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ABSTRACT 

Calcium deficiency symptoms on taro (Colocasia esculenta (L.) 

Schott cv. 'Lehua maoli') grown in nutrient solution culture for 

7 weeks were leaf blade interveinal chlorosis and necrosis, failure 

of the leaf blades to unfurl, collapse of petioles, and die-back 

of roots. Death of the growing point occurred in severely Ca

stressed plants. 

Sections of the leaf blades of taro grown in solutions varying 

in Ca concentration were sampled after 5 months to study the long

term effects of calcium deficiency on the ultrastructure of parenchyma 

cells. The disintegration of the plasmalemma, tonoplast, and all 

other membranous systems in the cytoplasm was observed in calcium 

deficient cells. 

Taro was grown for 3 months in nutrient solution culture with 

1, 2, 4, and 20 ppm of Ca and 21 and 100 ppm of nitrogen. Leaf dry 

weight increased significantly with increasing solution Ca and 

decreased significantly with increased solution nitrogen. Leaf Ca 

concentration increased linearly with increasing solution Ca, however 

the increase in leaf Ca was significantly less at the higher N 

treatment compared to the lower N treatment. 

Calcium levels were increased to 2, 4, 8 and 40 ppm from month 

4 through month six. The N treatments were both 42 ppm for the 

duration of the fourth month. For the fifth and six months, the 

2 N levels were 42 and 84 ppm. 

Dry weight of the conn plus cormels, dry matter content of the 

corm, and starch content of the corm at 6 months all increased with 
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increasing levels of solution calcium. A ~itscherlich type growth 

response to Ca was found at the lower N treatment but not at the 

higher N treatment. 

The best tissue to sample·for plant Ca levels is the third blade 

at 3 to 6 months of growth. The critical Ca concentration range for 

the third blade during this growth period was estimated to be 0.7 to 

1.0% Ca on a dry weight basis. 

Nutrient concentration in the solution was decreased for the 

final 2 months of the experiment. Starch content, dry matter and 

specific gravity of the corms as well as fresh weight of the corm 

plus cormels at 8 months all increased with increasing Ca in 

solution. The corms at the highest level of solution of Ca were 

mature as indicated by the specific gravity and dry matter percentage 

of the corms. 

Guava seed disease was not found to be associated with any of 

the treatments at 6 or 8 months harvest. The disease was not 

directly caused by Ca deficiency, NH toxicity, or N-induced Ca4 

deficiency under the relatively sterile conditions of a solution 

culture experiment. 
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INTRODUCTION 

Guava seed disease of taro is a major problem of taro growers in 

Hawaii. It is characterized by the development of corky tissues in 

the corm (Parris, 1941). No disease organism has been found to be 

associated with this disease, despite repeated isolation attempts 

and microscopic examinations of diseased tissues (Parris, 1941; 

Trujillo, 1979). This disease reduces the marketable yield of taro 

because those portions of the corm affected by the disease are dis

carded. 

Parris (1941) reported that liming at 2 T/A decreased guava 

seed disease incidence at two localities. However, he didn't recommend 

liming for disease control because of its inconsistent performance at 

other localities. 

It was noted that guava seed disease of taro superficially 

resembled well-documented Ca devificiency disorders such as cavity spot 

of carrots and cork spot of pears and apples (Shear, 1975). This 

study was carried out with three objectives: (1) to demonstrate Ca 

deficiency symptoms of taro; (2) to determine whether a relationship 

existed between guava seed disease and Ca nutrition; and (3) to study 

the effects of excess N fertilization on the Ca nutrition of taro. 



I. LITERATURE REVIEW 

Botany and Culture of Taro 

Taro (Colocasia esculenta (L.) Schott) is a succulent, perennial 

herb which produces edible corms (Kay, 1973; Pluck.nett et al., 1970). 

It is grown as a staple or subsistence crop throughout the tropics, 

subtropics, and warm.er temperate regions. Taro is a commercial crop 

only in Hawaii, Egypt, Philippines, and certain islands in the South 

Pacific and Carribbean. 

Taro is grown primarily for its corms, but the leaves are sometimes 

used as a vegetable (Plucknett and de la Pena, 1971; Sickey, 1973). 

The leaves, when cooked, contain relatively high amounts of Ca, P, Fe, 

K, vitamin A and abscorbic acid (Plucknett and de la Pena, 1971). The 

leaves are a good quality source of protein, since most of the essential 

amino acids are present. 

Corm and cormels are rich in starch, and contain appreciable 

amounts of vitamin C (7-9 mg/100 g edible material), thiamine (0.18 mg/ 

100 g) riboflavin (0.04 mg/100 g), and niacin (0.09 mg/100 g) (Kay, 

1973). The starch grains in the corm are very small so that taro is 

easily digested. The composition of the corms are as follows: 

(Kay, 1973) 

63-85% water 
13-29% carbohydrate 

1. 4 - 3. 0% protein 
0.16- 0.36% fat 
0.60- 1.18% crude fiber 
0.60- 1.30% ash 

Corms are also rich in a mucilaginous material, which on hydrolysis 

yields d-galactose and 1-arabinose (Kay, 1973). Most cultivars contain 

http:0.60-1.30
http:0.60-1.18
http:0.16-0.36
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oxalic acid (0.1-0.4% fresh weight), mainly in the form of raphides 

which are bundles of needle-shaped Ca oxalate crystals (Kay, 1973; 

Sakai and Hanson, 1974; Sakai et al., 1972; and Srivasta and Krishnan, 

1959a, 1959b), The acridity of raw taro has been attributed to these 

Ca oxalate crystals (Black, 1910). 

Anatomy of Taro Corms 

In Colocasia esculenta, starch is the primary storage product in 

the corm, a modified underground stem. The outermost zone of the 

mature corm contains 24-30 cork layers, which form part of the periderm 

(Paliwal and Kavathekar, 1972). Cork cells are rectangular, relatively 

thin-walled, and arranged in tiers. To the interior of the periderm 

is a ring of isolated mucilage ducts (Paliwal and Kavathekar, 1972). 

The rest of the corm is composed of ground parenchyma cells and a 

large number of isolated lactifers. 

According to Paliwal and Kavathekar (1972), the corm of Colocasia 

esculenta shares the following characteristics with food storage organs 

in carrot, sweet potato and manioc: 

1. abundance of periderm; 

2. food storage in large, thin-walled parenchymatous cells; 

3. poorly developed vascular bundles that are few in number; 

4. presence of latex cells, mucilage cells, and ergastic 

substances such as druses and raphides. 

Taro Growing in Hawaii 

Taro is propagated vegetatively by stem cuttings called 'hulis', 

which consist of 0.6 cm of upper corm plus 15-25 cm of lower petiole 

(Kay, 1973). Rapid vegetative growth occurs up to 4-6 months after 
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planting and is followed by a maturation phase where each successive 

leaf decreases in size (Plucknett and de la Pena, 1971; Plucknett 

et al., 1970). Maximum leaf canopy is achieved after 5-6 months, while 

corm formation begins at 3-5 months. After 12-15 months, very little 

canopy exists and the corms are ready for harvest. 

