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Abstract: Micronutrient concentrations are generally higher in the surface soil and decrease with soil depth. In
spite of the high concentration of most micronutrients in soils, only a small fraction is available to plants. Mi-
cronutrients, also known as trace elements, are required in microquantities but their lack can cause serious crop
production and animal health problems. Crops vary considerably in their response to various micronutrients.
Brassicas and legumes are highly responsive to molybdenum (Mo) and boron (B), whereas corn and other ce-
reals are more responsive to zinc (Zn) and copper (Cu). Micronutrient deficiencies are more common in humid
temperate regions, as well as in humid tropical regions, because of intense leaching associated with high pre-
cipitation. Soil pH is one of the most important factors affecting the availability of micronutrients to plants.
With increasing pH, the availability of these nutrients is reduced with the exception of Mo whose availability
increases as soil pH increases. In most plant species, leaves contain higher amounts of nutrients than other
plant parts. Therefore, whenever possible, leaves should be sampled to characterize the micronutrient status of
crops. Deficiency symptoms for most micronutrients appear on the younger leaves at the top of the plant,
whereas toxicity symptoms generally appear on the older leaves of plants. As summarized by Deckers and
Steinnes, micronutrient deficiencies are widespread in developing countries, which have much poorer soil re-
sources than the fertile soils of Europe and North America. Many of these areas lie in the humid tropics with
extremely infertile, highly weathered, and/or highly leached soils, which are intensely deficient in nutrients.
The rest of such soils are in the semiarid and areas adjacent to the latter, where alkaline and calcareous soil
conditions severely limit the availability of micronutrients to plants. Frequently, the Cu, iron (Fe), manganese
(Mn), Zn, and selenium (Se) levels in forages, which are sufficient for optimum crop yields, are not adequate
to meet the needs of livestock. Selenium is a trace mineral, which is not required by plants, and maximum for-
age yields can be obtained on soils with very low amounts of soil Se. However, if animals are fed feed crops
and forages with low Se, they could suffer from serious muscular disorders and other diseases. White muscle
disease caused by Se deficiency is the most common disorder and is found in calves and lambs. Sufficiency lev-
els of micronutrients for crops have been discussed in relation to the animal requirement.
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1 Introduction

Micronutrients, also known as trace elements
or trace minerals, include those nutrients that are
required in extremely small quantities by crops,
livestock, and humans. This, however, in no way
refers to their minor role. Their lack, e. g., in
crops and livestock can cause serious crop produc-
tion or animal health problems!'™. The chief func-
tion of micronutrients, excepting B and chlorine
(Cl), is to serve as constituents of prosthetic
groups in metalloproteins and as activators of en-
zyme reactions. Without micronutrients as a
“spark plug”, the enzyme system in plants would
simply be an inert mass of proteins.

Increasing world population has created a seri-
ous need to increase food production. High crop
yields associated with greater nutrient removal and
use of high analysis fertilizers have resulted in the
depletion of micronutrient reserves in soils. Defi-
ciencies of more and more micronutrients are being
observed. Crop yield and quality responses to a
number of micronutrients have been reported™™,
Certain crops are specific in their requirement, e,
g. , legumes and plants belonging to the Brassicae
family are particularly responsive to the trace min-
erals B and Mo"'*). On the other hand, cereals
show greater responses to Zn and Cu, and sugarbe-
ets to Mn-"1,

The total quantity of a micronutrient in most
soils is generally not a good indicator of its availa-
bility to plants!'’. However, Mo availability can
be predicted to a certain extent from the total

quantity of Mo in soil, e. g., on some Indian

soilst™,

Soil acidity is one of the primary factors
affecting the availability of micronutrients to
sH, With the exception of Mo and Se, the
plant availability of other micronutrients decreases
with liming!'>'%,

Symptoms in plants caused by lack or excess
of these elements and associated tissue levels are a

crops

useful guide in establishing the deficiency or toxici-
ty of an element. It is therefore of utmost impor-
tance that we know the distribution of micronutri-
ents in plant parts. Sampling plant parts with the
highest concentration of a nutrient would assist in
delineating the status of a nutrient. Since forages
and to a certain extent cereals constitute a major
feedstuff of livestock, it is necessary to know the
effect of deficiencies of micronutrients on animal
health. Some essential micronutrients and heavy
metals in excess can result in toxicity to crops and
or livestock"18],

In studies on the nutrient requirements of feed
crops and forages, more attention is focused on dry
matter yield response and less on animal health.
The nutrient requirements for plants and livestock
can differ considerably. Although extensive re-
views are available on various aspects of micronu-
trients, this review presents up-to-date information
on micronutrients and their relevance to crops and
animals. The objective of this review is to report
advances in research on crops sensitive to micronu-
trient deficiency, the relationship between the a-
vailable and total micronutrient content in soil,
crop responses to micronutrients, and to evaluate
plant nutrient contents in feed crops as they relate
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to sufficiency in animals and livestock. Up-to-date
information will also be presented on deficiency
symptoms of micronutrients in crops and livestock.

2  Total and available micronutrients
in soil

Studies on the determination of total micronu-
trients in soils are limited. In most soils, the total
micronutrient content is not related to that poten-
tially available to the plant''*). However, it does
indicate the relative abundance of a particular ele-
ment in a soil and the potential replenishing power
of a particular element™™. However, the total
content does indicate the relative abundance and
can be helpful in determining its potential to some
extent for Mo and B.

Studies conducted by Chatterjee et al. " on
major soils in the north Indian plains showed that
available Mn and Fe were not related to their total
contents. Similar relationships were reported by
Kanwar and Randhawa® on most soils of India.
As would be expected, the total soil Fe contents
were high at 5.6 to 45.6 mg * g ', and total soil
Mn ranged from 107 to 1,600 mg « kg '*". Com-
pared with Fe and Mn, total soil Cu contents were
low and ranged from 8 to 50 mg « kg™'. Zinc con-
tent in northern Indian soils ranged from 13 to 384
mg * kg ! but showed no relationship with the a-
vailable fraction in the examined soil profiles?!.

