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1 PLANT NUTRIENTS AND FACTORS RELATING TO NUTRIENT AVAILABILITY

1.1 Essential plant nutrients.

The essential nutrients required by green plants are exclusively
& inorganic nature. 1In this respect green plants differ funda-
mentally from man, animals and a number of microorganisms, which

additionally need organic compounds as food stuff.

An essential element may be defined as one, which is required for
the normal life cycle of an organism and whose functions cannot
be substituted by other chemical compounds. In addition, the
element must be shown to be directly involved in nutrition,

as for example as a constituent; of an essential metabolite or
the element must be required for the action of an essential en-
zyme system. Based on theis definition, as proposed by Arnon &
staut (1939), the following chemical elements are known to be

essential for higher plants.

¢, H, o, N, P, S, K, Ca, Mg, Fe, Mn, Cu, Zn, Mo, B, Cl, (Na),
(Si) ’ (CO) .

The last three elements, shown in brackets, have not been estab-
lished for all higher plants. 1In the case of Na there are some
plant species, particularly the chenopodiaceae and species
adaptable to saline conditions that take up this element in
relatively high amounts. The same is true for Si which is an
essential nutrient for rice. For some microorganisms, for
example, vanadium (V) has now been established as an essential
element.

The plant nutriants may be devided into macronutrients viz.

¢, H, O, N, P, S, K, Ca, Mg (Na, Si) and micronutrients viz.

Fe, Mn, Cu, Zn, Mo, B, and Cl. Macronutrients are found and
needed in plants in relatively higher amounts than micronutrients.
The plant tissue content of the micronutrient N, for example

is over a 1000 times greater than the content of the micronutrient
Zn. This division of the plant nutrient is somewhat arbitrary

and in many cases differences between contents of macronutriants
and micronutrients are considerably lower than the example cited
above.



From a physiological point of view, plant nutrients may be divided
into four groups as shown in Table 1.1.

Table 1.1 Classification of plant nutrients

Nutrient Element Uptake Biochemical Functions

Ist group intheformof CO,,HCO;-,H,0, Major constituent of organic ma-

C,H,ON,S 0,, NO;-, NH,*, N,, SO,2-, terial. Essential elements of atomic
SO,. groups which are involved in en-

The ions from the soil solution, zymic processes. Assimilation by
the gases from the atmosphere.  oxidation-reduction reactions.

2nd group " inthe form of phosphates, boric  Esterification with native alcohol
P, B, Si acid or borate, silicate from groups in plants. The phosphate
the soil solution. esters are involved in energy trans-

fer reactions.
3rd group in the form of ions from the soil Non-specific functions establish-
K, Na, Mg, Ca, Mn, Cl solution. ing osmotic potentials. More spe-

cific reactions by which the confor-
mation of the enzyme protein is
brought into optimum status (en-
zyme activation). Bridging of re-
action partners. Balancing indif-
fusible and diffusible anions.

4th group in the form of ions or chelates  Present predominantly in a chelat-

Fe, Cu, Zn, Mo from the soil solution. ed form incorporated in prosthetic
groups. Enable electron transport
by valency change.

(Mengel and Kirkby, 1982)
1.2 Mineral Content of Plant Material.

The material of living plants consists of organic matter, water,
and minerals and their percentage distribution is in the following
order of magnitude.

Water 70%
Organic material 27%
Minerals 3%

The water content of various plant tissues and materials in % of
the fresh weight is shown in Table 1.2. The main factor controlling
the mineral content of plant material is the specific, genetically
fixed nutrient uptake potential for the different mineral nutrients.
This account for the fact that N and K content of green plant
material is about 10 times higher than that of P and Mg which in
turn is about 100-1000 times higher than the content of the
micronutrients. This general pattern accurs in all species of
higher plants. Within plant species, however, considerable diffe-
rences in the mineral content do occur, which is also genetically
determined.



Table 1.2 Water content of various plant tissues and materials in % pf the fresh weight
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(Mengel and Kirkby, 1982)
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Fig. 1.7 Contentsof N, P and K in oats during the course of the growing period (after SCHAR-

RER and MENGEL [1960]).
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The second factor controlling the mineral content of plant mate-
rial is the availability of plant nutrients in the nutrient
medium. Mineral contents differ considerably between plant or-
gans. Generally, the vegetative parts of plants such as leaves,
stems,and roots vary to a higher extent in their mineral compo-
sition than fruits, tubers, and seeds. The mineral content of
plant is also very much dependent on age. The tropical variation
in the contents of N, P, and K during the growth period of cereals
is shown in Fig. 1.1. 1In the first weeks of growing season the
nutrient contents increase, due to a relatively higher nutrient
uptake rate as compared with the growth rate. As soon as the
tilling stage is completed, the very high growth rate of stem
elongation begins. This vigorous growth causes a dramatic re-
duction in the mineral content of the plant by dilution. Once
the ears are fully developed, there is a little change in the
content of N, P, and K expressed in terms of the whole plant,
within plant itself, however, considerable changes occur between
tissues, for during the ripening period high quantities of N and
P are translocated from the leaves and stem to the grain.



1.3 Factors Relating to Nutrient Availability.

The term nutrient availability, in a simple way may be con-
sidered as that nutrient fraction in the soil which is accessible
to plant roots. The term nutrient availability thus encompasses
the chemical and physical status of a nutrient in the soil as

well as plant root relationships which involve plant metabolism.
It is for this reason that in strict sense the amounts of availab-
le nutrients in the soil cannot be measured and expressed in
quantitatiwe terms. Nevertheless,it is expedient to know the
factors and their causal relationships, which contribute to

nutrient availability.

1.3.1 1Interception and contact exchange.

Jenny and Overstreet (1938) proposed a theory of contact
exchange which envisages that a close contact between root sur-
face and soil colloids enabled direct exchange of H+ released
from the plant root with cations from soil colloids. It was
argued that by releasing H produced in plant metabilosm, plant
roots should be able to strip off and mobilize the cationic
nutrients adsorbed to clay minerals. This contact exchange
process was envisaged as the first step of cation uptake by
plants. Undoubtedly ' ions are released by plant roots, and
they can exchange for the adsorbed cations on the soil colloids.
What is in question is whether the process plays a major role
in nutrient availability and whether contact exchange is at all

important in the ion uptake process by the plant.

Figure 1.2 shows the site and dimensions of contact exchange

in relation to the cell wall, and plasma membrane of a root
cell. It can be seen immediately that only cations at the

very outer surface of the cell wall can exchange for cations
adsorbed to the clay mineral. By an exchange of H+ from the
call wall, K' can be mobilized from a clay mineral as indicated
in Figure 1.2. Even if this does occur, however, the exchanged
K' is still only at the outer surface of the cell wall. This
is very far from the real site of ion uptake. This occurs at
the plasma membrane (plasmalemma) and is about 1000 mm distant
from the site of contact exchange. There is no evidence that
K' is able to move across the cell wall by further exchange

processes.
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F ig . 1.2 Sontact exchange between a clay mineral and an epidermal root cell, showing the
. imensions involved. . ’
(Mengel and Kirkby, 1982)

In the contact exchange process it is widely believed that root
surfaces are acid. This is usually held to be the source of

H+ for cation exchange. Generally this is not true. When plants
are supplied with NO3- as the N-source, a higher uptake of anions
than cations induces a net release of HCO from the roots

3
(KIRKBY (1969), BARBER (1974).

Another point of importance in the contact exchange theory is

the quantitative aspect. DREW and NYE (1969) found that only
6% of the total K demand of . 01 i um per enne was
supplied by the soil volume of the root hair cylinder , 94%

of the K taken up therefore orginated from beyond the limit of
the root hairs. It can thus be concluded that the bulk of
macronutrients required by a crop must be transported towards

the roots. For this reason nutrient mobility in the soil medium
is a major factor of nutrient availability.



1.3.2 Mass-flow and diffusion

Nutrients in the soil can be transported by two different mecha-
nisms: by mass-flow and by diffusion. Mass-flow occurs when so-
lutes are transported with the convective flow of water from the
soil to plant roots. The amount of nutrients reaching the root
is thus dependent on the rate of water flow or the water consump-
tion of the plant and the average nutrient concentration of the
water. The level of a particular nutrient around the root may be
increased, decreased or remain the same depending on the balance
between the rate of its supply to the root by mass flow and the
rate of uptake by the root.

Diffusion occurs when an ion is transported from a higher to a
lower concentration by random thermal motion. Diffusion comes
into operation when the concentration at the root surface is
either higher or lower than that of the surrounding solution.
It is directed towards the root when the concentration at the
root surface is decreased, and away from the roots when it is
increased. Diffusion follows F i c k s 1l aw:

dc
F =-D ° dx

F = Diffusion rate (quantity diffused per unit cross section

and per unit time)

dc
dx

= concentration gradient c = concentration

D = diffusion coefficient x = distance

Plant roots absorbing nutrients from the adjacent soil can thus
create a sink to which nutrients diffuse (Drew et al. (1969)).
The nutrient depletion depends on the balance between the

supply from the soil and the demand by the plant. Thus a

high plant requirement or a high root ’absorbing power’

as it has been termed by NYE (1968) gives rise to a strong sink.
This indicates that the root itself and its metabolism also
influence nutrient availability. When the demand for a nutrient
is fairly high and the soil solution concentration is low, mass
flow is unable to supply more than a small fraction of the total

requirement. Most plant nutrients are therefore supplied by



diffusion. This is typical for k' and phosphate which show
nutrient depletion patterns around the plant root.(LEWIS and
QUIRK (1967), BHAT and NYE (1974).

The relative depletion of plant nutrients declines with increasing
distance from the root surface (LEWIS and QUIRK (1967). This is
shown in Figure 1-3 for two soils with high and low nutrient
levels in the bulk soil. It is clear that the soil with the
higher nutrient level has the steeper concentration gradient

and therefore the rate of diffusion to the plant roots isgreater.
The higher nutrient level in the bulk soil also gives a higher
concentration at the root surface which causes a more rapid up-
take rate and the larger gradient allows this to be maintained.
The depletion zone around the root can often be extended in
higher nutrient level soils, since the higher nutrient level

frequently implies a steeper concentration gradient.

-

High Nutrient Level

ce

N
AN

Low Nutrient Level

QXX

oo

N

AN

Nutrient Level in the Bulk Soil

Distance from the Root Surface

Fig.1.3- I\Lutrie'r:t depletion pattern at the immediate vicinity of the root for a soil with a high
and with a low nutrient level in t i :
rient level in the bulk soil. (Mengel and Klrkby, 1982)



_Concentration gradients are of particular importance when diffu-
sion rather than mass flow is the main process by which the nu-
trients are transported towards the roots. According to investi-
gations and calculations of BARBER et al. (1963) only a small

proportion of the total demand for k' and phosphate is provided
by mass flow. By far the greater portion of these two nutrients

must be transported by diffusion to the plant roots. Diffusion
also dominates when the transpiration of the plants is low,
whereas under high transpiration conditions considerable quanti-
ties of water are translocated to the roots carrying various
solutes. If these solutes are not taken up as fast as they are
supplied an accumulation occurs in the root vicinity. This
occurs particularly with Ca2+ which is often present in the soil
solution in rather high concentrations and which is only taken

up by many plant species at a relatively low rate (BARBER (1974)).

The rate of ion movement in the soil, whether by mass flow or
diffusion, depends highly on soil moisture. Within the last
decade several investigations have been made showing that soil
moisture affects the diffusion rate considerably. GRAHAM-BRYCE
(1967) showed that a soil with a water content of 23% had a dif-
fusion coefficient of 1 x 10_7/cm2/sec for Rb'. When the water
content was decreased to 10% in the same soil, the diffusion
coefficient fell to 5 x lO—chz/sec. The dependence of ion
diffusion on soil moisture is easily understood as the removal

of soil water results in an increase in air filled pores.

1.3.3 Soil solution

Nutrient mobility in the soil depends considerably on the
nutrient concentration in the soil solution. As already
demonstrated in Figure 1.3 the diffusion rate towards the
roots is generally faster the higher the concentration of

the nutrient in the soil solution.

The soil solution is not homogenous but may differ in its
concentration and composition as the water filled spaces
and pores of the soil are not completely interconnected.
Composition and concentration of the soil solution also

depend considerably on soil moisture. 1In a wet soil (field
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capacity) the soil solution is diluted and as the soil dries out

the solution becomes more concentrated. Some of its ion species
may even reach concentrations higher than their solubility prod-
ucts and precipitation of these ions can occur. Calcium, sul-
phate and phosphates are particularly susceptible. In order to
compare soil solutions they must be based on equivalent soil
moisture levels. This is usually taken at field capacity
(RICHARDS (1941), MAGISTAD et al. (1945), ADAMS (1974)).

The concentrations of the ion species in the soil solution
(water saturated extract) can differ widely depending on the
soil properties. Generally, however, the phosphate concentra-
tion is very low, the concentration of K+ and Mg2+ medium

and the concentration of Ca2+ rather high. MENGEL et al.
(1969) found mean concentrations in the range of 0.015-0.030
mM P, 0.1-1.0 mM K, 0.5-1.0 mM Mg and 1.0-10.0 mM Ca in the
upper layer of Central European arable soils saturated with
water. Frequently No; is the anion present in highest con-
centrations and often occurs at levels in the same order as

the sum of Ca’’ and Mg?' (LARSEN and WIDDOWSON (1968)).

Table 1.3 shows the concentration of various plant nutrients,
found in water saturated extracts (FRIED and SHAPIRO (1961)).

Table 1. 3.Ion concentrations in the soil solution (water saturated soil) in mM (Friep and

SHAPIRO [1961])

Element Range of all soils An acid soil A calcareous soil
[ & S 0.5-38 34 14

Mg . ioiiiieinnn, 0.7-100 19 7
Kiverrieieannnnnns 0.2-10 0.7 1
Na..ooooiiiininnns 0.4-150 10 29

3 0.16-55 12.1 13

| PN < 0.001-1 0.007 < 0.03

F J <0.1-150 0.5 24
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1.3.4 1Intensity and quantity

Plants must be supplied adequately with nutrients during their
entire growth period. For this reason the concentration of
plant nutrients in the soil solution must be maintained at a
satisfactory level for plant growth. Nutrient availability
depends therefore not only on the nutrient concentration of

the soil solution at any given time but also on the ability

of the soil to maintain the nurient concentration. This capa-
bility of a soil to “buffer” the nutrient concentration of the
soil solution is a further important factor in nutrient availa-
bility.

Generally, those nutrients required by plants in high amounts,
are pmresent in the soil solution in relatively small concentra-
tions. This is particularly the case for phosphate and K.
Calculated on an area basis the soil solution contains in the
order of only about 0.5-1.0 kg P/ha and 10-30 kg K/ha, whereas
the total demand for these nutrients is considerably higher.

A cereal crop for example requires about 20 kg P/ha and 100 kg
K/ha. As a cereal crop growing under the soil conditions
described does not necessarily become deficient in P or K, this
shows that the removal of these nutrients from the soil solution
by crop must be accompanied by a“ substantial replenishment of

the soil solution from the solid phase of the soil.

One may thus distinguish between two nutrient fractions in the
soil: the quantity factor (Q) represents the amount of available
nutrient, whereas the intensity factor (I) reflects the strength
of retention by which the nutrient is held in the soil. Con-
sidered simply the intensity factor is the concentration of the
nutrient in the soil solution. The concept of nutrient inten-
sity and nutrient quantity was first proposed by SCHOFIELD
(1955). He compared the availability of soil water. Soil water
availability depends not on the total amount of water present

in the soil but rather on the strength by which the water is
bound to the soil particles. The same holds true for phosphate
and also for some other plant nutrients. SCHOFIELD (1947)
states: ‘It is possible that the potash status of a soil can be
better judged by finding the equilibrium concentration of potas-

sium ions ... than by finding the total exchangeable potassium.'
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Nutrient intensity and quantity factors are interrelated. The
main relationships are illustrated in Figure 1.4. The general
concepts shown in the Figure have formed the basis of much of
the very useful soil phosphate work of E.G. WILLIAMS. Over
the years this study has lead to a much better understanding
of the behaviour of phosphate in soils and its availability

to plants.

}

L4 T A}

Intensity e | Nutrient concentration
in soil solution

t } Rapia
v T Toom

Quantity o= Nutrient released
during growth

Very slow

Bulk mineral and
organic reserves

Field rooting volume

Fig. 1 . 4 Intensity, quantity and nutrient sources (after E.G. WiLLiams).
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Plant roots are dependent on the nutrient intensity or soil
solution concentration. This is usually regulated by a much
larger labile pool of easily exchangeable nutrient. Generally
this represents the main component of the quantity factor.
However, this is not always the case as nutrient release from
the more slowly available forms can sometimes provide a major
source of nutrient supply. The extent to which this occurs

is not only dependent of the particular nutrient. Soil condi-
tions such as pH, temperature, aeration and moisture level

are also important. For example, in tropical soils the rate
of release of nutrients by weathering or by mineralization can
be so rapid that this can form the main nutrient source.

The quantity factor is therefore very much dependent on clima-
tic and soil conditions. In addition it also depends on the
volume of soil which the roots occupy. This means of course
that all factors influencing the distribution of roots in the

profile contribute to the quantity factor.

Another important factor in nutrient availability is the ability
of the soil to maintain intensity (nutrient concentration of

the soil solution). This is the buffer factor and it indicates
how intensity varies with quantity. 1In Figure 1.5 the quantity
of K is plotted against intensity for two soils of differing K
adsorption capacity, soil A and soil B. For both soils increa-
sing intensity (K concentration of the soil solution) is accompa-
nied by fairly linear increase in quantity. Soil A, however,
shows a steeper rise in the slope than soil B. Where an equal
amount of K' is removed from both soils by plants a similar de-
crease in the K quantity results. This is indicated byA Q in
the figure. The consequent reduction in intensity, however,
differs considerably for both soils (compareAIA wichS.IB in
Figure 1.5). This example shows that the two soils differ in
their capability of replenishing the soil solution with K.

Soil A is better able to maintain the K concentration in the
soil solution. Soil A is thus more buffered than soil B. 1In
quantitiative terms the buffer capacity is expressed as the ra-

tio AQ/AT.

_AQ
By *AT
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where By = buffer capacity for K*. The higher ratio of A Q/ATI,
the more the soil is buffered. The importance of soil solution
K concentration and the K buffer capacity in relation to crop

production has been considered by NEMETH (1975).

rAl  —Al—
Soil A Soil B

VAT \
]
1

Soil A
o
z
<
©
=]
e ,
° Soil B
pd e e oo
o 1
o |AaQ 1
(] |
°
<
b 4

K"in Solution (Intensity), |

Fig.1.5 Reclationship between K+ intensity and K+ quantity for two soils with differing
adsorbing capacities (Soil A high and Soil B low). .
(Mengel and Kirkby, 1982)

As already mentioned the quantity/intensity concept is used in
soil phosphate studies. Soils can differ much in their ability
to adsorb phosphate. Thus red tropical soils can generally ad-
sorb huge quantities of phosphate whereas the phosphate adsorp-
tion potential of podzols is low. The phosphate adsorption iso-
therms for two such soils are shown in Figure 1.6. It can be
seen that the red tropical soil requires a much higher amount of
adsorbed phosphate than the podzol in order to maintain the

same phosphate concentration in the equilibrated solution. From
this it follows that soils with a high phosphate adsorption ca-
pacity should contain more adsorbed phosphate than sandy soils
and organic soils in order to provide a satisfactory phosphate
intensity. The ratio “adsorbed phosphate/phosphate concentration
in solution”usually represents the phosphate buffer capacity. In
a detailed study OLSEN and WATANABE (1970) found, that the phos-
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phate buffer capacity has a substantial impact on the P supply
to plant roots and that soils with a low P buffer capacity re-
quire higher P concentrations in the soil solution and vice

versa in order to provide adequate P to plant roots.

The quantity/intensity concept cannot be applied to N. By far
the greatest amount of soil N is present in organic form. This
is biologically converted to NO3— which is only weakly held in
the soil. The nitrate concentration of the soil solution is

thus not buffered and the distinction between quantity and inten-
sity is unimportant. The results of HARMSEN (1959) show that

the NO3_ level in the soil solution can vary enormously during
the growing season. This is dependent on a number of factors,
including the rates of mineralization and leaching. The rate

of NO, supply to plant roots is thus capable of greater fluc-

3
tuation than other nutrients.

Red Tropical Soil

...........

Podzol

P. Adsorbed (Quantity), Q

1

P. Solution ( Intensity), |

Fig. 1.6 Phosphate adsorption isotherms for two soils differing greatly in ability to adsorb
phosphate. | ]
{Mengel and Kirkby, 1982)
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2.3.6 Root growth and extension

It has been shown that nutrient availability is very dependent
on a number of soil factors. These include the nutrient con-
centration of the soil solution, the capability of the soil

to buffer this concentration and soil diffusion conditions.

These factors are largely, although not totally, controlled

by chemical and physical processes in the soil. 1In addition,
root growth and development considerably influence nutrient
availability. This is brought about in two ways. In the

first place the root system explores the soil for nutrients

so that the more dense the root system the more nutrients

have an opportunity to reach the roots by mass flow and diffu-
sion. Secondly root metabolism creates a nutrient demand which
also influences availability.

Whatever the detailed relationship between root growth and
nutrient availability is, it is generally accepted that a

well extended root system and a high root density contribute
to nutrient availability, This has been shown by JUNGK and
BARBER (1974), who found a close relationship between P uptake
per plant and root length. The relationship was particularly
clear, when the P concentration of the nutrient was low.

Thus all processes affecting root growth as well as root meta-

bolism have an indirect influence on nutrient availability.
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2. Mechanisms of Nutrient uptake by Plants
2.1 Ion uptake and metabolism

In experimenting with the fresh water alga Nitella and the sea
water alga ValoniaﬁHoagland(1948) found that the ion concen-
trations in the vacuoles of these two algae did not correspond
to the concentrations in the respective algal nutrient environ-
ments. In the vacuole of Nitella several ion species and
particularly K+ and Cl- were concentrated to a considerably
high degree. The same was also true for Valonia with the
exception of Na+ where the concentration was higher in the

sea water than in the vacuole (see Figure 2.1). From these
findings the following important conclusions may be drawn:

1. The plant is able to take up ions selectively. Thus K+
which is lowest in concentration of all the cations in the
pond water is the cation which is accumulated to the greatest
extent by far in the vacuole of Nitella. On the other hand
the concentration of Na+ in the vacuole of Valonia is kept
to a relatively low level even though the concentration of
Na+ in the sea water is high. These results support the
concept that plant cells can take up certain ion gpecies
from their environment and transport them into the interior
of the cell whereas other ion species are in some way
excluded from the cell. This phenomenon is called selective
ion uptake

2. Another major conclusion is the fact that the concentrations
of several ion species are considerably higher in the
vacuole than in the outer medium. This indicates that
accumulation has taken place against a concentration gra-
dient.

3. A further important point to be considered from these
results is the fact that the uptake process itself requires
energy. This is generated by cell metabolism.

The relationship between metabolism and ion uptake is not vet
fully understood, although it has been known for many years
that ion uptake is closely associated with respiration. An
early approach to account for this relationship was put forward
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Fig. 2 . Jon concentrations in the vacuole of Nitella and Valonia in relation to the ion con-
centrations in outer medium (after HOAGLAND [1948]).

by Lundegdrdh (1932). The main principle of his very sophistica-
ted concept was the linking of ion transport with electron

flow in the respiration chain. ILundegérdh's ingenious ideas

and experiments contributed much to our present understanding

of ion uptake. It is now generally accepted, however, that
cytochromes do not play any role in the ion uptake process as
they are present in neither the plasmalemma nor the tonoplast.

In aerobic organisms respiration is directly related to ion
uptake. This is shown in Figure 2.2 for phosphate (Hopkins
1956). This result demonstrates that O2 uptake and hence
respiration is essential for phosphate uptake. It is of in-
terest that the Oztension, at which the maximum phosphate up-
take is attained, is rather low (2-3%%). The same kind of
relationship has also been found for other plant nutrients
such as NOB—, NH4+, K+, Mg2+ and Cl-. Another indication

of the significance of respiration on ion uptake is the obser-
vation that the rate of uptake of plant nutrients rises as the
root carbohydrate content is increased (Mengel 1967).

The major nhysiological function of respiration is the synthe-
sis of adenosine triphosphate (ATP) from adenosine divhosphate
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(ADP) and inorganic phosphate. All biochemical processes which
need energy including the synthesis of molecules and the uptake
and transport of some ion species depend on the supply of ATP
or analogous compounds. ATP consists of adenine (N-base),
ribose (pentose) and 3 phosphate groups.

Moles Px10-’/g Root/h
N
A

— WA
27 30 100

T T L ]

0.3 0.9 1.5

L] ¥

2.4
Oxygen Tension (%)

Fig.232. Riate of phosphate uptake by excised barley roots in relation to the O.-tension (after
Hopkins [1956]).

The phosphate groups are bound to each other by energy rich
bonds which are indicated by the symbol (¢~). This is a high
energy bound and during hydrolysis it releases about 7600 cal
per mol of ATP.

ATP - ADP + Pi + 7600 cal
ADP

Adenosine diphosphate

P.

i inorganic phosphate

ATP is not only synthezed during respiration (oxidative phosphory-
lation) but also in the glycolytic pathway (anaerobic phosphory-
lation) and in photosynthesis.

As outlined above ATP appears to provide the energy for the ion
uptake process. Thus when ATP formation is prevented as for

example by inhibitors or uncouplers such as CO, CN-, 2,4-dinitro-
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phenol (DNP) or arsenate, ion uptake is inhibited. In roots
respiration provides the main source of ATP, but in green plant
tissues photophosphorylation also supplies ATP for the energy
dependet ion uptake mechanism. This is the reason why light

can directly enhance the uptake of ions'by photosynthetically
active tissues. This has been shown by various authors (Jeschke
1967, Nobel 1970). The precise mechanism by which ATP drives
the ion uptake process and particularly'ion transport across
biological membranes, is not yet completely clear. There are
currently two main although not exclusively independent directions
of thought concerning metabolically driven ion uptake. One
visualizes uptake in terms of carrier transport and is known

as the carrier theory. The other stresses the importance of

ion pumps across the membrane. Both these concepts are con-
sidered below.

