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Figure 1, Open in figure viewer Pigment contribution of iron minerals and other soil

constituents. Source: D.E. Beaudette, USDA-NRCS; Schwertmann, 1993.



Though iron deficiency symptoms can be visually apparent in most crops,

the underlying reasoning for reduced uptake or availability can be more

complex. Dedicating time to understanding the soil-plant environment in

each distinctive soil where you suspect iron to be limiting productivity is well

worth it. 

Iron (Fe) is a nutrient required by all organisms, including microbes, plants, animals, and

humans. It was first recognized as a necessary plant nutrient in the mid-19th century

when iron-deficient grapes were successfully treated with foliar applications of iron-

bearing salts. Iron is a component of many vital plant enzymes and is required for a

wide range of biological functions. As the fourth most common element in the earth’s

crust, most soils contain abundant iron but in forms that are low in solubility and

sometimes not readily available for plant uptake. The concepts of 4R Nutrient

Stewardship—understanding how the right source of iron can be applied at the right

rate with optimal timing and placement—can alleviate iron deficiencies.

Iron in Soils

Iron is abundant in many rocks and minerals, and as soils develop, there can be either

enrichment or depletion of iron. Depletion commonly leads to deficiency, and

enrichment can cause toxicity when potentially soluble iron minerals are high and in

poorly drained soils. Iron concentration can be present at 50,000 times the crop’s



annual demand, but factors that affect availability limit utilization. The main source of

iron in soils for use by plants comes from secondary oxides absorbed or precipitated

onto soil mineral particles and iron–organic matter complexes.

It is critical to consider that iron occurs in two oxidation states: reduced, as ferrous

iron (Fe ), or oxidized, as ferric iron (Fe ). Soil pH and water-filled pore space will

significantly affect the form of iron present. In aerated soils, iron is readily oxidized to

its ferric state and forms a group of highly insoluble ferric oxides and hydroxide

minerals, such as goethite (FeOOH) and hematite (Fe O ) displayed in Figure 1. The

presence of specific iron forms will affect the dominant soil color (Figure 1). Organic

matter content (brown to black) and iron (yellow to red) presence have a tremendous

influence on matrix soil color (Schwertmann, 1993; Schulze et al., 1993). When iron is

reduced, or in Fe  form, gray color dominates the soil matrix, as is the case in many

oversaturated or hydric soils. If adequate aeration has occurred, Fe  will lose

electrons and exist as Fe  with the characteristic reddish hue.
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Determining soil iron concentration is complicated, and multiple methods of soil iron

analysis have been established depending on the use of the soil test results. The most

widely used extraction procedure is the DTPA (diethylenetriaminepentaacetic acid)

method (Lindsay and Norvell, 1978). This method utilizes acid dissolution of iron-

containing minerals and complexes and then chelates to iron in solution for

quantification. Other methods that have been developed, but not adopted in more

routine soil-testing programs, include magnesium chloride extraction and a buffered

reaction that reduces iron in the soil sample and then chelates with the iron for

analysis (Holmgren, 1967). A remaining challenge of determining the need for iron

application or the rate to apply iron to a crop is that soil test iron has not been well

correlated with crop yield or nutrient uptake. Currently, it is best used as an index for

potentially bioavailable iron in the rooting zone.
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Iron in Plants

In plants, iron plays an essential role in oxidation and reduction reactions, respiration,

photosynthesis, and enzyme reactions. For example, iron is an important component of

the enzymes used by nitrogen-fixing bacteria. Iron requirement, and thus uptake, is

relatively low compared with other essential nutrients. Bender et al. (2015) reported

0.76 lb Fe/ac taken up by a soybean crop yielding approximately 52.5 bu/ac, and more

than half of the iron was accumulated before seed filling. In corn, total plant iron uptake

has been reported to be between 1.25 lb Fe/ac (Bender et al., 2013) and 1.74 lb Fe/ac in

a 2000-era hybrid, which was measured at reproductive stage R6 (Woli et al., 2019).

