HORTICULTURE 101 READING GUIDE
MINERAL NUTRITION (Chapter 9)
1) What are the six ‘macronutrients’ that plants acquire from the soil?
Nitrogen (N), Phosphorous (P), Potassium (K), Calcium (Ca), Magnesium (Mg), and Sulfur (S)
2) Mineral nutrients are taken up from the soil by plants in what chemical form (salts, ions, etc.)?

As ions (charged particles).  Cations are positively charged ions and anions are negatively charged ions.  The number of positive or negative charges on an ion is variable.  The mineral ions absorbed by plants from the soil contain anywhere from 1 to 3 charges each.  
3) The cation-exchange capacity (CEC) of a soil is a measure of the amount of ‘exchangeable’ cations (positively charged ions) that the soil can hold.  Why do clay soils have higher cation-exchange capacity values than do soils with a coarser texture?


The CEC is a measure of the total quantity of cations that can be adsorbed onto the surfaces of soil particles.  Clay soils have higher CEC values than are typical for coarser textured soils (silts, sands) because they have a higher ‘specific surface area’ (surface area per unit weight or volume, with values ranging from 10-800 mg surface area/gram as a consequence of the small size of clay particles) and also a greater negative charge density per unit surface, on average.  In most instances the adsorbed cations are not strongly held but rather can be readily ‘exchanged’, or replaced, by other cations in the soil solution, such as protons (H+) released by plant roots and the two pools of ions (free and adsorbed) are in dynamic equilibrium 

The CEC of a soil, expressed as centimoles of exchangeable cations per kg soil dry weight, is determined experimentally by saturating the soil being evaluated with an index cation, such as sodium (Na+) to ensure that all of the negatively charged sites on the soil particles are occupied by cation in question (Na+).  The sodium is displaced with a second cation and the amount of released (exchanged) sodium is measured.  CEC exchange capacity varies between clay types and is greatest for vermiculite and montmorillonite clays which have an especially high surface to volume ratio because of their layered structure and large internal surface area.  

Partly degraded organic matter of the same size class (colloidal) as clays, termed humus, can also contribute to the CEC of a soil.  At pH values of 6 or higher the phenol and carboxylic acid groups on the humus tend to be negatively charged and thus are able to adsorb cations.  In fact, within this pH range the CEC of humus generally exceeds that of even the best clays.  CEC exchange values of 5-50 are typical for mineral soils compared with CEC values of up to100-150 for organic soils (>20% organic content, termed ‘histosols’).  In addition, even in mineral soils, with typical organic matter values of 1-5%) humus generally accounts for up to 50 to 90% of the CEC.

Why are clay surfaces negatively charged?  For silicate clays, which are characteristic of young soils as are typical for our region, most of the negative charges on a clay are generated via isomorphic substitution; i.e., silicon (Si4+) or aluminum (Al3+) ions in the crystal lattice of a clay are replaced by cations carrying less positive charge, such as Mg2+, that are not able to fully balance the negative charge of adjacent oxygen atoms on the surface of the clay.  Negative charges may also be generated via the ionization of hydroxyl (-OH) groups at the crystal edges.  At high (alkaline) pH values these hydroxyl groups will dissociate generating negative charge on the oxygen (O-); but at low pH the hydroxyl groups may become protonated generating positive charges (see Question 5)
4) In what two ways does humus (fine-textured, partly decomposed organic matter) contribute soil fertility?  Fertility is defined here as the ability to supply mineral nutrients for plant growth.


Humus is a byproduct of the decomposition of organic matter.  Humus is a dark-colored heterogenous, mostly colloidal-sized, mixture of modified lignins and newly synthesized organic compounds that resists further decay.  Historically three classes of ‘humic substance’ have been recognized based on their differing solubility characteristics: fulvic acid, humic acid, and humin listed in order from most to least soluble in water.   

1. One way humus affects soil fertility is via its contribution to the ion exchange capacity of the soil.  Being colloidal in size like clays, humus has a high specific surface area (see Question 3).  In addition, at pH values of 6 or greater, humus contains a high density of negative charges and adsorbs mineral cations (CEC); however, at low pH values humus may contain a more nearly equal mixture of positive and negative charges and thus can adsorb both cations and anions.
2. Humus also contributes to soil fertility via its mineralization.  Mineralization is a process in which minerals that are structural components of biological molecules, such as sulfur (proteins), phosphorous (DNA), and nitrogen (proteins), are cleaved (hydrolyzed) away from the molecule by microbes during the decomposition process, and released to the soil solution from which they can be absorbed by plants.  The chemical equation for nitrogen mineralization is as follows; R-NH2 + 2 H2O ( R-OH, OH-, and NH4+, where ‘R’ designates the rest of the atoms in the organic molecule. Nitrogen is converted from organic (R-NH2) to an inorganic (NH4+) form during mineralization.  