2.2 The carrier theory

It is supposed that biological membranes contain certain molecules
which are able to carry ions across the membrane. Such mole-
cules are termed "carriers" and it is believed that they possess
specific binding sites for particular ion species, thus enabling
selective ion transport through the membrane. The generation

of these carriers directly or indirectly requires ATP. TFigure 2.3
shows a hypothecial scheme in which the active carrier is
envisaged as a phosphorylated compound. It is suggested that

this carrier is diffusible in the membrane. At the outer

membrane boundary it meets the particular ion species for which

it has affinity. The ion is bound by carrier, thus forming

a carrier ion complex. This diffusible complex then moves

across the membrane to a phosphatase located at the inner

membrane boundary. The enzyme phosphatase splits off the
phosphate group from the carrier complex. By this process the
carrier is believed to lose its affinity for the ion which is
released into the adjacent medium e.g. into the cytoplasm.

Regeneration of carrier selectivety requires ATP. This process
is brought about by a "carrier ATP kinase" which is also located
at the inner membrane boundary. The phosphorylated carrier
compound may then diffuse back to the outher membrane boundary,
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pick up another ion and the uptake cycles is repeated. The ATP
required for the process may originate from respiration (plant
roots), from photophosphorylation and in anaerobic organisms
from glycolysis.

The whole uptake cycle may be described by the following equations:

Kinase
Car + ATP ———> Car 0 + ADP

Car  + Ion ———p Car ¢ - Ion

Phosphatase
Car § - Ion ——» Car + Pi + Ion

Net: Ion + ATP e—mm > Ton + ADP + Pi
Transpor®d

The net equation shows that the transport of 1 ion through the
membrane requires 1 ATP molecule. From an energetic point of

view this would seem to be a reasonable energy demand. If it

is assumed that the uptake of 1 ion requires 1 ATP molecule,
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then it follows that the ATP needed for the K uptake by a
plant is less than 1% of the quantity of ATP required for 002
assimilation.

The concenpt of carrier transport as illustrated in Figure 2.3
is highly hypothetical. It does, however, cover the main
experimental facts, implications and conclusions of ion uptake.
These are, that energy driven ion uptake is selective, that the
energy is probably in the form of ATP and that ion transport
takes place against a concentration gradient. Whether a
phosphatase and kinase are really involved in the ion uptake

is an open question. There is considerable evidence, however,
that enzymic processes are associated with ion uptake.

The barrier for hydrophilic particles is the lipid phase of the
membrane, so it seems probable that carrier molecules are lipid
molecules. As biological mémbranes are permeable to lipid
molecules as carrier of this type would well be able to diffuse
in the membrane. The real nature of the carrier, however, is
still a matter of speculation. It is possible that carriers
are derivatives of phosphatidic acid or peptides of a lipidic
character. Investigations of Kilbourn et al. (1967), Mueller
and Rudin (1967) and of Dobler et al. (1969) have shown, that
organic molecules do exist, which are highly selective in binding
inorganic ions.

2.3 Ion pumps

In plants it is known that ATPase activity is associated with
the plasmalemma and is cation activated (Hodges et al. 1972).

A high correlation has been observed between ATPase activity
and the rate of ion absorption (Fisher et al. 1970). Another
indication of the importance of ATPase activity in ion uptake

is the striking similarity found between the kinetics of.the KT
absorption by the roots themselves (Leonard and Hodges 1973).
These observations strongly suggest that ATP provides the energy
for transport and that the ATPase of the plasmalemma enables

the enrgy coupling in ion transport (Hodges 1973).

Based on the above findings Hodges (1973) has proposed a hypotheti-
cal model to account for both cation and anion absorption by
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roots. This is shown in Figure 2.4. It is believed that a
membrane bound ATPase splits ATP into ADP~ (anion) and a phospho-
ryl cation. The phosphoryl cation is not stable but rapidly
reacts with water generating " according to the following
equation: ' e
ATP - ADP™ + (0 = P(OH),)*
Phosphoryl cation

(0 P (OH)2)+ + HOH—» O P (OH)'3 + HT

OP (OH)3 = H3P04
The net ATPase reaction results in the production of an anion
ADP™ and a cation H'. This is released into the outer medioum
(H+ pump) and a pH gradient is thus generated across the mem-
brane. The anion equivalents remain in the cytoplasm and give
rise to the negative electropotential of the cell as compared
with the outer medium. This is exactly, what has been found in
the living cell: it is negatively charged compared with the
outer solution, the potential difference between cell and medium
being in the order of about 60 to 160 mV.

Outside Cytoplasm

o

T /ATP

K*,Nat -]

. . ¥-—Aop—opl
w =
ADP +Hy0 — -
ADP .+ i OH’}
OH™ @] - ‘____/

Anion .
carrier .

Anion

}=e= Mcmbrane =1

Fig. 2.4. Model of an ATPase driven cation pump coupled with an anion carrier (modified
alter Hopges [1973)).
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As cells are negatively charged they attract cations in exchange
for H'. Provided that the membrane is not completely impermeable
to cation transport, cations may thus diffuse through the channels
of the membrane into the cytoplasm (see Figure 2.4). This kind
of ion diffusion is called electroosmosis (Higinbotham 1973).
Such a mechanism of ATPase driven cation uptake cannot bring
about selective uptake, as it does not distinguish between
different ion species, e.g. K* and Na*.' Provided, however, that
membranes possess tunnels built up by macrocyclic antibiotics,
which preferentially allow the diffusion of one cation species
and exclude another, selective ion uptake can also result from
ATPase activity. Such a selective diffusion of K* enabled by

the presence of valinomycin has been shown by Mueller and Rudin
(1967) using an artificial membrane. This selective diffusion

is called "facilitated diffusion". Recent experimental data

of Ratner and Jacoby (1976) support the view that the high X'
uptake rates of plant cells can be explained in terms of an
ATPase driven facilitated diffusion of KV,

In the ATPasedriven ion pump model of Hodges (1973) it is assumed
that the ADP produced by splitting ATP and released into the '
cytoplasm gives rise to an increase in the OH concentration
resulting from the reaction of ADP  with H,0:

ADP™ + HOH =» ADP + OH™

Hodges suggests that the generated OH  could drive an anion
carrier, enabling a selective uptake of anions in exchange for
OH™ (see Figure 2.4).

2.4 Active and passive transport

Tons in solution are subjected to two main physical "forces".
One arises from the chemical potential gradient and the other
from the electrical potential gradient (Dainty 1962). Ions
move down a chemical gradient, i.e. from a higher to a lower
concentration. For ions acted upon by an electrical gradient,
cations are attracted to a negative electropotential whereas
anions are attracted to a positive electropotential. Ion move-
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ment is thus dependent on an electrochemical potential gradient.
As has been shown above, living cells are negatively charged

as compared with the outer medium. For this reason the passage
of ions through the plasmalemma or tonoplast must also be con-
sidered in relation to the prevailing electrical potential
gradient as well as to the concentration gradient between the
"outer solution" (medium) and "inner solution" (cytoplasm).
"Facilitated cation diffusion" discussed above is a typical
example of where cations are moved along an electrical gradient.
This net inwardly directed movement of cations terminates as
soon as the equilibrium between the electrical and kinetic
driving forces is attained. This equilibrium is described by
the Nernst equation. A simple case may be considered in which
an aqueous solution of KCl is separated by a membrane which

is permeable to both ions, K* and C1”. Assuming that the
electrical potential across the membrane is E, equilibrium for
K* and €17 is attained as soon as the concentrations of these
ions at either side of the membrane satisfy the Nernst equation.
This may be described as follows:

RT (K_+) RT (c1 )
W, -§ -5- In —or = 1n =
i 0 z.F K+i) Z.F ZCf;<5

electrical charge of the inner medium e.g. cytoplasm

Y

= electrical charge of the outer medium e.g. nutrient solution

-
(]
|

R

gas constant

T = absolute temperature
F = Faraday constant
z = valence of the ions

The subscripts i and o designate the inner or outer solution,
the values in brackets indicate %the concen:rations or more
precisely the activities of the ion species in question. From
this equation it can be derived that when E £ 0 (the cell is
negatively charged) the term (KO+)}K1+) must be 1. This means
that under equilibrium conditions an accumulation of K occurs
in the inner solution. It further follows that the term
(Cli—MKHO-) must be 1. This implies that under equilibrium
conditions the Cl  concentration of the outer solution is higher
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than that of the inner solution. It thus appears that the

cation concentration in the cytoplasm can be several times higher
than that of the outer solution without requiring an "uphill
transport" of cations, i.e. transport against an electrochemical
gradient. If for example the K' concentration of the inner
solution is 10 times higher than that of the outer solution the
term log (KO+¥(Ki+) = -1. The corresponding electrical potential
difference is then -58 mV (Dainty 1962). For living cells

-58 mV is a rather small electrical potential difference. This

example shows that K* as well as other cation species may be
accumulated to a considerable extent in the cell merely by
physical forces. Only, where the concentration is higher than
that of the equilibrium condition, must an "uphill transport",
i.e. a transport against an electrochemical gradient, have
occurred. In a strict thermodynamical sense only transport
against an electrochemical gradient is called active transport,
whereas the transport down or along an electrochemical gradient

is passive transport. Active transport needs additional energy
and cannot be brought about merely by kinetic and electrical
forces (Etherton 1963, Etherton and Higinbotham 1961).

In order to test, whether an ion species has been moved actively
or passively into the cell, the concentrations of the particular
ion species in the outer medium and in the cell must be measured
as well as the electropotential (Em) between the cell and the
outer medium. This can be achieved using a microelectrode.

By substituting the measured ion concentrations into the Nernst
equation an electrical potential difference (Ecal) can be cal-
culated. Where Em designates the measured potential, the differ-
ence between Em and ECal indicates whether a passive or an
active transport has occurred.

E -E

m cal = P

d

Ed is the driving force. For cations a negative value of Ed
indicates a passive uptake and a positive value an active uptake.
For anions the reverse is true. A negative value is indicative
of active transport, and a positive value of passive transport.
It must be remembered that the test of whether an ion species
has been transported actively or passively is only valid, if
equilibrium conditions have been maintained in the system.
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This is often difficult to achieve in whole plant studies as

plant tops provide a very strong sink for ions taken up by
roots.

The fact that living cells are always negatively charged implies
that anions are more subjected to active transport than cations.
Whenever the anion concentration of the cell is in excess of

the outer medium, active uptake must have occurred. The major
anions NO3", c1-, 8042' and H2PO4" are thus all apparently
accumulated against an electrochemical gradient (Higinbotham
1973). Figure 2.5 shows results from mung bean root tips
(Phaseoulus aureus) in which measured Cl~ uptake values are
compared with calculated Cl~ uptake levels derived from Nernst
equilibrium conditions (Gerson and Poole 1972). As the measured
Cl™ concentrations are several times higher than the calculated

values it can be concluded that Cl~ must have been taken up
actively.

25-1
s
E J
c -~
2 154 Tip cells
g
©
-]
g 10
5 p
o
o
[}
g 5 |
2 Calculated equilibrium
- -
0 v BB v v 1 § 2 ]
0 2 4 6 8 10 12
Bathing solution KCI concentration (mM)

Fig. 2.5.: Chloride concentration in mung bean root tips compared with the maximum concen-
tration which could be due to dittusion calculated equilibrium (after Gersox and
PooLE [1972)).



- 30 -

above was necessary in the outer solution. This finding suggests
that the influence of Ca2+ at the outer boundary between the
nutrient solution and the plasmalemma is responsible for the
Viets effect and not the metabolism of the cell. The Viets
effect has been interpreted in a number of ways by different
authors. Kahn and Hanson (1957), Foote and Hanson (1964) and
Rains and Epstein (1967) suppose that ca’*
meditaed transport. Jacobson et al. (17960), Hooymans (1964)
and Pitman (1965) believe that Ca2+ removes a HY barrier, thus

enhances carrier

enabling the entry of ions in the cells. According to investi-
gations of Mengel and Helal (1967), Ca2+ affects the efflux
and not the influx of K* and phosphate.

2.6 Ion competition, antagonism and synergism

It has already been outlined in the previous sections that
electrogenic pumps (anion carriers, il pumps) generate a negative
charge in the cell and that most cation species are attracted

by this negative charge and are thus absorbed passively. The
absorption of cations is thus more or less a non specific process,
depending mainly on the concentration of the cation species in
the nutrient medium and in some cases also on the specific
permeability of membranes to particular cation species (facilit-
ated diffusion). For this reason nonspecific competition between
the cation species for the negative charges of the cell may
occur. This is evident from the frequently made observation,
that the total sum of cations in a plant or plant tissue is
little changed despite variations in the levels of the indivi-
dual cations in the nutrient medium. Increasing the supply

of one cation species in the nutrient medium can thus depress

the levels of other cation species in the plant. Table 2.2

shows an example of this kind. Increasing the level of Zn
application to maize and barley plants, grown in a

soil, resulted in a decrease of Mn in all plant parts.  (Singh

& Steenberg 1974). Similar results were obtained for major
nutrients (Table 2.3). It is the general rule, therefore, that
increasing the supply of one cation species results in lowering
the concentration of other cation species. This relationship

is called cation anatogonism.



TABLE Q.. |

The effect of zinc application on the total Mn content of maize and barley plants

v

Zn rate ppm
Part - Ma Maize Barley
rate
ppm 0 5 25 0 5 25
Roots 0 3.7 18.1 22.0 70.4- 78.2 71.7 ;
. 50 51.2 52.6 52.1 199.8 208.3 194.6 i
100 131.5 103.1 83.3 243.5 246.6 271.5 :
Sheaths 0 20.0 8.4 7.4 18.0 16.6 14.0
50 749 27.4 25.6 68.4 49.8 38.5
100 78.5 57.3 52.7 72.4 84.5 68.4
Blades . 0 31.2 16.4 13.4 34.5 29.9 273
50 175.3 S83.1 47.8 121.2 72.5 89.5
100 167.9 82.9 72.4 127.2 104.5 135.2
LSD at0.05 Part Maize Barley
Roots 53.6 -
Sheaths 26.9 313
Blades 62.3 56.5

(After Singh & Steenberg 1974).

The physiological background of the finding, that an increase
in one cation species reduces the concentration of another
cation species is not yet clear. Some investigators explain
this effect in terms of carrier competition. If this were <true,

Table 2.2. The effect of an increasing Mg application on the
content of various cation species in sunflower
plants (Scharrer and Jung 1955)

K Na Ca Mg Sum

mg/100g DM
Mg, 49 4 42 49 144
Mg, 57 5 31 61 152
Mg 57 2 23 68 150

2+, Mg2+,

+ . . . o .
K") were competing for the same cation carrier binding site.
This seems unlikely because of the difference in size and

however, it would mean that the three major cations (Ca

structure of the ions. Moreover in short term experiments such
cation competition effects are often not observed (Leggett and
Gilbert 1969, Mengel 1973).
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As outlined above the cell produces anionic equivalents which
attract and retain cations non specifically. This attraction
can be likened to race for uptake between the individual cation
species. The cation species taken up fastest will neutralize
the anion equivalents first and thus reduce the electrostatic
attraction for the other cation species. The uptake rate
depends on the concentration of the individual cation species
in the nutrient solution and also on the uptake mechanism.
Potassium, which is taken up actively or at least may enter the
cell by facititated diffusion, is favoured in comparison with the
other cation species. This is the reason why K* often competes
so strongly in cation uptake.

In anion uptake, antagonistic effects are less common although
c1-, 8042' and H2P04_ uptake can be stimulated when N03~uptake
is strongly depressed (Kirkby and Knight 1977). The most

common anion antagonism is between NOB— and C1°. High C1~
supply in the nutrient medium lowers the nitrate uptake and

vice versa. The effects are particularly marked in plants which
accunmulate NOB— and Cl such as the Chenopodiaceae. The basis

of this non specific antagonism is probably analogous to that

of cation competition.

In plant nutrition the term synergism is often used to describe
the opposite phenomenon of antagonism. Thus a synergistic
relationship occurs between two plant nutrients when the uptake
of one is stimulated by the other. TFor example HO3_ nutrition
stimulates the uptake of cations. This effect is non specific.
Increasing the level of NOB_ nutrition enchances cation uptalke
which is associated with higher levels of organic acid accumula-
tion. Another example of synergism between two cations (Zn and
Mn) is shown i Figure 2.6. Increasing the application of ZIr

in a zinc polluted soil resulted in increaseduptake of In in
barley plants. (Singh & Steenbers 1975). t is, however, not
clearly understood whether it is the effect of zinc or
associated anions on IMn uptake.
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5. Translocation of nutrients in plants

Translocation, transport, or conduction may be defined as

"a movement of solutes or water from one part of a plant to
another part - generally through specialized conducting tissues'.
However, substances can move from cell to cell, such as from

one parenchymatous cell to another, without moving in specialized
conducting tissues (i.e., xylem and phloem). The greater rates
and quantities of translocation occur in the specialized con-
ducting tissues.

In general, water and inorganic ions and molecules move in the
xylem; organic molecules move in the phloem. There one striking
exception:, all substances moving out of leaves - even water -
nove outward through the phloem. There are cases of unusual
events or apparent irregularities in translocation; at least
there are exceptions to some of the zeneral scheme of events.

For example, some organic compounds may move in the xylem, and

at least some inorganic ions apparently move in the phloen
(Bollard 1960).
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3.1 Theories
3.,1.1 Simple diffusion

Ordinary diffusion has long been recogrized as inadequate for
explaining the rates at which substances diffuse and the amounts
that diffuse. For example, within 40 min newly absorbed 32P

was detected in the leaves and stem tips of tomato plants over

6 ft tall (Arnon et al. 1940). Radioactive Br moved from the
culture solution to the leaves at the tips of 15-ft-long cucurbits
in 5 min (Stout et al. 1947). The observed diffusion constant

of sugar in sieve tubes is approximately 40,000 times as great

as the diffusion constant for sugar in a 2% solution of sucrose

in water (Mason and Maskell 1928).

3.1.2 Protoplasmic streaming

The significance of protoplasmic streaming in circulating and
distributing substances within a cell was first suggested by
Vries (1885) and was later supported by Curtis (1925, 1935)

and Mitchell and Worley (1964). If, for example, a given
substance were rapidly distributed uniformly throughout a sieve
tube, its movement to the next sieve tube would pressumably

be expedited.

Mitchell and Worley (1964) observed rotational streaming of
protoplasm in phloem and xylem fibers of bean stems, and in
cells that appeared to be fibers in stems of young cucumber,
tomato, sunflower, and flax. In immature bean phloem fibers,
plastids were carried a distance of approximately 2 mm - the
average length of a fiber - in about 3 min (3.6 cm/hr).

It has been suggested by Suteliffe (1960) that protoplasmic
streaming probably depends on a rhythmic folding and unfolding
of protein molecules. He noted that streaming was stopped by
chloramphenicol, whereas salt absorption was not. In view of
this observation, this investigator concluded that streaming

was not important in salt absorption per se. Although streaming
does not appear to be a mechanism of absorption, it could aid in
steepening the gradient from outside to the inside of “he cell.

There are two main objections to this theory as regards explaining
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the observed rates and amounts of translocation of materials
throughout the plant. First, protoplasmic streaming has not
been universally observed in sieve tubes. Second, this
phenomenon would not explain the rapld rates of translocation
that have -been recorded.

3.1.3 Interfacial diffusion

This theory (Honert 19%2) is based on the principle that sub-
stances that lower the interfacial tension between two immiscible
liquids tend to spread rapidly by diffusional gradients over

the interface between them. Substances move in this interface
from the region of their introduction or formation, where sur-
face tension is lowered, toward regions not containing the
substance or where surface tension is relatively higher. This
type of movement is approximately 68,000 times as rapid as that
occurring by simple diffusion.

3.17.4 Activated diffusion

Mason and Philis (1937) proposed that transport occurred through
stationary cytoplasm by a process they calles "activated diffusion".
They proposed that living cytoplasm was capable of hastening
diffusion either by activating the diffusing molecule or by

decreasing the resistance to diffusion through the cytoplasm.

3.1.5 Mass flow or pressure hypothesis

According to this theory, as orginally proposed by Miunch (1927)
and most recently championed by Zimmermann (1961) and Crafts
(1961), there is a turgor pressure gradient between supplying
and receiving cells (or tissues). Sugars are formed in leaves,
and the osmotic pressure of the cells is increased; sugars

are used by the roots with a concomitant lowering of osmotic
pressure. These phenomena, then, tend to establish the gradient
on which this theory rests. As water is moved from the Toots
to the tops, salts would be carried along by the mass flow of
solution. Downward movement of this mass flow of solution in
the phloem would carry sugars from the leaves to the roots.

There is experimental evidence consistent with the mass flow
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hypothesis. In many cases, although not in all, the required
gradient exists and is in the right direction. ©Phloem cells
have been observed to be under pressure; phloem exudes when it
is pierced; and a volume of exudate from a given sieve tube may
exceed manyfold the volume of the sieve tube cell.

Working with aphids attached to three stems, Zimmermann (1961)
cut off the stylets and collected phloem exudate. He observed
that a single sieve element 20-30 M in diameter and 0.4 mm long
could be continuously refilled 3 to 10 times per second with a
concentrated sugar solution for hours or days without any visible
injury. He concluded that mass flow was the only reasonable
explanation for this rapid rate of refilling. He also noted
that the exudate concentration decreased approximately 0.01 M
per meter in a downward direction of a normal tree during the
summer. According to Poiseulle's equation, he determined that
pressure gradient, to which this would correspond, was fully
sufficient to force solution at the observed rates through
capillaries of the dimensions of the sieve tube lumen and the
combined sieve pores.

There is some evidence that would appear to discredit mass flow

as a satisfactory ecplanation of translocation. Using an approach
similar to that reported by Trip and Gorham (1968b), Gage and
Aronoff (1960) and Choi and Aronoff (1966) concluded that mass
flow was not a dominant process in the translocation of photo-
synthate in their experiments.

3.1.6 Dual transport

This type of translocation concerns the transport of two sub-
stances simultaneously. For example, although sugars may be
translocated independently, there is considerable evidence that
translocation of applied plant growth regulators (from leaves)
is dependent on simultaneous translocation of photosynthate -
pressumably sugars (Mitchell and Brown 1946, Linder et al. 1949,
Jaworski et al. 1955, Hay and Thimann 1956, Barrier and Loomis
1957, Clor 1959, Mitchell et al. 1960). Phloem transport of
2,4-D, urea, and 3-amino-1,2,4-triazole was greatly reduced in
carbohydrate-starved cotton leaves (Chlor et al. 1963).
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Linder et al. (1949) observed that synthetic growth regulators
were readily translocated from bean when the latter contained
2,5-3,5% total sugar, but not when they contained only about
2% total sugar. These percentage were determined by methods
that depended on reducing properties-of sugars, but certain
substances other than sugars have a reducingAaction - the so-
-called "noncarbohydrate reducing substances". Apparently,
these substances are present in relatiéely high concentration
in bean leaves, since Mathes (1961) found by paper chromato-
graphy that bean leaves with 2% sugar were in fact essentially
devoid of sugars. The report by Mathes thus clarifies why 2%
sugar was ineffective in the translocation of synthetic plant
growth regulators.

According to Crafts (1961), there is increasing evidence indi-
cating a simultaneous correlated flow of many substances (in
the phloem) from source to sink. Viruses, growth regulators,
hormones; and photosynthate apparently move together.

Gauch and Dugger (1953, 1954) provided an example of dual
translocation involving an inorganic ion and an organic molecule.
They obtained evidence which they interpreted as indicating

that B was involved in sugar translocation. One of the two
mechanisms of action for B which they proposed (Gauch and
Dugger 1953) involved the translocation of sugar-borate complexes.

5.2 Tissues involved in translocation

3.2.1 Upward movement

For many years most plant physiologists agreed that ﬁpward
translocation of water and inorganic ions or molecules occurred
in the xylem. Curtis (1925, 1935) contradicted this viewpoint
and claimed that phloem was the major pathway for inorganic
ions. His research (Curtis 1925) with privet and other stenms,
in which some were ringed and others were not, indicated that

N and ash constituents moved primarily in the phloem. Curtis'
experiment were conducted before the interrelationship between
salt absorption and respiration was established. Ringing of
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stems undoubtedly interfered with translocation of sugars to

roots; the normal pathway for translocation could thus have

been altered. Clements and Engard (1938) voiced strong opposition
to Curtis' conclusions. With the advegt of isotopes or tracers,
overwhelming evidence was obtained which implicated xylem as

the normal pathway for inorganic ions. ILeaving the tissues

intact, Stout and Hoagland (1939) separated phloem and xylem

with a layer of waxed paper and showed w¥learly that xylem was

the major pathway for the upward conduction of inorganic nutrients.

The much higher water solubility of 450a in xylem and the known
immobility of Ca2+ in phloem make it likely that xylem provides
the radiocalcium for translocation to dogwood foliage (Thomas
1970). It was concluded that upward movement of 450a by
exchange reactions in the stems and branches could account

for the movement to the tops - a point og agreement with con-
clusions by Bell and Biddulph (1963).

3.2.2 Downward movement

When inorganic constituents move out of leaves, it is generally
agreed that they do so via the phloem and, if these constituents
are moving in a downward direction, they continue to move in

the phloem. - Biddulph and Markle (1944) observed downward move-
ment of radioactive phosphate through phloem at a rate of 21 cm/
hr., Huber (1941) reported that downward movement may be as

high as 100 cm/hr in broad-leaved forest trees. In general,
velocities of translocation in phloem are of the order of

10-100 cm/hr with extremes ranging up to 300 or even 3000 cm/

hr (Zimmermann 1960).

Movement of materials out of leaves occurs through phloem - as
amply‘demonstrated in the case of 8042- and phosphate (Biddulph
1951, 1959; Biddulph and Markle 194<4). It was reported that
Ca2+ is not transported in phloem, hence does not move out

of leaves prior to leaf fall - as is the case eith other ions
(Sutcliffe 1962). However, ca’™t may move in the phloem, but

at a very slow rate. Foliar-applied Ca2+ was observed by
Biddulph et al. (1959) to move outward in phloem, but at a rate
approximately 1/100 that of P. These investigators also noted

2+
that Ca was translocated from cotvledons of bean plants during
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early growth of the seedling, but that later growth depended
on external Ca2+, since Ca2+ in the cotyledons later became
immobile. When Ca2+ injected into the stem of a white pine
moved into the phloem, the element became immobilized in the

form of Ca oxalate crystals (Thomas 1967).

3.2.3 Lateral movement

In stems in which there are xylem and phloem rays composed of
parenchymatous cells, there may be lateral movement of inorganic
constituents from xylem to phloem, and even to tissues outward
from the phloemn.

Lateral movement of inorganic solutes is clearly shown in the
case of spiral ringing of a tree (apple, for example) in that
upwardly translocated ions or salts move laterally around a
spirally ringed trunk, emerge at the end of the spiral, and
affect the growth or appearance of branches in line with the
open end of the spiral.