Plant roots absorb iron from the soil solution

most readily as (ferrous) Fe , but in some

cases, also as (ferric) Fe  ions (Kobayashi

and Nishizawa, 2012). Plants have developed

clever methods of influencing rhizosphere

conditions to obtain iron, and generally utilize

two ways to access the Fe  or Fe  ions. The

first strategy occurs in dicot species and

non-grass monocot species where Fe  ions

are reduced to Fe  ions before moving into

the root across selective membranes

(Marschner and Römheld, 1994). This process

involves the root excreting a variety of organic compounds and acids into the soil and

is employed by most fruit and tree crops. In the second strategy, roots of grass

species acquire iron by excreting an organic chelate (siderophore) that solubilizes iron

from the soil, allowing enhanced uptake, used by crops such as corn, sorghum, and
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Figure 2, Standards of scoring iron

deficiency chlorosis used by North

Dakota State University. Source:

Kandel and Helms, North Dakota

State University (

https://bit.ly/2HobYj5).
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wheat (Marschner and Römheld, 1994). Chelates are simply organic or synthetic

chemical compounds with multiple sites to bond with metals, or in this case, iron.

Iron deficiency symptoms have stark,

defining characteristics and are similar

across most crop species (Figures 2, 3,

and 4). Immature iron-deficient leaves

develop chlorosis (yellowing) between the

leaf veins while the veins initially remain

green. If the plant does not obtain iron, the

symptoms become more severe, and the

deficient leaves become pale yellow to white

in color. Chlorophyll–protein complexes in

the chloroplast require iron and the absence

of usable iron perpetuated this condition. Young tissue displays deficiency symptoms

first because iron is mostly immobile within plants. The severity of iron deficiency

chlorosis (IDC) reflects the corresponding iron availability and plant utilization of each

incidence. Iron soil chemistry can also have important effects on the availability of

other plant-essential nutrients such as phosphorus (P). Iron and P will bond to form

precipitates and secondary minerals like strengite (FePO  • H O) in acid and flooded

conditions and reduce P availability.
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Tissue analysis can be a useful tool for the comparison of plants with and without

deficiency symptoms; however, contamination of samples is a major concern (Jones

and Wallace, 1992). Rinsing or washing plant leaves prior to iron analysis has been

shown to dramatically reduce the measured iron concentration (Jones and Wallace,

1992). Due to the lack of mobility of iron in plants, young tissue is commonly sampled

to identify deficiencies. Mills and Jones, Jr. (1996) provide practical direction and

Characteristic iron deficiency

symptoms in sorghum. Interveinal

chlorosis in new tissue growth.

Source: IPNI, M.K. Sharma and P.

Kumar.

https://acsess.onlinelibrary.wiley.com/doi/10.1002/crso.20019#crso20019-bib-0020
https://acsess.onlinelibrary.wiley.com/doi/10.1002/crso.20019#crso20019-fig-0002
https://acsess.onlinelibrary.wiley.com/doi/10.1002/crso.20019#crso20019-bib-0015
https://acsess.onlinelibrary.wiley.com/doi/10.1002/crso.20019#crso20019-bib-0015
https://acsess.onlinelibrary.wiley.com/doi/10.1002/crso.20019#crso20019-bib-0021


information about tissue-sampling protocols for different crops. The iron

concentration in plant leaf tissues varies between plant species, but it is generally

between 50 and 250 ppm dried and ground (Vitosh et al., 1995). If the iron

concentration is less than 50 ppm, there are usually signs of deficiency, and toxic

effects may be observed when the concentration exceeds 500 ppm.