Mineralization is only possible when the mineral nutrient being evaluated is present in the organic molecules that are being decomposed at a higher percentage than is required by the decomposing microbes, as expressed in terms of the ratio of carbon to mineral atoms (C:N, C:P, etc.) in the organic molecules.  For example, nitrogen mineralization is generally only observed for organic matter (humus) with C:N ratios of 25:1 or less and phosphorous mineralization is only observed for C:P ratios of less than 200:1, etc.   If the C:X ratios of the humus are higher than the critical ratio the decomposing microbes will absorb the minerals (N, P, etc.) that they need for their own growth from the soil solution, decreasing the soil’s fertility.  The minerals absorbed by the microbes are said to be ‘immobilized’ and will only become available to plants again once the microbes have died and been decomposed.  Since humus is partially decomposed a significant percentage of the carbon that was present in the starting material has already been consumed (respired) and the remaining molecules are generally characterized by relatively lower carbon to mineral atom ratios that facilitate mineralization. (See Question 16) 


Humus is the most resistant fraction of soil organic matter, with some components  having lifetimes of hundreds or even thousands of years, but because humus accounts for the bulk of the soil organic matter (60-90%) the net rates of mineralization can be significant.  The annual rate of nitrogen mineralization for humus has been estimated to be only 4%.  However, for soils with 1% humus, a conservative estimate for most soils, the total amount of nitrogen mineralized per year would equal 40 lbs of nitrogen/acre as evaluated to a depth of 6 inches.  Since nitrogen, sulfur, and phosphorous are present in greater abundance in organic, rather than mineral, form in most natural soils, mineralization is crucial for plant nutrition in the absence of chemical fertilization.
3. Humus may also affect soil fertility via the formation of complexes (chelates) between organic acids in the humus and mineral ions in the soil.  In some cases these complexes may adversely affect plant nutrition (Question 12), but in other cases chelation improves the bioavailabilty of nutrients, presumably by shielding the chelated ions from precipitation reactions that are possible when they are present in a free (uncomplexed) form.   In the case of aluminum, complexation confers protection against aluminum toxicity.    
4. Humus affects soil fertility indirectly via its positive effects on soil structure; i.e., organic matter contributes to the aggregation of soil particles creating macropores that facilitate water infiltration, aeration, and the growth of plant roots and soil animals. Humus also improves the water holding capacity of soils and facilitates water infiltration.  In fact, on a per mass basis the water holding capacity of humus is four to five times as great as that of silicate clays.  Humus also is an important energy source for microbes and in some experiments humus has been shown to have a direct positive affect plant growth, i.e., aside from its contribution to mineral nutrition, presumably via a growth regulator functionality
5) In general, soils do not contain large ‘reserves’ of sulfur or phosphorous in ionic form.  Why are these specific mineral ions not ‘accumulated’ in contrast with calcium and potassium?

Sulfur and phosphorous are present in the soil solution as anions (SO42-, PO43- HPO42-,   or H2PO4-).  Since the anion exchange capacity of most soils is limited relative to the cation exchange capacity (CEC), most anions are poorly retained against leaching.  

NOTE:  For clay soils, the anion exchange capacity is primarily a function of the clay type and pH.  Metal oxide clays, such as laterite, which is characteristic of weathered tropical soils, can have a high anion exchange capacity.  In fact, for some very acid tropical soils high in iron and aluminum oxide clays the anion exchange may exceed the cation exchange capacity. However, for all clays the capacity for anion exchange is pH dependent with low pH values being necessary for positive charge generation via the protonation of hydroxyl groups on the surface of the clays.  
6) Which soil bacteria convert ammonium (NH4+) to nitrate (NO3-)?  Which reactions (conversions) are catalyzed by each type of bacterium?
Ammonium (NH4+) ( Nitrite (NO2-) ( nitrate (NO3-)