Ca2+ appears to enter bean stem sections in two ways: a reversible
exchange phase, and an irreversible accumulation phase in which

Ca oxalate is formed. Biddulph et al. (1961) noted that the

xylem cylinder operated essentially as an exchange column for

Ca2+. Lateral movement was indicated by the fact that Ca2+

was tranferred from the xylem of leaf traces to cells of the
adjacent phloem.

3.2.4 Simultaneous upward and downward movements in xylem and
phloem

Zimmermann and Connard (19%4) studied in detail the reversal of
direction of translocation of solutes in stems. They reported
that the orientation of the (intervening) stem was of no conse-
quence in determining the direction of translocation of water,
inorganics, and organics, and that activity at some distant
point was the determining factor affecting the direction of
translocation of each substance. They therefore concluded that
each of these classes of translocatable substances could be
moving upward in a given tussue in one part of the stem and
downward in this same tissue in another part.
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In cotton plants, organic N compounds may be traveling upward
at the same time that carbohydrates are moving downward in the

phloem (Phillis and Mason 1936).

Translocation of individual nutrients will be discussed
under the nutritional aspects of these nutrients.
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4, Nitrogen in the Soil and its Availabkility to Plants.

4.1. General Aspects

ﬁNitrogen is one of the most widely distributed elements
in nature. The highest amount is present in a fixed form in
the earth's crust in rocks and sediments. This is in contrast
to the commonly held belief that the atmosphere is the largest
reservoir of N2. This ranks second. Aigording to DELWICHE (1970)
the atmoshphere contains about 3.8 x 10 tonnes of molecular
N2 whereas thisamount of N present in the lithosphere is
about 18 x 10 tonnes. The soil accounts for only a minute
fraction of lithospheric N, and of this soil N, only a very
small proportion is directly available to plants. This occurs
mainly in the form of N03- or NHZ ions. Nitrogen is a very
mobile element circulating between the atmosphere, the soil
and living organisms. Many factors and processes are involved
in this N-turnover, some of which are physico-chemical, and

others biological.

Nitrogen is the nutrient element that most frequently
limits yields in the tropics as well as in the temperate
region. Witp the exception of some recently cleared land,
most cultivated soils are deficient in this element. The
fact that the nitrogen contents of tropical crops and grasses
are in general lower than corresponding values in the temperate
region (Webster and Wilson, 1966) contributes to the protein
deficit so widespread in the tropics.

4.2, Sources of Nitrogen.

4.2.1. Soil Organic Nitrogen.

Additions of nitrogen to soils originate from rain and
dust, nonsymbiotic fixation, symbiotic fixation, and animal and
human wastes. Losses of nitrogen from the soil are due to
volatilization, leaching, denitrification, erosion, and plant

uptake. A summary of the relative contribution of each nitrogen
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source under four tropical conditions is presented in Table 4.1

Table 4.1. Low and High Estimates of the Relative Annual
Contributions of Different Sources of Nitrogen

in Five Tropical Ecosystems (kgN/ha)

Tall Short
Rain Grass Grass Sugar Rice
Source forest Savanna Savanna Cane Paddy
Rain and dust 4-8 4-8 4-8 4-8 4-8
Nonsymbiotic fixation -
In phyllosphere 12-40 0-12 0-4 0-12 0-4
By blue-green algae 0 0-10 0-10 0-10 14-70
In rhizosphere . 0-6 0-13 0-6 0-9 0-10
In litter 0-25 0-10 0-6 12-50 0-10
Symbiotic fixation 34-68 0 0-10 0 0
Total 46-147 4-63 4-44 16-89 18-102
Source: Kass and Drosdoff (1970).
4.2.2. Nitrogen in Rain and Dust

The sources contribute an average of 4 to 8 Kg N/ha
annually. The highest levels, however, are recorded in
tropical areas, perhaps because of intense electrical activity
during thunderstorms. Dust storms from the Sahara contribute
small amounts of nitrogen to the sub-Saharan countries. A
guestion that has not been studied is whether nitrogen
volatilized when vegetation is burned is brought back to
another spot with rainfall in shifting cultivation areas.
Visual observations indicate that smoke is sometimes intercepted
by localized thundershowers, but no information is available

on this matter.
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4.2.3. Asymbiotic Fixation

Asymbiotic nitrogen fixation is known to occur in the
phyllosphere (leaf canopy), in the iitter, in the soil, and
in the rhizosphere. Atmospheric nitrogen is "fixed" by large
populations of Azotobacter and Beijerinckia ‘spp in the leaf blades
of many tropical species. The annual contribution of this
process ranges from 0 to 8 kg N/ha. In rainforests it may
supply up to 49 kgN/ha . ‘ ‘

Asymbiotic nitrogen fixation in the soil by blue-green
algae is a well-known phenomenon thought to be particularly
relevant in flooded rice culture, where the blue-green algae
population is large. Estimates shown in Table 4.1. indicate

generally low levels for the aerobic ecosystems.

4,2.4 Symbiotic Fixation

As in the temperate region, symbiotic nitrogen fixation
is the main mechanism for soil nitrogen additions in the tropics.
The magnitude of this phenomenon depends on the amount of
legume species, certain nonlegumes such as Casuarina, a common
coastal pine tree, and some tropical grasses. The large amounts
of nitrogen fixed in tropical forests are probably due to the
significant proportion of tree legumes present. Symbiotic nitrogen
fixation is of little relevance in cropped fields unless a legume
is present. Single legume stands contribute from 16 to over
500 kg N/ha a year (Henzell and Norris, 1962). In many cases,
however, nitrogen fixation by legumes is substantially lower
than would be expected. This may be due to the low phosphorus
or high aluminum levels of many soils, which inhibit Rhizobium
activity, to extremes in soil moisture, and to the lack of a
specific inoculum for the crop or variety in question. Very
little nitrogen is fixed by field beans (Phaseolus vulgaris)
in Latin America, partly because of their naturally poor

nodulation.
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- 4.3, Total Nitrogen Additions

The annual additions of soil organic nitrogen in
several locations are shown in Table 4.2. Like the annual organic
carbon additions, they are greater in tropical forests than in
temperate forests or savannas. It is because of high rate of

organic matter decomposition caused by high temperature.

Table 4.2. Estimates of Annual Soil Organic Nitrogen

Increments in Several Surface Soils

Annual Soil N increments

(kgN/ha)
Location Maximum Minumum
Tropical lowland forests
1. Ghana 55 22
2. India 60 24
3. Zaire 58 23
4. Indonesia 55 22
5. Columbia (Andept) 30 12
Tropical highland forests
6. Columbia 57 23
7. Indonesia 45 18
8. Madagascar 38 15
Temperate forests
9. California (oak)
10. California (pine) 9
Tropical savannas
11. Ghana (1250 mm rain) 15
12. Ghana (850 mm rain) 4
Temperate prairie
13. Minnesota (870 mm) 11 . . . 5

Source: Greenland and Nye (1959)
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4.4, Nitrogen Mineralization

The decomposition of soil orgqpic nitrogen -into inorganic
compounds, called "mineralization", consists of three steps:
aminization, the transformation of proteins into amines; the
transformation of amines into ammonium (NHZ) ; and nitrification,
the transformation of ammonium into nitrate (NOS) with a short

intermediate stagé of nitrite (NO2 ) formation.

4.4.1. Ammonification
Soil organic matter primar ily contains N in the amino

form (protein) and to a lesser extent in the form of a hetero-
cyclic N _campounds (N bases of nucleic acids). The release

of amino N from organic matter is termed proteolysis
(aminization) and the reduction of amino Nto NH3 is called
ammonification. These processes may be represented schematically
as follows:

Soil Organic N—» R NH2 + CO, + Additional Products + enerav

RNH, + Hzo-—)NH3 + ROH + eneray.

In both processes energy is released and this is
utilized by the heterotrophic microorganisms which bring about

the reactions.

4.4.2. Nitrification

The biological oxidation of ammonia to nitrate is
known is nitrification. This is a two-step process. Ammonia
is first oxidized to NOE. The process is mediated by auto-
trophic bacteria, or in other words by bacteria which obtain energy
from the oxidation of inorganic salts and use CO2 as a source
of C. Two very specialized groups of bacteria are involved.
The conversion of NH4 + to NO, is largely brought about by

2
Nitrosomonas whilst the Nitrobacter effect the oxidation of
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NOE to NO3—. Both groups are obligatelv aerobic, so that they
can only live in media where O2 is available. 1In waterlogged
soils the oxidation of NH4+ is thus restricted. In addition,
the nitrifying bacteria prefer more neutral to slightly acid

PH conditions.

The two step oxidation from NH4 + to NO takes place

w I

as follows:

+ +
2 NH4 +3;02-—)2 HN02+2 Hzo + 2H
2 HNO, + 0, 42 gt 4 2N0}
- + - +
Net 2 NH4 +4 02——)2 NO, +4 H + 2H,0

The net equation shows that nitrification is couvpled
with the release of H+ and thus results in an acidification of
the soil medium. The relationships of NHZ oxidation, pH
shift and No; formation are well demonstrated in an experiment
of DUISBERG and BUHRER (1954) the main results of which
are presented in Figure 4.1. 1In the incubation period of 14 -
days nearly all the NHZ was oxidized to No; with a concomitant
drop in soil pH. After one week of incubation, a peak in the
NOZ_ content occurred, which later disappeared due to the

activity of the Nitrobacter. Generally NO does not accummulate

in the soil, because the NOE formed is readiiy oxidezed by
Nitrobacter. Both bacterial groups, Nitrosomonas and Nitrobacter,
obviously function "in series". Ammonia is thus rather rapidly
converted to NOS rprovided that suitable conditions for
nitrifying bacteria are present in the soil, as was the case in
the example presented in figure 4.1. The soil used wasa fertile
calcareous sandy loam with a pH of 7.8 and the experimeht

was carried out in the laboratory with optimum soil water and
temperature conditions. In the field, nitrification often occurs
at a lower rate and in soils of low pH and in waterlogged soils,
nitrification is restricted or even completely inhibited. Under
these conditions the soil may thus accumulate NH. N. Nitrification

4
is also depressed in dry soils (Sabey 1969).
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Fig. 4.1 * Relationship between microbial NH, - oxidation, nitrate formation and soil pH
©° 7 *  (after DuisBerG and BUEHRER [1954]).

Nitrogen mineralization also occurs under flooded
conditions, but it stops at the ammonification stage, kecause
only aerobic microorganisms can convert NHZ into NOB-' Although the
mineralization processes are slower, anaerobic microorganisms
apparently can transform organic nitrogen to ammonium At higher
C:N ratios than aerobic microorganisms (DeDatta and Maagnave,
1969). The net result is a mineralization rate similar to that
in aerobic soils.

Between these two extremes in moisture contents, most
tropical soils undergo several periods of alternate wetting and
drying. Organic carbon and nitrogen mineralization ileaster
under alternate wetting and drving than under "optimum" moisture
conditions. Furthermore, the critical C:N ratios for mineralizaticn
also change under these conditions. Birch (1960) found that
drying promotes faster carhon than nitrogen mineralization, thus
reducing the C:N ratios. Birch also found that the critical

C:N ratio above which mineralization stops is higher under
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alternate wetting and drying. For example, a residue material
containing 1.5 per cent N was mineralized under alternate
wetting and drying but inmobilized under constant moisture.
this phenomenon is probably associated with a more active
microbial population after drying and rewetting the soil or
perhaps an increased accessibility of humus to microogranisms
by shringk-swell of clay minerals or thin oxide coats.

+

Nitrifyers oxidize both NH4 released by ammonification

and NH4+ applied as fertilizer. Fertilizer NHZ is thus

also converted to nitrate. The rate at which this occurs

of course depends on prevalent soil conditions (GASSER and
IORDANOU (1967)). 1In practice it is often the case that a

soil is treated with NHZ-N, but that crop uptake occurs mainly
as Nog . Nitrification can be suppressed or even prevented

by the so-called nitrification inhibitors (NOWAKOSWSKI

and GASSER 1967). A well-known chemical of this kind is

2 chlor-6- (trichlormethyl)-pyridine, known commercially as

"N Serve". NIELSEN et al. (1967) reported that application of
this inhibitor to soil completely prevented the formation of
NO3-, and that NHZ accumulation was observed. Nitrification
inhibitors have been used in practice so that crops may utilize
NH4 fertilizers more efficiently. By applving the nitrification
inhibitor to the soil the conversion of NHZ to NOS is prevented
and thus also the loss of N by leaching of the very mobile

NO3 .

4.5 Denitrification

Many different types of anaerobic organisms are capable
of utilizing N03- or NOE as a source of oxvgen in place of
molecular 02. This often occurs when soils become waterlogged
and anaerobic decomposition takes place. Nitrate is reduced
by a series of steps to nitrous oxide and Nz, which are then

released into the atmosphere. This process of microbial
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denitrification thus results in a loss of N from the soil
system. Aécording to ALLISON (1966) these losses of gaseous

N can range from about 5 to 50% of the total N applied.

Even in aerated arable soils some N losses due to denitrification
may occur for O2 is not uniformly distributed throughout the
soil and some anaerdbic regions may be present (WOLDENDORP 1968)
Denitrification is promoted by higﬁ soil moisture conditions,
the presence of fresh organic material in the soil and a low
O2 tension in the soil water. Thus on well aerated sandy
soils denitrification rates are generally lower than on clay
soils .

4.6. Ammonium fixation

In contrast to Nog which is rather mobile in the soil
and hardly adsorbed by soil particles, NHZ is strongly adsorbed
to negatively charged clay minerals because of its cationic
properties. In particular it can be bound rather selectively
to 2:1 clay minerals, such as illites, vermiculites and
montmorillonites. This process is called NHZ -fixation,
and is analogous to K+-fixation. Ammonium and K+ thus complete
for the same selective binding sites. BARTLETT and SIMPSON
(1967) reported, that the fixation of fertilizer K+ was lowered
by NHZ application. 2According to the investigations of
SIPPOLA et al. (1973) on Finnish soils, NHZ is fixed in even
larger quantities than K" by vermiculities. Because of this
fixation, soils rich in 2:1 clay minerals often contain
appreciable amounts of NHZ: in a fixed forn which may range
from 2000 to 3000 kg N/ha. In an analysis of a large number
of soil samples BREMNER (1959) found that about 5-6% of
the total N in the upper soil horizon was present in the form
of fixed NHZ whereas in the deeper part of the profile
where the clay content was higher, the proportion of fixed
NHZ was as much as 20% and more. As a result of adsorption
and fixation processes the mobility of NHZ in the soil is
essentially lower than that of NO4 (DAM KOFOED) and
KJELLERUP 1970) and for this reason N is mainly leached out

in the form of No; and only to a very small extent in
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the form of NHZ . This means that generallv the N03 content
in drainage water is about 100 times higher than that of

NHZ (WILLIAMS (1970)). 1In the soil solution nitrate is also
usually much higher in concentration than NHZ, except in acid

soils.

4.7. Nitrogen uptake and translocation.

Both NOS and NHZ forms can be taken up and metabolized
by plants. Nitrate is often a preferential source for
crop growth but much depends on plant species and other
environmental factors discussed below. Arable crops mainly
take up NO3- even when NHZ fertilizers are applied because
of the microbial oxidation of the NHZ in the soil. The rate
of uptake of Nog is generally high, and according to the
investigations of ANSARI and BOWLING (1972) with decapitated
sunflower plants, uptake occurs against an electrochemical
gradient, indicating that NOS is actively absorbed. Nitrate
present in the root can readily be exchanged for NO

3
soil solution. According to MORGAN et al. (1973) the

efflux is a passive process whereas No; absorption is active.
Further evidence of metabolic control of NOS has been provided
by RAO and RAINS (1976). Whether the uptake of NHZ by plants
is also an active process is still an open question. Investi-
gations of ZSOLDOS (1972) with excised rice roots show that
uptake of N03_ depends considergbly on temperature (Figure 4.2),
and was approximately zero at O C. However, such clear-cut
effects were not observed with NH4-N. As NH3 is a neutral mole-
cule, MOORE (1974) suggests that it can readily cross cell

membranes. The question therefore arises as to whether NH4—N is

of the

taken up by roots as NHZ or NH3 or as both. Results of MENGEL
et al. (1976) suppose that NH3 can be absorbed by plant roots
particularly under conditions of high pH where the presence

of NH3 is favoured.
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A most important difference between NO3 uptake and
NH4-N uptake is in their sensitivity to pH.NH4-N uptake takes
place best in a neutral medium and it is depressed as the
pH falls. The converse is true for'NOS absorption, a more
rapid uptake occurring at low pH values (RAO and RAINS 1976).

These workers suggest that the reduction of NO3 uptake at

-

ions suppressing the NO3 uptake transport system.
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Fig. 4. 2 YUptake of labelied nitrate by rice roots at various temperatures (after ZsoLpbos [1972]).

Nitrogen taken up by plant roots is translocated in
the xvlem to the upper plant parts. The form in which N
translocation occurs depends on the N uptake source and
root metabolism. According to MARTIN (1970) nearlv all

the NH,-N absorbed is assimilated in the root tissue and.

4
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and redistributed as amino acids. Nitrate-N can be translocated
unaltered to shoots and leaves but this depends on the nitrate
reduction potential of the roots. Nitrate and amino acids

are thus the main forms in which N Es translocated in the
vascular system of higher plants. Generally in the xylem sap

70 to 80% of amino acids present are rich in M, with a N/C

ratio greater than 0.4

When the supply of N from the root medium is inadequate,
N from older leaves is mobilized to feed the younger plant
organs. For this reason, plants suffering from N deficiency
first show deficiency symptoms in the older leaves. 1In
such leaves protein has been hydrolyzed (proteolysis) and
the resulting amino acids have been redistributed to the younager
tips and leaves. Proteolysis results in a collapse of the
chloroplasts and this in a decline of the chlorophyll content.
Hence vellowing of older leaves is a first syvmptom of

inadequate N nutrition.

4.8. Nitrogen deficiency symptoms.

Nitrogen deficiency is characterized by a poor
growth rate. The plants remain small the stems have a spindly
appearance, the leaves are small and the older ones often fall
prematurely. Root growth is affected and in particular
branching is restricted. The root/shoot ratio, however,
is usually increased by N deficiency (CASPER {1975). Nitrogen
deficiency results in the collapse of chloroplasts and also
in a disturbance of chloroplast development (THOMSON and
WEIER (1962)). EHence leaves deficient in N show chlorosis
which is generally rather evenlyv distributed over the whole
leaf. Necrosis of leaves or parts of the leaf occurs at a
rather late and severe stage in the deficiency. In this respect
N deficiency differs fundamentally from K and Mg deficiencies,
where the symptoms also begin in the older leaves hut where
chlorotic and necrotic spots appear at a rather earlv stage.
Deficiency symptoms of Fe, Ca, S are also similar to W deficiency

being characterized bv vellowish and pale leaves. In these
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deficiencies, howere, the symptoms occur first in the vounger
leaves. These more general observations may be used to serve
as a first means of distinguishing between these various

nutrient deficiencies.

Plants suffering from N deficiency mature earlier, and
the vegetative growth stage is often shortened. This earlv
senescence probably relates to the effect of the I supply
on the synthesis and translocation of cytokinins. According
to investigations of WAGNER and MICHAEL (1971) the svynhtesis
of cytokinins is depressed when N-nutrition is inadequate.

As these phytohormones promote vigorous growth and the
retention of the plant in a more juvenile stage, cvtokinin

deficiency may well result in senescence.

Nitrogen deficiency in cereals is characterized by
poor tillering; the number of ears per unit area and also the
number of grains per ear are reduced. The grains are small,
but often relatively high in protein content, due to a decrease
in the import of carbohvdrate into the agrains, during the

later stages of grain filling.

4.9. Ceasonal Fluctuations of Inorganic Nitrogen.

Inorganic nitrogen in most tropical areas shows a
marked seasonal fluctuation, as illustrated in Fig. 4.3.
The pattern consists of (1) a slow nitrate buildup in the
topsoil during the dry season, (2) a large but short-lived
increase at the onset of the rainy season and (3) a rapid
decrease during the rest of the rainy season. When short-
term droughts occur during the rainy season, they are followed
by sharp but smaller increases in inorganic nitrogen and then
by gradual decreases. These short-term peaks, called "flushes"
were first described by Hardy in 1946. Subsequent work in

Africa by Birch and other workers has substantiated their
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existence in a wide range of soil conditions (Birch, 1958,

1960, 1964).
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Fig. 4.3. Seasonal pattern of NO,-N fluctuation in the top 10 cm of a cultivated Alfisol in
Ghana. Source: Adapted from Greenland ( 1958).

Within a few days after the first heavv rains, dramatic
increases in inorganic nitrogen takes place. In the field
they may range from 23 to 121 kgN/ha within 10 davs (Sembh
and Robinson, 1969). The sharpness of the peaks is directly
proportional to the duration and intensity of the preceding
dry period. These sharp increases are accompanied bv
similarly sharp decreases caused by rapid leaching in the
rainy season. Semb and Robinson provided clear evidence of

NO3_ moving into the subsoil after such flushes.
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Several reasons were advanced by Birch (1958) to
explain these flushes. Active microbial populations build
up rapidly when moisture becomes available and easily decomposible
substrate is abundant. Intense drying loweres the C:N ratio
humus because carbon decomposes at a faster rate than nitrogen
in dry periods. Nitrogen mineralization proceeds faster at
lower C:N ratios. Also, the dead microbial population provides
additional substrate, which stimulates mineralization further.

As the rainy season progresses, the inorganic nitrogen
supply is reduced by plant uptake, leachindg, and denitrification.
Leaching depends on a series of soil factors. For fairly
well-aggregated Alfisols of northern Nigeria, Wild (1972b)
found that peak NO3- concentrations in the profile gradually

move down as the rainy season progresses.

4,10, Nitrogen Fertilizer Reactions in Soils

Nitrogen is the fertilizer nutrient applied in largest
quantities in the tropics. Nevertheless, the actual amounts
used as much lower than in the temperate region. Calculations
from FAO (1971) statistics indicate that only 13 percent of
the world's total nitrogen production is consumed in the
tropics. In 1971, 2.6 million tons of nitrogen were used
in tropical Asia, 1.3 million in tropical America, and
0.2 million in tropical Africa. In certain tropical areas,
particularly for irrigated rice, sugarcane, other plantation
crops, and some pastures, nitrogen use per unit area rates
among the highest in the world. In sharp contrast the bulk
of subsistence agriculture is just beginning to use fertilizers,

particularly in tropical Asia and Latin America.
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The most common fertilizer nitrogen sources used in
the tropics are urea and ammonium sulfate. 1In temperate
areas like the United States, on the other hand, ammonium
nitrate, anhydrous ammonia, and ammonium phosphates tend

to predominate.

4.10.1. Urea Hydrolysis

Urea is the most commonlvy used inorganic nitrogen
source in the tropics. Its popularity is partlv due to its
high content (46 percent N), low unit cost, and availability
in the world market. When applied to a moist soil, urea is
hydrolyzed into ammonium carbonate by the enzyme urease in

the fol;owing way:

urease

CO(NH,), + 2H20 —_— (NH4)2CO3

+ 2
(NH) , QO3+ 2H ——) 2WH, + CO, + H,O.

Ammonium carbonate in the presence of water dissociates into
the ammonium and carbonate ions. Before hydrolysis, urea
is as mobile as nitrate and mavy be leached down below the
root zone with heavy rainfall if soil structure permits.
Tamimi and Kanehiro (1962) showed that urea hvdrolysis proceeds
at about the same speed in the tropics as in the temperate
region and is complete within 1 to 4 days. In flooded soils,
Delaune and Patrick (1970) found that the rate of hvdrolysis
is similar to that in well-drained soils. Conseguently, the
first reaction of urea is no different in the tropics than

in the temperate region.

4.10.2. Volatilization Losses of Ammonia

At soil pH values higher than 7, the NHZ ions can be

converted to NH3 (ammonia gas) and lost to the atmosphere

if the soil is dry. Volatilization losses of ammonia were
first recognized in the tropics by Jewitt (1942), working with
Vertisols in the Sudan. Although ammonia volatilization
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Losses can occur with both urea and ammonium sources, they
are particularly important with urea since its hyvdroulysis
inc.eases the pH of the surrounding soil. Broadcast nitrogen
applications to the soil surface are Gery common in the
tropics; therefore volatilization losses can be of practical
importance in the high-pH soils, particularly when high
nitrogen rates are applied. Shankarécharya and Mehta (1971),
working with a loamy sand of pH 7.1 in Guarajat, India,
measured field volatilization losses of 4 percent when 28 kg N/ ha
were applied as urea to the surface. When the rate was
increased to 277 kg n/ha, volatilization losses increased to
44 percent. Such high rates are common in areas where

high-yielding rice or wheat varieties are planted.

Urea volatilization losses can be drastically reduced
if the material is placed below the soil surface before
hydrolysis. This can be accomplished by incorporation, bv
deep placement, or simply by moving the freshly applied
urea down with irrigation water or rainfall.
Table 4.3 shows the reduction in volatilization losses when
irrigation followed a surface application. The irrigation water
simply moved the urea down before it had a chance to be
hydrolyzed. 1In the presence of moisture, volatilization of
ammonia does not take place. This tabkle also indicates that
urea volatilization losses are essentiallv eliminated by
incorporating the material to about 5 cm depth. The nractical
implication is that urea should ke incorporated into the soil

if it is to be applied to a dry calcareous soil.

Table 4.3. Volatilization Losses of Applied Urea as a
Function of Depth and Timing in Relation to
Irrigation in a Calcareous Loamy Sand in Gurajat,
India (M rate: 222 kgl/ha)

Percent Loss of Applied N

Placement Applied before Applied after
Depth (cm) Irrigation Irrigation
Surface . 8.1 40.2

1.2 1.2 33.4

2.5 0.6 18.1

5.0 0.05 0.5

7.5 0 0

Source: Adapted from Shankarcharya and Meta (1971).
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4.10.3 Nitrification of (NH4)2SO4 applied as a

broadcast or band placement.

Ammonium sulfate when broadcast on the soil surface
does not suffer substantial volatilization losses as urea
does. The nitrification of NHﬁ into NOS and the distribution
of both ionic species in the profile varv with soil properties
and moisture conditions. Wetselaar (1962) followed these
changes in Alfisols of northern Australia. Nitrification was
very fast in clay loam soils under high rainfall during the
rainy season. Most of the applied nitrogen was detected as

nitrates in the 60 to 120 cm section of the subsoil.

Banded applications of nitrogen fertilizers are being
practiced in mechanized agriculture, primarily when complete
fertilizer mixtures are used. The usual justification for this
practice is the reduction of phosphorus fixation. Also side-
dressed nitrogen applications bv hand in traditional systems
are localized close to plants. Wetselaar et al. (1972, 1973b)
found that banding nitrogen applications affects the rate
of nitrification of ammonium sources, and that this practice

may result in an increased efficiency of applied nitrogen.