Boron content of soils ranged from 4 to 630
mg » kg ! in soils of India”®". Total B content of
some podzol soils from eastern Canada ranged from
70 to 116 mg * kg '), A study conducted on 108
soil samples showed a positive correlation (r =
0.39) between total and hot-water soluble B sug-
gesting that total B can be used to some extent as
an index of availability"*/,

Of all the micronutrients, total Mo is in the
smallest amounts, ranging from 0. 05 to 3.2 mg *
kg ! in soils of India™®’. In humid regions, the to-
tal Mo content in soils is about 2 mg « kg ',
Although there are no actual data available show-
ing the relationship between total and available Mo
in soil, the total soil Mo is an important reserve,
Gupta-"™ showed that soils containing very low
quantities of Mo were not able to meet the Mo re-
quirement of crops even when they were sufficient-
ly limed. This was not the case on soils that con-
tained higher total Mo. A summary of total micro-
nutrients in soil as reported by various researchers
is presented in Table 1.

Table 1 Total micronutrient content in soils
Nutrient Content in soil
a b c d

Boron, mg * kg™! 10-100 50 4-630
Manganese, mg * g~ ! 0. 05-5 2.5
Zinc, mg » kg ! 10-300 100
Copper, mg * kg™ ! 1-200 100
Iron, mg+ g ! 5-100 25

Molybdenum, mg « kg=!  0.53.5 2 0. 15-0. 35

a: Bergeaux, 1966L20); b, Giddens, 1964[19); ¢, Chatterjee et
al. ,1976[211, Gupta,1968[%); d. Gupta,1969L1%],

3 Crops sensitive to micronutrient
deficiencies

Crops in their response to various micronutri-
ents vary considerably as mentioned in the previous
section. For example, Mo is highly important for
legumes because it is required for biological N-fixa-
tion, an activity carried out by root nodule bacteria
(Rhizobium) in leguminous crops-*'. Absence of
Mo results in poor growth and activity of root nod-
ules. Specific micronutrient deficiencies in a variety
of crops in various states of the U. S, A. , are de-
scribed by Sparr'®!. Corn is highly sensitive to Zn
deficiency, which is one of the most important
trace minerals in many countries”?”, Relative
sensitivity of important crops to micronutrient de-

ficiencies as summarized by Martens and Wester-
[27

mann'“" is presented in Table 2.

Table 2 Relative sensitivities of selected crops
to micronutrient deficiencies

Sensitivity to micronutrient deficiencies

Crop

B Cu Fe Mn Mo Zn
Alfalfa H* H M M M L
Barley L M H M L M
Bean L L H H M H
Cauliflower H M H M H —
Clover M M — M M L
Corn L M M M L H
Grass L L H M L L
Oats L M M H L L
Potato L L — H L M
Sorghum L M H H L H
Soybean L L H H M M
Sugarbeet H M H M M M
Turnip H M M M —
Wheat L H L H L L

H* =High, M=Medium, L=Low.

Various degrees of sensitivity to micronutri-
ents for a number of tropical crops have been sum-
marized by Bennett®'. A brief discussion on sensi-

tivity to micronutrient deficiency in some crops as
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summarized by various researchers is reported in

Table 3.

Table 3  Sensitivity to deficiency of micronutrients
for a few crops

Crop Sensitivity to deficiency for Reference
Citrus Fe,Zn.Mn,Cu,B,Cl and Mo Wautscher and Smith, 1993029]
Cotton ~ Mn,Zn,Fe and B Cassman, 199330
Peanuts  Fe,Zn,Mn, Cu,B and Mo Smith et al. ,1993031]
Rice Fe,Zn,Mn and Si Wells et al. ,199332]

Sugarcane Fe,Zn,Mn,Cu,B,Cl,Mo and Si Gascho et al. ,1993033

4 Crop response to micronutrients

Micronutrient deficiencies are widespread in
developing countries, which have much poorer soil
resources than the fertile soils of Europe and North
America*". Many of these areas lie in the humid
tropics with extremely infertile, highly weathered,
and/or highly leached soils, which are intensely
deficient in nutrients. The rest of such soils are in
the semiarid and areas adjacent to the latter, where
alkaline and calcareous soil conditions severely lim-
it the availability of micronutrients to plants-*,

Crop response to micronutrients is generally
found in the form of increased crop yields and/or
improved crop quality. The latter could be associ-
ated with physiological changes in the various parts
of plants, e. g. , as reported for B by Shelp”” and
for Mo by Srivastava'?*!. Responses to micronutri-
ents differ with crops, e. g. , cereals are more sen-
sitive to Cu than other cropst®!**", This section
will limit discussion to crop yield responses.

Molybdenum Crop responses to Mo occur on
a variety of crops®®*J. For legumes, which are
most sensitive, there are genotypes and species
differences in response to Mo. A number of fac-
tors, e. g. » soil pH, can greatly affect crop re-
sponses to Mo, A brief summary of this rela-
tionship is reported in Table 4.

In addition to legumes, plants belonging to
Brassicae family, rice (Oryza sativa), peas (Pi-
sum sativum ), peanuts (Arachis hypogaea L.),
soybeans (Glycine max (L.) Merr. ), and wheat
(Triticum aestivum 1..) are also responsive to
Mo,

Boron Forage legumes in general are more
susceptible to B deficiency than grasses. Other
crops, which respond to B, include those belong-
ing to the Brassicae family, cotton (Gossypium
hirsutum) , soybeans, and peanuts®®, Grasses and
most cereals are the least responsive to B. A sum-
mary of the degree of yield response to B on a few
crops is reported in Table 5. For a detailed reading

on this topic, the reader is referred to a recent arti-
cle by Guptat*™.