   Nitrosomas
        Nitrobacter

The process by which soil microbes convert ammonium to nitrate is termed nitrification.  This process occurs readily in most soils, with the exception of highly acidic soils (bogs, etc.).  Since protons are released during the process (as is typical for biological oxidations) nitrification has the effect of lowering the soil pH.  The bacteria that mediate nitrification are chemoautotrophs, meaning that they use the energy released via the oxidative reactions to for carbon fixation (carbon reduction) and thus are self feeding.  In plants, energy captured via light absorption is used for carbon fixation.   
* Since nitrate is negatively-charged it is rapidly leached from most soils, which have a limited anion exchange capacity.  In addition many soil microbes are able to convert nitrate to nitrogen gases (N2 and N2O), by means of a process termed denitrification, exacerbating the rate of nitrate loss.  In denitrification, nitrate is used in place of oxygen as the terminal electron acceptor for respiration.  Denitrification occurs under anaerobic conditions, when oxygen is limiting.  The rates of denitrification are generally greatest in wet soils which are poorly aerated throughout, but denitrification can occur locally (within soil aggregates) in a drier soil.  Organic matter is required for denitrification as an energy source.  Denitrification, releases hydroxyl ions (OH-) and thus raises soil pH.    
* Some bacteria and actinomycetes are able to convert nitrogen gas (N2) to ammonium (NH4+) via a process termed nitrogen fixation.  A subset of these bacteria (and actinomycetes) are also able to form symbioses with pant roots as is typical for the bacteria that form nodules on the roots of legumes (see Question 9) 
7) What does it mean to say that a soil is pH ‘buffered’?  What relationship exists between cation-exchange capacity (CEC) and buffering capacity?

Buffered soils are resistant to changes in pH upon acid (H+) or base (OH-) addition.  In the absence of a solid phase (soil particles) buffering is mediated by solutes that react with a fraction of the protons or hydroxyl ions added.  However, when a solid phase is present, ion exchange reactions off the surfaces of the solid particles can contribute to pH buffering.  Accordingly, soils with a high CEC capacity will exhibit greater buffering than is typical for soils with lower CEC values.  Depending on the native pH of a soil, the CEC surfaces will contain reserves of either acid forming cations (H+, Al3+, or Fe2+) in acidic soils or non-acid forming cations (Ca2+, Mg2+, etc) in basic soils (See Question 8 on ‘Soils and Plant Growth).  If hydroxyl ions are added to an acidic soil these will react with protons in the soil solution to form water (OH- + H+ ( H2O); however, because the concentrations of protons in the soil solution and on the soil colloids are in equilibrium protons will be released from the surface of the colloids to replace those consumed by reaction with the added hydroxyl ions thus limiting the amount of pH change.  In contrast, the CEC sites on the soil colloids will be replaced by the basic cations introduced along with the hydroxyl ions (K+, etc.), lowering the research of acidity.   In contrast, if protons (acidity) are added to a basic soil a fraction of these protons will be exchanged with non-acid forming cations on the soil colloids (Ca2+, Mg2+, etc.) on the soil colloids diluted the protons in solution and limiting the amount of pH change.  These exchange reactions between the soil solution and the surfaces of the soil colloids generally have a strong effect on maintaining (buffering) the soil pH because the quantity of adsorbed cations (reserve acidity) is generally 100 to 1000 times greater than the quantity of acidity or basicity in solution (free acidity).  Accordingly, when chemical amendments are being used to adjust the pH of a soil the quantity added must be adjusted to account for differences in CEC capability between the different soil types.  For example the amount of finely ground limestone that is needed to raise the pH of a soil from 4.5 to 5.5 to a depth of seven inches is four times greater for a clay soil than for a sand soils (0.5 tons per acre for a sand, 1.2 tons per acre for a loam, 2.0 tons per acre for a clay, and 3.8 tons per acre for muck)   
At pH values of 5 to 7, cation exchange reactions between the soil solution and the soil colloids  (as discussed above) are the primary factor contributing to soil buffering, but chemical buffering be carbonic acid is also possible.  Carbonic acid (H2CO3), which is formed from carbon dioxide and water (CO2 + H2O ( H2CO3) has a pKa value of 6.35 and thus is able to buffer between pH 5 and 7.  (H2CO3 ↔ HCO3- + H+).  [NOTE: The buffering range of an acid or base is generally equal to the pKa (or pKb) value ± 1].  In this case if protons are added to the soil solution they will cause the reaction to run in reverse and will be partly consumed in the process.  In contrast, if hydroxyl ions are added a fraction will react with the protons in the soil, lower the proton concentration, and causing the reaction to run forward.  

8) For some nutrients such as nitrogen (N), phosphorous (P), potassium (K) and magnesium (Mg), nutrient deficiencies appear fist in older leaves.  In contrast, for other nutrients such as iron (Fe), calcium (Ca), and copper (Cu) deficiency symptoms appear first in younger leaves.  What accounts for these differences in the sequence of symptom development?