With time the ammonium ion concentration around the
band decreases; when the soil pH near the urea band is between
7 and 8, nitrification proceeds to the nitrite stage. Nitrite
accumulates in such bands and is toxic to plants. As PH decreases
below 7 because of CO2 increases, nitrates are formed. Nitrite
accumulation does not occur with ammonium sulfate, however,
because the pH of the band does not rise above 7 in acid soils.
These reactions are illustrated in Table 4.4.
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Table 4.4. Nitrite and Nitrate formation after Additions
of 1000 ppm N as Urea or Ammonium Sulfate in
Bands as a Function of Time on Calcareous Soil
from northern Australia

Nitrogen Weeks of Incubation
Fertilizer
2 4 6 12
Urea N02_ -N (ppm): 170 345 125 0
N03--N (ppm) 15 55 330 365
Soil pH 7.4 7.2 6.0 4.7
(NH4)2SO4 N02—N (ppm) 0 0 0 0
N03—-N (ppm) 25 85 130 140
Soil pH 6.2 6.4 5.6 4.8

Source: Wetselaar et al. (1972).

4.11 Nitrogen Requirements of Tropical Crops.

In spite of large amounts of research on nitrogen
fertilization, information about nitrogen uptake patterns
of the principal tropical crops is quite limited.
Bartholomew (1972b) has compiled estimates of nitrogen untake
by corn, wheat, and rice at several yield levels. His results

are reproduced in Fig. 4.4.
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4.11.1. Cereals

At the present average yield levels in the tropics
of about 1 ton of grain/ha, corn, rice, wheat and sorghum
remove around 30 kg n/ha. This is probably in balance with
the nitrogen-supplying capacity of most tropical soils.
At moderatly high yield levels of 4 to 5 tons/ha, nitrogen
uptake is on the order of 100 to 150 kg n/ha. This yield
level is particularly important, because it can be commonly
attained in many tropical areas with new high-yielding
varieties and fertilization. At very high vield levels of
8 to 10 tons/ha, total nitrogen uptake exceeds 200 kg N/ha.

The nitrogen uptake pattern of cereals with time has the
characteristic sinusoid curve. For rice two periods exists
when the nitrogen requirements are highest: at the tillering
stage, when secondary shoots appear, and at the panicle
primordium initiation stage, which marks the start of the
reproductive phase. The number of panicles per unit area is
highly correlated with the nitrogen supply at tillering.

The number of spikelets per panicle is dependent on the
nitrogen supply at panicle jnitiation (Sanchez, 1972).
Rice yields are positively correlated with adeauate plant

nitrogen levels at these two critical crowth stages.

In corn, tillering is an undesirakle characteristic and
yields are correlated with a maximum number of kernels per
unit area. Nitrogen requirements are high during the "grand
period of growth" in the vegetative phase and at silking.
The nitrogen uptake pattern of wheat is similar to that of
rice (Srivatsava, 1969), and the pattern of sorchum to that
of corn (Roy and Wright, 1973).
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4.11.2. Root Crops

Root crops also remove large quantities of nitrogen.
At presently low yield levels of 8 to 10 tons/ha of fresh roots,
cassava roots and potato tubers remove about 40 kg N/ha.
At the higher yield levels attained with fertilization, these

crops can remove over 150 kg N/ha, including the tops.

The nitrogen uptake pattern of Peruvian potatoes observed

by Ezeta and McCollum (1972) shows that most of the nitrogen
was taken up before tuber initiation. During the grand period
of growth from 97 to 137 days after planting, nitrogen
accumulated at the rate of 2.5 kg N/ha per dav.

The nitrogen accumulation pattern in cassava is slow
during the first 2 months, then increases linearly, and reaches
a maximum at 10 months for varieties that mature in 14 months
(Hendershortt et al., 1972).

4.11.3. Grain Legumes

At presently low yield levels of 0.5 to 1.0 ton/ha bheans,
soybeans, and peanuts remove about 30 to 50 kg N/ha. At
higher yield levels Fassbender (1967) has reported removal
rates on the order of 100 to 150 kg N/ha for Phaseolus

vulgaris beans.

4.11.4. Pastures

Of all tropical crops, tropical grasses are the greatest
annual extractors of nitrogen. At low annual vield levels
(10 tons dry matter/ha) tropical grasses mav remove about
100 kg N/ha a year. At high vield levels of 30 to 50 tons,
they may remove from 400 to 600 kg N/ha a vear. SinceAthese
are perennial species, the nitrogen recuirement patterns varies
with time and height of cutting or orazinag (Vincent-Chandler
et al., 1964). When legumes are grown with grasses, the
total uptake may be closer to the legume contribution, which

can reach 200 kg N/ha in some cases.
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4.12. Management of Nitrogen Fertilizers

4,12.1 Determining Application Rates

Since there are no practical soil tests for estimating
the available nitrogen levels in the soil, the determination
of optimum nitrogen rates has to be based on indirect methods,
usually field experience. In areas where organic nitrogen
is supposed to be at equilibrium in the soil because of
similar management for many years, three parameters can be
used to estimate rates of applications: (1) the nitrogen untake
required by the crop to produce a desired vield level, (2)
the nitrogen supplied by the soil, and (3) the percent recovery
of added nitrogen.

The nitrogen uptake required for optimum vields can be
obtained in the case of rice, corn, and wheat by referring to
Fig. 4.4, by measureing nitrogen uptake in field experiments,
or by calculating the internal nitrogen requirement of the
crop in question. The internal nitrogen reauirement is the
minimum amount of nitrogen in the above-ground portions of
the crop associated with maximum yields (Stanford, 1966).

Only a few estimates are available: 0.2 percent N for sugarcane,
1.3 to 2.4 percent for some tropical arasses, 1.4 percent

for wheat, 1.2 percent for corn, and 0.8 percent for rice
(Stanford 1966; Sanchez et al., 1973a). The uptake at the
desired yield level can be obtained by multiplving the internal
nitrogen requirement by the total dry matter produced at the
desired yield levels.

The nitrogen supplied bv the soil can be estimated from the
average yield without nitrogen or, preferablv, by determinina

the nitrogen uptake of the check plots in nitrogen fertilizer
experiments. In euilibrium conditions this is a reliable

measure, but in newly cleared land or in irrigated soils some
chemical methods are preferred (Bartholomew, 1972h).

Measurements of total soil nitrogen, organic matter, and incrganic
nitrogen might be useful at the research level but they are

too expensive or cumbersome for routine soil testing.
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The efficiency of fertilizer nitrogen utilization can be
calculated as the apparent fertilizer recovery from field
experiments with or without the use of le radioisotopes.

By knowing the nitrogen uptake at the certain rates and the
uptake without added nitrogen, the percent recoveryv can be

calculated as follows:

N uptake at applied rate - N

uptake without added N
Percent recovery = x 100

N rate

Recovery ranges from 20 to 70 percent. The higher figure
is common for crops with extensive root systems such as
pastures (Vicente-Chandler et al., 1964; Henzell, 1971).

The lowest recoveries are found in areas of alternate wetting

and drying.

The optimum nitrogen rate therefore can be determined

by the following eguation:

N uptake at desired yield level - N uptake without added N

N rate
Percent recovery

4.12.2, Nitrogen Responses in Cereals

Rates. Corn responses to nitrogen are usually positive,
except in newly cleared land, when the profile inorganic
nitrogen is very high, or when acidity or serious problems
with other nutrients exist. Many of the responses in tropical
Africa, although positive, increased yields onlv from 1.2

to 1.4 tons/ha, according to a summary by Richardson (1966) .
This clearly indicates that either the rates used were too

low or some other factor, such as varietv or spacing, was
inhibiting yields. In tropical America, where yield responses
are generally higher, the recommended rates of application
range from 60 to 150 kg N/ha (Sanchez, 1973). 1In addition

to soil factors, the shape of the response curve is affected
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by variety, plant population, and water regime. For example,
the recommended rates of application in Mexico have
gradually increased from 40 kg N/ha im the 1940s to 80 kg
N/ha in the 1950s and from 80 to 175 kg N/ha in the 1960s .
(Sanchez, 1973). This is clearly a result of the varietal
improvement in that country.

Rice responses to nitrogen are affected more by nonsoil
factors than by soil properties. Plant type, solar
radiation, spacing, and growth duration essentially determine

the shape of the nitrogen response curve (Sanchez, 1972).

Wheat responses to nitrogen are also affected hy plant
type. Tall, traditional varieties respond positively to
relatively low levels of nitrogen. When thev receive high
rates, they show a yield decrease due to excessive vegetative
gr~wth and lodging. On the other hand, the new short,
stiff-strawed Mexican varieties respond positivelv to higher
nitrogen rates and produce much higher vields at the oontimum
application rates. Their stiff straw prevents lodging at
higher nitrogen rates. Figure 4.5 illustrates the response
pattern of a tall variety (C-306) and a short-statured variety
(Sonora 64) in Pantnagar, India.
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Soﬁicéé. Much research has been conducted to compare
urea, ammonium sulfate, and other nitroren sources on corn,
rice, wheat, and sorghum in the tropics. For all crops the
overwhelming evidence indicates no di%ferences between urea
and ammonium sulfate or other ammonium sources (DeDatta and
Magnaye, 1969; International Atomic Energy Agency, 1970 a;
Sanchez, 1972, 1973; Khalifa, 1973). 1In instances where
ammonium sulfate was superior to urea, the effect was due

to sulfur deficiency or volatilization losses of surface-
applied urea. Where urea was superior, differences were due
to the acidifying effect of ammonium sulfate in already

acid soils or, in the case of rice, to HZS toxicity in flooded
soils very low in iron. The bulk of the evidence indicates

few differences in ammoniacal sources when properly applied.

Nitrate sources are usually inferior to ammoniacal sources
under conditions favouring leaching or denitrification.
Their lower nitrogen content also implies a greater cost per

unit of nitrogen.

Organic sources are excellent. However, the quantity
required to reach the optimum rates requires a tremendous

amount of bulk and may cause problems of incorporation.

Nitrification inhibitors have received much attention
recently. A review by Prasad et al. (1971) cites several
instances of yield responses throughout the world but no evidence

of economical results under field conditions.

Timing and placement. The most practical wav of applving anv

fertilizer is to broadcast it and incorporate it into the soil
surface before planting. For nitrogen this procedure is
efficient only if the NHZ and NOS ions released stay in the

root zone and are not leached or denitrified to a considerable
extent. Since crop nitrogen requirements are low at early
growth stages, the optimum timing is that which ensures a good
nitrogen supply at the two critical growth stages of the cereals

at the lowest possible cost.
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Preplant urea or ammonium sulfate applications
incorporated into the soil were found to be as effective
as other timing or placement practice§ for high-yvielding corn
in Samaru, Nigeria, under conditions of little leaching
(Jones, 1973). The same is true of rice under constantly
flooded conditions with essentially no leaching. In most
cases, however, delaying the only nitrogen application
until the first critical stage or splitting applications in
two is more efficient. The work of Fox et al.(1974) in
Puerto Rico shows the substantial benefits of delaying one
application for corn in udic regions of Puerto Rico. They
also obtained the same results with sorghum. Similar results
were found with rice and wheat (Sanchez, 1972;)./ It is
seldom profitable, however, to have more than two split
applications.

There is no question that incorpcrating preplant appli-
cations is a good placement practice. Vhether the nitrogen
is broadcast or banded depends on how other nutrients are
applied and whether nitrification should be delayed by
locally high rates. Postplant applications are usually broad-
cast or can be incorporated lightly in the process of weeding.
The International Atomic Energv Agency (1970) studies with
corn and rice emphasize the importance of incorporation

whenever possible.

Efficiency of utilization The recovery of applied nitrogen

is higly variable. Bartholomew (1972) estimates a 50 percent
recovery for rice and wheat. These figures are applicable

to the temperate region but to only a few places in the tropics.
Fox et al. (1974) obtained recoveries of 51 percent with the
optimum postplant side-dressed application rate for corn in
Puerto Rico but only 33 percent when the same rate was.
incorporated into the soil surface. Jones (1973) reports a

70 percent recoverv for corn under conditions of no leaching,

with the nitrogen applied before seeding or side-dressed.
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Nitrogen recovery by rice ranges from 30 to 50 percent
under constant flooding and from 20 to 30 percent under
water management practices conducive to leaching and
denitrification. In the latter case use of sulfur-coated
urea may increase the recovery rate to 30 to 40 percent
(Sanchez et al.,1973 b). Nitrogen recovery by wheat may bhe
as high as 50 percent with the best rate, timing, and placement

practices (Hamid, 1972).

4.12.3 Nitrogen Response by Root Crops

Nitrogen responses are often negative for cassava in
spite of the high nitrogen requirement of this crop. Nitrogen
applications increase the top:root ratio and decrease vields
in many cases. 1In others it increases the tuber yield and
protein content but not the starch yield (Sanchez, 1973).
Long-term experiments in Brazil bv Normanha et al. (1968)
emphasize the importance of an appropriate N:K ratio.
Nitrogen responses were obtained in the presence of ample
phosphorus and pgtassium supplies. Cassava cutting are very
susceptible to salt concentrations when in contact with
fertilizers. Nitrogen should be applied to the side of the
planting furrow, and the rest side-dressed at later stages.

Potatoes respond to applications of 60 to 120 kg N/ha
in southern Brazil and to 160 kg N/ha in the Peruvian Sierra.
In Peru, McCollum and Valverde (1968) noted that the magnitude
of the response was inversely related to the soil inorganic
matter content. They also observed no differences among
nitrogen sources, but with organic manure (guano) the quantity
needed for optimum rates was too bulky to be practical. The
best timing of applications is half at rlanting and half
at later stages.

4.13. Residual Effects of Nitrogen Fertilization

4.13.1. Inorganic Nitrogen Supply

If it is assumed that 30 to 50 percent of the added

nitrogen is recovered by plants, the rest either stays in
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the soil or is lost by leaching and denitrification. The

fate of the leftover nitrogen undoubtedly varies with soil

and climatic conditions. In some cases large quantities are

lost from the profile, and in others a gradual buildup takes
place. Fox et al. (1974) report that some Oxisols and

Ultisols of Puerto Rico contained over 300 kg N/ha as

inorganic nitrogen in their profiles after manv vears of
continuous fertilization. Yields of 5.8 tons/ha of grain sorghum

were obtained in these soils without additional nitrogen.

The magnitudes of these nitrogen buildups are not well
known or described. They may occur where high rates have
been consistently applied over many years, and all the excess
nitrogen has not been completely lost bv leaching or

denitrification.

4.13.2. Changes in Soil Properties.

Ammonium sulfate and urea have a net residual acidity

because of the following reactions:

- A+ 2-
(NH,) ,S0, + 40, —p 2NO; + 2H,0 + 40 + S0
- +
(NH,) ,CO  + 2H,0 —» (NH,),CO, + 40,~2NO; +3H,0 +2H +co,,

Ammonium sulfate generates 2 moles of H+ per mole of

+

4 L]

In terms of lime values, 7.1 kg of CaCO3 is reaquired to neutralize

+ .
NH4 y Wwhile urea generates 1 mole of H+ per mole of NH

1 kg of nitrogen as ammonium sulfate and half that amount when
the source is urea. The nitrification process is the cause

of residual acidity. If the NHZ ions are taken directlyv,
there is no acidifying affect. The presence of oxygen is

also necessary for residual acidity to occur since denitri-
fication has the opposite effect. Sodium nitrate produces a

net increase in pH because of its sodium content.
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Fig.4 .6. Effects of rates and nitrogen sources on pangola grass yields and changes in soil pH
after S years in an Andept from Colombia. Source: Villamizar and Lotero (1967).

The residual effects of nitrogen fertilizers on
chemical soil properties are most common in heavily fertilized
pastures. Villamizar and Lotero (1967) evaluated the effects
of annual applications of urea, ammonium sulfate, and sodium
nitrates at rates up to 1000 kg N/ha a year for 5 vears in
an Andept from Colombia. The results shown in Fig. 4.6.
indicate that optimum yields of 30 tons/ha a vear of Pangola
grass were obtained at an annual rate of 500 kg N/ha. At
this rate the topsoil pH decreased from 5.8 to 4.2 with
ammonium sulfate, remained the same with urea,
to about 6.8 with sodium nitrate.

and increased
In view of the similarity
in efficiency between urea and ammonium sulfate, urea is
definitely the better source.
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~semyyHeavy ammonium sulfate applications also affect the

base status of the subsoil. Annual rates of 900 and 4000

kg N/ha drastically decreased the pH and base saturation of
two subsoils in Puerto Rico (Abruna et al., 1958) as shown

in Fig. 4.7. When lime was applied in conjunction with these
heavy rates, the base status of acid subsoils increased
dramatically. Pearson et al., (1962) attributed this

effect to the downward movement of calcium and magnesium
applied to the surface as lime. In such cases Vicente-Chandler
et al. (1964) have recommended the application of a ton of
lime per ton of 10-14-10 fertilizer when ammonium sulfate

is used in heavily fertilized pastures of Puerto Rico.

Soil Depth (cm)

& Toa Clay Loam

90*

(%
S
\\ Fajardo Clay
c
.0
©
Lt
2
o
[72]
©
4
@ 15-30cm
BN
\‘ 0-15¢cm
20 1 1 )
0 440 880 1760
N Applied as Ammonium Sulfate (kg N/ha)
Fig. 4.7. Effects of leaching nitrogen fertilization on pH and base saturation changes in two

soils from Puerto Rico. Source: Abruna et al. (196K).
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5. Phosphorous in Soils and its availability to Plants

Phosphorus deficiencies are very common in highly
weathered ., Oxisels: -dnd Ultisols and ip slightly weathered
Andepts and Vertisols. ﬁany tropical soils have extremely
high capacities to immobilize phosphorus. Considerable
modification of phosphorus management practices developed
for soils with moderate fixation capacity is required for
such soils, In addition, significant differences exist
between and within species in the ability to tolerate low

levels of available soil phosphorus.

5.1. Phosphorus Contents and Forms.

5.1.1. Total Phosphorus

The total phosphorus content of the soil is of no direct
practical importance, but it has often been used as a weathering
index. Total phosphorus in the topsoil decreases with
increasing weathering intensitv. This is shown in Fig. 5.1.
and Table 5.1.

Table 5.1. Distributions of Topsoil Phosphorus Fractions in some
Venezuelan Soils as Related to Their Degrees of
Weathering (ppm).

CEC
Series Order Clg§ Total Organic
(meqg/100a) ©oH _P D . Ca-P- Al-P Fe-P
Chispa Mollisol 100 6.9 692 235 70 33 43
Maracy Entisol 127 5.9 298 79 88 20 33
Paya Alfisol 50 5.0 144 85 3 14 19
Guataparo Oxisol 18 4.8 59 11 0 2 17

Source: Adapted from Westin and de Brito (1969).
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It can be seen from Fig. 5.1 that the proportion of
organic P in the soil profile reaches a.maximum and falls off
slowly. For most mineral soils, apatites are believed to be
the primary phosphate containing minerals from which the other
P containing soil fractions are derived. 1In the diagram
these derived P fractions are shown as "non occluded inorganic
phosphate” and "occluded inorganic phosphate". The non occluded
fraction contains phosphate in solution, phosphate adsorbed
to soil surfaces and some phosphate minerals. The occluded
phosphate is held by Fe and Al minerals, often within a skin
of Fe hydroxy compounds. Figure 5.1 also demonstrates that
during pedogenesis an appreciable amount of phosphate is lost

, . from the soil. This results largely from trans-
location of soluble P out of the soil profile. When one considers
the time scale involved, however, it is clear that the annual
rate of leaching of phosphate is extremely low.
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In Venezuela, for example, total rhosphorus contents
are correlated with increasing weathering, as measured by the
cation exchange capacity of the clays. These relationships
are shown in Table 5.1. ’

Although Oxisols are generally low in total phosphors
(less than 200 ppm), some are extremely high. Moura et al.
(1972) reported 3760 ppm total P in a Eustrustox from Brazil.
Ultisols and Alfisols are also generally low in total prhosphorus,
with values mostly below 200 ppm (Nye and Bertheux, 1957;
Westin and de Brito, 1969).

5.1.2. Organic Phosphorus

Organic phosphorus normally accounts for 20 to 50 percent
of the total topsoil phosphorus. In the more highly weathered
Oxisols, Ultisols, and 21fisols it often represents 60N to 80
percent of the total soil phosphorus. African workers consider
organic phosphorus to be the main source of phosphorus for
plants in no-fertilizer agriculture. Its maintenance, therefore,
is of great practical significance in traditional aqricultural
systems. For example, Smith and Accuave (1963) observed a
high correlation between cacao vield and scil organic phosphorus
content. Friend and Birch (1960) obtained a negative correlation
between responses to applied phosphorus and organic phosphorus
contents in East Africa. Omatoso (1971) found sharp vield
increases with phosphorus applications only when the soil
organic phosphorus content was less than 150 ppm in cacao
plantations of Ghana.

The C:P ratio. of organic matter in representative soils
of Ghana are on the order of 240:1, according to Mve and
Bertheux (1957). This value represents a much lower rhosphorus
content than in the United States about 9:1. These wide C:N

and N:P ratios are indicative of phosphorus deficiency.
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NON-OCCLUDED PHOSPHATE
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Fi16. 5.1. CHANGES OF SOIL PHOSPHATE FRACTIONS DURING
PEDOGENESIS (AFTER WALKER AND SYERS 1976).
SOILS OF DIFFERENT AGES DEVELOPED ON THE SAME
PARENT MATERIAL (CHRONOSEQUENCE).

Solution<<:
P

F16, 5.2, SCHEMATIC REPRESENTATION OF THE 3 IMPORTANT
P SOIL FRACTIONS FOR PLANT NUTRITION,

(Mengel and Kirkby, 1982)
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Organic phosphorus mineralization is difficult to
quantify because the released HZPOZ ions may be quickly fixed
into inorganic forms. Laboratory experiments in Ghana sugagest
that organic phosphorus may release from 2 to 27 ppm P to the
soil, according to Acquaye (1963). He also found that nitrogen
and phosphorus applications increased organic phosphorus
mineralization. 2wan (1964), working in Honduras, also found
that increased yields of corn sorghum, and cowpeas due to liming
were associated with increased mineralization of soil organic

phosphorus.

5.1.3. Inorganic Phosphorus Fractions.

The solid inorganic forms of phosphorus are usually
divided into three active fractions and two relatively inactive
fractions. The active fractions can be grouped into calcium-
bonded phosphates (Ca-P), aluminium-bonded phosphates (Al-P),
and iron-bonded phosphates (Fe-P). Calcium phosphates are present
as films or as discrete particles, while 21-P and Fe-P occur as
films or are simply adsorbed on clav or silt surfaces. The
relatively inactive fractions are the occluded and reductant-
soluble forms. Occluded phosnhorus consists of Fe-P and Al-P?
compounds surrounded by an jpert coat of another material
that prevents the reaction of these phosphates with the soil
solution. Reductant-soluble forms are -covered by a coat that

may be partially or totallv dissolved under anaerobic conditions.

The forms of inorganic phosphorus present in @ soil depend
on its chemical stage of weathering. This is clearlv shown
in Table 5.1., where the proportion of iron phosphates increases.
Calcium phosphates are more soluble than aluminium phosphates,

which are in turn more soluble than iron phosphates.

The transformation of one form of phosphate into another
is controlled mainly by soil pH. As soils become more acid,
the activity of iron and aluminium increases and the relatively

soluble calcium phosphates are converted into less soluble



aluminium and iron phosphates (Kamprath, 1973).
are slow enough to permit considerable quantities of calcium

phosphates to be present in acid soils with pHE values below 5.5.

In highly weathered soils most of the inorganic
phosphorus is in the occluded or reductant-soluble form because
Table

of the formation of iron and aluminium oxide coatings.
5.2 shows that reductant-soluble iron phosphates are the dominant

inorganic form of phosphorus in an Oxisol from the Llanos

Orientales of Columbia.

These processes

Table 5.2. Soil Phosphorus Fractions in the Profile of an Oxisol of
Carimagua, Llanos Orientales, Columbia
Percent of total P
Horizon Organic  Base Total b o f /Reduc- pcclu-
.C Saturation P organic| :
(cm) (pH) - (%) ¢ i tant ded
, (%) (ppm) ' P fCa—P {Al-P |Fe-P{Sol Fe-P Al-P
f ! v
0-6 4.5 2.26 7 185 77 fo0.9!08]10/ 9 1
k i j
6-15 4.6 1.84 7 151 75 L 0.6 f 0.9 11 11 1
15-40 .6 1.13 13 126 ¢ 73 ;0.7 1.2 6| 17 1
40-70 4.9  0.53 15 114 {55 1 0.8, 1.3] 7] 34 1
70-100 .1 0.43 29 %0 | 47 0.6 1.0 9] 41 1
100-150 5.1 0.24 21 84 | 35 0.7 1.2} 4/ 53 4
{ : .

Source:

Benavides (1963).

Considered simply from the viewpoint of plant nutrition

three main soil phosphate fractions

in Figq.

phosphate dissolved in the soil solution.
the solid phosphate which is held on surfaces so that it is in
rapid equilibrium with soil solution phosphate.
by means of isotopic exchange and is called labile phosphate.

The third fraction is the insoluble phosphate.

These three fractions are represented schematically

5.2.

l.
2'
3.

The first fraction is clearly defined and is the

Phospate in soil
Phosphate in the
Phosphate of the

are important:

solution

labile pool

non-labile fraction.

The second fraction is

The phosphate

It can be determined
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in this fraction can be released only very slowlv into the labile

pool.

Many attempts have been undertaken to relate non-labile
phosphate to specific soil minerals. Such investigations, however,
are complicated by the fact that many soil phosphates contain
impurities, which influence their solubility and hence their
capability of exchanging phosphate ions with the soil solution.

In many soils, apatites are the most important inorganic phosphates
of non-labile pool. 1In addition some Fe and Al phosphates as
well as the organic soil P are also believed to exchange phosphate

ions only very slowly and thus belong to the non-labile B fraction.

5.2. Phosphorus Fixation and Release

5.2.1. Phosphorus Fixation Processes
When a superphosphate granule is placed in the soil, water

initially moves into the granule and dissolves some of the
monocalcium phosphate into dicalcium phosphate and free phosphoric
acid. The solution coming out of the granule has a pH of 1 to 1.5.