Copper Response to Cu has been found on a
wide variety of cereals such as wheat, corn (Zea
mays L. ), rice, oats (Avena sativa L.), and bar-
ley (Hordeum wulgare 1..) in U. S. A., India,
Kenya, U. K., and Australia as reviewed by Gra-
ham and Nambiar''™. Cereal crops are by far the
most sensitive to Cu, although Cu deficiencies have
also been reported for a wide range of agricultural
crops, including vegetables and fruits grown on
soils low in available Cu"%,
ported that crop yield responses to Cu are wide
spread in Australia, N.Z., and U. S. A. They are
also most common in the wheat producing areas of
Australia, whereas in the Central Plains region of
North America, significant cereal yield responses
to Cu have been reported.

Zinc Globally, Zn deficiency is the most im-
portant problem, particularly in alkaline-calcareous
soils "% Factors that induce Zn deficiency in-
clude soil pH, soil calcareousness, low soil organic
matter, sandy soil texture, eroded soils, and ac-
centuated Zn mining by high yielding varieties: ",

Zinc deficiencies mainly occur on sandy soils,
on soils with a pH>6.0, and hence, continuous
fertilization without supplementation of Zn may in-
duce Zn deficiencies. It is mobile at slightly acidic
conditions and is immobilized in alkaline soils. An-
tagonism of zinc in soil, e. g. , with Phosphorus
(P), calcium (Ca), Fe, Cu, and nickel (Ni) has
been reported, as summarized by Deckers and
Steinnes™*,

Crop yield responses to Zn are wide spread
throughout the world. In a study conducted in In-
dia, it was reported that cultivars, which exhibit
greater efficiency for P, Fe, and Mn are relatively
more susceptible to Zn deficiency-*.

Among the Zn responsive crops, rice has been
shown to be sensitive to Zn with many reports of
responses world wide over the past 30 years™,
Corn is also highly responsive to Zn, and under Zn
deficiency, corn yields can be greatly reduced™.
They further reported that citrus [ Citrus sinensis
(L.) (Osbeck)] cotton, flax (Linum usitatissi-
mum L. ), onions (Allium cepa L. ), and sorghum
(Sorghum bicolor (1..) Moench) have also been
found to be responsive to Zn. A report from India
showed that green and black grams (Cicer arieti-
num 1..) were highly responsive to Zn"!,
et al. ) remarked that continued use of nitroge-
nous fertilizers during the last few decades has
caused a wide-spread Zn deficiency particularly in
light-textured soils. In the south-west of Western

Penney et al. "' re-

Kumar
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Table 4 Crop yield response to Mo as influenced by liming on two soils
. Sandy loam Silty clay loam
Crop Soil pH - -
No Mo With Mo No Mo With Mo
Cauliflower yield,g/pot 5 0.1 0.3 0.3 1
6 0.5 9 3.3 10. 1
6.5 1 9.7 12. 3 13
Alfalfa yield, g/pot 0.3 0.3 1.2 1.2
6 3.3 4.8 15.8 15.6
6.5 1.7 5.3 19. 6 15.3
Table 5 Crop yield response to B on a few crops
Crop Country Yield response Reference
Alfalfa New Zealand 9%-43% Sherrell and Toxopeus, 197839
Canada 8%-32% Gupta, 1984140
Black Gram Thailand 40%-80% Rerkasem et al. ,1988"!
Cotton U. S. A. and China 13%-29% Lancaster et al. ,19621%); Summarized by Shorrocks, 1987143
Soybeans U.S A Inconsistent Touchton et al. , 198044
Sunflower Thailand 50% Rerkasem et al. , 1988

Australia, large cereal grain yield responses have
been reported). In citrus., Zn responses occur in
all the places it is grown"*). Under Zn deficiency.,
fruits are small, misshapen, and bleached to whit-
ish color.

Manganese  Manganese responses are most
likely to occur on high organic soils and in high-
pH. calcareous, or sandy soils"”!. Yield responses
to Mn are widespread on soybeans. Manganese de-
ficiency has been frequently detected in soybeans in
the Atlantic Coastal Plains of the United States™™'.
In some regions, yield responses to Mn have oc-
curred on oats”. Sugar beets have also been
found to respond to Mn with increased beet root
yield and increased sugar content!”. In studies
conducted in the U, K. , responses to Mn on beets
were slight and only on soils with pH higher than
7,00,

Manganese deficiency in citrus is widespread
but often is only of transient occurrence. Like the
other heavy metals, Mn deficiency occurs only in
young, enlarging leaves™®’ ; only persistent and se-
vere pattern development of the foliage requires
correction,

Silicon  Although the essentiality of silicon
(Si) has not been proven, Si application on organic
soils has increased Si concentration in leaves and
rice grain yield®”. Silicon response in rice also
shows a increased resistance to disease, improve-
ment in water use efficiency, and increased grain
yields"® . Silicon deficiency results in premature
senescence and poor tillering in sugarcane®.
Sometimes the sugar yield increases due to Si in
sugarcane (Saccharumof ficinarum L. ) have been
very large in studies conducted by Fox et al®,

Sodium  Sodium (Na) is essential for the

growth of animals and some plant species'®’. Ac-
cording to Lehr®", plant species that were benefi-
ted most from Na, when adequate K is supplied,
are celery (Apium graveolens 1..), sugar beet,
swiss chard ( Beta wulgaris subsp. cicla (L.)
Koch), and turnips (Brassica rapa 1. ). In addi-
tion to dry matter yield response, there have been
positive effects of Na on sugar concentration in
sugar beets'®! and in the fiber quality of flax'®/.