Differences in nutrient mobility within the plant.  For mineral nutrients that can be recycled and moved between leaves via the phloem sap, nutrient deficiency symptoms will appear first in the older leaves (lower on the plant), because the areas of new growth are able to sequester most of the plant resources.  In the absence of nutrient recycling, nutrient deficiency symptoms would be expected to appear first in the youngest leaves since the amount of nutrient remaining in the soil (or hydroponic solution) would be depleted progressively during plant growth such that each new leaf would have access to less and less of the nutrient. 

9) In nitrogen fixation, nitrogen gas (N2) is converted to organic nitrogen (NH3).  What genera of bacteria form nitrogen fixing nodules on the roots of legumes (Fabaceae)?

Rhizobium, Bradyrhizobium, and Rizobacter.
10) For each function (or trait) listed below indicated what soil macronutrient is being described:

*Roles in enzyme activation, carbohydrate metabolism, membrane 
permeability, and the regulation of cell water movement (e.g., guard cell          
Potassium
opening); colloquially termed ‘potash’

*Component of the chlorophyll molecule, roles in enzyme activation                 
Magnesium

 (regulation)

*Component of all amino acids; mineral nutrient required in greatest                    

quantities by plants aside from carbon and oxygen (obtained from the 
     
Nitrogen
atmosphere); also a component of the chlorophyll molecule.
*Component of some amino acids (methionine, cysteine); used to lower

Sulfur
 soil pH
*Component of DNA and RNA; also a component of ATP, a source of

Phosphorous
 cellular energy

*Raises soil pH, major role in the apoplast where it helps to adhere


Calcium 
cells by cross-linking pectins found at cell junctions. 

11) Aside from iron, what other micronutrients become insoluble (precipitated) at high soil pH?
Manganese, Zinc, and Copper
12) What are chelates?  What are the advantages of applying some mineral nutrients as chelates?  (See the section of your book on ‘Iron’)  Why are plants grown in organic soils sometimes susceptible to copper deficiency?

Chelates are complexes formed between metal ions and organic molecules.  Chelation increases the solubility of metals because the ions are shielded from interacting with oppositely charged ions (counterions) and precipitating as salts.  
Copper deficiencies are observed most commonly in organic soils, because the copper can be complexed by organic molecules in the soil that interfere with its absorption, presumably by binding with so high of an affinity that plants are unable to extract the copper from the complex.  
13) Why are iron deficiency problems sometimes observed in soils with excess copper, zinc, or other divalent cations?  (See ‘Micronutrient Toxicity and Interactions’)
The proteins that mediate mineral nutrient absorption in plants are generally not specific for a single mineral ion, but can absorb as series of related ions.   For example the same transport protein may be able to absorb not only iron (Fe2+), but also zinc and copper, which are also are divalent cations.  In such instances the more abundant ions (copper and zinc for example) may competitively exclude less abundant ions (iron) that depend on the same carrier protein.  
14) What factors complicate the use of tissue analysis to evaluate plant nutrient deficiencies? 

a. The mineral composition of plant tissues varies between different types and ages of organs.  These variables must be “controlled” when samples are collected for mineral analysis.  
b. Climate conditions also affect the mineral nutrient content of plant tissues and must be controlled for, or at least recorded, when collecting samples.  For example rains can leach nutrients from leaves, etc.
*  Tissue analysis can also present misleading results when used for the evaluation of nutrient imbalances.  Aluminum toxicity, for example, is frequently not apparent in leaf samples because the aluminum damages the roots and thus limits is own uptake.  In addition, since phosphorous is one of the least mobile minerals in the soil (as a result of precipitation reactions), continuous root growth and/or mycorrhizal formation are generally necessary for efficient absorption.  Because of the adverse effects of aluminum on root growth, aluminum toxicity may induce phosphorous deficiency secondarily.
15) When dead plant materials (plant ‘residues’) are incorporated into the soil, or used for mulching, why is the co-application of nitrogen fertilizer frequently recommended?

Plant residues generally have high C:N ratios.  If the C:N ratio exceeds 25:1, the amount of nitrogen in the amendment will generally be insufficient to meet the needs of the microbes that mediate the decomposition process, and these microbes will need to ‘scavenge’ nitrogen from the soil solution decreasing the amount of nitrogen available for plant uptake (See Question 4).  The loss of soluble nitrogen to microbes involved in the decomposition process is an example of nutrient ‘immobilization’.  The immobilized minerals are ultimately released via mineralization once the microbes have died and have been decomposed in turn.
16) What is composting?  What four ‘ingredients’ does you book recommend for successful composting?