It dissolves aluminium, iron, potassium, and magrnesium compounds
inzsoil particles. In acid soils aluminium and iron are most
abundant and react with phosphorus to form relatively insoluble
aluminium and iron phosphates. In calcareous soils the vphosphate
ions are precipitated by calcium and magnesium as relatively

insoluble compounds.

In acid soils there is an additional fixation mechanism.
Exchangeable aluminium reacts with monocalcium phosphate and
forms compounds having the general formula Al(OH)2H2P04. Thev
resemble the crystalline form, variscite, but are more soluble.

An indirect effect of this mechanism is the precipitation of
exchangeable aluminium with phosphorus. 2According to the calcula-
tions of Coleman and his cowcrkers, I mec of exchangeable
aluminium can fix about 70 ppm P because aluminum is precipitated
in this fashion. This is often referred to as "liming with phos-
phorus".



The higher the content of iron and aluminium oxides, the
larger is the phosphorus-fixing capacity of the soil. Also,
the higher the exchangeable alumnum content, the larger the
phosphorus-fixing capacity will be. Therefore highly acid and
weathered Oxisols and Ultisols generally have high phosphorus
fixation capacities, whereas less acid soils with laver silicate
mineralogy have much lower ones. Because of the high contents

of aluminum oxides, Andepts also have a very high fixing capacity.

In oxide or oxide-coated layer silicate systems, phosphorus
fixation increases with increasing clay content. This is an
indirect effect of the iron and aluminum oxide contents found
in the clay fraction. Woodruff and Kamprath (1965) found that sandy
Ultisols retained much less phosphorus than clayev Ultisols of similar
mineralogy. In addition to the iron and aluminum oxide contents,
the degree of crystallinity affects the magnitude of phosphorus
fixation. Pratt et al. (1969) found that Brazilian Ultisols
fixed more phosphorus per unit of iron oxide content than did
Brazilian Oxisols. They associated this effect with the less
crystalline iron oxide forms found in these Ultisols, in contrast

to the more crystalline forms in the Oxisols. Because of their

larger surface area, amorphous oxides retain more rhosphorus
than crystalline species. However, since the iron oxide content
is generally higher in Oxisols, as an order they probably fix
more phosphorus than Ultisols. Among the amorphous materials
Syers et al. (1971) found that amorphous aluminum compounds were
more active fixers than amorphous iron oxides in Ultisols and
Ox1sols of southern Brazil.

The mineralogy of the soil defines the product of
phosphorus fixation. In soils with oxidic mineraloay, most
of the phosphorus will be fixed as iron phosphates. 1In kaolinitic
families aluminum phosphates will be the predominant form, but

with age they are transformed into iron phosphates.
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The intensity of fixation according to mineralogy is
as follows:

Amorphous oxides /) Crystalline 6xides> 1:1 clays>»2:1 clays

(including (gibbsite, goethite, etc.)
allophane) )

5.2.2. Magnitude of phosphorus Fixation

Some idea of the maximum amounts of phosphorus that
tropical soils can fix is given in Tables 5.3 and 5.4. As a
group, Andepts and other soils high

Table 5.3. Amounts of Phosphorus Fixation and Amounts of Added Phosphorus
Required to Give Soil Solution Concentrations to 0.1 and 0.2
ppm P in Soils from Mexico, Central America and Brazil.

Fixed P (ppm)

Dominant
Clay Clay Adsorption At 0.1 ppm P . At.0.2 ppm P
Soil Mineral (%) Maxima Soil- Solution Soil Solution
Inceptisol Montmorillonite 27 106 65 83
Ultisol Kaolinite 38 480 285 360
Oxisol Kaolinite 36 531 310 395
Oxisol Kaolinite 78 - 720 900
Andept Allophae 11 1050 500 670

Source Adapted from Rivera-House (1971) and North Carolina State University

(1973) .

in allophane are the highest fixers with ower 1000 ppm added

P. Kaolinitic soils, including Oxisols and Ultisols, follow with
values ranging from 500 and 1000 ppm P except for coarse-textured
ones. Soils high in montmorillonite and on the calcareous side

may fix on the order of 100 ppm added P.
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5.2.3. Phosphorus Release

Phosphate ions in the soil solution are.ﬁﬁﬁ:the plants
actually use. The concentration of HZPOZ ions is on the order
of a fraction of part per million. Plants accumulate in their
tissue about 2000 ppm P. Therefore the so0il solution must be
renewed several times a day for the plants to create such a
concentration gradient. Fixed phosphorus is released slowly
to the soil solution as a function of the solubility of the species.
Also, organic phosphorus mineralization adds H.,PO, ions to

2774
the soil solution, but most of them are fixed immediately.

Table 5.4. Phosphorus Fixation and Amount Needed to Maintain 0.2 ppm
P in the Soil Solution on a "Weathering Transect" in Oahu, Hawaii

Fixed P (ppm)

Annual

Rainfall clay Adsorption At 0.2 ppm P
Soil . © (mm) Minerals pPH Maxima Soil Solution
Chromustert 500 Montmorillonite 7.6 300 85
Haplustox 600 Kaolinite 7.8 500 145
Haplustox 950 Kaolinite 6.8 525 145
Eutrorthox 1200 Kaolinite 5.1 725 235
Tropohumult 2200 Kaolinite, Gibbsite 4.4 670 335
Tropohumult 2300 Giibsite, Goethite 6.6 1320 435

Source: Fox et al. (1971).

It has been found that there is an optimum concentration
of phosphorus in the soil solution associated with maximum crop
growth in some species. Baldovinos and Thomas (1967) in
Virginia and Fox et al . (1971, 1974) in Hawaii have shown that
maximum bean and corn growth is associated with a level oﬁ 0.07 ppm
P in the soil solution of clayey Ultisols, Oxisols, and Andepts.
In sandy soils the optimum concentration is about 0.2 ppm P in
the soil solution. This difference is probably due to the slower
diffusion rate of soil solution in sandy soils because of
discontinuous water films around the particles. Even at 15 bars,

water films around clays can be continucus.



a0

The relationship between the amount of inorganic
phosphorus added to the soil and the eguilibrium concentration
of phosphorus in the soil solution is a good parameter for
determining how much fertilizer phosphorus should be added to arrive
at a desired level of soil solution phosphorus. These relation-
ships, obtained in the laboratorv by adding various amounts of
phosphorus to the soil, shaking for 6 days, and determining how
much remains in solution, are known as "phosphorus fixation
isotherms" (Fox and Kamprath, 1979). Figure 5.3 shows examples
of such relationships in several tropical soils. Phosphorus
fixation isotherms evaluate the degree of fixation and release

at one time. They are essentially intensity-capacity functions.

Figure 5.3 shows that a montmorillonitic soil fixes
little added phosphorus and requires very little phosphorus
in the soil to supply 0.1 ppm in solution. Clavey Oxisols and
Ultisols need close to 3000 ppm added p to supplv the same amount.
The Andept, because of its high contents of amorphous aluminosili-
cates, needs about 450 ppm added P to reach that level. A verv
clayey Oxisol from Brazil requires over 700 ppm P to reach
0.1 ppm in the soil solution. Relatively little additional fertil-
izer phosphorus is required to raise the soil solution level to

0.2 ppm.

5.3. P uptake by Plants.

5.3.1. AMAbsorption and translocation

Plant roots are capahle of absorking phosphate from
solutions of very low phosphate concentrations (I.ONGERAGAN and
ASHER 1967). Generally the phosphate content of root cells and
Xylem sap is about 100 to 1000 fold higher than that of the soil
solution. This shows that phosphate is taken up by plant cells
against a very steep concentration agradient. The uptake is active.
The relationship between plant metabolism and phosphate uptake
has been studied by a number of authors who have mainly ohserved
increased rates of phosphate uptake associated with higher
metabolic activity. Thus HAI and LAUDELOUT 1966 reported that
an increased partial pressure of 02 in the nutrient solution
resulted in a higher phosphate uptake rate in rice roots. WEIGL

1967 also found that P uptake by Elodia canadensis was higher in
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that respiratory carbohydrate metabolism drives the active
phosphate uptake process. It is supposed that this uptake is
carrier mediated. Whether one or more cdrrier systems are involved
still remains in question. The capability for active uptake

of phosphate differs between plant species and may even differ
between cultivars of the same species. BPRBER and THOMAS (1972)
for example found considerable differences in the rate of phosphate
uptake by various maize cultivars. The authors suppose that the

capability of plants in take up phosphate is fixed genetically.

The rate of phosphate uptake is pF dependent. HENDRIX (1967)
found that at pH4, bean plants absorbed phosphate at a 10 fold
higher rate than at a pH of 8.7. Similar observations have been
made by HAI and LAUDELOUT (1966) who reported a maximum uptake rate
by rice roots at pH 5.6. The rate of phosphate uptake declined
rapidly with increasing pH. As this decrease followed the shift
in the Hpo42"/H2Po4
LAUDELOUT .(1966), suppose that only H.PQ, is absorbed actively.

274
It is doubtful whether organic P compounds are taken up bv plant

ratio in the nutrient solution, HATI and

roots to anvy great extent. According to investications bv
ROUX (1968) P present in polyphosphates was onlv taken up by young
barley plants after hvdrolysis to the orthophosphate form.

Phosphate absorbed by plant cells rapidlv becomes involved
in metabelic processes. Thus JACKSON and HAGEN (1960) reported
that after a period of only 10 min, followina uptake, 80% of the
phosphate absorbed was incorporated into organic compounds.

The organic phosphates formed in this short time consisted mainly
of hexose phosphates and uridine diphosphate. Phosphate is
readily mobile in the plant and can be translocated in an upward
or downward direction. Thus CLARKSON et al. (1968) found that
phosphate taken up by basal root segments of bharlev plants was
translocated to the root tip as well as to the upper plant parts.
Young leaves are supplied not only by phosphate taken up by the
roots, but also with phosphate originating from the older leaves
(BOUMA 1967).
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5.3.2. Phosphorus deficiency.

A reduction in synthesis of RNA as a result of inadequate
P supply has an impact on protein synthesis. An accumulation of
low molecular weight N compounds is thus'often observed in P
deficient tissues. 1In addition when protein svnthesis is impaired,
vegetative growth is also depressed. Thus plants suffereing from
P deficiency are small with a limited roét system and thin stems.
In cereals tillering is affected. Fruit trees show reduced growth
rates of new sﬂxms . and frequently the development and the opening
of buds is unsatisfactory. The formation of fruits and seeds
is especially depressed in plants.suffering from P deficiency.
Thus not only low yields but also poor quality fruits and seeds
are obtained from P deficient crops.

Generally the symptoms of P deficiency appear in the older
leaves which are often of a darkish green colour. The stems of many
annual plant species suffering from P deficiency are characterized
by a reddish colouration originating from an enhanced formation
of anthocyanins} The leaves of P deficient fruit trees are

frequently tinged with brownish colour. Such leaves fall prematurelv.

The P contents of P deficient plants are generallv low
with about 0.1% P or less in the dry matter. Cereals and herbage
adequately supplied with phosphate have P contents of about 0.3
to 0.4%.P in the dry matter, during the vegetative growth stage.
Generally the P content is higher in younger plants or plant
organs. Thus the P content in mature straw of cereals is rather
low (0.10 to 0.15% P in the dry matter), whereas in seeds and
grains P contents in the range of 0.4 to 0.5% P in the drvy matter
are found. This example shows that during grain and seed
formation a considerable amount of P is translocated from leaves
and stems towards the seeds or grains. EATON and ERGLE (1957)
reported that in mature cotton plants abour 80% of the total P of

the plant is present in the seeds. The same is true for cereals.
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Extremely high phosphate levels in the root medium can
depress growth. In solution culture experiments for example
LONERAGAN and ASHER (1967) found that very high uptake rates of
phosphate were associated:with reduced growth rates in some
plant species (Erodium, clover, silver grass). Such effects mav
well be dependent on phosphate retarding'the uptake and translocation

of some of the micronutrients including Zn, Fe and Cu.

5.4. Phosphorus Requirements of Tropical Crops

5.4.1. Uptake

At present low yield levels of about 1 ton/ha, the
phosphorus uptake of cereals and grain legumes is less than 10 ka
P/ha. At high yield levels of 4 to 8 tons/ha, corn, rice and
wheat remove from 14 to 35 kg P/ha.

Root crops are high extractors of phosphorus. At average
yield levels of about 8 tons/ha, the phosphorus contents of
cassava and potato tubers are on the order of 35 to 49 kg P/ha.
When the tops are considered, and at higher yield levels,
the phosphorus uptake is of course much higher. Possible exceptions
are sweet potatoes and vams which have low phosphorus

requirements.

Intensively managed pasture grasses and sugarcane may
remove from 20 to 70 kg P/ha a year, depending on vield levels.

5.4.2. Varietal and Species Differences

Significant species differences in toleratina low
available phosphorus exist. At similar yield levels, uplénd rice
usually requires less phosphorus than corn. The general
recommendation for these crops in Latin 2merica ranges from 100 to
150 kg P205/ha for corn from 9 to 60 for upland rice (Xamprath,
1973),
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The only form of phosphorus available to plants is
the phosphate ions in the soil solution. A report by Fox et al.
(1974) demonstrated that there is an optimum concentration of
phosphorus in the soil solution correlated with good §rowth and
that it varies with species. The results illustrated in Fig. 5.4
show that sweet potatoes (Ipomoea batatas) are more tolerant
of low levels of soil solution phosphorus$ than is lettuce
(Lactuca sativa), while corn (Zea mays) and Chinese cabbage

(Brassica pekinensis) occupy intermediate positions.

If the phosphorus concentration in the soil solution
that produces 95 percent of the maximum yield is considered to
be the external phosphorus requirement, there are tremendous
species differences. Table 5.5. indicates a tenfold difference
in the external requirement between two similar vegetables,
lettuce and cabbage. This table also indicates that the external
requirement for a forage legume of the genus Desmodium is high
during the establishment period (0.20 ppm P) but decreases to 0.01
ppm P after the second cutting. This information reflects the need
for applying phosphorus to tropical legumes during the establishment
period in soils low in this element.

Table 5.5 External Critical Phosphorus Levels of Several
Tropical Crops

Crop Soil Solution P Associated
with 95% Maximum Yield (ppm)

Lettuce 0.40
Tomato 0.25
Cucumber 0.20
Soybean (vegetable 0.20
Desmodium aparines

Establishment 0.20

Second cut 0.01
Sweet potato 0.10

75% maximum yield 0.003
Corn 0.60
Sorghum 0.50
Cabbage n.04

Source: Fox et al. (1974).



96

The International Rice Research Institute in the Philippines
is conducting a eomprehensive program to select rice varieties
tolerant of various soil problems, including low available soil
phosphorus. Through preliminary greenhouse experiments at two
rates of applied phosphorus (IRRI, 1971; Ponnamperuma and '

Castro, 1971), followed by field experiments at two rates of applied
phosphorus (IRRI, 1972), the institute has classified a large

group of varieties according to their tolerance of low soil
phosphorus levels. Some examples are illustrated in Table 5.6.

The classification by degree of tolerance is based on the relative

response to phosphorus applications in the field.

An interesting point of this study is the possible selection
of varieties not only for phosphorus tolerance but also for
tolerance of other soil problems, such as iron deficiency or
toxicity and the presence of toxic soil reduction products.

The varieties with more ample spectra of resistance tn adverse
soil conditions are IR24, CAS209, and BG79. The varieties Pelita
I/1 and Pelita I02 are considered genetic sources for tolerance

to low phosphorus levels.

Table 5.6. Classification of Rice Varieties According to Low Phosphorus
Tolerance in an Ultisol from Luisiana, Philippines

Tolerant Moderately Moderately v

Tolerant Sensitive Sensitive
IR4-11 IR5 IR442-2-58 IR579-48-1
Bahagia IRS8 IR1008-14-1 IR747B-26-3
BG 79 IR20 IR1154-233-2 IR878B-4-220
CAS 209 IR22 Taichung (N) 1 Bala
Engkatol IR24 TKM6 C 22
Pelita I/1 IR661-1-70 Colombia 1
Pelita I/2 IR1154-68-2 CP231xSL017
RD 1 CICA 4 ICA 10
SR 26 B Peta M1-48

T442-35 M1-273

0s 4

SMI, Acorni

Source: IRRI (1972).
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Pelita I02 are considered genetic sources for tolerance to low
phosphorus levels. ’

In many acid soils it is difficult to separate the
effects of high aluminium saturation from those of low phosphorus
availability. Alminium tolerance has been related to the plant's
ability to absorb and translocate phosphorus in the presence
of aluminium. Evidence of this was supplied by Andrew
and Vanden Berg (1973). Figure 5.5. shows that increasing
aluminum levels in solution decreased the top growth of the
two aluminum-sensitive species, Glycine wightii and alfalfa,
but did not have much effect on the two tolerant genera,
Stylosanthes and Desmodium. Increasino the aluminum concentration
increased the phosphorus uptake of three species, but not alfalfa.
The phosphorus taken up, however, was not translocated to the
tops at equal rates. The translocation rate of Stylosanthes
and Desmodium was about twice as fast as that of Glycine wightii
and alfalfa.

5.5. Management of Phosphorus Fertilizers

5.5.1. Rates

Phosphorus responses are common in Oxisols, Ultisols, Andepts,
and Vertisols. In tropical Pmerica the generallv recommended
rates for corn, soybeans, forages, and sugarcane are on the
order of 100 to 150 kg P205/ha, usually in banded applications.
The recommended rates for potatoes and wheat are on the order of
120 to 240 kg ons/ha, but for upland rice only from 0 to 60 kg
P205/ha is recommended (Kamprath, 1973). In tropical Africa,
where the research has been conducted at lower application rates
and lower vyield levels, FAO simple fertilizer trials show good

crop response to rates of 20 kg P205/ha Richardson, 1968).

Phosphorus management in soils with moderate fixation
capacity is usually a simple proposition. Small annual rates
of superphosphate can be broadcast and incorporated into the

topsoil or banded once a vear.
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5.5.2. Massive Initial Applications versus Moderate Banded

Applications.

In soils with high phosphorus fixation capacity two
strategies of phosphorus fertilization are present;y in use.
One is to apply moderate rates placed in bands to every crop.
The other is to apply phosphorus at a rate large enough to
saturate the fixation capacity of the soil at once and to count
on an adequate release for many years. The high initial ocost
is then considered an investment that can be amortized in

several years with the residual effects.

An example of this approach is illustrated bv the work
of Younge and Plucknett (1966) in Hawaii. They applied rates
of 330 to 1320 kg P/ha to a Gibbhsihumox and measured the residual
effect to a grass-legume pasture for several vyears. After 12
years these massive applications continued to maintain forage
yields, as shown in Fig. 5.6. During the first 3 years vield
responses were obtained only at the lowest rate, 300 kg P/ha.
With time, maximum yields were ohtained at progressively higher
rates, but during the first 9 vears the highest vields did not

vary.

In another high-fixing soil, an Ultisol from North
Carolina, Kamprath (1967) studied the residual effect of massive
initial applications versus small annual maintenance rates
applied in bands. The corn vields obtained during the seventh
year are shown in Table 5.7. The results show that small annual
banded applications are superior to a high initial investment.
An initial rate of 337 kg P/ha gave results similar to those
obtained with an annual rate of 22 kg P/ha (as a total of 154 kg
P/ha) in 7 years. This Ultisol, however, fixed less phosphorus
than the Hawaiian Oxisol of Fiag. 5.6. The Georgevill series
of North Carolina needed 360 ppm P to provide 0.2 ppm to the soil
solution, whereas the Kapaa series of Hawaii recquired 1000 ppm

P to provide the same soil solution level.
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Applying phosphorus fertilizers in bands is a simple
practice that satisfies the phosphorus fixation capacitv of
a small soil volume and this makes much of the fertilizer
applied directly available to plants. The effectiveness of

banding depends on other soil factors.

Table 5.7. Effects of Massive Initial Phosphorus Application
versus Small Annual Maintenance Rates on Corn
Yields in a North Carolina Ultisol with EHigh
Phosphorus Fixation Capacity 7 Years after the

Initial Poplication

Yield (tons/ha)

Annual Maintenance

Initial Applications (banded)
Application
(kg P/ha) None 22 kg P/ha
0 1.7 5.7
168 3.9 6.2
337 5.5 6.8
673 7.0 7.1

Source: Kamprath (1967)

a LSDO.05 = 1.3 tons/ha.

6.5.3. Sources of Phosphorus

Research in the temperate region indicates that phosphorus fertilizer:
should have at least 40 to 50 percent P in water-soluble form

to insure an adequate supply at earlv growth stages (Englestad, 1972).
Ordinary and triple superphosphates and monoammonium and

diammonium phosphates meet this requirement and can be used

effectivelv in soils with low to moderate fixation capacities.

In acid soils that fix large cuantities of phosvhorus,
applications of less soluble phosphorus sources such as rock
phosphates mav be more effective and economical than the highly
soluble forms. Pock phosphates are more reactive in acid soils
and usually cost one-third to one-fifth as much As sunernhosphate

per unit of phosphorus.
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The tropical literature is full of examples that indicate
the desirability of using high quality rock phosphate sources
instead of superphosphates in acid soils (Motsara and Datta, 1971;
Awan et al., 1971; Englestad, 1972) and "the poor performance
of low-citrate-solubility rock phosphate sources in acid soils
(Alvarez et al. 1965; Viegas et al. 1970; Miranda et al. 1970).

The effects of rock phosphates of varying citrate
solubility on flooded rice yields in an acid sulfate soil from
Thailand are illustrated in Fig. 5.7. The initial and residual
effects of the rock phosphates were highly dependent on their
absolute citrate solubilities. The yield responses of the North
Carolina and Florida rocks approximated those of triple super-
phosphate. The results were then interpreted in terms of the
relative agronomic effectiveness, which is the ratio of the
yield response with rock phosphate divided by the vield response
with triple superphosphate. The economic choice of using rock
phosphate or superphosphate can be made Ly ﬁéﬁxx the bottom ricght
diagram ofEﬁgu 5.7., in which the relative aagronomic effectiveness

is plotted against the cost: price ratios of the sources.

In the tropics high-citrate solubility deposits are
limited to relatively small areas in Peru and India. The
majority of the deposits in most tropical areas, including
significant ones in Brazil, Columbia, Venezuela, Togo, and India,
have relative solubilites lower than 40 percent. Most are
unsuitable for direct applications, but their reactivitv can he
increased by fine grinding or by thermal alteration and fusion

with silica sand, sodium, or magnesium carbonates.

An additional strategy, sometime feasible for managing
soils with P fixation capacities, is to reduce their fixation
through amendments that will block some of the fixina sites
in the soil. This can be accomplished in some soils through

liming or silicate additions.

Liming soils to pH 5.5. generally increases the availahility
of phosphorus. Liming precipates the exchangeable aluminim and

some hydroxy aluminum . .
Y Y as aluminum hydroxides, which fix
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considerably less phosphorus. The top half of Fig. 5.8. shows
the decrease in phosphorus fixation when an Oxisol from Panama
was limed to pH 5.5. "In this case less than half the phosphorus
application rate was needed in the limed-soil to approach
maximum yields in relation to the unlimed soil, as illustrated

in the bottom half of Fig. 5.8.

Silicon applications,usually as calcium silicate,
sodium silicate, or basic slag, are known to decrease phosphorus
fixation and increase phosphorus uptake by crops. For example
Roy et al. (1971) found that application of 500 ppm Si as calcium
metasilicate dramatically decreased the phosphorus fixed by
several oxidic soils (Table 5.8). The decrease was greater in
the soils that had lower phosphorus fixation capacities,
the Tropohumult and the Futhrorthox.

Table 5.8. Effects of Calcium Silicate 2pplications on
Phosphorus Fixation in Hawaiian Soils (expressed as

ppm P fixed to give 0.2 ppm P in soil solution

Si rdded (ppm)

Soil 0 500 Decrease (%)
Tropohumult 187 100 47
Euthrorthox 425 250 41
Gibbsihumox 725 550 24
Hydrandept 1150 1050 9

Source: Roy et al. (1971).

Phosphorus management of acid tropical soils with very
high fixation capacities should include the following possibilites:
(1) a combination of banding and broadcast applications,

(2) the use of citrate-soluble rock phosphates or thermallv altered
rock phosphates with initially low citrate solubilities,

(3) decreasing the fixing capacity by liming or silicate applications
and (4) the use of species and varieties tolerant to low levels

of available soil phosphorus. Economic considerations, such as

the relative costs of heavy initial broadcast and of banded

applications and the relative costs of the different sources of

fertilizer phosphorus, will largely dictate the best alternatives.
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Potassium in soils and its availability to Plants.
6.1. Soil Potassium.
6.1.1. Potassium minerals and potassiﬁm release

The average K content of the egrth's crust is in the
order of about 2.3%. By far the greatest part of this K is bhound
in parimary minerals or is present in the secondary clay minerals
which largely make up the clay fraction of the soil of particle
size less than 2M . For this reason soils rich in clav are
also generally rich in K (ACQUAVE et al. (1967)) and clay soils
may often have in excess of 4% total K. The clay content of a
soil is to some extent dependent on the soil parent material,
but is also considerably affected by pedogenesis. Mature soils
which have been subjected to strong weathering conditions are

often low both in clay and K contents.

The main source of K for nlants growing under natural
conditions comes from the weahtering of K containing minerals.
The most important of these minerals are listed in Tabhle 6.1.
In the potash feldsrars, K is located in the intersgtices of
the Si, Al-0 framework of the crystal lattice and held tightly
by covalent bonds (Rich 1968). The weathering of feldspars
begins at the surface of the particle. Potassium is initiallyv
released by water and weak acids at a more rapid rate than other
constituents. As weathering progresses, however, a Si-21-9
residue envelope is formed around the unweathered cored. This
layer reduces the rate of loss of K from the mineral and thus
‘ protects it from further intensive degradation (RICH 1972).
Minerals of the mica type and also the secondarv minerals of
the 2:1 layer silicates differ fundamentally in structure from
the feldspars. For this reason they also differ in their
properties of releasing and binding K+. The micas consist
of unit layers each composed of two Si, 21-0 tetrahedral sheets
between which is an M-0, OH octahedral sheet where M is usually

+ 2+ + + :
an AL3 , Fe , Fe3 , Or Mgz . Potassium ions occupy the
approximately hexagonal spaces between the unit lavers

(see Figure 6.1).
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Table 6.1. Potassium content of some primary and secondary clay
minerals (SCHEFFER and SCHACHTSCHABEL 1976).

content in % KQO

Alkali feldsparS..eeeeseeee. 4-15
Ca-Na feldsparsS...ceeeeesees 0= 3
Muscovite (K mica) .eeeeeesa.7-11
Biotite (Mg mica)..eeeeeeess 6-10
Illite.eieveeneenconnnnns 4-7
Vermiculite .....ccceeeeese. 0-2
Chlorite .ieeeeeesececcces 0-1

Montmorillonite....eeeeee.. 0-0.5

The rate of K+ release by weathering not only depends
on the K content of a particular mineral. It is also affected
by even slight structural differences between minerals. Thus
biotite a ferromagnesian mineral although generallv lower in
K content than muscovite, releases K at a faster rate because
it is weathered more rapidly. The same is true for Ca
feldspars which are deagraded at a higher rate than K feldspars
(DUTHION 1966). 2According to RICH 1968 illite and other
2:1 minerals which contain mica like zones are the most important

sources of K in soils.