In Hawaii, much of the connnerical taro is grown in flooded 

paddies. Water continuously flows throughout the growing season except 

when the fields are drained for fertilization. Fertilizers are usually 

applied in 2 or 3 applications within the first 4-6 months after 

planting (Plucknett and de la Pena, 1971). 

Watson (1970) stated that based on his experience of taro growing 

in Hawaii, the water requirement of paddy taro ranges from 15,000 to 

60,000 gal/A/day. He estimated a general average requirement of 

30,000 gal/A/day. 

Fertilizer Requirements of Taro 

de la Pena and Plucknett (1969) demonstrated increased yields 

of upland and lowland taro with increased fertilizer applications of 

N, P, and K. Chew (1971) found a response of Colocasia to magnesium 

lime on acid peat soils, and he attributed part of the increased tuber 

yields to the Ca and Mg supplied. 

Taro has been reported to have a high Ca requirement and liming 

is beneficial in soils low in Ca (Kay, 1973; Plucknett et al., 1970). 

Cable (1973) and de la Pena and Plucknett (1969) have reported decreased 

plant Ca content with increased K fertilization. 

Guava Seed Disease of Taro 

Guava seed disease of taro has been reported only in Hawaii 
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(Plucknett et al., 1970; Sickey, 1973). Other names for this disease 

are hard rot and kalakoa, which in Hawaiian means "black and white", 

referring to the color difference between diseased and healthy tissue 

in the corm. The small, localized corky tissues in the corm character

istic of this disease, can be dug out, leaving a smooth, round hole 

which resembles the seed pockets of guava, and hence the name "guava 

seed" disease (Parris, 1941; Plucknett et al., 1970). 

Losses from guava seed disease vary from 5 to 100%, with an 

average loss estimated to be 30% throughout the islands (Parris, 

1941; Takahashi, 1953). Takahashi (1953) suggested that further 

losses are indicated by the fact that yields of 60,000 lbs/A are 

possible under ideal conditions and the absence of disease, while the 

state average yield is only 13,457 lbs/A. 

Characteristic Symptoms of Guava Seed Disease 

The disease appears in two forms: (1) a woody core of coalesced 

corky tissue, and (2) scattered corky spots (Takahashi, 1953). The 

scattered form of this disease is much more prevalent than the 

coalesced form. Takahashi (1953) believed that the coalesced form is 

the more advanced stage of the disease, while the scattered form is 

the relatively early phase. 

The characteristic corky spots are rings of periderm around dead 

tissues (Hawaii Agr. Exp. Sta., 1938). Takahashi (1953) demonstrated 

that the healthy region of the corm next to the infected area was 

reduced in starch content relative to a disease-free corm. 

There are no foliar diagnostic symptoms of this disease (Hawaii 

Agr. Exp. Sta., 1936; Takahashi, 1953). Diseased corms can be 
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distinguished from healthy corms on the basis of the external appearance 

of the periderm. The periderm of healthy corms is smooth and paperlike 

in texture and thickness, whereas that of diseased corms is rough, 

barklike, and about one-eight to one-fourth of an inch thick (Parris, 

1941; Takahashi (1953). Takahashi (1953) claimed that 100% of all 

dumbbell-cylindrical-shaped corms have guava seed disease; however, 

although there may be a correlation, the writer has seen many corms 

with constrictions that didn't have the disease. One cause of growth 

restrictions is an erratic moisture supply, which results in a slow

down in growth during dry periods (Kay, 1973). 

Cause of Guava Seed Disease 

The cause of guava seed disease of taro is unknown. No organism 

has been found to be associated with this disease, despite repeated 

isolation attempts and microscopic examinations of diseased tissues 

(Parris, 1941; Sickey, 1973; Takahashi, 1953; Trujillo, 1979). 

Guava seed disease is essentially a disease of taro grown under 

wetland culture. Parris (1941) showed that only healthy corms developed 

from hulis of diseased corms planted in non-submerged soils. However, 

all of the corms produced from diseased hulis planted in sterilized 

soil under submerged conditions had guava seed disease. 

Parris (1941) found no correlation between pH of the soil and 

incidence of this disease. He also found no correlation between 

susceptibility of tar9 to this disease and N-P-K fertilizer treatments 

(Parris, 1941). 

Takahashi (1953) stated that the following faulty agricultural 

practices are conducive to the development of such taro corm diseases 
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as guava seed disease: 

1. inadequate field preparation and lack of a fallow period; 

2. monoculture; 

3. overly close plant spacings; 

4. insufficient water movement in the paddy; 

5. use of diseased or poor quality hulis; 

6. poor field sanitation; and 

7. excessive delay in harvesting after plants are mature. 

According to Takahashi (1953), environmental factors such as 

water and air temperatures, relative humidity, and amount of sunlight 

all influence the prevalence and severity of corm diseases. As a 

result, losses from guava seed disease vary considerable from year 

to year (Takahashi, 1953). 

Many investigators have suggested possible causes of guava seed 

disease (Hawaii Agr. Exp. Sta., 1936, 1937; Takahashi, 1953; Trujillo, 

1967). The following is a list of speculative causes: 

1. lack of aeration under submerged conditions; 

2. salt damage to roots; 

3. root damage by Pythium; 

4. nutritional imbalance; and 

5. inadequate irrigation after 8-9 months. 

Disease Control 

Lime at 2 T/A caused appreciable reductions in guava seed disease 

at two localities. However, Parris (1941) didn't recommend liming for 

disease control because its effects were inconsistent. His only 

recommendation to farmers was to plant disease-free material (Parris, 
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1941). Parris (1941) did suggest that breeding for resistance to 

corm rot might be the solution since taros of the Kai group seemed to 

possess resistance to both hard and soft rot. 

Calcium Nutrition of Plants 

and its Possible Relationship to Guava Seed Disease 

Calcium is required by all plants and is one of the most immobile 

of the essential plant nutrients. It is necessary for normal growth 

and elongation of roots. Sorokin and Sommer (1940) found that apical 

cells of garden pea roots rapidly degenerated in the absence of calcium. 

Since excess Ca isn't remobilized readily, root surfaces must be 

continuously spplied with adequate Ca levels in the soil solution 

(Loneragan and Snowball, 1969). 

Many authors maintain that the quantity of Ca required for normal 

growth of plant cells is in the micro range (Christiansen and Foy, 

1979; Jones and Lunt, 1967; Loneragan and Snowball, 1969; Ludders, 

1979; Wallace and Frohlich, 1966). Very low levels of Ca (3 to 50 µM) 

have been found to be adequate for normal development of roots, 

provided that toxic levels of Mg, Cu, Fe, Mn, and Zn are not present 

in the nutrient or soil solution. The requirement for Ca in either 

the soil or nutrient solution appears to be related to the ratio of 

Ca to total salts or total cations in solution, rather than Ca 

concentration alone (Geraldson, 1957a, 1957b; Gerard, 1971). 