In composting organic materials are partially degraded via microbial activity, generating a product that is used to improve soil structure and to provide nutrients (via mineralization).  A second definition, from a popular soil science textbook is even more precise, “Compositing is the practice of creating humuslike organic materials outside of the soil by mixing, piling, or other-wise storing organic material under conditions that are conducive to aerobic decomposition and nutrient conservation.”  Composting generally consumes up to 50% or more of the carbon of the starting material but the mineral nutrients are mostly conserved.  As a consequence the C:N ratio decreases during the composting process until a more or less stable ratio, ranging from 14:1 to 20:1, is achieved.  

According to the authors of your textbook, the four ‘ingredients’ for successful composting listed in your book include: 1) plant residues (leaves, crop wastes, lawn clippings, etc.), 2) field soil (as a source of microbial innoculum), 3) a nitrogen containing fertilizer to facilitate microbial activity since the C:N ratios of the starting material are generally to high to supply sufficient nitrogen for the microbes, and 4) ground limestone to maintain an alkaline pH.  However, in recent years the necessity of pH control during compositing has been questioned and the general consensus is that liming is not required and may actually be detrimental.  The final pH of compost is naturally slightly basic and the use of lime may result in too high of a final pH.  In addition, the lime may inhibit microbes with an acid preference that are important in the early stages of composting and may result in the loss of mineralized nitrogen (NH4+), since the conversion of ammonia (NH4+) to ammonia (NH3), which is highly volatile and tends to be lost as a gas, is favored at high pH values.   
17) What are the temperatures of a successful compost pile?  What are the benefits of this ‘heating’?

Internal temperatures of 50-60 ºC (150-170 ºC) are indicative of an active compost pile.  The high temperatures are beneficial because they generally are sufficient to produce a degree of sterility, killing weed seeds in the compost and possible disease causing organisms (E. coli, etc.)
18) For complete fertilizers the nutrient content is indicated by a series of numbers (20-40-10, etc.) on the label.  What nutrients are represented by each number, in sequence?  What are the % of potassium and phosphorous, by weight, in the above example?

Nitrogen-Phosphorous(P2O5 equivalents)-Potassium(K2O equivalents)
Nitrogen = 20%, the reported value is the elemental percentage (% N by wieight)
Phosphorous = 0.437 (40) = 16% since phosphorous accounts for 43.7% of the weight of P2O5
Potassium = 0.830 (10) = 8.3% since potassium accounts of 83% of the weight of K2O
19) For what types of nutrients (micro- or macronutrients) are foliar applications of fertilizer most useful?  Explain you answer.

Micronutrients.  Since micronutrients are required in relatively small quantities the amount of absorption that occurs across leaves, which are relatively ineffectual for nutrient absorption compared with roots, may be sufficient to meet a plant’s needs.  In contrast, for macronutrients the rates of leaf absorption are insufficient to contribute significantly to a plant’s nutrient balance for the minerals in question and the residual (unadsorbed) fertilizer may precipitate as salts and cause leaf burn.  
20) What are the three types of ‘slow release’ fertilizers (mechanisms of slow release) discussed in your textbook?

a. Organic fertilizers (manure, compost, etc), since the nutrients must be mineralized before they can be used by plants.
b. Inorganic fertilizers with a coarse particle size, such as agricultural limestone, mined potassium sulfates and magnesium-ammonium phosphate minerals, etc.   The minerals are directly available but the surface to area volume is lower than for more finely ground fertilizers resulting in a slower rate of solubilization (dissolving) and plant uptake.  
c. ‘Coated’ fertilizers.  Synthetic fertilizers (in liquid or highly purified and thus fast dissolving form) can be coated to control their rate of release.  The mechanism of slow release is variable.  In some cases, the coatings may contain small holes (pin holes) that limit the rate of nutrient release.  Alternatively, the coatings may be slowly broken down over time either as a result of microbial activity or via solubilization for coatings made from slowly dissolving salts.
21) Why is spring fertilization recommended for trees and shrub and fall fertilization for grasses?

For trees and shrubs fall fertilization may cause a resumption of growth and thus interfere with cold hardening.  For grass, fall fertilization is recommended because this is the most active time of growth for many turf species.  In addition, cold tolerance is primarily a passive process in grasses which are protected by the soil and snow covered from cold temperature exposure.