5 Significance of plant part sampled
in crop nutrition

The precision of modern analytical methods is
such that even microquantities of most micronutri-
ents in plants can be detected accurately. Studies
characterizing the nutrient content in various parts
of plants can assist in evaluating the nutrient status
of crops. The plant parts that accumulate the high-
est concentration of nutrients during the active
metabolic stage of growth are often best suited for
sampling to determine the nutrient status of crops.
The higher the capacity for a plant part to accumu-
late a nutrient, the greater would be the differ-
ences in its nutrient concentration in response to
varying rates of fertilization. This has been shown
to be the case, e. g. , for B where, in response to
added B, the leaves accumulated 10 times more B
than did the roots**,

The B concentrations in leaves and roots with
and without applied B are shown for rutabaga
(Brassica napobrassica 1..) in Table 6. Results
clearly show that roots are a poor indicator of B
status since differences between the treated and
untreated plants are extremely small. This knowl-
edge of plant parts, which accumulate the highest
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concentration, should prove to be an useful criteri-
on in delineating the levels of nutrients from suffi-
ciency to toxicity.

Table 6 Boron concentration in rutabagas leaves and roots
with and without applied B in three different soils

Soil B rate, kg« ha™! Leaves Roots
B, mg -+ kg !

Sandy loam 0 8 13

2 146 18

Sandy clay loam 0 7 10
2 78 16

Silty clay loam 0 35 14
2 108 19

For most crops, the above ground vegetative
tissues are sampled to determine the nutrient sta-
tus. Micronutrient concentration in plant parts for
a variety of crops have been reported by Gup-
"% Studies have shown that leaves generally
contain higher concentration of most micronutri-

ents than, e. g. , stem'® as shown in Table 7.

Table 7 Boron, molybdenum, copper, and zinc
concentration in leaves and stems in a few crops

Crop Leaves Stems Leaves Stems
B, mg -« kg™! Mo, mg - kg™!
Alfalfa 25 14 0. 28 0.15
Red Clover 23 16 0.12 0.15
Cauliflower 36 19 1. 65 0.98
Broccoli 36 37 3.76 1.76
Cu, mg * kg ! Zn, mg + kg!
Alfalfa 9.9 9.6 27 13
Red Clover 17.8 9.9 43 16
Cauliflower 5.2 3.8 49 34
Broccoli 6.6 5.3 54 37

It has been reported that with maturity, the
Mo concentration in leaves and stems decreasest®.
It is therefore imperative that the stage of a crop
must be considered as an important factor when in-
terpreting plant analytical data for Mo and possibly
for other micronutrients as well. It is also impor-
tant to be consistent with the plant sampling tech-
nique used in the field, as well as with the plant
part sampled. Results as reported in this section
suggest that whenever possible, leaves should be
sampled to characterize the micronutrient status of
crops. However, more work is needed on the
physiology of translocation to establish the quanti-
tative patterns of redistribution of these nutrients
in various plants in response to micronutrient ferti-

lization.

6  Micronutrient deficiency and tox-
icity in crops

Micronutrient deficiencies in various crops
have increased principally because of intensive
cropping, liming, leaching through precipitation,
modern high yielding cultivars, and loss of top soil
from erosion. Decreased use of plant residues and
animal manures and use of high analysis fertilizers
are also some of the main factors resulting in mi-
cronutrient deficiencies.

Deficiency symptoms for most micronutrients
appear on the young leaves at the top of the plant
because most micronutrients are not readily trans-
located. Molybdenum is an exception in that it is
readily translocated, and its deficiency symptoms
generally appear on the whole plant'®'. Toxicity
symptoms for most micronutrients appear on the
older leaves of the plant, which is very striking for
B, Molybdenum toxicity is generally marked by
chlorosis, yellowing, and other forms of leaf dis-
coloration. This section will present some exam-
ples for a number of crops. Micronutrient toxicity
levels in crops have been summarized in Table 8.

Table 8 Micronutrient toxicity levels in crops

Element Toxic levels* in plants/(mg « kg™ 1)
Boron 10-50
=200 for tolerant crops
Copper 10-70
Manganese 400-7,000
Molybdenum 100-1,000
Zinc 95-340
Nickel 8-147

* Associated with toxicity symptoms and/or reduced yield.

Boron Boron deficiency in corn is seen on the
youngest leaves as white irregularly shaped spots
scattered between the veins, It can curtail develop-
ment of the corn ear”™. In peanuts, it results in
hollow-heart in kernels'*". Deficiency results in
rough and netted rutabaga roots, which exhibit
hollow-heart upon cutting”". In soybeans, it re-
sults in necrosis of the apical growing point and
young growth!"?/, In the case of cotton, the termi-
nal bud often dies™. Boron deficiency in sugar-
cane results in distorted leaves, severely burned
leaf tips, and brittle and necrotic leaves®!. In cit-
rus, it results in short internodes, thickened leav-
es, and corky venation**,

Boron toxicity symptoms in most crops are
marked by burned edges on the older leavest®-.
peanuts, B toxicity causes marginal leaflet chloro-
sis, which soon progresses to a marginal necro-

In



116 Umesh C. Gupta, Wu Kening. Liang Siyuan / #& % %% (Earth Science Frontiers)2008, 15 (5)
sis™ . Boron toxicity in citrus can result in yello- spread and occurs all over the world, particularly

wing of the leaf tips and mottling followed by pre-
mature drop'®). In sugarcane, chlorosis of tips and
margins spreads on young leaf blades and extends
to older and chlorotic tissues, which quickly be-
came necrotic. Deficient, sufficient, and toxic con-
centrations of B in crops are described by Gup-
tal™,

For a detailed description on topics related to
boron, e. g. , its reaction in soils, its role in plant
physiology, diagnosis of its deficiency symptoms,
methods, and rates of its application, the reader is
directed to a recent publication on a practical guide
to boron"™,

Molybdenum Molybdenum plays a biochemi-
cal role in animals and man in enzymes such as al-
dehyde oxidase and xanthine oxidase!™”.