Calcium Deficiency 

The typical symptoms of Ca deficiency found with plants grown in 

nutrient solution culture are stunting of the leaves, marginal blade 

chlorosis and necrosis, a die-back of the roots, and finally death 

of the growing shoots (Arnott and Pautard, 1970). In the field, Ca 
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deficiency is restricted to plant parts low in Ca, such as fruits, shoot 

apices, and storage organs (Kirkby, 1979). 

Calcium accumulates in older tissue because once deposited at a 

sink, it is rarely remobilized within the plant. There is a lack of 

correlation between Ca levels in apple leaves and fruit Ca deficiency 

disorders because of the localized nature of deficiency symptoms 

(Millaway and Wiersholm, 1979). Calcium within the plant may be 

adequate on a total plant basis, but if the Ca isn't available at the 

newer root and shoot tissues or expanding storage organs, localized 

deficiency symptoms will occur. Wiersum (1966) maintained that fruit 

and storage organs were particularly susceptible to Ca deficiency 

because of preponderance of the water supply via the phloem to these 

organs, while Ca moves exclusively in the xylem. Examples of Ca related 

disorders are cavity spot of carrots, internal browning of brussel 

sprouts, poor filling of peanuts, cork spot of pears and apples, 

blackheart of celery, blossom end rot of tomatoes, and tipburn of 

lettuce and sugarbeets (Shear, 1975; Woodbridge, 1971). 

Conditions Influencing Calcium Deficiency 

Calcium deficiency can be induced by applying fertilizers high 

in soluble cations other than calcium (Pearson, 1975). Gerard (1971) 

showed that the solution Ca requirement for root elongation increased 

with increasing salt concentration. 

Enhanced growth rates can result in Ca deficiency symptoms, 

especially when Ca levels in the soil or nutrient solution are low. 

Maynard and Barker (1972) found that internal browning of brussel 

sprouts occurred only when growth was enhanced at low Ca levels. 



10 

Restricted growth and low Ca levels didn't result in internal browning 

symptoms. 

Varietal effects on susceptibility to Ca deficiency were studied 

by Brumagan and Hiatt (1966). They found that tobacco varieties 

susceptible to Ca deficiency had higher oxalic acid concentrations 

relative to non-susceptible varieties. They hypothesized that precipi

tation of Ca oxalate in the stalk resulted in Ca deficiency in the 

inflorescence. 

Walker (1969) examined temperature effects on occurrence of Ca 

deficiency. He showed that Ca deficiency symptoms in maize increased 

with increasing soil temperatures from 22 to 35°c. The Ca concentration 

in the top half of the blades were found to be in the deficiency 

range. Chang et al. (1968) found similar results for tobacco and 

hypothesized that Ca was innnobilized in tobacco stems at higher 

temperatures, resulting in Ca deficiency in the terminal leaves and 

meristem. 

Role of Ca in Membrane Stabilization 

Calcium is reported to be involved in at least 20 specific 

biochemical processes in plants (Marschner and Gunther, 1964). Its 

primary function is generally agreed to be maintenance of membrane 

integrity which is necessary for ion uptake and retention (Christiansen 

and Foy, 1979; Epstein, 1972). 

Calcium is involved in stabilization of membranes against such 

stress factors as low pH, heat, cold, oxygen deficiency, and toxic 

ion levels (Christiansen and Foy, 1979). Calcium deficiency results 

in deficiency, and toxic ion levels (Christiansen and Foy, 1979). 
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Calcium deficiency results in disintegration of the plasmalemma and 

tonoplast, destruction of all cytomembranes, and accumulation of 

degenerative vesicles (Hecht-Bucholz, 1979; Marinos, 1962; Marschner 

and Gunther, 1964). 

Morre and Bracker (1976) found that a conformational change in 

the plasma membrane occurred in the presence of CaC1 and auxin. The
2 

plasma membranes treated with CaC1 were thicker than controls while
2 

those treated with auxin were thinner than controls. The Cac1
2 

effect occurred at 0-4°C, suggesting that Ca had a physical effect 

on membrane structure rather than a metabolic one. The nonmetabolic 

stabilization of membranes by Ca ions has been supported by the work 

of other researchers (Christiansen et al., 1970). 

Gary-bobo (1970) showed that in the presence of Ca, osmotic 

flow of water across artificial phospho-lipid membranes decreased 

and he attributed this effect to decreased membrane porosity. Garrard 

and Humphrey (1967) hypothesized that Ca links certain membrane 

anionic groups together to form bridges between structural units. 

Since the permeability properties of membranes is determined by the 

size ofthe pore and the size of the molecules, it is possible that 

Ca affects the pore radius of membranes. 

Poovaiah (1979a, 1979b) showed that Ca delayed leaf senescence 

in corn leaf discs and prevented membrane leakage in beet root 

slices treated with ethephon. He interpreted these effects as being 

due to Ca maintenance of cell wall structure and membrane integrity. 

Paul and Goff (1973) found that Ca deficiency blocked cell plate 

formation in onion roots. Since they found a very similar effect with 
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caffeine, they postulated that Ca, ATP, and a Ca or Mg-activated 

ATPase are necessary for membrane fusion. Caffeine is known to 

release membrane-bound Ca and to inhibit a Mg-stimulated ATPase. The 

release of Ca and ATP from the membrane results in membrane destabili-

zation which is a prerequisite for membrane fusion. 

Role of Ca in Maintenance of Cell Wall Structure 

Calcium is a structural part of the cell wall and is present in 

the form of calcium pectates, which cross-link to form a rigid 

lattice-work (Millaway and Wiersholm, 1979). This process of cross

linkage increases the resistance of the tissue to infection, probably 

by increasing the resistance of the walls to degradation by pathogen

produced polygalacturonidase (Jones and Lunt, 1967). Field studies 

have shown that Ca fertilizer reduces the incidence of certain 

pathogenic diseases in cotton and tomatoes (Millaway and Wiersholm, 

1979). 

Gerard and Hinojosa (1973) found that Ca was essential to the 

development of thick cell walls in the stele of cotton roots. 

Dickinson and McCollum (1964) showed that Ca had a strengthening 

effect on tomato fruit tissue and they attributed the firming effect 

to the formation of Ca pectates. 

Arnott and Pautard (1970) stated that Chlorella has little 

pectin present in the cell wall and this algae can grow on very small 

amounts of calcium. Spirogyra has a high Ca requirement as well as 

large amounts of pectin in the cell wall. Perhaps Ca is a macro

nutrient only in plants with cell walls composed of Ca pectates. 
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Other Roles of Ca in Plant Nutrition 

Calcium has also been found to be necessary for the proper 

functioning of growth hormones (Cooil and Bonner, 1956). It has been 

recently demonstrated that auxins require attachment to a specific 

membrane site and Ca operates in this binding of auxin (Poovaiah 

and Leopold, 1976). 