6.1.2. Potassium fixation

As the depletion of K from the interlavers of mineral
continues, the rate of release becomes progressively slower.
Interlayer sites become depleted of K+ although they still
retain a very high K" selectivity with respect to divalent ions
(RAMAN and JACKSON 1964): 2dditions of K+ to such minerals
results in a strong K adsorption to these positions causing a
contraction of the mineral (GRAHA and TLOPEZ 1969). This process
is called K fixation. The contraction results in a reduction in
the unit distance to about 1 nm. Zones of vermiculite structure
in weathered biotite and muscovite characterized bv a 1.4 nm
layver distance thus regain the 1 nm spacing of mica when treated
with K+ (see Figqure 6.1).
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The degree to which K fixation occurs depends on a
number of factors including the charge density of the mineral,
the extent of the wedger zone, the moisture content, the concentration
of K and the nature and concentration of competing cations in
the surrounding medium. Fixation tends to be high when the
negative charge per unit silicate layer (= charge density) is hiah.
When this occurs the positive K+ ion is verv strongly held by
the negatively charged layers. If the wedge zone is confined
to the edge of the particle only small amounts cf K+ can be
fixed. However, if the zone penetrates deeply into the mineral,
considerable amounts of K+ can be withheld. Some minerals
such as weathered micas, vermiculites and illites fix K+ under
both moist and dry conditions, whereas montmorillonites only
fix KH under dry conditions. For this reason fixation is
frequently high under dry than moist soil conditions
(SCHROEDER 1955). As the NHZ is very similar to K+ in ionic
radius, this too can be fixed by exvanded 2:1 clay minerals
(BARTLETT and SIMPSON 1967). Ammonium can also exchange for
fixed K'. The same holds true for H' (RICH and BLACK 1964). Thus
both ion species, NHZ and H+, can compete with K+ for K fixing
binding sites. This means that K fixation is generallv not so
important in restricting K availability to plants on acid soils

(pH 4.5) as on limed agricultural soils.

Potassium fixation is of considerable importance in
agricultural practice. The quantities of fertilizer K rendered
unavailable in this way can be very high. Generally the K fixation
capacity is higher in the deeper soil layers because of the
greater clay contents. Thus ARIFIN et al. (1973) found K fixation
levels as high as 1000 to 2000 mg K/100 clay in the B horizon

of important agricultural soils in the southern region of USA.
6.1.3. Potassium adsorption and mobility

Soil clay content is not only of important for X release
and fixation, it also consideralv influences the mobilitv of
K+ in the soil. Potassium ions are adsorbed bv clav minerals
to binding sites which differ in selectivity. For the 2:1 clav

minerals such as illites, vermiculites and weathered micas
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3 different adsorption sites can be distinguished (Figqure 6.2).
These are as follows: sites at the planar surfaces (p-position),
sites at the edges of the layers (e-position) and sites in
interlayer space (i-position). The specificity of these three
binding sites for K+ differs considerably (BECKETT and NAFADY
1967) .

It is clear that the behaviour of K+ in the soil is
very much dependent on the clay content and tvpes of clay
minerals present. Potassium mobility and diffusion rates
are generally low in soils rich in K+ specific binding
sites. The same is true for K leaching. Under temperate climatic
conditions this amounts onlv to about 8 kg K/ha/yr
COPPENET (1969). On organic soils and sandy soils K leaching
rates may be considerably higher GISKIN and MAJDAN 1969).
Potassium application on these soils more prone to leachina should
therefore be carried out in spring rather than in autumn, in
order to prevent major K loss by winter leaching. Soils rich
in clay minerals of the kaolinite type are poor in K specific
binding sites. Such soils occur extensively in tropical
regions. Problems associated with the inherentlv low K status
of these soils are exacerbated bv the excessive leaching

resulting from the high tropical rainfall conditions.

6.1.4. Potassium fractions.

Soil potassium can bedivided in 3 fractions: Potassium
as a structural element in soil minerals, K adsorbed in
exchangeable form to soil colloids such as clay minerals and
organic matter, and K present in the soil solution. In mineral
soils most K occurs in the lattices of minerals and accordina to
SCHEFFER et al. (1960) only 1 to 3% of the total K is present
in adsorbed (exchangeable) form. Potassium in the soil solution
makes up only a small percentage of the exchangeable fraction.
The significance of these three fractions for the availability
of K to plant roots, however is in the reverse order of their
amounts in the soil, the K in soil solution beina hy far the

most important for plant supplv (GRIMME et al. (1971).



113

The main relationships between the three fractions are
shown in Figure 6.3. Potassium released by weathering of
minerals is dissolved in the soil solution. It can then be
taken up directly by plant roots or be adsorbed by soil
colloids. An equilibrium is thus set up between adsorbed
K and the free K in soil solution. The K level in the soil
solution resulting from this equilibrium depends much on
the selectivity of the adsorption sites. If these are
specific for K+ ions, the concentration of K+ in the soil
solution tends to be low (REZK and AMER 1969). If the binding
sites are less specific for K+, the K concentration in the soil
soltuion is generally higher (NEMETH et al. (1970). The K
concentration of the soil solution very largely controls the
K diffusion rate towards the plant roots and therefore also
the uptake of K+ by plants (MENGEL and VON BRAUNSCHWEIG 1972).
Besides the K concentration of the soil:solution, the X
buffer capacity of the soil is a further important factor
in determining K availability. Potassium buffer capacity
and its significance has been considered under intensity
and quantity relationship. It need only be mentioned here
that if the soil is highly buffered for K, fluctuations of
the K level in the soil solution are small, whereas in soils
with a low K buffer capacity, the K concentration level may

decrease substantially during the growing season (NEMETH 1975).

Potassium is taken up bv plants from the soil solution which
in turn is mainly replenished bv the exchangeable fraction
(adsorbed K+ ) (see Figure 6.3). 1In addition, some K of the
so-called "non-exchangeable K fraction" is also released
from minerals into the soil solution and may thus be taken
up by plants (BLANCHET and BOSC (1967): The results of GRIMMF
(1974) show that when the relative contribution of non-exchange-
able K to plant supply is high, vield levels tend to be
depressed. This relationship is shown in Fiqure 6.4. Similar
results have been reported by VO BOCULAWSKI and LACH 1971.
This effect may be explained by the fact that only under
conditions of low levels of K in the soil solution are
substantial amounts of K released from the non-exchange-able

fraction.
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6.2. Uptake and translocation

Potassium is an essential element for all living organisms.
In plant physiology it is the most important cation not only
in regard to its content in plant tissues but also with respect
to its physiological and biochemical functions. One main
feature of K+ is the high rate at which it is taken up by plant
tissued. This high uptake rate depeﬁds on an active uptake
mechanism and there is evidence that of all the essential mineral
cation species, K+ is the only one which can be transported
against an electrochemical gradient into plant cells.
ANSARI and BOWLING (1972). Potassium in the plant is very
mobile. Its main transport direction is towards the meris-
tematic tissues. Often K+ from older plant oraans 1is

redistributed to younger tissues.

6.3. Functions in plants.

1. The reason why K+ is preferentiallv transported to young
tissues is not yet known, but relationshins to protein
synthesis, growth rate, and supply of cytokinins have been
postulated (JACOBY et al. 1973). The uptake and transoort

of K+ to younger leaves is thus favoured in plants well
supplied with N. PITMAN (1972) has reported that plants,

in which the rate of growth is depressed, take up lower amounts
of K+ and their ability to translocAate K+ to the shoots is
egpecially impaired. Protein synthesis and growth rate

are stimulated tc cytokinins, which also enhance K+ uptake
(ILAN 1971). The bulk of K+ is mainly taken up during the
vegetative growth stage. For cereals this means that in the
period from tillering to ear emergence, the rate of K uptake
is particularly high. Under Normal metabolic conditions
hardly any net loss of K occurs from root tissue (JOHANSEN

et al. 1970).

2. The high uptake rate of K into the plant results in
K accumulation in cells of various tissues, even when the
nutrient solution is relativelv low in K+ concentration.
Potassium accumulation in the xylem depresses the osmotic

potential of the zylem sap (lowers the water potential) and for



116

this reason it enhances both the uptake of water and root
pressure (BAKER and WEATHERLEY 1969), MENGEL and PFLUGER

1969. High K concentrations in the mesophyll cells decrease
their osmotic potential in a similar way. This again has

a beneficial effect on water consumption, as the lower

osmotic potential improves water retention. This is
apparently one reason why plants well supplied with K require
relatively lower amounts of water in relation to the synthesis
of organic material. (LINSER and HERWIG 1968.)

3. The lower water loss of plants well supplied with K is
due to a reduction in transpiration rate (BRAG 1972) which
not only depends on the osmotic potential of the mesophyll
cells but is also controlled to a large extent by the opening
and closing of stomata. Investigations of FISHER AND HSIAQO
(1968) have revealed that K plays a significant role in
stomatal opening and closing. Convincing evidence for this
relationship has been provided by electron probe analysis
studies of Humble and Raschke (1971). Thev found that X
content of guard cells in the open state is considerably
higher than that in the guard cells from closed stomata.
Potassium is therefore accumulated in the guard cells in
considerable concentrations and the resultinag turger causes

the opening of the stomata.

4. A number of authors have shown that K+ enhances the
translocation of assimilates HAEDER and MENGEL (1972), ASHLEY
and GOODSON (1972). Table 6.2. from the results of HARTT
(1969) demonstrates this effect in the translocation of
labelled photosynthates in sugar cane. As K+ also promotes
the rate of CO2 assimilation COOPER et al. (1967), it may

not appear that the beneficial effect of K+ on the translocaticn
of photosynthates is an indirect one resulting from a higher
rate of 002 assimilartion. Under conditions where the rate

of CO2 assimilation has been controlled, however, higher levels
of K nutrition have also resulted in an increased translocation
rate of photosynthates, MENGEL and VIRO (1974). The effect

of K+ on the translocation of photosynthates therefore appears

to be a direct one and most likely relates to rhotophonsphorylation
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When the K+ level in the plant is high there is probably a
stimulation in the production of ATP, which is needed in the

loading of sieve tubes with photosvnthates.

-

Table 6.2. Translocation of C-14 labelled photosynthates
in sugar cane with a low and high K supply (total label = 100%)
(HARTT (1969)

% of total label

+ K -K
Fed blade...cceeeeee. e ceecsssseesaaenns ceeeeeee 54.3 95.4
Sheath of fed leaf ................ ceeeessennan .14.2 3.9
Joint of fed leaf ......iiiiiiiiieiiiietiiennnnns 9.7 0.6
Leaves and joints above fed leaf ........ e eeee 1.9 0.1
Stalk below joint of fed leaf ......civeeeenenn .. 20.1 0.04

5. The main function of K in biochemistrv is its activation
of various enzyme syvstems (EVANS and SORGER 1966). More than
60 different enzymes are now known which require univalent
cations for activity. (EVANS AND WILDES (1971). 1In most
cases the K+ ion is the most efficient cation in effecting
this activation. Figure 6.5 shows a typical example of an
enzyme activated by univalent cations. The enzyme, a starch
synthetase from sweet corn, was most strongly activated by

+

+
K , followed by Rb+, Cs , and NH4+. The activation bv Na+

.+
was very poor and Li had hardly any effect.

6. Potassium not onlv influences crop production by

enhancing growth and synthetic processes. It is also highly
important in raising the disease resistance of many crop species.
In maize for example stalk rot and lodging are usually more severe
when soil K is low in relation to other nutrients (HOOKER (1966).
This beneficial effect of K in preventing lodging is also

true for other cereal crops (TROLLDENIER (1969).
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6.4. Potassium deficiency

Potassium deficiency does not immediately result in
visible symptoms. At first there is only a reduction in
growth rate (hidden hunger), and only later do chlorosis
and necrosis occur. These symptoms generally begin in the
older leaves, due to the fact that these leaves supply the
younger ones with K+. According to investigations of
PISSAREK (1973) with rape and of MORARD (1973) with sorghum,
K deficiency symptoms are first seen in the 2nd and 3rd oldest
leaf and not in the oldest ones. In most plant species
chlorosis and necrosis begins in the margins and tips of the
leaves (maize, cereals, fruit trees), but in some snecies
such as clover irregularly distributed necrotic spots

occur on the leaves.

Plants suffering from K deficiency show a decrease in
turgor, and under water stress they easily become flaccid.
Resistance to drought is therefore poor (PISSAREK (1973) and
the affected plants show increase susceptibilitv to frost

damage, fungal attack and saline conditions.

Plants suffering severely from K deficiencv often show
an abnormal development of tissues and cell organelles. Accor-
ding to PISSAREK(1973) inadecuate K supply resulted in a
reduced growth rate of the cambium in stems of rape (Brassica
napus). The formation of xvlem and phloem tissue was restricted
whereas the cortical tissue was affected only to a minor
extent. Lignification of the vascular bundles is generally
impaired by K deficiency. This effect probably makes X
deficient crops more prone to lodging. X deficiencv also
results in a collapse of chlorplasts (PISSAREK (1973) and
mitochandria (KURSANOV and VYSKREBENTZEVA (1966). Potassium
deficiency symptoms of various plant species have been described
in detail by ULRICH and OHKI (1966).
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6.5. Crop Requirements and response.

The quantities of K removed from the soil by various
crops are listed in Tables 6.3, 6.4, and 6.5. The tables
give some indication of the rates at which K should bhe
applied, the normal range being from about 40 to 259kg
K/ha/year. The quantity of K removed from a soil depends
very much on the yield level and also on the rate of K
leaching. The figures in Tabels, 6.3, 6.4 and 6.5 therefore
provide only a rough working basis for fertilizer recommendations,
as uptake is highly dependent on K availabilitv. "There
availability is poor, K unptake by the crop from the soil is
also low and unsatisfactory vyields are obtained. Under such
conditions fertilizer recommendations based on an average total
K uptake for a particular crop will not meet the needs of the
crop nor raise the soil fertility status. The reverse situation
occurs when soils are high in available K. Here fertilizer
applications based on crop uptake can result in a higher K
uptake than is needed for maximum yvield and hence also in a

waste of fertilizer.

One of the most important factors influencing K availabiliv
is soil texture. As already indicated, soils with heavy textures
are higher in potassium bearing minerals and therefore generally
contain higher reserves of available ¥. This is clearlv shown
from the data of CRABTREE (1969) presented in Tahle 6.6,
where the K uptake was compared from a clay loam and sandy loam
with the same exchangeable K. Potassium uptake by 4 successive
oat crops was about 30% higher from the clav soil, due to the
higher K buffer capacity. The K taken up by the crop originated
from different soil K fractions. In the clay loam auite a
substantial amount of K absorbed by the crop came from the

non exchangeable K fraction.

Different crops respond to a varying extent to X
fertilizers. Generally sugar beet, sugar cane, potatoes,
tomatoes and celery have a very high demand whereas graves,
cotton and wheat take up much lower amounts of K. This is
as shown in Tables 6.3 and 6.4. These values give some

indication of the needs of various crops but as already
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indicated it must be borne in mind that the particular
cultivar, yield level, fertility status and other environmental
factors including soil temperature, spil aeration and crop
spacing are all important in determining K uptake by crops
(NELSON 1968) .

Table 6.3. Quantities of plant nutrients removed by various

Crops (calculated from data of EAKIN 1972).

Crop Yield ' o
tonnes/ha N P K Ca Mg Sﬁwgu Mn Zn
kg/ha ; g/ha
Grains
Barley (Grain)....... 2.2 40 8 10 1 2 3 34 30 70
Barley (Straw)....... 2.5 17 3 30 9 2 5 11 360 60
Wheat (Grain)......... 2.7 56 13 14 1 7 3 33 100 160
Wheat (Straw)......... 3.8 22 3 33 7 4 6 11 180 56
Oats (Grain) ........ 2.9 55 10 14 2 3 6 34 134 56
Oats (Straw) .......... 5.0 28 8 75 9 9 10 34 - 330
Maize (Grain).......... 9.5 150 27 37 2 9 11 66 100 170
Maize (Straw) ......... 11.0 110 19 135 29 22 16 55 1700 330
Hay
Lucerne.....ceeeeeeeeas 10.0 200 20 170 125 24 21 66 500 470
Coastal Bermuda Grass. 20.0 340 35 250 66 27 40 230 - -
Red Clover ....... 6.0 110 13 95 77 19 8 45 600 400
Timothy........... 6.0 66 13 90 20 7 6 33 340 220
Other Crops.
Sugarcane....... 75.0 110 27 250 31 26 26 - - -
Tobacco (Leaves) ... 2.2 83 8 110 83 20 15 33 600 80
Cotton (Seed and Lint). 1.7 45 11 14 2 4 3 66 120 350
Cotton (Stalks, Leaves
and Burs) 2.2 39 5 33 31 9 17 - - -
Potatoes (Tubers)... 27.0 90 15 140 3 7 7 44 100 60
Tomatoes (Fruit)..... 50.0 130 20 150 8 12 15 80 145 180

Cabbage....cceveun.. 50.0 145 18 120 22 9 50 44 11¢ 90
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Table 6.4. Nutrient removal of plantation crops (COOK 1973)

Yield per hectare kg/ha
equivalent to
N P K Ca Mg
0il palm 2.5 tonnes of oil 162 30 217 36 38
Sugar cane 88 tonnes of cane 45 25 121 - -
Coconuts 1.4 tonnes of dry copra 62 17 56 6 12
Bananas 45 tonnes of fruit 78 22 224 - -
Rubber 1.1 tonnes of dry
rubber 7 1 4 - -
Soyabeans 3.4 tonnes of grain 210 22 60 - -
Coffee 1 tonne of made
coffee 38 8 50 - -
Tea 1300 kg of dried leaves 60 5 30 6 3

Table 6.5. Nutrient removal by fruit crops; medium yield, normal

spacing (according to JACOB and VON UEXKOULL (1963)

kg/ha/year
N P K
Pome fruitsS...c.ceeeeeeencennnns 70 9 60
Stone fruits........... .. 00 85 9 65
GraAPES . eeeeenesenecancscneassans 110 15 110
Oranges Cee et etc et 170 23 120

LeMONS . et ceeeececoeceeecnennnns 180 23 115

Table 6.6. Comparison of potassium uptake by four successive oats

crops from a clay loam and a sandy loam at similar levels of
exchangeable potassium (CRABTREE 1969) :

Exchangeable K K uptake Origin of K in % of
me/100 g soil me/100g soil total uptake
£t L
a he beginning Exch. Non exch.
Clay loam .... 0.27 0.40 26 74

Sandy loam ..... 0.27 0.30 77 23
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Another example on the use of non-exchangeable K by a
crop sequence of wheat-Bajra and wheat grown in a non-saline
sandy loam (pH 7.5) of north India is shown by Sachdev and
Khera (1980) making a cropping sequence of wheat-bajra where
the general mean of 210 ka Kyha for initial soil test K
values dropped(by 35 kg K/ha) to about final mean of 175
kg K/ha as a consequence of intensive cropping, as much as
80 per cent of the potassium removed in the crops originated
from non-exchangeable sources. Taking the wheat-bajra-wheat
cropping sequences as a whole, when the general means of
initial and final soil test K values worked out to 209 and 175
kg K/ha and while using an average of 290 kg M+ 115 kg
P205/ha per cropping seguence, as much as four fifths of the
total potassium removal (427 kg out of 495 kg) was contributed
from non-exchangeable sources. The reason for rapid release
of non-exchangeable potassium under intensive cropping is that a
concentration gradient is set up from high concentration of
K in unexpanded part towards the K-depleted expanded part of

the clay.

Table 6.7 Utilization of so0il potassium from exchangeable

sources by wheat-bajra-wheat cropping seaquence

(1972-74)
! ‘
Relative utilization of | | Soil test potassium Average of the quantities of v
soil potassium ; l level fertiliser used i
Range of Totai ' I T 7T, Total
potassium| Exchange- Non-  potassium | |njtial . Final Wheat Bajra | Wheat | N+P,0O, £
removal able exchange- | removal i ! ! ‘ 2
able ; - : s
I N+PO. | N+PO, | N=P,0, s
‘ | !
« kg K/ha — - — ——— ey,
230-290 §7(s1)* 202(:¢) 259*+ 18 21426 173=18 10-1-20 46--25 10+2C 60 -+ 65 15
291-350 61G9) 263(,)  34°=18 21525 174=16 35+30 50+ 30 35+30 120+ 90 21
351-410 3740 333(  380°=15. 201=27  170=13 7530 70 + 30 75+:30 220 -90 24
411-470 29(s) 411y 440¢=13 194+ 30 184=18  100+35 5040 100+35  250--110 13
471-530 68(,0) 4270, 495°=19 22029 171=15  110+40 70+35 110+40 290+ 115 8

*Figures in brackets indicate per cent contribution
' test of ‘a’ with b,c,d and e was sign.ficant at 1 per cent level

Source :Sachdev and Xhera (1980).
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In order to evaluate K requirements of crops it is also
important to consider the total length of the growing period.
Tomatoes and sugar beet for example take up about the same
amount of K as sugar cane, per unit area per year. In the twe
former crops, however, the growth period is only about 120 days
whereas in sugar cane the growth period mav extent over the
whole year (NELSON 1968). This indicates that crops with the
same total uptake may have a very different K demand (= uptake/
unit time). Requirement also varies depending on the stage
of growth the highest uptake rate often being in the
vegetative stage. In potatoes for example 50% of the total
K is absorbed in the first third of the growth period. 1In
the cereals too, K is particularly needed during vegetative
growth, and K application during the reproductive stage hardlv
affects grain yield (CHAPMANand KEAY 1971). This favourable
influence of K in the earlvy arowth stage of cereals appears
to result from increasing the numbher of ears per unit area
(FORSTER and MENGEL 1969).

Another important factor in determining K uptake by crons
is the tvpe of rooting system and its extent. This is well
demonstrated in the competition which occurs between legumes
and grasses for K uptake. In the field when these species are
growing together, K uptake is considerablv higher hy grasses,
and under low level K conditions this can lead to the
disappearance of legumes from the sward. This competition was
studied by LAMBERT and LINCK (1964) using intact root systems
of lucerne and oats supplied with K-42. %When whole root systems
were used 91% of the labelled K was found in oats and only 9%
in the lucerne. However, when the K-42 was applied sevarately
to intact roots segments of lucerne and oats more labelled
K appeared in the lucerne than in oats. These results
indicate that root morphology (root lenagth, numher of root
hairs) and probably also the individual X uptake potential
(K absorbing power) of crop species appear to he important factors

influencing competition between plant species for K.



125

The response to K uptake by crops depends to a considerahle
extent on the level of N nutrition. Generallv the bhetter
crop is supplied with N the greater the yield increase due to
K HEATHCOTE (1972 ). On the other hand applied N is only fully
utilized for crop production when K supplv is adequate.

In moving from an extensive to an intensive cropping
system responses to K fertilizers are frequently not observed
in the first years of application (ANDERSON 1973). This is
particularly true in more arid regions where little or no K
losses occur by leaching. Potassium reserves accumulated in
the upper soil layers are often sufficient to supplv crop
needs in the first few years of intensive cropping. However,
as soon as these reserves are exhausted because of the higher
K requirements of increased crop yields and continuous cropping,
responses due to K fertilization mav ke expected. The data
of Table 6.8 from field experiments in East Africa show such
an example where in the first two-year cycle the response to
K fertilizer supply was poor or even negative whereas in the
second two-year cycle a beneficial effect was ohserved for
most crops (STEPHENS 1969).

Table 6.8. Yield increases due to potassium fertilizer in
the 1st and 2nd cvcle of cropping (STEPHENS 1969).

Yield increase in kg/ha

lst cycle 2nd cycle
Maiz€..oeoeeeoaenn -30 138
Cotton ........ 10 46
Sweet potatoes.... 1050 1800
Beans....ee... oo 13 12
Millet and Sorghum -84 85

6.6. Fertilizers and application

Potassium is supplied to crops as a straight fertilizer
or in the form of compounds. The most widely used and cheavest
potash fertilizer is potassium chloride (XCl) =hich is known

commercially as muriate of potash. The fertilizer contains
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about 50% K (60% K20). Besides this high grade form lower

grade Cl fertilizer types (41% K and 33% K, or 58% X,0 and

40% K2O) are also on the market. These forms contain substantial
amounts of NaCl and are therefore suited to natrophilic crops
(sugar beet, cabbabe, ocats). When added to the soil, KCI dissol-
ves in soil solution giving K+ and C1 ions. Potassium

sulphate (K2SO4 potash of sulphate) contains a somewhat lower

K content of about 43% K (52%K20) and is more expensive due

to higher production costs. Potassium nitrate (KNO ) 37% K
(442 K29 13% N), and pota951um metaphosphate (KPO )339 K
(4O°K20 27% P) are both relatively minor 1mnortance. Another

K fertilizer is potassium magnesium sulphate (K,S k-4, WgSO4).
This contains 18% K(22% KZ ) and 11% Mg (18% Man) and is useful
where Mg is reauired in addition to K+. Magnesium kainite
(MgSO4 + KC1l + NaCl) is a low grade K fertilizer 10% X (12%K20),
3.6% Mg (6% Mg0O) and 18% Na (24% Nazﬂ). This is used mainly

in Germany and the Netherlands for pasture dressing.

With the exceptions of potassium metaphosphate and potassium
silicate all potash fertilizers are soluble in water. They
are therefore very similar in availability so that differences
between these fertilizers result from accompanving anions. 1In
some cases the application of sulphur, magnesium, or sodium
may be agronomically beneficial and an appropriate fertilizer
should be chosen. Some crops are sensitive to hiagh amounts
of chloride. These chlorophobic species include tobacco,
grapes, fruit trees, cotton sugar cane, potatoes, tomatoes,
strawberries, cucumber and onions. It is preferential to
treat these crops with potassium sulphate. For potatoes, the
use of sulphate rather than chloride generallv results in
higher starch contents FP2AEDER (1975) found that chloride affects
the translocation of photosynthates from the upper plant parts
to the tubers. This effect is shown in Table 6.9. 1In the
"chloride treatment" a relatively high accumulation of labelled
photosvnthates occurred in the stems whereas in the treatment
" Cl/SO4" (half chloride, half sulphate) the negative effect
of chloride on photosynthate translocation was alleviated to

some degree.
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Table 6.9. Effect of Chloride and sulphate nutrition on the relative
distribution of labelled photosynthates in potato plants,
total amount of labelled C = 100% (HAEDER 1975).