Symptoms associated with Mo deficiency in
plants are often closely related to nitrogen metabo-
lism because of its requirement for nitrogenase ac-
tivity and nitrogen fixation. Molybdenum deficien-
cy in Brassicae family crops generally include chlo-
rosis, cupped leaves, and rolling or upward curling
of leaves® . In corn, the internodes are short, leaf
area is reduced, and leaves appear chlorotic™'.
Molybdenum deficiency in melons (Cucumis melon
L.) results in poor and delayed flowering and re-
duced viability of pollen grains, leading to reduc-
tion in the formation of fruitt™®. In soybeans,
symptoms resemble those of nitrogen deficiency
and likely are caused by reduced nitrogen utiliza-
tion.

In sugarcane, Mo deficiency results in dieback
of old leaves, and leaf blades are uniformly light
green to yellow™™ . Symptoms of Mo deficiency in
citrus first appear as a “yellow spot”, which devel-
ops on fully matured leaves. Spots occur at random
on the leaf, turn reddish brown, and leaves drop
prematurely™®”,

Molybdenum toxicity in crops is not common
and is found only when unusually high concentra-
tions of Mo are present. In soybeans, high rates of
Mo application can be detrimental to Rhizobia in
the seed inoculum'™ . Symptoms of excess Mo in
sorghum leaves appear as a dark violet coloration
of the whole lamina and are distinguishable from
the symptoms of P deficiency, which results in
dark green leaves with overtones of dark red color-
ation"®’, High concentrations of Mo in feed crops
can cause toxicity in animals as discussed by
Pasricha et al'®". Deficient, sufficient, and toxic
concentrations of Mo in crops are described by
Gupta®!,

Copper

Copper deficiency in crops is wide-

on soils with high pH, high organic carbon con-
tent, and excessive drainage conditions. Copper
deficiency and toxicity symptoms have been de-
scribed in detail for a variety of crops®™. Cereals
generally suffer due to a lack of Cu. Even under
mild or moderate Cu deficiency, e. g. , barley and
oats may not show the characteristic symptoms and
yet may suffer severe loss of grain yield'*). Under
Cu deficiency, wheat heads are small and 10 to 14
days late in emerging®*!. Copper deficiency in sor-
ghum appears first on young leaves within the
whorl and on young mature leaves, and plants are
stunted and growth is depressed-*"’,

In sugarcane, Cu deficiency results in bleached
leaves, which become paper thin and rolled when
deficiency is severe®™ . Symptoms of Cu deficiency
in citrus include dieback of twigs, narrow elonga-
ted leaves in new shoots, brown lesions on fruits,
and fruit drop'®-.

Copper toxicity is generally not common even
when applied in large quantities. During early sta-
ges of Cu toxicity, reduced growth of crops is evi-
dent. In addition, Cu toxicity causes reduced
branching, thickening, and abnormally dark color-
ation in the rootlets of plants®*. In sorghum, Cu
toxicity turns interveinal tissue lighter similar to
Fe deficiency with red streaks along the mar-
ginst®! . Copper toxicity in citrus damages the root
system and leads to drought symptoms in trees
with sparse foliage and very small leaves®",

Iron Iron deficiency in citrus is common.
The common symptoms in citrus are very distinct
and consist of yellow leaves with green mid rib and

291 These symptoms occur only on

lateral veins
young leaves. In rice, Fe deficiency occurs on neu-
tral to alkaline soils. Symptoms include chlorotic
and bleached to white newly emerging leaves™*.
Likewise, in sorghum, Fe deficiency is also pH re-
lated and is often called as lime-induced chlorosis
when grown on alkaline calcareous soils. Iron defi-
ciency symptoms first appear on young leaves with
long yellow streaks in the interveinal tissues=*'. In
sugarcane, Fe deficiency results in distorted and
necrotic leaf blades and interveinal chlorosis occurs
from tip to the base of the leaves™* .

A direct Fe toxicity from a general soil appli-
cation of Fe fertilizer would not be expected be-
cause of the relatively rapid conversion of soluble
Fe to insoluble Fe compounds in soil systems-*".
Iron toxicity can be a problem for sorghum grown
on some acid soils, Excess Fe causes leaves to turn
light with blackish, straw-colored lesions at the

margin'®’. In soybeans, Fe toxicity symptoms are
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very similar to those of Mn except the Fe-toxic
leaves are less crinkled than Mn-toxic leaves ™.

Manganese  Manganese deficiency generally
occurs on high pH soils. In sorghum, Mn deficien-
cy symptoms normally appear first on middle to
upper leaves as distinct lesions in the interveinal
50J " In cotton, Mn deficiency results in cup-
ping and interveinal clorosis on younger leaves,
and there occurs a delay in the appearance of first
flower®®. Symptoms of Mn deficiency in sugar-
cane include interveinal chlorosis, which occurs
from the tip toward the middle of the leaf"**!. In
sugarbeets, symptoms are not readily distinguish-
able at times from Cu or Fe deficiencies. With se-
verity of symptoms, leaf blades of Mn deficient
plants gradually fade from green to a uniform
yellow with a metallic gray luster**,

Manganese toxicity is found in crops growing
on strong acid soils"*"***) and on soils with high lev-
els of water soluble or salt extractable Mn*,
Manganese availability to crops is enhanced by re-
ducing conditions in poorly aerated or submerged
soils. Consequently, barley adapted to a well
drained soil environment suffers due to excessive
Mn and shows as severe incidence of brown spot-
ting of older leaves®”’. Toxicity of Mn in sorghum
consists of dark green older leaves with large num-
ber of small dark reddish purple spots all over the
leaf'®!,

Zinc Zinc deficiencies are more prevalent in
crops grown on high pH, organic and sandy-tex-
tured soils than on heavier soils. Zinc deficiency in
corn exhibits a white coloration in the top leaf also
known as “white bud”™’. Corn plants are stunted
and internodes are short. Zinc deficient soybean
plants have stunted stems and chlorotic interveinal
areas on younger leaves’. Typical symptoms of
Zn deficiency in sugarcane include veinal chlorosis
at the base of young leaf blades and leaves are
small and nonsymmetrical®!, In citrus, Zn defi-
ciency is very common and produces a distinctive
yellow mottle on leaves that are reduced in size'®.
Continued stress leads to defoliation and twig die-
back and fruits are small and white to bleached.