Availability and Deficiency Factors

Most soils contain adequate iron to meet crop demand for growth and development,

but chemical and environmental factors reduce availability and result in inhibited plant

uptake or utilization. When soils become saturated, Fe  is converted to Fe  by

microbial action. The Fe  form is much more soluble and can result in toxicity for

some rice varieties in flooded soils under strongly acidic conditions (Becker and Asch,

2005). Combinations of low soil pH (< 4.5) and reduced or flooded conditions should

be monitored to prevent potential toxicity issues.
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While iron deficiency has been reported in

many crop species and environments, some

specific crops show greater sensitivity to low

available iron and warrant intensive study to

mitigate yield losses. Soybean may be the

most widely studied crop that exhibits iron

deficiency yield limitations, which may reflect

the increases of soybean acreage into

regions with calcareous soil. Soybeans

release chemicals from their roots to create a

reducing condition and lower the local pH and transform Fe  in Fe(OH)  to Fe  that

can be utilized in metabolic functions.
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Severe incident of iron deficiency

chlorosis in soybean. Source: IPNI,

Muthukumar.
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Soil nitrate (NO ) concentration has also shown a relationship with severity of IDC in

soybean (Bloom et al., 2011). As NO  is converted to ammonium (NH ) in the leaf, the

pH of intra-tissue sap will increase, causing Fe  to be oxidized to Fe  and become

unavailable for use. Reduced soil and leaf NO  may be a reason for the phenomenon

of early-season soybean plants being greener in wheel tracks compared with those

outside the tracks within the same field (Bloom et al., 2011).
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Iron deficiency can cause significant

economic losses in fruit crops as well,

particularly when grown in calcareous soil.

Similar to most crops, a symptom of iron

deficiency in fruit and tree crops is chlorotic

young tissue; however, additional effects on

visible fruit quality have been observed

(Àlvarez-Fernàndez et al., 2006). Fruit size

and number of fruits per tree were affected

by iron deficiency in a study conducted by

Àlvarez-Fernàndez et al. (2003). Although commercially acceptable fruits harvested

decreased, vitamin C concentration increased when deficiency symptoms were

present.

Iron toxicity is relatively rare, but the symptoms include bronzed and striped leaves.

These effects are the result of excess Fe-hydroxyl radicals disrupting cellular

functions. Due to the importance of maintaining iron concentrations within safe ranges

in plant tissues, the whole process of iron uptake into roots (i.e., the movement from

roots to shoots and storage and release within plant cells) is highly regulated.

Iron deficiency in maize. Severe

chlorosis in younger tissue. Source:

IPNI, M.K. Sharma and P. Kumar.

4R Management of Iron
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While soil concentrations of iron tend to be high, the variability in availability can result

in deficiency. Iron deficiencies are commonly observed in soils with pH >7.5, especially

where there is abundant calcium carbonate (CaCO  or lime). Iron solubility increases

substantially as soil pH decreases. Calcareous soils can form bicarbonate (HCO )

when they are saturated, and HCO  interferes with iron uptake by plants (Alhendawi

et al., 1997). This inhibition is usually only temporary, and iron deficiency symptoms

disappear when the soil drains and warms up.
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Using a 4R approach by considering the source, rate, timing, and placement of iron

fertilization can compensate for iron deficiency. One part of an approach is to consider

crop variety and tolerance to low iron availability. The second part is considering soil-

or foliar-applied fertilizer applications to avoid or correct deficiency, or growers can

work to attain soil conditions that foster greater crop availability of iron.

Large genetic differences exist among cultivars tolerant of low-iron conditions, and a

variety change can be effective for dealing with challenging soil conditions (Goos and

Johnson, 2000; Hansen et al., 2003; Cakmak et al., 2010). Local screenings of hybrids

and varieties by universities and crop breeders can identify which lines perform the

best in low-available-iron conditions (Figure 5). Grain and forage sorghum have

frequently exhibited yield loss related to iron deficiency (Clark, 1982). In Kansas, Obour

et al. (2019) screened 14 grain sorghum hybrids at three rates (0, 0.18, and 0.36 lb

Fe/ac) of EDDHA-chelated Fe applied at planting. The greenhouse study used a silt

loam soil with a pH of 7.9, 3.1% organic matter, and DTPA extractable 5.8 lb Fe/ac. They

found considerable differences in hybrid susceptibility to IDC. Grain sorghum yield has

been reported to be higher with application of chelated iron fertilizer compared with

no iron applied in both greenhouse (Obour et al., 2019) and field studies (Clark et al.,

1988). Assessing variability of low-available-iron conditions in a field helps to target
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where yield loss may be mitigated and where you should expect a crops response to

fertilization or not.