Calcium is also postulated to have a role in binding to ribo

nucleic protein (Jones and Lunt, 1967). Sorokin and Sommer (1940) 

found chromosome abnormalities associated with Ca deficiency. 

Steffensen (1958) found that decreased Ca levels resulted in increased 

frequency of x-ray induced chromosome breaks. 

Calcium Uptake and Translocation 

It is generally agreed that Ca moves primarily with water into 

the root tissues (~lillaway and Wiersholm, 1979). The plant transpira

tion rate and Ca uptake are highly correlated (Marschner, 1974). 

Calcium movement in the plant is unidirectional, moving from 

the roots to the young shoot tissues (Hanger, 1979). Once deposited 

in the leaf tissue, Ca isn't recycled in most annual plants even 

under Ca stress (Arnott and Pautard, 1970; Hanger, 1979). 

Ferguson and Clarkson (1976) showed that the pattern of uptake 

and translocation of Ca and Mg was very similar. Both cations 

appeared to move across the root cortex primarily in the free space. 

Suberization of the endoderrnis greatly reduced uptake of either ion. 

Thus, the main site of Ca and Mg uptake is at the growing root tip 

where the suberized endoderrnis is absent (Kirkby, 1979). 

Calcium is thought to move up the xylem by a series of ion 

exchange reactions along negatively charged sites on the vessel walls 
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(Biddulph et al., 1961; Hanger, 1979). Movement can be promoted by 

the presence of divalent cations and by chelation of Ca. 

Marschner (1974) maintained that the immobility of Ca in plants 

is due to its inability to move in the phloem. The high pH and high 

phosphate concentration in the phloem would precipitate Ca, thus 

interfering with phloem transport. 

Calcium is deposited in idioblasts, mostly in the form of 

oxalate or carbonate (Arnott and Pautard, 1970). The steady accumula

tion of Ca oxalate, along with the i:mnobility of crystals over a long 

period has resulted in the prevailing opinion that the salt serves as 

a mechanism by which excess Ca or oxalic acid is removed from the 

tissues. 

and Other Ions 

Cations such as NH
4 

, K, and Mg depress uptake of Ca (Millaway and 

Wiersholm, 1979), and there is ample evidence that high levels of 

these ions can cause severe Ca deficiency (Geraldson, 1957a, 1957b; 

Hanger, 1979; Kawaski and Moritsugu, 1979; Ludders, 1979; Mostafa and 

Ulrich, 1976; Shear, 1972, 1971; Wilcox et al., 1977, 1973). It is 

unlikely that these cations would be competing for the same carrier 

bind site because of differences in size and structure of the ions. 

One explanation for the depressed uptake of Ca ions by NH and
4 

K ions was proposed by Kirky (1979). Cells produce anion equivalents 

which attract cations nonspecifically. Those cations absorbed the 

fastest (such as Kor NH ), neutralize these anion equivalents first
4

and reduce the electrostatic attraction for the uptake of other cation 

species (such as Ca). 
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Nitrogen can seriously affect the Ca balance in plants through 

its stimulation of rapid tissue growth which may create a Ca demand 

that cannot be met from the Ca available in the soil solution (Shear, 

1975). Nitrogen also promotes shoot growth often at the expense of 

root growth, which could limit the extraction of soil or nutrient 

solution calcium. 

Calcium has long been reported to interfere with the absorption 

of K, however Reitemeier (1951) showed evidence that Ca ions had the 

smallest effect on reducing K uptake while NH had the greatest
4 

effect, Jacobson et al. (1960), in fact, found that Cais required for 

the preferential uptake of K ions over Li or H when these competing 

ions are present in solution. There is evidence of a Ca-stimulated, 

membrane-bound ATPase which mediates K movement (Christiansen and Foy, 

1979). 

Magnesium and Ca are taken up and translocated along similar 

pathways, so it's not surprising that they interfere with each other. 

Mostafa and Ulrich (1976) showed that Mg interfered with Ca uptake 

and it was possible to induce Ca deficiency symptoms on sugarbeet with 

higher levels of magnesium. On the other hand, high concentrations 

of Ca interfered with Mg uptake but didn't induce Mg deficiency 

symptoms. 



II. CALCIUM NUTRITION OF TARO (COLOCASIA ESCULENTA (L.) SCHOTT) 

Introduction 

Taro (Colocasia esculenta (L.) Schott) contains relatively high 

amounts of calcium (Plucknett and de la Pena, 1971). Miller (1927) 

calculated that the daily adult requirement of calcium would be more 

than adequately met when taro comprised the bulk of the diet. The 

strong skeletons and excellent teeth of the ancient Hawaiians, 

despite a diet lacking milk, provide additional evidence that taro 

can supply the required calcium for human needs (Potgieter, 1940). 

The presence of calcium oxalate crystals in taro has long been 

recognized (Black, 1918), and the structure of the calcium oxalate 

raphides was described recently by Sakai and Hanson (1974). The 

function of calcium oxalate crystals is not known, but Arnott and 

Pautard (1970) suggested that storage of calcium in an inactive form 

allows -certain plants to tolerate high levels of calcium. 

Taro has a high calcium requirement and liming is beneficial 

in soils low in calcium (Plucknett and de la Pena, 1971); Kay, 1973), 

Chew (1971) reported increased tuber yields when acid peat soils were 

limed and he concluded that this response was partly due to the calcium 

and magnesium supplied by the lime. 

Low levels of soil calcium have been found in taro growing areas 

in Hawaii by the Soil Testing Service of the University of Hawaii, 

Manoa. Although liming is reconnnended, little research has been done 

on the growth response of taro to calcium. This study was designed to 

characterize calcium deficiency symptoms and plant tissue levels of 

calcium in taro. 
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Materials and Methods 

This experiment was conducted from July to August, 1978 in a 

greenhouse whitewashed to reduce light intensity to 70% of full 

sunlight. The taro plants were grown in glazed 10 liter ceramic 

crocks using a modified Hoagland's solution (Hoagland and Amon, 

1938). Micronutrients were one-fourth strength and iron was supplied 

from CIBA-Geigy Sequestrene 330 Fe. 

The experimental design was a randomized complete block with 7 

Ca levels and 3 replicates. Within each block, the taro 'hulis' 

(vegetative propagating material consisting of approximately the 

upper 0.5 cm of the corm plus 20 cm of the petioles) were selected 

for uniformity on the basis of fresh weight. The seven levels of 

Ca were 0.05, 0.10, 0.20, 0.50, 1.00, 4.00, and 20.00 parts per 

million (ppm) in the modified Hoagland's solution. In solutions 

where the concentration of Ca was less than 20 ppm, nitrogen was 

maintained by substituting NH No for Ca(N0 ) •
4 3 3 2 

One-tenth strength modified Hoagland's solution was continuously 

dripped into the crocks from a 50 liter reservoir at a rate of 2.4 

liters per day. A constant head device maintained a fairly constant 

flow rate of nutrient solution and flow rates were checked daily. 