Maize (corn) is a poor accumulator of Zn, es-
pecially the higher yielding hybrids¥*!. This is an
important negative factor in a region such as south-
ern Africa, where corn is the main staple food for
the majority of the population.

Most crops are highly tolerant to excess Zn.
For example, Zn applications of up to 300 ug+ g '
did not cause reduction in spring wheat yield'.
They further reported that even at very high Zn
application rates of 1000 g« g ', wheat yield was

tissue

reduced by 40%. Potential phytotoxicity from ex-
cess Zn applications exists because only small a-
mounts of Zn leach and because reversion of ap-
plied Zn to unavailable forms is relatively slow in
soils®". Recent studies by Gupta and Kalra "’
showed that Zn and Cu applications as high as 50
and 25 kg/ha, respectively, for two years in suc-
cession did not cause any phytotoxicity in wheat
and barley.

Iodine The iodine (I) content of surface soils
decreases rapidly with increasing distance from the
sea”, High pH and higher Ca contents in soils
reduce its bioavailability and decreases its uptake
by plants®®, Generally, iodine deficiencies occur
in areas where the iodine containing top soil has
been removed either by glacial movement or soil e-
rosion. Leaching of soil by percolation or by sea-
sonal flooding may also lead to iodine deficiencies,
e. g.,» in the North American central plains, the
lowlands of Central Africa, the mountainous zones
of China, and the Po plains in Italy™".

Rare Elements The rare elements include 14
lanthanides (atomic number 57 through 71), and
their average content in the earth’s crust varies
from 66 pg Nd g ' and 35 pg La g ' t0 0.5 pg Tm
g '8 Tt was further stated that under certain
conditions, low concentrations of at least some
rare elements appear to favor plant growth produc-
tivity, but the physiological mechanisms are still
not understood-"*.

7 Heavy metal toxicities

Heavy metals in animal manures and sewage
sludge (biosolids) may accumulate in soil with re-
peated fertilizer applications'”’. Cadmium is the
heavy metal of most concern because it may affect
human health. Other heavy metals of possible sig-
nificance are arsenic (As), chromium (Cr), lead
(Pb), mercury (Hg), and nickel (Ni).

Generally, cadmium (Cd) is not toxic to
plants. However, it is a heavy metal of significant
concern because it can accumulate to levels in
plants, which can be toxic to animals and live-
stock. Studies by Dudka et al. *) showed that Cd
concentrations, 25 times higher than control, in
wheat were not harmful. However, the resulting
grain could be toxic to livestock. Field studies by
Holmgren et al. "' showed little evidence of sig-
nificant accumulation of Cd or Pb in cropland soils,
although Zn and specially Cu have accumulated
from normal agricultural practices. Certain leafly
vegetables can absorb significant amounts of Cd,
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Cr, Ni, and Pb, whereas these absorbed metals
are usually poorly translocated to cereal grains-'"".

Nickel toxicity occurs on soils to which large
quantities of Ni have been added in wastes, e. g. ,
in the form of sewage and sewage sludge and in
crops growing near Ni mines and smelters. Crops,
e. g. » oats grown on ultrabasic rocks, rich in Ni,
showed Ni toxicity"'*!. Symptoms of Ni toxicity in
crops include chlorosis and other symptoms specific
to plant species!'®/.

Like Ni, toxic levels of chromium (Cr) are
found in soils amended with Cr-rich sewage sludge
or wastes from the dyeing and tanning indus-
trytY. Toxicity symptoms of Cr include restric-
tion in the growth of roots and shoots and chlorosis
in leaves-®,

Plant species differ in their toleration to As.
For example, in a study by Carbonell-Barrachi-
na-'"!, it was found that arsenate was toxic to to-
matoes and beans; however, tomato plants were
more tolerant to As pollution than bean plants.
Bean plants exhibited symptoms of As toxicity and
plants treated with As died after 36 days. In toma-
toes, As exposure resulted in a significant dry
mass production, but tissue chlorosis or necrosis
were not observed.

A range of toxicity values for micronutrients

[17]

as summarized by Gupta and Gupta"'” is presented

in Table 8.

8 Micronutrients in animal nutrition

Zinc is an important trace element and fulfills
many biochemical functions in animal metabolism.
Zinc binding compounds as referred by Scherz and
Kirchhoff) are of particular interest, in order to
gain insight in the functions and bioavailability of
Zn to animal and plant food tissues. Like many
diseases in man, several disease conditions in ani-
mals show a definite geographical distribution. A-
mong those, disorders related to soil chemistry
constitute a significant part. Deficiencies of essen-
tial trace elements are of main concern in a global
context %,

Essential micronutrients: Fe, Zn, Cu, Mn,
Se, I, cobalt (Co), and Mo are required in a-
mounts<< 100 mg * kg™' in dry matter. Most of
these with the exception of Mo are deficient in
some natural feed ingredients, necessitating their
supplementation. Iron deficiency anemia is of uni-
versal concern particularly in new born pigs‘'*.
The blood hemoglobin concentration has been con-
sidered as a simple and reliable index of pig Fe sta-

tus!'”, Signs of chronic Fe toxicosis are reduced
growth and reduced feed intake and efficiency.