Soybeans have exhibited reduced yield when they experience iron deficiency. Hansen

et al. (2003) did a comprehensive assessment of soil properties and corresponding

degrees of chlorosis in soybeans in western Minnesota. They confirmed the findings of

a grower survey that reported 24% of soybean in the studied area displayed severe

chlorosis and found significant soil predictors of chlorosis to be soluble salts, soil

concentration of iron measured as DTPA-Fe, DTPA-chromium (Cr), and soil moisture

content. Overall, considering both soil test DTPA-Fe and soluble salts (electrical

conductivity) when screening varieties for chlorotic iron deficiency symptoms in the

North-Central region was recommended (Hansen et al., 2003). This is consistent with

other Minnesota research reporting that yield of iron-deficiency-susceptible varieties

was correlated with soil pH, DTPA-Fe, electrical conductivity, and soil organic matter at

a 6-inch depth (Kaiser et al., 2014). With such dynamic soil properties influencing iron

availability, optimizing iron nutrition is difficult and, in most cases, utilizing practices

that inform the 4Rs such as soil tests, plant analysis, and yield maps together when

putting a plan together pays dividends.

The source and timing of iron fertilizer affects availability and yield and is apparent in

iron recommendations (Shapiro et al., 2008). When inorganic iron fertilizers are added

to soil (e.g., ferric sulfate, ferrous sulfate, ferrous ammonium phosphate, ferrous

ammonium sulfate, and other iron-oxides), they are rapidly converted to insoluble

forms and benefit plant nutrition if conditions allow. However, the timing of the

availability of iron fertilizers can vary by source. Iron fertilizers protected with an

organic chelate can be effectively applied to soils to correct plant deficiencies.

Chelated fertilizers such as Fe-EDDHA (Kaiser et al., 2014; Gamble et al., 2014) have
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been used with reasonable effectiveness, but their cost may be prohibitive for whole-

field applications. Gamble et al. (2014) found a soybean yield increase of 2.98 bu/ac

across a multiyear study at two high-pH sites in Alabama. Foliar sprays containing iron

salts or chelates are effective at correcting plant iron deficiencies during the growing

season, but they may require repeated applications to prevent reoccurrence of

deficiency.

Correcting any underlying soil problems, like drainage, preventing uptake of adequate

iron is a long-term option. Additionally, achieving an optimal soil pH and soil structure

and avoiding applications of competing cations can shift the availability of the iron in

the soil or iron applied to the soil. Adding an acidifying material to soils with elevated

pH to improve the solubility of iron is sound in theory; however, more popular methods

of acidifying soils are expensive and require multiple years to see improvements. This

acidification can be done for the entire field, or spot treatment of a portion of the root

zone is often sufficient to improve iron availability in the right place. Companion crops

have also been shown to be effective at reducing soil and tissue NO  in soybean,

lowering IDC severity, and increasing yield for IDC-susceptible varieties, but

termination timing can provide management difficulties (Kaiser et al., 2014).
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–

Key Takeaways

Though iron deficiency symptoms can be visually apparent in most crops, the

underlying reasoning for reduced uptake or availability can be more complex.

Dedicating time to understanding the soil-plant environment in each distinctive soil

where you suspect iron to be limiting productivity is well worth it. Below are some

questions to address if iron deficiency symptoms are appearing. If deficiency

symptoms are apparent and economically viable options are available to correct them,

creating an iron component in your 4R plant nutrition plan may be warranted.
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1. Are there known drainage or aeration issues that may restrict ideal root zone

conditions?

2. Have recent soil samples indicated high-pH values or concentrations of calcium

carbonates?

3. Does the crop in question have any documented issues with or susceptibilities to

iron deficiencies?

4. Where would iron fertilization fit into my management program if needed? And

would the product need to be soil- or foliar-applied?
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