Overflow tubes maintained a constant level as air was continuously 

bubbled through the solution. 

The taro cultivar grown in this experiment was 'Lehua maoli', 

the primary connnerical cultivar in Hawaii. 'Hulis' were supported 

on 2 crossed rubber strips that were suspended in the nutrient solution. 
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The plants were harvested after 7 weeks of growth at which time 

the shoot tips of several plants had died in the low calcium solutions. 

All blades on a plant were composited for tissue analysis. Petioles 

on a plant were separated on the basis of age, analyzed and the 

results composited. Roots and the corm on a plant were composited for 

tissue analysis. 

Plant tissue analyses were carried out at the Plant Tissue 

Testing Lab at the University of Hawaii, Manca. Tissue nitrogen was 

measured using the micro-Kjehldal method of Suehisa and Deputy (1979). 

Plant tissue levels of P, K, Ca, Mg, S, Si, Na, Cl, Mn, Fe, Cu, and 

Zn were determined with an Applied Research Laboratories vacuum x-ray 

fluorescence quantometer, model 72000. 

Results 

Calcium deficiency symptoms were observed on taro grown in 

solutions containing 1.0 ppm Ca or less. With mild Ca deficiency 

(1.0 ppm Ca), a slight interveinal chlorosis was evident on the leaf 

blades. As Ca concentrations in the solution decreased, plant 

tissue levels decreased (Figure 1) and visual deficiency symptoms 

increased in severity (Figure 2.). The leaf blades of moderately 

Ca-deficient plants (0.50 ppm Ca) were extremely chlorotic in inter

veinal areas with some necrosis and the blades appeared cup-shaped 

(Figures 2A, 3A). With severe Ca deficiency (0.05 to 0.20 ppm Ca), 

the leaf blades failed to unfurl and the growing point died in several 

plants (Figure 3B). 

Calcium deficiency symptoms of taro were also marked by severe 

stunting of the plant, and drooping of the petioles at the lower Ca 
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Explanation of the Following Figures 

Figure 2. Effect of Ca levels on the growth of taro. Note the 

stunting of taro plants grown at Ca levels of 0.05 to 

to 0.50 ppm in solution (A) as compared with those grown 

at Ca levels of 1 ppm and above (B). 
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Figure 3. Symptoms of Ca deficiency. Marginal and interveinal 

chlorosis and necrosis can be seen on the leaf blades 

(A). Note the drooping petioles and failure of the 

leaf blades to unfurl (B). 
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levels (Figures 2A, 3B). Calcium deficiency also resulted in die-back 

of the roots and reduced mother conn size. The mean number of 

connels increased significantly with Ca in solution from 2 at 0.05 

ppm Ca to a maximum of 5 at 4.0 and 20.0 ppm Ca (Table 1). Total 

dry weight of the plant increased with Ca in solution to a maximum 

at 4.0 ppm, which corresponded to a Ca concentration of 0.57% dry 

weight in the leaf blades (Figure 4). Total plant dry weight decreased 

slightly at 20.0 ppm Ca in solution (Table 1). 

Calcium concentration in plant tissues increased linearly with 

increasing Ca in solution (Figure 1). Leaf blades had the highest 

rate of increase in Ca concentration with increasing Ca in solution, 

petioles were intermediate, and roots the lowest. Calcium concentra

tion in the petiole increased with age of the petiole (Table 2). 

Petiole 1 was from the youngest fully unfurled leaf, and petioles 

2, 3 and 4 were from progressively older leaves. 

The concentration of many nutrient elements was found to 

decrease with increasing Ca in solution. However, it was necessary 

to separate actual Ca interference with nutrient uptake or transloca

tion from dilution effects due to increased growth. Comparisons of 

tissue nutrient levels were limited to plants grown with 4.0 and 20.0 

ppm Ca in solution, because no significant difference was found in 

the growth of taro at these Ca levels (Table 1) and Ca concentration 

in the plant tissues was significantly higher in plants grown with 

the higher level of calcium (Table 3). 

Magnesium was the only element that decreased significantly in 

both leaves and petioles of plants as Ca in solution increased from 
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Table 1. Effects of Ca in solution on total plant dry weight of taro 

and corm.el number. 

Ca in solution, ppm Plant d£! weight 2 g Number of cormels 

0.05 7.5a 2.0a 
0.10 8.3a 3.0ab 
0.20 8.6a 3.3ab 
a.so 14.0ab 4.Qab 
1.0 16.Sab 3.7ab 
4.0 27.4b 5,0b 

20.0 22.lab 5.0b 

1 Means in a column followed by the same letter are not significantly 
different (95% probability level) as determined by the Studentized 
range test (Snedecor and Cochran, 1967). 
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Table 2. Calcium concentration in petioles of taro grown with 

4.0 ppm calcium. 

Petiole Number 1 2 3 4 

1Ca, % dry wt. 0.20a 0.26a 0.35b 0.37b 
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l 

Table 3. Effect of Ca in solution on tissue Ca concentration of 

taro. 

Ca in solution, ppm Ca 2 % Drz weight
1 

Blade Petiole Root 

0.05 0.17a 0.06a 0.19a 
0.10 0.14a 0.06a 0.23a 
0.20 O.lOa O.lOa 0.24a 
a.so 0.18a 0.09a 0.23a 
l. 0 0.25a 0.20a 0.25a 
4.0 0.57a 0.25a 0.29ab 

20.0 2.09b 1.17b 0.74b 

Means in a column followed by the same letter are not significantly 
different (95% probability level) as determined by the Studentized 
range test. 
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4.0 to 20.0 ppm (Table 4). Magnesium concentration in the roots 

increased significantly with increasing Ca in solution. 

Discussion 

Calcium deficiency symptoms of taro are typical of such symptoms 

found on other plants (Arnott and Pautard, 1970; Spense and Ahmad, 

1967). The inability of leaf blades to unfurl, wrinkling of leaf 

blades due to bands of necrotic tissues, collapse of petioles, 

die-back of roots, and death of the growing point are commonly 

described Ca deficiency symptoms. 

Luxury consumption of Ca was demonstrated with taro at 7 weeks. 

As Ca concentration in the leaf blades increased from 0.57% to 2.09% 

(dry weight), total dry weight of the plants decreased slightly 

(Figure 4). The high levels of Ca in the plant tissues seemed to 

have interfered with translocations of Mg, and this could account for 

the slightly decreased growth. Other experiments have shown that Ca 

interfered with Mg transport to the shoot, while Mg accumulation by 

root tissues was less affected (Jackson, 1967). The data for taro 

are in agreement with those from previously reported experiments. 