Zinc deficiency is likely to present a practical
problem with nonruminants but marginal deficien-
cy may occur in grazing sheep and cattle as re-
viewed by Miller et al®*!. Zinc deficiency is charac-
terized by retardation, cessation of growth, and
reproductive problems'''". Copper deficiency oc-
curs naturally in grazing livestock but not in poul-
try or pigs fed typical corn-soybean meal diets. Se-
vere Cu-deficiency symptoms include diarrhea,
weight loss, rough hair coat, fragile bones, and
stiff joints. All Cu-deficient species manifest ane-
mia,

Selenium deficiencies in humans and animals
are widespread throughout the world; whereas Se
toxicities occur in smaller pockets in various re-
gions of the world. In areas where soil Se is low
and people live mainly from locally grown food,
such as in parts of China, severe problems associ-
ated with Se deficiency may occur.

The first disease associated with Se deficiency
was Kashin-Beck disease, which was discovered in
1849 in China®, Tt occurs in the mountains and
hills of central China extending across the country
from north-east to south-west"'"?), It also occurs in
eastern Siberia and North Korea. It is interesting
to note that the Se content of most cereals is defi-
cient with the exception of rice, which appears to
concentrate Se from the environment. People on a
high rice diet clearly showed less Se deficiency
symptoms compared with people with other eating
habits. Zhu''"*! refers to the supplementation of Se
via salt and tablets as early as 1974 in China. Since
1984, Se has been added systematically to the hu-
man diet in China via kitchen salt or by distribution
of Se tablets to the people. These additions have
resulted in a spectacular drop of the Keshan disease
symptom.

A major sign of Se deficiency in all livestock,
especially the young, is white muscle disease or
nutritional muscular dystrophy''"”. This myopa-
thy is associated with excessive peroxidation of lip-
ids, resulting in chalky white striations, necrosis,
and fibrosis of myofibrils. In swine, it includes
hepatosis dietetica and mulberry heart disease. An
excellent description on the role of trace elements
in animal nutrition is presented by Miller et al*/,

Trace elements play important roles in the de-
velopment of embryo and fetus during pregnancy in
animals. A study by Hostetler et al. ! showed
that levels of Zn, Cu, and Mn are among the trace
elements, which were several-fold greater in the
conceptive tissue than in the other reproductive tis-
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sues, indicating that the conceptive tissue prefer-
entially accumulates these minerals, an action that
may be important for conceptive development,
growth, and survival. These results indicate that
these minerals may lead to development of specific
programs to increase the number and health of off-
spring at parturition, thereby allowing further im-
provements in production efficiency in livestock in-
dustry.

9 Micronutrient sufficiency levels in
feed crops for yield vs. animal re-
quirement

Often, when one talks about sufficiency levels
of nutrients in crops, there is a range in values
rather than one definite number that could be con-
sidered “critical”. Therefore, the term sufficient
will be used wherever possible. When describing
sufficient levels in forages, consideration must be
given to the animals since the latter will consume
the feed crops.

So far B has not been proven essential for ani-
mals and therefore its levels only in forages will be
considered. Generally, 20 to 40 mg B kg™ in the
whole tops of alfalfa and red clover have been con-
sidered to be sufficient''%'"") Grasses generally re-
quire less B than forage legumes, and hence, their
sufficiency levels are also low. For example, pas-
ture grasses, rye grass, and timothy containing as
low as 3 to 10 mg B kg™ ! are considered sufficient
as summarized in Table 9.

Molybdenum deficiency in animals is apparent-
ly relatively rare and is usually produced by feeding
its antagonist, tungsten, in amounts 1000-fold
greater than Mo, However, Mo deficiency oc-
curs occasionally as reported by Anke et al. "' in
goats when ratios contain 0. 024 mg Mo kg~ !. This
level is unusually small and does not occur fre-
quently. Like B, forage legumes are more respon-
sive to Mo than grasses. Sufficient levels of Mo in
forages are lower than for most other micronutri-
ents. Often they are less than 1. 0 mg * kg™ '. Suf-
ficiency levels of Mo in alfalfa and red clover range
between 0.2-0.5 mg * kg™' and in timothy and
tropical and temperate pastures as low as 0. 1192,
Sufficiency levels vary depending upon the age and
part of the plant sampled. Detailed sufficiency lev-
els in various forage species are described in
Table 9.

The requirement for Cu by most of the ani-
mals is low when compared with the requirement
for most other minerals. As evident from Table 9,

sufficiency levels of Cu for cattle and sheep at 6 to
10 mg « kg™ ! are low, and most forages appear to
contain sufficient Cu. Levels of Cu that are suffi-
cient for forages are also adequate for cattle and
sheep. However, the requirement of Cu for pigs at
50 to 60 mg » kg ! and chickens at 60 to 80?1 is
higher than 8 to 35 mg Cu kg™', which is consid-
ered sufficient for most forages (Table 9). Re-
searchers from South Australia reported that Cu
concentrations of less than 4 mg » kg™ ! indicate de-
ficiency in subterranean clover™. However, they
concluded that Cu deficiency may occur in livestock
even when Cu concentrations in pastures are 10
mg * kg™ !.

It is important to consider feed crops Mo level
when discussing Cu sufficiency for livestock. Ani-
mals grazing on pastures high in Mo could develop
Cu deficiency in spite of the fact that the Cu con-
centration in forages is adequate for maximum dry
matter production. This is considered as Mo in-
duced Cu deficiency"'*). In such cases, high Cu
supplementation with sulfates may be necessary to
immobilize Mo"*!. A survey on Cu and Mo con-
centrations in forages and beef cattle liver, in the
state of Mato Grosso, Brazil, showed that high
levels of Mo and Cu concentrations of less than 5
mg * kg™! were found in forages. However, the
levels of Cu in the liver were normal for animals
because of Cu supplementation in the salt mix-
turel®, Ratios of Cu: Mo in the range of 2 : 1 to
7 + 1 have been reported to be critical but Cu defi-
ciency in animals does not occur if feed intakes of
Cu are more than 5 mg « kg '™,

Studies conducted in Prince Edward Island
(P. E. 1.) showed that Mn levels as low as 31 to 34
mg * kg ' were in the crop sufficiency range!'*",
These Mn levels for poultry and ruminants are not
sufficient whose requirements are higher at 50
mg * kg ', e. g., for ruminants. The recommen-
ded level for ruminants is 50 but it cannot be given
with any certainty.