Plant organs Treatment
cL " c1/s0, s0,
1EAVES . ceeeoocnnaseses 37 40 34
StemS  cececeecnccses 38 29 23
TUDEYS.eceeeceaenoaases 21 27 39
Roots 4 4 4

Most field crops are not sensitive to chloride and for
this reason are generally treated with ruriate of potash. 0il
palms and coconuts even appear to have chloride requirement
(VON UEXKULL 1972). Potassium nitrate is mainlv used for
spraving on fruit trees and horticultural crops. Potassium
metaphosphate and potassium silicates are used in cases
where it is desirable that solubility should be low in order
to prevent high concentrations in the root vicinityv. Because
of the high prices of these low soluble K fertilizers, thev

are only used occasionally for herticultural crops.

Potassium fertilizers are usually applied broadcast
(REITH 1972) and only in soils with a low level of availakle
K+ or with a high K fixation capacity is banded application
recommended. Using this technique the K fixation capacity of
a restricted soil volume can be saturated and within this
zone excess K+ is available for uptake. In experiments with
maize WELCH et al. (1966) observed that responses to banded
K fertilizer were as much as 4 times greater than a broadcast
treatment. It is also opportune to applv K fertilizers to K
fixing soils just before sowing the crop and also later as
a top dressing in order to reduce the time of contact between
fertilizer K+ and the K fixing minerals. The longer the time

of contact the more fertilizer K+ is fixed.
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Kim and Park (1973) found that the yield increase on the
plot with top dressing split in 4 is hichly significant.
The application of potash at transplanting and the two
instalment split application also increased vields although
not significantly. The table further shows that yields increase
with the number of instalments in thé split dressing, that
is the more splitting of top dressing the higher is the vield
of rice. This might he due to the increased potash uptake
by the rice plant when the potash is placed in the top laver,
rich in oxygen, rather than in the sub-layer where greater
amounts of ferrous iron and hydrogen sulphide are found, and

which inhibit absorption particularly of potash.

Table 6.10. Effect of different methods of application of

1973
potassium on the yield of unhulled rice.(Kim & Park
Yield Index on no Index on method
Treatments (kg/10a) potassium of potassium

application application (%)
(%)

No potassium 463 100 =
100% application at transplanting 498 108 100
Complete split top dressing
(30-20-30-20%) 611 132°° 123°
50% at transplanting +50% top
dressing 533 115 107
LSD 5% 74,53
1% 128,00
CV (%) 4,2

On fine textured soils the vertical movement of X in
the soil profile is restricted. This may affect the supplv
of fertilizer K to the roots of some crop species. For
example BUDIG (1970) found that granes suffered from X
deficiency although the upper soil laver was rich in available
K. However, the deeper soil layers (40 to 60 cm), from which
the grape roots mainly drew their nutrients, were depleted for
K+. For such crops deep application of fertilizer ¥t is

recommended.

High K losses due to leaching occur onlv on sandv soils,
organic soils and soils with kaolinite as the main clay mineral.
These soils should bhe treated with fertilizer XK just bhefore
the crop is sown or planted in order to avoid excessive K
losses by leaching in rainv perinds (winter rainfall, rainv sea--

son). For some crops split applications are even recommended
under high leaching conditions.
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Sulphur in Soils and in Crop Nutrition

7.1. Sulfur Deficiency problems.

Widespread sulfur deficiencies and responses have been
reportéd all over the tropics. One of the first reports was
from the Cerrado of Brazil, where McClung et al. (1959) observed
responses not only in savannas but also in soils recently cleared
of virgin forests. 1In Central Awrerica sulfur deficiencies
are also widespread, particularly in Andepts, where their
volcanic origin would lead one to assume that such soils would
be high in this element( Fitts, 1970). In sub-Saharan Africa
sulfur is limiting in Alfisols and Oxisols with annual rainfall
greater than 600 mm and in sandy soils of central Africa,
according to a review by Bolle-Jones (1964). Sulfur deficiencies
also occur in Asia, particularly the Punjab of India and in
Malysia (Olson and Englestad, 1972). They also have been reported
in Australia and Hawaii (Williams, 1972: Fox et al. 1971).

In general sulfur-deficient soils have one or more of
the following properties. They are high in allophawe or oxides.
They are also low in organic matter, and often sandy. Soils
subject to repeated annual burning are often sulfur deficient
since about 75 percent of.the sulfur is volatilized by fire.
Sulfur-deficient soils occur in unpolluted, inland areas where

the atmosphere is low in sulphur.
7.2. Sulfur Contents and Forms.

7.2.1. Total Sulfur.

In the temperate region total soil is positively correlated
with organic matter content and inversely correlated with degree
of weathering. Olson and Englestad (1972) provided the following
topsoil average values for total sulphur in the temperate region:
500 ppm for Mollisols, 400 ppm for Alfisols, and 200 ppm for
Ultisols. Following this reasoning, thev assumed that tropical
soils would average about 100 ppms. A summary of eastern
Australia soils by Williams and Steinbergs (1958) shows an
average content of 167 ppm S, of which onlv 7 ppm is inorganic

sulfur. Tropical soils high in organic matter and allophane,
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however, have large quantities of total sulfur. A Eutrandept

from Hawaii had 1280 ppm S in its topsoil (Fox et al., 1971).

7.2.2. Organic Sulfur

Most of the sulfur contents of unfertilized tropical
soils are in the organic form. The C:N:S or organic matter
ratio is on the order of 126:10:1 for soils of Nigeria and
eastern Australia, according to surveys by Oke (1971) and
Williams and Steinbergs (1958) .

Organic sulfur is mineralized like organic nitrogen.

There is a great similarity between nitrogen and sulfur cvcles.
gulfur mineralization rates range from 1 to 10 percent per vear.
Barrow (1961) found that immobilization occurs at C:S ratios
greater than 200 and that materials containing less than 0.15
percent S are jmmobilized. Andepts and other soils high in
allophane are also high in organic sulfur, but plants growing
on these soils are usually very deficient in sulfur because

the mineralization rate of this element is slow when organic
matter is intimatelv associated vith allophane. Flushes of
sulfur mineralization upon wetting previouslv dried soils have
also been observed by Barrow. It seems logical to assume that
the processes involved are similar to those adoverning nitrogen
flushes. The fate of the mineralized sulfur, however, may bhe
different from that of nitrates hecause of the sulfur fixation

capacity of many soils.

The organic S fraction of the soil is rendered available
to plants by microbial activity. In this process of mineralization
HZS is formed which under aerobic conditions readilvy undercoes

autocxidation to 804 . In anaerohic media, however, HZF
is oxidized to elemental S by chemotrophic sulphur bacteria
(Beggiatoa, Thiothrix). The same bacteria can also oxidize & toO
sto4 under aerobic conditions. Elemental € is also oxidized

by chemotrophic bacteria of the genus Thiohacillus. The overall

process may be expressed in chemical terms as follows:
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ZHZS + 02~——9 2H20 + 2S + 122 kcal

2S + 30, + 2H,0 —»2H,E0, + 282 kcal

net: 2H,.S + 40 —>2H SO4 + 404 kcal

2 2 2

The oxidation of S thus results in the formation of H2804.
A consequent increase in. soil acidity thus occurs. The same

process also accounts for the acidification resulting from the
addition of elemental S to soils. This treatment is sometimes
used to depress the pH of alkaline soils. In a similar wav to
the reactions described above Fef can be oxidized biclogicallv

and chemically to elemental S according to the equation:

FeS + H20 + %02—-9 Fe(OH)z + S
Under reducing soil conditions (waterlogged soils, paddy)

HZS is formed both by mineralization of organic matter and
sulphate reduction. Under such conditions HZS can be oxidized
anaerobically to elemental £. This oxidation occurs throuch

the agency of photosvnthetic green and purple bacteria which
utilize the H from the Hzg molecule as an H donor in photosynthetic
electron transport. When this process is restricted HZS mav
accumulate to toxic levels and this impair plant growth.

To some extent, the detrimental effect of st can be alleviated

by the addition of ferrous salts which form the sparingly

soluble FeS

The process of S conversion in soils are shown in
Fig. 7.1.

7.2.3. Inorganic Sulfur

Sulfates are the main inorganic form of sulfur in.aerobic

soils. 1In tropical soils susceptible to leaching, Sﬂi ions are

found in small cuantities, associated with Ca2+, Mq2+, and K+.

In addition to organic sulfur mineralization, SO4 ions may be

added to the soil through rainfall, fertilizers, pesticides,

irrigation water and gases from volcanic eruptions. Rainfall
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usually contains less than 1 ppm S: this is eguivalent tc ahkout
10 kg S/ha a vear, a quantity that may be sufficient to prevent
sulfur deficiencies. Rainfall contributes high amounts of sulfur
in polluted areas and near the oceans. The contributions of
fertilizers and other farm chemicals mav be considerable,
particularly when ammonium sulfate and ordinary superphosphates
are used. Sulfurous gases from volcanic eruptions may be

adsorbed directly by plants or dissolved in the soil solution.

Soils high in iron and alurinum oxides or allophane
have considerable capacity to sorb sulfate ions through anion

exchange sites. This process results in an accumulation of

inorganic 802 in manv Ultisols, Oxisols, and Andepts with

4
oxidic mineraloay. Water-soluble 8042 and phosphate-extractable
8042_ contents are generallv higher in such soils than in those

with pure laver silicate systems, as Table 7.2 shows.

When soils of oxide-coated or oxide mineralogv are heavily
fertilized and leaching occurs, relativelv large quantities of
804 " accumulate in the sutsoils hecause of their sulfur sorbing
capacity. In Brazilian subsoils of Table 7.1 inorganic sulfur
became the dominant fraction. The same occured in a heavily
fertilized Eutrorthox of Hawaii, where large cuantities of
SO4 " accumulated in the subsoil. Under such conditions certain
crops may show sulfur deficiency symntoms at earlv growth stag-=s
when the root svstems have not penetrated the subsoil. This
deficiency graduallv disappears as the roots come in contact

with the so42' in rich subsoil.

7.2.4. Sulfur Sorption and Release

Two mechanisms are recognized as responsible for the
sulfur sorption in soil. One is the exchange of Soi— for 2H-
ions on iron and aluminum oxide surfaces. This reaétion‘also
occurs in anion exchange sites along the edages of kaolinite
particles and positivelv charges organic radicals. In

subsoils it may result in ©H increases of 0.3 to 0.9 unit.
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Yo >

Fe/ +50° < ' Fe/ S0 + 20H
\\\\\\ 4 > 4

Fe’////’ Fe

The second mechanism is the formation of complexes with

hyvdroxy aluminum as follows:

a1om 2t o+ soi’-—-a 11 (0H)SO,

The sorption and release properties of sulfur can be
characterized by adsorption isotherms in a wav very similar to
that used for phosphorus. Figure 7.2. shows examples of these
relationships in some tropical scils. The montmorillonitic
Mollisol from the Cauca Yalley of Colomhia does not exhibit
any sulfur sorption, a finding typical also of other scils with
similar mineralogvy from Hawaii and Australia, according to
Fox et al. (1971). Several 0Oxisols show strong sulfur sorntion

capacity, particularlv in the suhsoil.

In addition to mineraloagy, other factors affect the
intensity of sulfur scrontion. In oxide svstems sorntion increases
as pH decreases since NH ions tend to replace 302_ ions at high
pH values. Sulfur sorption is decreased by phosphorus scrption

. - 2~ . . .
since the H_PO ions replaces €O ions. This reaction takes

2774 4
place in the topsoil and may cause sulfate rovement into the

subsoil, where the sulfur can ke sorbed.

The effect of pF on sulfate sorption is shown in Fic.

7.3. But it also applies to another anions.

Sorhed sulfur is held much less tightlv bhv clay particles
than is fixed (or sorbed) phosvhorus. Therefore the availability
of sorbed sulfur is agenerallv hicher than that of fixed
phosphorus. The 8042“ ions have to be released in the soil

solution before thev can be taken up bv plants. TIn Hawaii 8 to
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10 ppm of phosphate-extractable sulfur is considered to be
the critical level (Hasan et al., 1970). ©No critical levels

for water-soluble sulfur have been developed.

7.3. Uptake and translocation

Plants mainly absorb S in the form of soi' . In the
pH range to which roots are normally exposed, uptake is not verv
pH sensitive. HENDRIX (1967) found the highest uptake rate in
bean plants at pl6.5. Other plant nutrients scarcely affect
2- by plant cells. Selenate, however, which

4 - -
is closely chemically related to soi , depresses soi

the absorption of SO
uptake
substantially. This indicates that both ion species probably
compete for the same carrier site. The actual uptake mechanism

is not fully understood. NISSEN (1971) supposes that onlv a single
uptake mechanism exists, the selectivityv of which depends much

on the prevailing 802_ concentration in the nutrient solution.
This still needs further elucidation. 2ccording to investigations

of ANSARI and BOWLING (1972) with sunflowers, 504 is absorbed

and translocated against an electrochemical gradient, which

suggests that soﬁ uptake is an active process.

Sulphate is mainlv translocated in an upward (acropetal)
direction and the capability of higher plants to move S in
a downward (basipetal) direction is relativelv noor. 1In
solution culture experiments with clover BOUMA (1967) found that
as a result of interruption of the S04— supply (transfer into
8042- free solution) S in the roots and petioles was translocated
towards the younger leaves. The S of the older leaves,however,
did not contribute to the S supply of vounger tissues. This
shows that translocation against the transpiration stream did

not occur.

There is now a considerable bodv of evidence to show that
plants can utilize atmospheric 902 as part of their S supplyv.
Faller et al. (1970), growing various plant species in growth
chambers with defined 802 concentrations in the atmosphere as
the sole S source, found that growth was reduced in the treatment

where SO, was absent. Once SO

2 > is absorbed through the stomata
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TABLE 7.1. EFFECT OoF 20 TO0 30 YEARS OF CROPPING ON THE CONTENTS
AND RESPONSES TO SULFUR IN Two CERRADO SOILS OF BRAZIL
IN POT CONDITIONS

ToPsoILS (PPM) SUBSOILS (PPM)
CROPPING ORGANIC INORGANIC ORGANIC INORGANIC
SoiIL HISTORY S 804—8 S soq-s
ULTISoL VIRGIN 36 4,0 12 6.4
(BAURUD) CROPPED 24 2.5 10 12.0
Ox1soL VIRGIN 247 3.7 11 3.3
(R1BERKO PRETO) CROPPED 60 7.2 10 12.3

SOURCE: McCLUNG ET AL. (1959)

TABLE 7.2. INORGANIC SULFUR CONTENTS EXTRACTED FROM HAWAIIAN
TopsoiILS (PPM S)

GREAT SoIL GRoup H20- CA(HoPOy) -
EXTRACTABLE  EXTRACTABLE
RED DESERT (ARIDISOL) 8 16
DARK MAGNESIUM CLAY (VERTISOL) 18 11
Low Humic LATOSoL (UsTox) 20 55
HuMmICc LATOSOL (ULTISOL) 23 33
HUMIC FERRUGINOUS LATOSOL (HUMULT) 22 53
HyDROSOL HuMIC LATOSOL (HYDRANDEPT) 11 134

SOURCE: Fox ET AL. (1965)

TABLE 7.3. EFFECT OF ATMOSPHERIC SOZ CONCENTRATION ON THE GROWTH OF VARIOUS
PLANT SPECIES, GROWN IN A SULPHATE FREE NUTRIENT SOLUTION (DATA
FROM FALLER (1968)

S02 CONCENTRATION, MG SO0p/M3 EXPERIMENTAL
00 0.7 05 T.0 L.50 PERIOD IN DAYS

YIELD IN G DM/PLANT
SUNFLOWERS 70 103 103 113 100 15
MA1ZE 100 110 118 111 107 13
TABACCO 31 41 43 54 46 9
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it is distributed throughout the entire plant and has been

detected in various S fractions such as protein S, amino acid §

(=

and sulphate S. The influence of the level of 802 nutrition on

plant growth is shown in Table 7.3. (Faller 1968).

7.4. Functions of Sulfur

Cysteine and methionine are the most important S containina
amino acids in plants, where they both occur as free acidstas
building blocks of proteins. One of the main functions of £ in
proteins or polypeptides is in the formation of disulphide
bonds betwen polypeptide chains. The synthesis of the dipeptide
cystine from two cysteine molecules illustrates the formation

of a disulphide bond from two SH groups.

COOH fOOH CONH COOH
I |
H2N — CH HZN - CH 2H HZN - CH H2N - CH
—
o'.-" é_—- R
- g g - -'g-g:' -
CH, p?\H HiS - CH, CH,=1S-S CH,
- 1,

S - S - bhond

2 x Cysteine »Cystine + 2 H

The whole reaction serves as a redox system which can take up

or release H atoms depending on prevailing metabolic conditions.
Under reducing conditions (excess of F or reduced coenzymes)

the equilibrium is shifted in favour of cysteine whereas under
oxidizing conditions cystine is formed. The system thus functions
as @ither an H donor or an H acceptor. The glutathione redox-

system is analogous to the cysteine/cystine system.

Sulphur is an essential element o® the the thiazoie rina
which is a component of the vitamin thiamine. Thiamine ray occur
as the free vitamin or as thiamine pvrophosphate. In contrast
to animal tissues, plants contain thiamine very lardgelv in the
free vitamin form. Little is known of the role of thiamine

in plants.
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The total S content in plant tissues is the order of 0.2 to 0.5%
S in the dry matter. ULRICH et al. (1967) studying S uptake and
S content of lucerne (Medicago sativa) in solution culture found
that in the range of inadequate S supply, raising the sulphate
supply only increased the organic S content without increasing
the sulphate content. As soon as the S demand of the plant was
satisfied, however, the content of sulphate S increased whereas
the content of organic S remained relatively constant. This
relationship is shown in Figure 7.4. from the data of DELOCH
(1960) for sunflowers. These results demonstrate that S taken
up in excess of the demand of the plant for the synthesis of

organic S compounds is stored as SO, S.

7.5. Sulphur deficiency and toxicity

As S is an essential constituent of proteins, S deficiencv
results in an inhibition in protein svnthesis. The S§ containing
amino acids (cvsteine, methionine) which are essential building
blocks of protein are deficient and thus proteins cannot be
synthssized. For this reason 'non-S containing amino acids
accumulate in & deficient plant tissues. COLEMAN (1957) observed
that asparagine, glutamine and argenine are mainly accumulated.
This finding is consistent with the results of EPPENDORFEP (1968),
who found an accumulation of amides in the soluhle amino fraction
of barely shoots suffering from an inadequate S supply. .
According to the findings of RENDIG et al. (1976) the accumulation
of amide N in S deficient maize plants is associated with low levels
of sugars. These low sugar contents resul from the poor

photosvnthetic activity of chlorotic S deficient plants.
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In field crops sulphur deficiency and nitrogen deficiency
are sometimes difficult to distinguish. In this instance leaf
analysis can be invaluable. 1In £ deficient plants the 804—5
are very low whereas amide N and NO3-N ‘are accumulated. This
contrasts markedly with N deficiency were solubhle N levels are

depressed and soi levels are normal.

In plants suffering from S deficiencvy the rate of
plant growth is reduced. Generallv the growth of the shoots
is more affected than root growth. Frequentlv the plants are
rigid and brittle and the stems remain thin. In Cruciferae
the lateral extension of the leaf lamina is restricted and the
leaves are rather narrow. Chloroplast formation is affected and
according to KYLIN (1953) decomposition of chloroplasts mav
even occur in severe cases. In contrast to N deficiency, chlorotic
symtoms occur first in the younger, most recently formed leaves.
This shows that older plant:tissues cannot contribute substantially
to the S supplv of younger leaves, which are obviously mainly
dependent on S taken up by the roots. ULRICH et al. (1967)
described the S deficiency symptoms of lucerne as follows:
"Sulphur deficiency symptoms appeared first at the top of
the alfalfa plant. The leaves turned from a light green to a
light yellow, often followed by pronounced vellowing. In time,
all leaves on the plant became light-yellow to vellow in coloux".
This development of S chlorosis observed in lucerne also holds
true for many other plant species.

Plants are comparatively insensitive to high 502

concentrations in the nutrient medium. Onlv in cases where

2_
s04 - concentrations are in the order of 50 mM as for example

in some saline soils, is plant growth adversely affected. The
symptoms, a reduction in growth rate and a dark green colour
of the leaves are not specific for & excess and are more tvnical of

salt affected plants. Provided that Sﬂi_ and Cl- are given in

. . . 2 . .
isoosmotic concentrations, SO4 is often more detrimental than

Cl- salinity.

The critical concentration of 502 in the atmosphere abhove

which toxic effects in plants are observed is in the ranae

of 0.5 to 0.7 mg SOz-S/m3. High €0, concentrations result in

2
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fiecrotic symptoms in the leaves. The 502 concentration of
3

the atmosphere is generallyv about 0.1 to 0.2 mqg SOZ—S/m .

In industrial areas, however, concentrations several times

higher than these normal levels have been registered.

7.6 ~ Sulfur Pequirements by Tropical Crops.

Sulfur uptake values are similar to those of phosphorus
in tropical crops for which data are available. Sulfur
concentrations in plant tissue are also similar to phosphorus
concentrations, ranging from 0.1 to 0.3 percent S. A good
indication of sulfur deficiency is a decline of the N:S ratio
of tissues below 17:1 because the ratio of protein nitrogen
to protein sulfur is 15:1. Among species, grain and pasture
legumes as well as cotton are especiallv sensitive to sulfur

deficiencies.

A sulfur deficiency at early growth stages may disappeAr
later when the soil comes in contact with the subsoil. In such

cases small starter fertilizer applications mav be needed.

Some of the atmospheric & > is dissolved in rain drops

and in this form penetrates the soil, where it is oxidized to
soi' . Soils in highly industrialized areas are thus adequately
supplies with S. The quantities of atmospheric S sunplied to

soils decreases with the distance from the sea.

7.7. Sulfur Fertilization

In general, rates on the order of 10 teo 40 kg S/ha are
sufficient to overcome sulfur deficiencies. Fig. 7.5. shows
how such rates tripled the vield of pasture in the presence of
phosphorus. Jones and Quagliato (1970) showed that 10 to 20 kg
S/ha is sufficient for most tropical pasture legumes and alfalfa.
For coffee an annual rate of 30 kg S/ha increased vyields bv 82
percent over a 10 year period in Brazil (Table 7.4). Sulfur

fertilization is an established practice in this area.
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3000 100 ke P205/HA (AS TRIPLE SUPERPHOSPHATE)
200 kG P205/HA (AS TRIPLE SUPERPHOSPHATE)
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Fic. 7.5. EFFECTS OF SULFUR AND PHOSPHORUS FERTILIZATION ON THE GROWTH
OF FASPALUM HOTATU (SATATAIS GRASS) IN A BRAZILIAN LLTISTL,
SOURCE: McCLUNG AND FUINN (1359)
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TABLE 7.4, EFFECT OF SULFUR FERTILIZATION ON ANNUAL COFFEE
| YIELDS ON A RED-YELLOW LATOSOL (0OXISOL) OF BRAZIL

ANNUAL - COFFEE YIELD
APPLICATION (AVERAGE OF 10 YEARS)

(KG S/HA) (KG/HA)
0 1320
16 2040
33 2341
66 2400
132 2172

SOURCE: DE FREITA ET AL, (1972)

TABLE 7.5, SULPHUR CONTENT IN GRAINS AND SEEDS OF VARIOUS CROPS
(DELOCH (1960)

GRAMINEAE LEG%MITOSAE CRUCIFERAE
BArRLEY 0.18 BROAD BEANS 0.24 RAPE 1.0
0ATS 0.18 BusH BEANS  0.24 WHITE MUSTARD 1.4
WHEAT 0.17 PEAS 0.27 OIL RADISH 1.7
Ma1ze 0.17 Soya 0.32 BLACK MUSTARD 1.0
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Most of these requirements are small enough for some
nitrogen and phosphorus carriers to supply them. %When urea
and triple superpvhosphate are used, only small applications are

needed to achieve high vields.

The total S requirement of different crons depends on
plant material producLion and also on the crop species. Crops
with a high - production of organic material such as sugar
cane, maize and Bermuda grass have a high demand for S which
is in the order of 30 to 40 kg S/ha/vr (see Tahle 6.3). 2
high S requirement is also characteristic of protein rich crops
(lucerne, clover) and particularlv of the Cruciferae. Thus the
requirement of rape is about 3 times higher than that of cereals.
Cruciferae need an appreciable arount of £ for the svnthesis of
mustard oils. For this reason they respond most sensitively
to an inadequate S supplv. The € rcauirement of different
crops is also reflected in the € content of their seeds and crains
as is shown in Table 7.5. (DCLOCH 1960).

The most important S containing fertilizers are avpsum,
superphosphate, ammonium sulphate, potassium sulphate, and sulphate
of potash magnesia. Sulphur coated fertilizers also contribute
to the S supply of plants. Dressings of gypsum (CaS 4.2H20)
are often used in cases where scils are absolutelv deficient

in S.
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Calcium in Soils and in Crop Nutrition.

8.1. Calcium bearing minerals and weathering.

The mean Ca content of the earth's crust amounts to
about 3.64%. It is thus higher than that of most other plant
nutrients. Calcium in the soil occurs in various primary minerals.
These include the Ca bearing Al-Si-siligates such as feldspars
and amphiboles, Ca phosphates, and Ca carbonates. The latter
are particularly important in calcareous soils and are usually
present as calcite (CaCO3) or dolomite (CaCO3.MgC03). The
various forms of apatite occuring in soil include most known
forms of Ca phosphates. The Ca content of different soil types
varies widely depending mainly on parent material and the degree
to which weathering and leaching have influenced soil development.
Soils derived from limestone or chalk, and young marsh (polder)
soils are usually rich in Ca with a high content of CaCO3. The
Ca content of such soils is often in the range of 10 to 20%.
Even the surface layer of soils developed on limestone, however,
can be low in Ca where leaching is excessive. 0214 soils, hiaghly
weathered and leached under humid conditions, are generallv low
in Ca. Two typical examples of such soils are podzols of the
temperate zone and the laterites of the humid tropics. In more
arid conditions high Ca contents in the upper soil layer may

occur in the form of an accumulation of gvpsum (CaSO .2H20).

