter content (r=0.59). However, DTPA-Fe content was higher 

than the critical concentration range required for plant growth (4.5 mg Fe kg
-1

) in 

orchards with chlorotic and analytically Fe deficient leaves. The total-Fe in all old leaves 

was above the critical value of 80 µg g
-1

. The active Fe concentration in young chlorotic 

leaves was found below 50 µg g
-1

. When Fe contents were compared with soil Fe leaf 

forms and soil properties, it was found that DTPA-Fe of soil had no or little correlation 

with leaf Fe concentration. We concluded that the DTPA extractable Fe is not a good 

indicator of soil Fe availability in soils as other factor also affect Fe uptake of roots. 

  

Whatever, the soil factors affecting Fe solubility, its water soluble fraction of soil 

solution that represents the quantity of Fe available for plant growth. In our second study 

we extracted soil solution Fe from different soil using BFT. Soils were mixed with sand 

in equal proportion (50g soil + 50g Sand) and kept at 80% of field capacity.  To measure 

Fe buffer capabilities of soils, three extracts were collected form each soil with interval of 

three days. All of the soils were above the critical level of 1 µM Fe in soil solution 

required for mass flow. The highest total soluble Fe (3.17 µM) was extracted from Soil-

10 (Jakkar Soil Series) on first extraction. In all three extractions, all soils maintained 

soluble Fe concentration over the critical limit of 1.0 µM. The soluble Fe concentration in 

soil solution was found in no correlation with soil properties. The high percentage of 

organically-complexed Fe (22-83 %) was found in soil solution of all soils. This indicates 

that in calcareous soils, chelated or complexed Fe is in appreciable amount to support 

plant growth. From this study we concluded that plant Fe chlorois in not result of low Fe 

availability in calcareous soils and organically complexed Fe plays a critical role in Fe 

supply in calcareous environment. 

In the 3
rd

 study, different sources of Fe were evaluated in their ability to provide 

water soluble Fe over a period of time. Three different soils were incubated with different 
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Fe sources; iron-sulphate, Fe-DTPA, Fe-EDDHA, vivianite, and animal manure. 

Incubation was done for 1, 7, 14 and 28 days. Water soluble Fe was measured from these 

soils. All Fe sources behaved differently on different soils. Fe-EDDHA and Fe-DTPA 

chelates maintained significant high amount of soluble Fe for four weeks of incubation 

period. DTPA ranked second to EDDHA in maintaining soluble Fe throughout the 

incubation period. Ferrous sulphate rapidly oxidized to insoluble forms on very first 

contact in all soils regardless of soil properties. So application of ferrous sulphate alone 

did not prove beneficial. Mixing ferrous sulphate with FYM showed same behavior as its 

sole application. Vivianite prepared by mixing ferrous sulphate and DAP, showed better 

ability to maintain Fe as compared to sole application of ferrous sulphate. 

In the last study, Fe uptake behavior of citrus rootstocks in response to Fe 

nutrition with and without addition of CaCO3 was studied. All rootstock seedlings 

responded to the application of Fe with and without CaCO3 in growth medium but results 

were statistically not significant. The highest biomass was attained by Volkameriana as 

compared to rough lemon and sour organ. Under CaCO3 application, the highest active Fe 

was attained by rough lemon and Fe use efficiency of rough lemon was also found 

highest as compared to other rootstocks under CaCO3 application. Rough lemon appeared 

to be an efficient rootstock to cope Fe nutrition disorders. 

Iron nutrition is a complex phenomenon in trees as compared to other crops 

grown on alkaline and calcareous soils. Prediction of Fe deficiency in soils cannot be 

made on single soil analysis. The soil Fe forms other than inorganic play an important 

role in Fe nutrition. Therefore, series of soil extraction procedure must be included to 

predict soil available Fe. The organically complexed Fe by phytosiderophores has gained 

fewer intentions in Fe nutrition especially in strategy-I crops. Similarly, determining only 

leaf Fe concentration is not valid tool to prevent and predict early chlorosis. 

Understanding different plant nutrients ratios, measuring leaf active Fe, plant metabolite 

concentration and enzymatic activities in plant tissues can predict Fe regulation in plants.  

Sustainable management of Fe chlorosis in alkaline and calcareous soil should 

include both agronomical and genetic approaches. Agronomic approach includes 

application of chelates but chelates are costly. Application of ferrous sulphate alone has 
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no agronomic value. Iron sources other than chelates should be included in future 

research to evaluate their effectiveness not only to provide root available Fe but also to 

improve soil environment. Application of natural humic substance and growing of 

grasses in fruit orchards may be an effective strategy in controlling Fe deficiency. 

Selection of Fe efficient rootstock can be better alternative to common remediation 

procedures but Fe-efficient species may not have good agronomic characters. Therefore, 

the role of grafting in modification of Fe-efficiency and agronomic characters mandates 

further research. Moreover, classic breeding along with new biotechnologies should be 

adopted to produce species resistant to Fe chlorosis and easy to propagate.  
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