Field studies in P. E. 1., eastern Canada
showed that Zn levels as low as 12 to 16 mg * kg ™!
in alfalfa and rye grass were sufficient for maxi-
mum dry matter yield?™. However, these levels
are far short of the sufficiency levels of 50 to 100
for pigs'''™ and of 50 mg * kg ! for dairy cows''"",
Zinc is an indispensable component of a number of
enzymes or other proteins in animals™"**.
sential for maintaining normal growth, reproduc-
tion, and lactation performance''®”. Forages in the
north eastern part of North America do not contain
enough Zn to meet the recommended Zn allowance
at 40 mg « kg ! for dairy cattle*®). In the State of

It 1s es-
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Table 9 Sufficiency levels of micronutrients in livestock feeds and animals
Nutrient Sufficiency Levels, mg * kg™ !
Forages Animals
*Copper  Alfalfa 8-12 (Gupta, 19891118]) Cattle 4-10 (NRC, 1988L11%1)
Timothy 5-8 (Gupta, 1989°118)) Sheep 6-10 (Underwood, 19811117
Red Clover 8-17 (Neubert et al. ,1970L12)) Pigs (post weaning) 60(NRC, 1988-1)
Pasture grasses 5-12 (Neubert et al. , 1970M1201) Pigs when fed high Cu diet 50 (Suttle and Mills, 1966[121))
Iron  Alfalfa 35-50; Barley & Oats 19-24 (Gupta, 19917%21) 21 mg** Fe/kg body weight (baby pigs) (ARC, 19811%])
Timothy 23-47 (Gupta, 1991122)) Leghorn chicken 60-80; Broiler chicks 80 (Miller et al. , 199167)
Alfalfa 31 to 49; Timothy 34 to 53; Wheat and Oats  Poultry and chicks 50 (Underwood, 19817")); Ruminants 40
Manganese N [124] ~ 119]
22-26 (Gupta, 1986 ) (NRC, 1988-""9)
s Pigs at various stages of growth 50 to 100 (NRC, 19881°0); Dai
. Crotolana anagryoides 10 (Widdowson, 1966:12°)); Al- 1854 Vdflous stages grow— om e . [119] . dlr,y
Zinc . [126] calves, dairy cows and bulls 50 (NRC, 1988 ); Swine at vari-
falfa 16-28; Ryegrass 12 to 22 (Gupta, 198911<1) . [127]
ous growth stage 35 to 65 (NRC, 1984-%")
Cobalt Alfalfa 0.030-0.42; Timothy. 012-0. 24; Barley and Ruminants 0. 1 mg » kg~ ! (Smith, 19870128)); (NRC, 19881191y
oba

Oats 11-12 (Gupta, 1993L69))

=0. 07 for sheep,>0. 04 for cattle (ARC, 1965)

o

* Copper concentrations in relation to Mo and S in the ration;

Mato Grosso, Brazil, low levels of Zn in the soil,
forage (less than 30 mg « kg™ '), and beef cattle
liver were found by Sousa et al. 1'*" in a survey on
Hutton'"®' mentioned that at the
beginning of the 70’s, the fotossensibilization in

several farms.

young animals grazing Brachiaria decumbens was a
serious problem in Central Brazil and that the
problem was linked to low levels of Zn in forage.

Cobalt concentrations as low as 0.022 and
0.012 mg * kg™ ! in alfalfa and timothy, respective-
ly, sufficient for maximum dry matter
yields Generally, the requirement of Co for
crops is very low. Cobalt concentrations found ad-
equate for forages are inadequate for a variety of
animals. As summarized in Table 9, the Co re-
quirement for various class of livestock is higher
and ranges from 0.04 to 0.10 mg kg™ 'in the
feed.

In the semiarid southern region of Puerto Ri-
co, Mn, Cu, Co, and Se levels in pastures have
been found to be below the recommended levels for
grazing ruminants-**/. Their research indicates the
need for livestock supplementation even under con-
ditions of high pasture fertilization with NPK. Se-
lenium is a trace mineral, which is not required by
crops, and maximum forage yields can be obtained
on soils with amounts of Se as low as 0. 01 mg Se
kg '. However, if animals are fed forages with less
than 0. 1 mg Se kg !, they could suffer from seri-
ous physical disorders-*",

were
[69]

10  Conclusions

This presentation includes a number of topics
related to micronutrients. There is a great deal of

Based on body weight, all other values are in forage dry matter.

information now available on crop responses to
these nutrients and symptoms of deficiency and
toxicity in various crops. More information is nec-
essary on the significance of total micronutrients in
soil in relation to the plant availability of these nu-
trients. Further research is needed to evaluate
plant nutrient contents in feed crops as they relate
to livestock. Nutrient sampling of the appropriate
part of the plant and stage of growth for sampling
crops should be standardized.

Data concerning the geographical distribution
of micronutrients in the environment are essential
for interdisciplinary, epidemiological studies con-
ducted to confirm or refute association between an-
imal and human diseases and the geochemical envi-
ronment. Future crop varieties should be screened
for susceptibility to micronutrient deficiencies. Re-
search is required to assess the influence of agricul-
tural and industrial activities on the environmental
distribution of trace elements.

Studies on the micronutrients nutrition of
crops should be conducted in conjunction with ani-
mal nutrition. Plant and soil data for micronutri-
ents should be obtained to delineate areas of suffi-
ciency and deficiency.
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