An inadequate supply of soil calcium could reduce commercial 

yields of taro by reducing corm size and number of cormels. Tissue 

sampling could be used to.diagnose this problem in the field. The 

leaf blades are probably the best index tissue because of their 

sensitivity to changes in Ca levels in the external solution (Figure 

1). Since Ca concentration in the petiole increased with age of the 

petiole (Table 2), and since it is well known that Ca tends to 



30 

" 

Table 4. Effect of calcium in solution on plant magnesium levels 

of taro. 

Ca in Mg, % dry wt. Total, mgsolution, 
ppm Blade Petiole Root Blade Petiole Root 

4.0 0.51 0.43 0.29 50.58 36.85 22.62 
20.0 0.41 0.34 0.74 21. 94 17.37 42.70 

* * * * * n. s. 

* Means are significantly different (95% probability level) as 
determined by ANOVA. 

n.s. Means are not significantly different. 
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accumulate in older tissues (Millaway and Wiersholm, 1979), it is 

likely that Ca concentration in the blade would also increase with 

age of the blade. Thus, blade 3 or 4 is probably the best tissue to 

sample for plant Ca levels because of higher Ca content. 

The critical level of Ca in the leaf blades was determined by 

plotting two perpendicular lines, one parallel with the x-axis and 

the other with the y-axis, so that a minimum number of observations 

were in the upper left and lower right quadrants (Cate and Nelson, 

1965). The critical concentration of 0.4% Ca on a dry weight basis 

(Figure 4) was estimated by the point of intersection of the 2 lines. 

However, further work in the field needs to be done to correlate 

commercial yields with plant tissue analyses at different plant ages. 

Summary 

Calcium deficiency symptoms on taro, Colocasia esculenta (L.) 

Schott cv. 'Lehua maoli', grown in nutrient culture for 7 weeks, were 

leaf blade interveinal chlorosis and necrosis, failure of the leaf 

blades to unfurl, collapse of petioles, die-back of roots, and 

ultimately death of the growth point. The critical level of calcium 

in the leaf blades was 0.4% on a dry weight basis for 7 week-old 

plants. The best indicator tissue was the blade of the third or fourth 

leaf because of its greater sensitivity to changes in calcium levels. 



III. CALCIUM NUTRITION OF TARO, 

COLOCASIA ESCULENTA (L.) SCHOTT, 

AND ITS POSSIBLE RELATIONSHIP TO GUAVA SEED DISEASE 

Introduction 

Taro (Colocasia esculenta (L.) Schott) produces edible corms and 

cormels which are rich in starch (Kay, 1973; Plucknett et al., 1970). 

Guava seed disease of taro is characterized by the development of 

corky tissues in the corm (Parris, 1941). No disease organism has 

been found to be associated with this disease, despite repeated isola

tion attempts and microscopic examinations of diseased tissues 

(Parris, 1941; Trujillo, 1979). This disease reduces the marketable 

yield of taro,because those portions of the corm affected by the 

disease are discarded. 

Parris (1941) reported that liming at 2 T/A decreased guava seed 

disease incidence at 2 localities. However, he didn't recommend liming 

for disease control because of its inconsistent effects on disease at 

other localities. 

Low levels of soil Ca have been found in taro growing areas by 

the Soil Testing Service of the University of Hawaii, Manoa. Although 

liming is recommended little research has been done on the Ca nutrition 

of taro. This study was carried out with three objectives: (1) to 

determine the growth response of taro to calcium; (2) to study the 

effects of excess nitrogen fertilization on Ca nutrition of taro; and 

(3) to determine whether guava seed disease could be induced by low 

levels of calcium, high levels of nitrogen, or a combination of the two. 
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Materials and Methods 

This experiment was conducted from August 1978 to March 1979 in 

a greenhouse whitewashed to reduce light intensity to 70% of full sun

ling. The taro plants were grown in glazed 20 liter ceramic crocks using 

a modified Hoagland's solution (Hoagland and Arnon, 1938). Modifications 

were as follows: micronutrients were one-fourth strength and iron was 

supplied from CIBA-Geigy Sequestrene Fe 330. 

Hoagland's solution was continuously dripped into the crocks from 

a 50 liter reservoir at a rate of 2.4 liters per day. A constant head 

device maintained a fairly constant flow of nutrient solution and 

flow rates were checked daily. Overflow tubes maintained a constant 

level as air was continuously bubbled through solution. 

The taro cultivar grown in this experiment was 'Lehua maoli', the 

primary commercial cultivar in Hawaii. The plants were supported on 

sections of plastic "egg crate" light diffusers which were cut to the 

diameter of the crocks and suspended in the nutrient solution. The 

supporting frames were adjusted to keep the corms submerged. 

The experimental design was a randomized complete block with 4 

levels of calcium (Ca), 2 levels of nitrogen (N), and 6 replicates. 

Within each block, the taro 'hulis' (vegetative propagating material 

consisting of approximately the upper 0.5 cm of the corm plus 20 cm of 

the petioles) were selected for uniformity on the basis of fresh 

weight. 

For the first 3 months of growth, one-tenth strength Hoagland's 

solution was adjusted to contain 1, 2, 4, and 20 parts per million 

(ppm) of Ca while the two levels of N were 21 and 100 ppm (see Table 1). 



Table 1. Dates of the samplings, harvests, and changes in nutrient concentration used for the 
solution culture of taro. 

Strength of Hoagland's 
Date Month Activity Solution ca. ppm N, ppm 

Aug.IO - Sept.9 1 one-tenth 1,2,4,20 21,100 

Sept, 10 - Oct. 9 2 one-tenth 1,2,4,20 21.100 

Oct.10 - Nov. 4 3 one-tenth 1,2,4,20 21,100 

Nov. 4 3 Sample 

Nov. 5 - Dec. 4 one-fifth 2,4,8,40 42, 424 

Dec. 5 - Jan. 6 5 one-fifth 2,4,8,40 42, 84 

.Jan. 6 5 Sample 

Jan. 7 - Feb 7 6 one-fifth 2,4,8,40 42, 84 

Feb. 7 6 Harvest 

Feb. 8 -March 11 7 one-tenth 1,2,4,20 21, 42 

March 12-April 12 8 one-tenth 1,2,4,20 o. 0 

April 12 8 llarvest 
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In solutions where the concentration of Ca was less than 20 ppm, N was 

maintained by substituting NH No for Ca(N0 )
2

. In solutions where
4 3 3

the level of N was 100 ppm, NH No was added.
4 3 

The lower N treatment had the same level of solution N as 

Hoagland's solution, and so was considered to be an adequate level. 

The higher N treatment had 5 times the solution N level in the lower 

N treatment, and so was considered to be an excess level. 

The levels of K, Ca, and Mg in the crocks were monitored weekly. 

By the end of 3 months, the levels of solution Kin the crocks with 

rapidly growing taro plants were extremely low (0.1-0.2 ppm) and so 

Hoagland's solution was increased at the beginning of the fifth month 

from one-tenth to one-fifth strength. Thus, the Ca levels in the 

stock solution increased to 2, 4, 8, and 40 ppm. 