4
Calcium bearing minerals plav an important role in
pedogenesis. Thus soils derived from Ca containing parent material
such as basalt and dolerite generally contain higher amounts of
secondary clay minerals. Soils developed from calcite, dolcmite
and chalk mainly belong to the rendzina group of soils. These

shallow soils contain appreciable amounts of CAaCO, and for this

3

reason are alkaline in reaction. 2 high soil pH and the presence
+

of Ca2 favour the formation of Ca-humate complexes and account

for the dark colour of this soil tvpe.

The weathering of the primary Ca bearing minerals depends
considerably on the formation of H+ in the soil. Hyvdrcgen ions
and probably also chelating agents attack the Ca of the lattice
structure of minerals and thus cause a dissolution of the mineral
and a release of Ca2+. These weathering processes alonag with

the release of Ca2+ from exchange sites of soil colloids by H+
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account for the considerable amounts of Ca leached under

humid climatic conditions (COPPENET (1969). The rate of leaching
of Ca2+ increases with the annual rainfall and with the content
of Ca bearing minerals in the soil. Quantities of Ca leached

under temperate conditions are in the range of 200 to 300 kg Ca/ha.

The weathering of carbonates is much dependent on the

production of CO, in the soil. Calcite (CaCO3) is a rather insoluble

2
mineral, the solubility only being in the order of 10 to 15 mg

Ca per litre (about 0.3 mM). In the presence of CO however,

2!
Ca(HCO3)2 is formed which is much more water soluble.

CaCO3 + CO2 + H20 —_ Ca(HCO3)2

In soils containing free CaCO, the formation of Ca (HCO

3 302
is thus an important means by which the leaching of Ca takes

place. However, even in soils not containing CaCO some

’
Ca(HCO3)zcan be leached, as hicarbonate can also bZ produced

from the dissociation of carbonic acid contained in rain water

or from carbonic acid produced by the respiration of organic
material in the soil. Hydrogen ions produced in the dissociaticn
can release Ca2+ by weathering or hv the exchange 2 Y for 1 Ca2+
from clay colloids. This explanation to some extent accounts

for the reason whv applications of organic material to soils
increases Ca leaching. Druing organic matter decomposition

there is an increase in CO, release and hence also in carhkonic

2
acid formation in the soil.

8.2. Calcium adsorption and soil solution.

Besides the Ca bearing minerals a substantial amount of
Ca2+ is adsorbed to organic and inorganic soil colloids. This
exchangeable Ca2+ is of particular importance for soil structure.
Calcium promotes the coagulation of soil colloids and thus
imporves soil structure and the stability of soil particles.
For soils in which 2:1 clay minerals dominate, about 80% of
the soil exchange capacityv should be saturated with Ca2+ in order
to maintain a satisfactory soil structure. For soils with

kaolinite as the most important clay mineral a lower percentage of
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Ca2+ saturation in the order of about 20% is recommended
(BROYER and STOUT 1959). The adsorption sites of the inorganic
soil colloids are not very selective for C§+. As the electro-
static charge of Ca2+ is high due to its divalency and rather
thin hydration shell, Ca2+ is relatively strongly adsorbed to

a different kinds of clay minerals in the soil. The adsorption
bond of Ca2+ to organic colloids and especially to the humic
acids is more specific. Thus in chernozems and calcareous peat
soils, both of which soil types contain CaCO3, the humic acids
are mainly present in the form of Ca humate. Calcium adsorbhed
to soil colloids tends to equilibrate with the Ca2+ of the soil
solution. According to the investigations of NEMETH et al.
(1970) on a number of soil types, there is a fairly linear
relationship between the exchangeable Ca2+ and the Ca2+ of the

soil solution under equilibrium conditions (see Fig. 8.1.).

Most inorganic soils contain high enough levels ©of Ca2

in soil solutioc @and their exchange sites are well enough
saturated with Ca2+, to adequately meet crop demands. It thus
appears that liming is primarily a means of improving soil
structure and pH. On acid peat soils,however, as are freauently
used in horticulture, the natural Ca content can be so low

that plants suffer from Ca deficiencv. Here the application

of Ca containing fertilizers is advisable.

8.3. Uptake and translocation

Higher plants often contain Ca in abpreciable amounts and
generally in the order of about 5-30 mg Ca/g dm. These high
Ca contents, however, mainly result from the high Ca levels
in the soil solution rather than from the efficiency of the
Ca uptake mechanism of root cells. Generally the Ca2+ concentration
of the soil solution is about 10 times higher than that of k",
The uptake rate of Ca2+, however, is usually lower than that of
K+. The same is true for the uptake of other nutrient ions.
This indicates that plants have not developed such a highlv

. s . +
efficient uptake mechanism for Ca2 as for other plant nutrients.
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Fi1G. 8.1. CORRELATION BETWEEN EXCHANGEABLE CA AND SOIL

SOLUTION CA CONCENTRATION FOR 72 DIFFERENT
SOILS (AFTER NEMETH ET AL. (1970))

ME CA-4SX10-Y/
12 PLANTS

—~— GUTTATION 11
—— SHOOTS 2029
——— ENDOSPERM 206
—~—— 15T ROOT SEGMENT, 3 CM 31
——— 2ND ROOT SEGMENT, 3 CM 16
—~—— 3RD ROOT SEGMENT, 3 CM 17
! —— 41H ROOT SEGMENT, 3 CM 17
j;rj ————5TH ROOT SEGMENT, 3 CM 15
——6TH ROOT SEGMENT, 3 CM 18
CA-45  ———TREATED SEGMENT, 3 CM 1782

~———1ST LOWER SEGMENT, 3 CM 0.3
———7ND LOWER SEGMENT, 3 CM 0

F1G. 8.2, DISTRIBUTION OF CA-45 IN A MAIZE SEEDLING FOLLOWING APPLI-
CATION TO A SPECIFIC SECTION OF THE ROOT (AFTER MARSCHNER

AND RICHTER (1974))
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WAIIACE et al. (1966) have shown that plants can grow satisfactorilv
when only very low levels of Ca are present in the nutrient medium
(0.05mM) provided that other divalent ions are also maintained
at low concentrations. The plants shown in these experiments
were much poorer in Ca than field grown plants. Maize leaves
contained only in the order of 0.1 mg Ca/g dm and tobacco leaves
about 0.8 mg Cayg dm. However, the plants were not Ca deficient
and WALLACE suggests that the normally higher levels of Ca are

necessary in some way to detoxify divalent metal cations.

Whether Ca2+ is taken up activelv by plant roots as
defined by transport against an electrochemical gradient
through biological membranes, is still an open question.
Experiments of MAAS (1969) with root segments of maize indicate
that at least in the low concentration range (0.005 - 0.05 mM Ca)
the uptake was metabolically controlled, whereas at higher
concentrations (5-50 mM ca) diffusion was the main process
responsible for Ca uptake. The rate of uptake was also dependent
on the counter anion, being highest with No;.

followed by chloride and was lowest with sulphate. CLARKSON

This was

and co-workers have carried out experiments investigatino the
ability of different parts of roots to absorh and translocate
nutrients to the tops. The technique used has been to expose a
small section of root from the intact plant to a radioactive
tracer whilst supplving the rest of the plant root with the
same bathing solution. Such experiments have revealed that ions
differ markedly in behaviour. Potassium and phosphate are
taken up and translocated to the tops almost equally well over
the whole length of the root whereas the movement of Ca and Ma
to the shoots is largely restricted to a region just behind

the root tips. This difference in behaviour has been explained
in terms of structure and particularlv the development of

the casparian strip.

From the above findings Ca uptake appears mainlv to be
a passive process. The same holds for the translocation of
Ca2+ within the plant. Calcium in the xvlem sap is translocated
in upward direction with the transpiration stream. Thus to a

large extent the intensity of transpiration controls the upward
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translocation rate of Ca2+. This has been demonstrated

in experiments of MICHAEL and MARSCHNER (1962) in which bhoth

oat plants and white mustard plants were exposed to different

air humidities. When the air humidity was high (low transpiration
conditions) there was a decrease in translocation of Ca2+ to

the upper plant parts and also a depression in the rate of

Ca2+ uptake.

The rate of downward translocation of Ca2+ is very low
due to the fact that Ca2+ is hardly transported in the phloem.
Thus RIOS and PEARSON (1964) observed that the downward transport
of Ca in cotton plants was inadequate to support root growth
in the Ca deficient nutrient solution portion of a split root
medium. Once Ca is deposited in older leaves it cannot be
mobilized to the growing tips. This has been convincingly
shown by LONERAGAN and SNOWBALL (1969) using autoradiograrhs.
The plants were not able to utilize Ca from older leaves for
the growth of meristematic tissues, even when Ca deficiency
symptoms were observed in the garowing tips. Another example
demonstrating poor Ca transport in the phloem has bheen presented
by MARSCHNER and RICHTER (1974). These workers supplied root
segments of younag plants with labelled C%+. It was found that this
Ca was translocated exclusively tc the upper plant oraans
and not to the root tips. Some data of this experiment are shown

in Figure 8.2.

8.4. Functions of Ca

Calcium is required for cell elongation and cell division.
The exact reactions in which Ca2+ is involved in these processes,
however, are not yet known. There is much evidence that Ca
plays an essential role in biological membranes. Micro electron
probe studies of ROLAND and BESSOLES (1968) have thus revealed
that Ca is located especially in the border zone between the
cytoplasm and cell walls indicating high Ca contents in the

plasmalemma.
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Calcium defiency obiously impairs membrane permeability,
and this also affects retention of cellular diffusible compounds
(DICKONSON (1967)). Membranes thus become more leaky. As the
deficiency progresses there is a general disintegration of mem-
brane structures. In whole plants the disorder occurs first in
meristematic tissues such as root tips, growing points of upper
plant parts and storage tissues. Calcium also appears to play a
role in the inhibition of abscission and delays leaf senescence
(POOVAIAH and LEOPOLD (1973)).

In contrast to other cation species, Ca2+ plays a compara-

tively minor role in enzyme activation.

8.5. Calcium deficiency and disorders

As already outlined above Ca deficiency is characterized
by a reduction in growth of meristematic tissues. The deficiency
can be first observed in the growing tips and youngest leaves.
These become deformed and chlorotic and at a more advanced stage
necrosis occurs at the leaf margins. The affected tissues become
soft due to a dissolution of the cell walls. Brown substances
occur which accumulate in intracellular spaces and also in the
vascular tissue where they can affect the transport mechanism -
(BUSSLER (1963)).

Absolute Ca deficiency as described above occurs relatively
seldom as most mineral soils are rich in available Ca. Indirect
Ca deficiency resulting from an undersupply of Ca to fruit and
storage tissues, however, is an often observed disorder. SHEAR
(1975) cites a list of 35 such Ca related disorders in fruits and
vegetables. In apple the disease is called bitter pit as the whole
of the surface of the apple is pitted small brown necrotic spots.
In tomato the disease is known as blossom-end rot and is charac-
terized by a cellular breakdown at the distal end of the fruit.

A similar Ca deficiency disorder occurs in water melon. ‘All
these fruits are mainly supplied with Ca2+ by the transpiration
stream which translocates Ca2+ directly from the soil solution.
If the Xylem sap is low in Ca2+ or the rate of transpiration of
the fruits is poor as occurs under humid conditions, inadequate
levels of Ca may be supplied to the fruits and deficiency
symptoms may result. Calcium translocation in the xylem sap
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may be depressed by NH4-nutrition, soil water stress, soil
salt concentrations. These factors have therefore been found

to favour the occurrence of blossom-end rot in tomatoes.

Calcium appears only to be transported from the soil solution

to the upper plant parts via root tips. Any factor which
prevents the growth of new roots (poor aeration, low temperatures
etc.) may therefore be expected to prevent Ca uptake and thus
induce deficiency. This may account for the observation that

Ca related disorders often occurs on soils adequately supplied

with Ca, and that the weather appears to be a controlling factor.

The importance of maintaining an adequate level of Ca in the xylem
sap is very clear from the results of CHIU and BOULD (1976).

These workers observed that Ca stress during the fruiting stage

of tomatoes caused serious blossom epndrot of fruits thus showing
that Ca absorbed by the plants before fruiting was not subse-
quently available for fruit development. The results provide
further evidence of the immobility of Ca in the phloem. 1In
addition they also indicate that leaf analysis for Ca is not a
reliable index for predicting Ca deficiency in fruits. Crop
responses to calcium fertilization will be discussed under liming

of acid soils.
Magnesium in Soils and in Crop Nutrition

9.1. Soil Magnesium

The Mg content of most soils generally lies in the range of
between 0.05% for sandy soils and 0.5% for clay soils, higher
levels are found in clay soils because Mg is present in relatively
easily weatherable ferromagnesian minerals, such as biotite,
serpentine, hornblende and olivine. 1In addition it occurs in
secondary clay minerals including chlorite, vermiculite, illite
and montmorillonite. Some soils contain Mg as MgCO, or dolomite
(CaCo
large amounts of Mg as MgSO4.

3 MgCO3). In arid or semi-arid regions soils may contain

The distribution of Mg in soils may be considered in the same
way as the distribution of K and divided into non-exchangeable,
exchangeable and water soluble forms. These three forms are in
equilibrium. By far the largest fraction of soil Mg is in the

non exchangeable form which includes all the Mg in the primary
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minerals and most of the Mg in the secondary clay minerals.
Generally this fraction has not been considered of importance in
the direct release of Mg to plants (SALMON and ARNOLD (1963)).
More recent evidence suggests, however,.that in some soils non
exchangeable Mg may be more available than was previously believed.
In soils containing high contents of expandable clay minerals both
lattice and interlayer Mg may be available to plants (CHRISTENSON
and DOLL (1973)), although the release rate of this Mg is low in
comparison with crop demand. Exchangeable Mg is usually in the
order of about 5% of the total Mg and this fraction along with

the water soluble Mg is of greatest importance in the supply to
plants. Exchangeable Mg normally constitutes from 4 to 20% of

the cation exchange capacity. It is thus normally considerably
lower than Ca which is in the order of 80% and higher than K

which can be up to about 5%. Magnesium in the soil solution like
Ca2+ is present in fairly high concentrations and often between

2 to 5 mM, although the levels can vary considerably and values
between 0.2 to 150 mM have been reported. Some Mg occurs in soil
in association with organic matter, but this fraction is usually
small and less than 1% of the total soil Mg.

9.2. Uptake and translocation

Magnesium is generally taken up by plants in lower gquantities
than Ca2+ or K'. The contents of Mg in plant tissues is usually
in order of 0.5% of the dry matter.Cation competitive effects

in uptake are of particular importance for Mgz+ as such effects
frequently lead to Mg deficiency in the field. The competitive
effect of NH * on Mg2+ uptake was observed by E.G. MULDER (1956)

4
The mechanism of the competition between NH4+ and Mg2+ is not yet

clear. It probably depends on both the H® released during NH4+
incorporation, as well as on the direct effect of the NH4+ itself.
b. MULDER (1950) reported that high levels of K’ in the soil
resulted in Mg deficiency in apple leaves. Many other authors
have observed this antagonism both in water culture and field
experiments. The level of Mg2+ in the nutrient medium is also

of importance in relation to Mn uptake. LOHNIS (1960) showed in
a number of plant species that it is possible to prevent the
appearance of Mn toxicity by increasing the level of Mg supply.

These antagonistic and synergistic ionic effects in Mg uptake
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appear to relate to ionic balance effects rather than to specific

competitive effects for carriers.

Although high levels of K nutrition oftén depress total Mg uptake,
increasing K supply affects the Mg content of different plant
organs to a varying extent. As can be seen from Table 9.1. in-
creasing K supply reduced the Mg content of tomato leaves and
roots considerably. The Mg content in the fruits, however, was
somewhat increased by the higher levels of K in the nutrient
solution. This observation was obviously not accidental as it was
found at all six harvests of the tomatoes (VIRO (1973). LINSER
and HERWIG (1968) also reported that increased K supply resulted
in higher Mg contents in the seeds of flax. It thus appears that
K+ promotes the translocation of Mg2+ towards fruits and storage

tissues.

In some ways the transport of Mg2+

of Ca2+. Higher levels of Mg2+ are usually found in the older

in the plant resembles that

than in younger leaves. Magnesium like Ca2+ too moves upwards in
the transpiration stream. In contrast to Ca2+, however, M92+ is

mobile in the phloem.

9.3. Functions of Mg

In plant tissues a high proportion of the total Mg, often over
70%, is diffusible and associated with inorganic anions and
organic acid anions such as malate and citrate. Magnesium is

also associated with indiffusible anions including oxalate and
pectate (KIRKBY and MENGEL (1967)). Cereal grains contain Mg as
the salt of inositol hexaphosphoric acid (phytic acid). The most
well known role of Mg is its occurence at the centre of the
chlorophyll molecule. The fraction of the total plant Mg associated
with chlorophyll, however, is relatively small and only in the
order of 15 to 20%. Even in plants deficient in Mg the amount
does not exceed 30%. Besides its function in the chlorophyll
molecule M92+ is required in other physiological processes. One
major role of Mg2+ is as a cofactor in almost all enzymes activat-
ing phosphorylation processes. Magnesium (Mg2+) forms a bridge
between the pyrophosphate structure of ATP or ADP and the gnzyme

molecule. The fundamental process of energy transfer occurs in
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TABLE 9.1. EFFECT OF AN INCREASING K SUPPLY ON THE CATION OF
VARIOUS ORGANS OF THE TOMATO PLANT (VIRO (1973))

TREATMENT K | NA __ Ca Mc
MM K/L NUTRIENT SOLUTION IN 2 DM
LEAVES
2 0.5 0.40 4.7 0.61
10 3.3 0.19 4.2 0.27
20 4,2 0.18 3.3 0.15
RoOTS
2 0.2 0.36 3.9 0.33
10 2.2 0.25 3,2 0.31
20 2.4 0.13 3.3 0.26
FRUITS
2 1.6 0.10 0.09 0.07
10 2.5 0.07 0.08 0.08
20 2.7 0.06 0.07 0.09

TABLE 9.2, MINERAL MG FERTILIZERS

% MO
MAGNESIAN LIMESTONE (MG CARBONATE) 5 20
GROUND BURNT MAGNESIAN LIME (MG OXIDE) 10 33
KIESERITE (MGSOQ-HZO) 27
EPsoM SALTS (MGSOy-7 H,0) 16
SULPHATE OF POTASH MAGNESIA (KZSOQ-MGSOQ) 11
MAGNESITE (MGCO3) 45

(Mengel and Kirkby, 1982)
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photosynthesis, glycolyis, the tricarboxylic acid cycle and
respiration. Magnesium is therefore important throughout the
metabolism. Magnesium is not the only ion a@ble to activate

2+ and to a lesser

phosphorylation. It can be substituted by Mn
extent by other cations. Quite apart from its function in the
chlorophyll molecule, inadequate levels of Mg in the plant can
inhibit CO2

phosphorylation as well as in phosphorylation reactions which

assimilation. Magnesium is required both in photo-

limit the regeneration of ribulose diphosphate in the Calvin cycle.

It is also required to activate the enzyme ribulose diphosphate
carboxylase (RuDP carboxylase). NEALES (1955) reported that in
barley plant with Mg contents lower than 0.12 mg Mg/g fresh weight
no net assimilation could be observed. This observation is con-
sistent with the lower starch contents found in Mg deficient pota-
toes and a decrease in the carbohydrate content in the grain of

Mg deficient oats. The beneficial effect of increasing the Mg
content of the maize leaf on 002 assimilation is shown in Figure
9.1 (LEASLEE and MOSS (1966)).

Nitrogen metabolism is also influenced by Mg nutrition. The
influence of increasing Mg supply on the protein content in roots
and shoots of young oat plants is shown in Figure 9.2. Generally
when plants are Mg deficient the proportion of protein N decreases
and that of non-protein N increases (HAEDER and MENGEL (1969).
From this it may be concluded that Mg deficiency inhibits protein

synthesis.

9.4. Magnesium deficiency

Magnesium deficiency symptoms differ between plant species although
some general characteristics are apparent. As already mentioned
Mg2+ is mobile in the plant and deficiency always begins in the
older and then moves to the younger leaves. Intervenial yellowing
or chlorosis occurs and in extreme cases the areas become necrotic.
Another characteristics varticularly of plants exposed to strong
sunlight is their generally withered appearance, reminiscent of K
deficiency, where the water content of the plant is disturbed.
Individual leaves suffering from Mg deficiency, however, are stiff
and brittle and the intercostal veins are twisted. Mg deficient

leaves often fall prematurely. In cereals and the monocots in
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general the appearance of Mg deficiency is different. As in fhe
case of the dicots, the water and carbohydrate metabolism of the
plant is also affected and deficiency begins in the older leaves.
With the cereals, however, the base of the leaf first shows small
dark green spots of chlorophyll accumulation which are apparent
against the pale yellow background colour of the leaf. 1In more
advanced stages of deficiency the leaves become more chlorotic and
striped. Necrosi§ occurs particularly at the tips of the leaf.
The symptoms are the same for wheat, oats, rye and also for maize
in the early stages. As the plants age, however, the leaves of

maize take on a more spotted appearance.

In leaf tissue the threshold value for the occurrence of defi-
ciency symptoms is in the region of about 2 mg/g dry matter,
although this is dependent on a number of factors including
plant species. WARD and MILLER (1969) observed Mg deficiency
symptoms in tomato leaves when the Mg content dropped below

3 mg Mg/g dry matter. Plants inadequately supplied with Mg2+
often show a delay of the reproductive phase. A detailed de-
sription of deficiency symptoms in mawmycrops and the Mg levels
in different plant species under varying conditions may be ob-

tained from the data of EMBLETON (1966).

9.5. Crop requirements and critical levels

The amounts of Mg taken up by some important crop plants is shown
in Table 6.3. For arable crops the average uptake is in the
region of about 10-25 kg Mg/ha/yr and generally the uptake of root
crops is about double that of cereals. Sugar beet, potatoes, fruit
and glasshouse crops are particularly prone to Mg-deficiency.

In recent years the importance of Mg as a fertilizer has increased.
Previously Mg was applied unwittingly as an impurity along with
other fertilizers. The high purity of fertilizers used at the
present day, however, means that this source of Mg application to
the soil no longer exists. Increased crop yields resulting from
higher applications of non-Mg containing fertilizers have also
placed a greater demand on the soil for Mg. High levels of K+

or NH4+ as already mentioned restrict M92+ uptake by plants.

For these reasons Mg deficiency in crop plants is becoming more
frequent and Mg applications are now common. Deficiencies occur

particularly in highly leached humus acid soils or on sandy soils
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which have been given heavy dressings of lime. .In some cases- Mg
deficiency occurs on soils high in K. The importance of ion
antagonism in relation to Mg uptake has already been stressed.
Clearly on acid soils it is possible to have a H' or even possibly
an Al3+ competition for Mg2+ uptake, whereas Ca2+ competition may
occur on highly limed soils. Figure 9.3 from STENUIT (1959) shows
the relationship between soil pH and the intensity of Mg deficiency
in oats grown in sandy soils. At a pH of about 5 the possibility
of the occurrence of Mg deficiency is at a minimum. Lowering or
raising pH depresses Mg uptake as a result of H+ or Ca2+ compe-
tition. From this discussion it is clear that the presence and
concentrations of H+, k' and Ca2+ in the root environment can con-

siderably influence the uptake of Mg2+ by crops.

In experiments with sugar beet TINKER (1967) obtained responses

in soils with cation exchange capacities of 5 to 10 me/100g soil
when they contained less than 0.2 me Mg/100 g soil (2 to 4% of the
exchange capacity or 24 ppm exchangeable Mg). More recently re-
porting on the same crop from a survey of 60 field experiments
DRAYCOTT and DURRANT (1971) have suggested a limit of 35 ppm
exchangeable soil Mg2+ and 0.4 mg Mg/g dry matter of the leaf as
critical levels at which no further yield increases result from

Mg-fertilizer.

9.6. Magnesium fertilizers

The major Mg fertilizers used and their approximate Mg contents

are shown in Table 9.2. Magnesium is supplied in most cases

as carbonate, oxide or a sulphate. In general sulphate fertilizers
are more rapidly effective than carbonate fertilizers but are also
more expensive. Applications of dolomitic limestone are particul-
arly useful on acid soils which need regular liming. Decomposition
of the dolomite is also assisted by low soil pH. On more neutral
soils MgSO4 e.g. kieserite is more appropriate particularly on
arable land where high levels of Mg are rapidly required.

The various form of MgSO, differ considerably in solubility.
Epsom salts MgSO4 7 H20 although more expensive is more soluble

than kieserite (MgSO4 Hzo). This has a practical significance,
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for, as has been pointed out by COOKE (1972), whilst 500 kg/ha
MgSO4 as kieserite applied to soil may be needed to prevent Mg
deficiency in tomatoes, the trouble can be controlled by spraying
35 kg/ha of Epsom salt (MgSO4 7 H20) dissolved in 400 1 water
applied on a number of occasions over the growing season.
Fertilizers containing only samller percentages of Mg such as
kainite, basic slags and some PK and NPK fertilizers, are useful
in maintaining the Mg level of the soil. In cases, however, where
Mg deficiency is suspected higher graded Mg fertilizers are pre-
fered. Mg problems in soils and plants are also discussed under
liming of acid soils.
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ZINC IN SOILS AND IN CROP NUTRITION

10.1 Zinc Deficiency Problems

Zinc deficiency is probably the most widespread micronutrient
disorder in tropical crops and particularly rice. It occurs
in parts of India, Pakistan, the Philippines, and Colombia
under lowland conditions (Tanaka and Yoshida, 1970; CIAT,
1971; IRRI; 1972) . It also occurs throughout the Cerrado of
Brazil under upland conditions (DeSouza and Hiroce, 1970).

In India, more research effects have gone into zinc fertili-
sation than in all the remaining micronutrient deficiency
disorders put together. For example, based upon the work -
done in the ICAR's Coordinated Micronutrient Scheme, Katyal,
gE é&. (1980) concluded that out of about 55,000 soil samples
analysed so far, nearly 50 per cent fell into zinc deficient
category (Table 10.1), whereas the deficiency of remaining
micronutrient cations was confined to less than 12 per cent

of the samples.

Incidence of zinc deficiency is more on alkaline, low organic
matter, light textured soils. Low temperature, removal of top

soil and poor drainage aggrevate zinc deficiency.

10.2 Soil Zinc

The average Zn content of the lithosphere is about 80 ppm
(Goldschmidt, 1954). 1In soils it is usually present in the
range of 10-300 ppm occurring in a number of different mine-
rals. The ionic radius of Zn?? is very similar to that of

Fe?? and Mg?*. To some extent therefore zZn?*

may substitute
for these ions by isomorphous replacement in minera<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>