The N levels in both N treatments were maintained at 42 ppm for 

the duration of the fourth month, because Ca deficiency symptoms were 

so severe at the higher N treatment and two lower Ca treatments that 

the shoot tips were dying. The higher N treatment was increased to 

84 ppm at the beginning of the fifth month, twice that of the lower 

N treatment. 

Following the harvest of three replicates after 6 months, 

Hoagland's solution was decreased from one-fifth to one-tenth strength, 

to promote corm maturation. In commercial taro fields, all fertilizers 

are applied by 6 months after planting. Guava seed disease in the 

fields occurs particularly during the maturation phase after 6 months 

growth when taro leaf area is decreasing and the corm is expanding. 

After 7 months, no Nor K was added to the nutrient solution. 

The levels of Ca and P were maintained by substituting CaC1 for2 
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The third youngest fully expanded leaf was harvested for tissue 

analysis after 3 and 5 months of growth. Three of the 6 replicates 

were harvested after 6 months and the other 3 after 8 months. Leaves 

1 to 4 were sampled at the time of harvest. Leaf 1 is the youngest 

fully unfurled leaf and leaves 2, 3, and 4 are consecutively older. 

The corms were examined for incidence of guava seed disease, and corm 

starch content was determined by the method of Allen et al. (1974). 

The standards for starch analysis were prepared using commercially 

available St. Vincent arrowroot (Maranta arundinacea) starch. Dry 

weights were obtained by placing the plant samples in drying ovens at 

55
0 

C for one week. 

Plant tissue nutrient element analyses were carried out at the 

Plant Tissue Testing Lab at the University of Hawaii, Manoa. Tissue 

nitrogen was measured using the micro-Kjehldal method of Suehisa 

and Deputy (1979). Plant tissue levels of P, K, Ca, Mg, S, Si, Na, 

Cl, Mn, Fe, Cu, and Zn were determined with an Applied Research 

Laboratories vacuum x-ray fluorescence quantometer, model 72000. 

The Mitscherlich growth equation (Tisdale and Nelson, 1975) was 

used to describe the response of taro to blade Ca levels. The equation, 

y = (1 - exp(-B * x)), was fitted to the data and the coefficientsB0 1 

were calculated. The coefficient B is the maximum yield and the0 

coefficient B is a measure of the slope of increasing yield with
1 

increasing blade Ca when y is yield and xis blade calcium. 

Results and Discussion 

Calcium deficiency symptoms on taro plants grown with 1 and 2 ppm 
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solution Ca were similar to those described previously in Chapter II. 

The plants were stunted, the roots were discolored, the leaf blades 

were interveinally chlorotic and necrotic, and the petioles drooped. 

The leaf blades tended to be cup-shaped and brittle, tearing readily 

under slight pressure. 

Leaf Sample at 3 Months 

From planting to sampling after 3 months of growth, one-tenth 

strength Hoagland's solution was used. The 4 solution Ca levels were 

1, 2, 4, and 20 ppm while the 2 solution N levels were 21 and 100 

ppm. 

The higher N treatment and 2 lower Ca treatments resulted in ex

tremely stunted and chlorotic plants. Due to inadequate blade and 

petiole dry weights at these treatments, replicates were composited 

for tissue analysis. 

For statistical evaluation of N, Ca, and N by Ca interaction 

effects, only data from the two higher Ca treatments (4 and 20 ppm) 

and the two N treatments were analyzed (Table 2). The higher N 

treatment combined with the 2 lower Ca treatments had an insufficient 

number of replicates and so the 2 lower Ca treatments were not 

included in this analysis of variance (Table 2). Then for a more 

complete picture of the effect of all levels of Ca, data from the 

lower N treatments was analyzed separately (Table 3). 

Increased solution N resulted in significant decreases in leaf 

(both blade and petiole) dry weight and leaf Ca concentration (Table 2). 

This depression in growth with high amounts of solution N was likely 

due to decreased Ca uptake caused by high levels of NH ions present.4 



Table 2. Effects of solution N and Ca on the dry weight and nutrient content of the third blade 
of taro at 3 months. 

Variable Main Effects Interaction Effect • 

N, ppm Ca, ppm ppm 
21 100 20 20 

Dry wt., g 
Blade 3.4* l. 9 2.0* 3.2 
Petiole 2.2 1.1 1. 3 2 .0 

Ca,% dry wt. 
Blade 1.23* 0.78 0.50* 1.52 0.63c 1.83a 0.37d 1.20b 
Petiole 0.76* 0.56 0.29* 1.02 0.31c 1.20a 0.27c 0.84b 

N, % dry wt. 
Blade 4.4* 5.2 5.0* 4.6 
Petiole 2.8* 4.4 4.2* 3.0 

K, % dry wt. 
Blade 4.1* 4.5 4.5* 4.0 
Petiole 6.0* 7.4 7.4* 6.0 

Mg, % dry wt. 
Blade 0.38 0.33 0.42* o. 30 
Petiole 0.57 0.48 0.56* 0.49 0. 76a 0.38c 0.35c 0.60b 

Means for the N and Ca main effects are significantly different at the 95% probability level as 
determined by ANOVA. 

Means in a row followed by the same letter are not significantly different at the 95% probability 
level as determined by Duncan's multiple range test. 

2 Means for all treatments are included only if the interaction effect is significant at the 95% 
probability level as determined by ANOVA. 

l 



Table 3. Effects of solution Ca on the dry weight and nutrient 
content of the third leaf at 3 months. 

1
Variable Ca, ppm 

1 " 4 20'" 
Dry wt., g 

Blade 1. 7c 2.lc 3.0b 3.8a 
Petiole 0.9c 1. 2c 1.8b 2.6a 

Ca, % dry wt. 
Blade 0.15d 0.31c 0.63b 1.83a 
Petiole O.llc 0.20bc 0.31b 1.20a 

Total Ca, mg 
Blade 2.4d 6.3c 18.9b 69.2a 
Petiole l.lc 2.Sc 5.7b 29.8a 

N, % dry wt. 
Blade 4.3bc 4.7a 4.6ab 4.2c 
Petiole 4.2a 4.0a 3.4a 2.2b 

Total N, mg 
Blade 72.0b 100.0b 138.0a 158.0a 
Petiole 38.0a 48.0a 61.0a 57.0a 

K, % dry wt. 
Blade 4.7ab 4.9a 4.4b 3.7c 
Petiole 9.2a 8.6ab 7.lb 5.0c 

Total K, mg 
Blade 78.0c 103. Obc 131.0ab 142.0a 
Petiole 83.0a 103.0a 129.0a 130.0a 

Mg, % dry wt. 
Blade 0.52a 0.59a 0.48a 0.29b 
Petiole O.Slbc 0.65ab 0. 76a 0.38c 

Total Mg, mg 
Blade 8.3b 12.2ab 14.7a 10.9ab 
Petiole 5.3b 8.6b 14.la 9.7b 

1 Numbers in a row followed by the same letter are not significantly 
different at the 95% probability level as determined by Duncan's 
multiple range test. 
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4 

Plants grown with the higher N level and low Ca levels appeared to 

have more severe Ca deficiency symptoms than those grown with the 

lower solution N levels and low Ca levels. 

There is ample evidence in the literature that high levels of 

NH salts can cause severe Ca deficiency (Hanger, 1979; Shear, 1972; 

Wilcox et al., 1977, 1973). The NH ions can interfere with the
4 

absorption of Ca ions by neutralizing plant anion equivalents which 

attrach solution cations (Hanger, 1979). 

Increased solution N also resulted in significant increases in 

leaf N and K concentrations (Table 2). The increased leaf K concen

tration with increased solution N was probably due to luxury con

sumption of Kat the higher N treatment where growth was retarded. 

Total Kin the blade (blade K concentration times blade dry weight) 

decreased significantly from 137 milligrams (mg) at the lower N 

treatment to 84 mg at the higher N treatment. 

As solution Ca increased, significant decreases in leaf (both 

blade and petiole) N and K concentrations occurred. These decreases 

were probably due to dilution effects caused by increased growth 

with increasing solution calcium. There was no significant difference 

in total Nor Kin the petiole, while total Nor Kin the blade 

increased significantly with increasing Ca in solution (Table 3). 

Magnesium concentration in the leaf increased with increasing 

solution Ca up to 2 or 4 ppm and then decreased at 20 ppm (Table 3). 

Total Mg in the leaf showed a significant increase up to 4 ppm Ca in 

solution and a subsequent decrease at 20 ppm (Table 3). This 

decrease in total Mg was significant for the petioles but non

significant for the blades. It seemed that Mg uptake or translocation 
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was inhibited at very low and very high solution Ca levels. 

As solution Ca increased, significant increases occurred in 

leaf dry weight and leaf Ca concentration (Table 3). A significant 

N by Ca interaction was found in leaf Ca concentration (Table 2). 

The rate of increase in leaf Ca with increasing levels of solution 

Ca was significantly less at the higher N treatment compared with the 

lower N treatment (Figures 1, 2). 

Since the higher N treatment had a stunting effect on growth, 

which obscured the Mitscherlich type of growth response to solution 

Ca, only data from the lower N treatment was fitted to the growth 

curve equation to estimate the critical tissue Ca concentration 

(Figure 3). The critical Ca concentration of the third blade at 

3 months, the Ca value at 95% of maximum blade dry weight, was 

estimated to be 0.8% on a dry weight basis. 

This method of estimation of the critical tissue level for Ca 

is valid only if a high correlation exists between third blade dry 

weight and corm yield at harvest. Corm yield is determined by a 

series of blade dry weights over a fairly long period of time 

(6-12 months), however blades are much shorter-lived plant organs 

and reflect environmental conditions and nutrient status over only a 

2
month. Moreover, although the r value for curve fitting using the 

Mitscherlich equation is significant at the 95% probability level, 

it is not sufficiently high to permit one to make predictions about 

critical levels of tissue Ca with confidence. 

Leaf Sample at 5 Months 

Rapid growth of the plants during the first 3 months resulted 
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in plants of such size that the nutrient in the crocks became 

depleted. To alleviate this problem, Hoagland's solution was raised 

to one-fifth strength after 3 months of growth. The 4 Ca levels 

were also increased to 2, 4, 8, and 40 ppm (Table 1). For the 

duration of the fourth month, both N treatments were 42 ppm, and then 

at the beginning of the fifth month, the higher N treatment was 

increased to 84 ppm Nin solution (Table 1). Leaf samples were 

taken at the end of the fifth month. Due to changes in N treatments, 

the blade dry weights and nutrient concentrations at the higher N 

level were probably in a state of flux, making it difficult to draw 

conclusions about N effects. 

Calcium deficiency symptoms were observed on plants grown at 

the 2 and 4 ppm levels of Ca even though the absolute amounts of 

solution Ca had doubled. This effect suggests that absolute amounts 

of solution Ca levels are not as important as the relative proportion 

of Ca ions to total cations, in determining solution Ca requirements. 

The plants increased greatly in size between 3 and 5 months of 

growth. The blades doubled in dry weight while petioles tripled or 

even quadrupled in dry weight from 3 to 5 months (Tables 2, 4). 

Plants grown with the higher N levels no longer appeared greatly 

stunted relative to the lower N levels, and Ca deficiency symptoms 

appeared comparable at both N levels. 

The higher N treatment compared to the lower N treatment resulted 

in significant increases in leaf Ca concentration and blade N 

concentration (Table 4). The decreased leaf Ca concentration with 

the lower N treatment might be partly due to dilution effects caused 

by the increased plant dry weights at the lower N treatment relative 



-------------------------------------------------------------------------------------------------------

Table 4. Effects of solution N and Ca on the dry weight and nutrient content of the third blade of 
taro at 5 months. 

1 2 
Varlahle ____________ Hain Effects______________ Interaction Effect ' 

N, ppm Cn, ppm ___________JI_, YP!" -------- -- -----
21 42 

21 u 4 8 40 2 4 8 1,0 2 4 e 40 =-------------------- --------------------------------~---------

Dry wt., g 
Blade 6.1 * 4.9 J.4y J.8y 5.6-x 8. 811 J.8d ~.9c 6.6tt 9.2~ JiJd 2. 7d 4. 5cd 8.4/1 
Petiole 6.J* 5.1 2.8y J.6y 5. 7-,,. 10.,,w 2.6e 4. ]cl 7. Ir 11. 1 a J.OdP 2.7e 4. l,d 9.61, 

C:1, % dry wt. 
Blade 0.67* O.JSy o.42y 0.68x 2.04w 
Petiole 0.29* 0. l9y 0. 2 Jxy 0. 27x 0. 70w 

N, % dry wt. 
Blade 4. 3* 4. 9 4_7., 4.8w 4.7w 4.h 
Pet tole 2.2 2.4 4.0w 2. 7-,,. 1. 7y 0.9z 4. J:1 2.5c, 1.1,1 0.7d J.6nh 2.9hr 2_4c l.Od 

Total N, mg 
Blade 256.0 227.0 162 .Oc 182.0c 260.0b 362 .011 11,2.0d nJ.Oc 295.0h 161.0n !AZ.Ord 140.0d 225.0c 160.0a 
Petiole 1J9.0 122.0 107.0w 89.0w 92.0w AB.Ow 

R, % dry wt. 
Blade J.9 J.8 4. Jw 4. Jw J.Bw J.Ox 
Petiole 4.4 4.1 7.2w 5.0-x J.4y 1. 7z R.Oa 4. 9c 2 .Ad I.AdP 6.1,1, 5.lc 4.0c l.6e 

Total R, ml! 
Blndl' 232.0* 165.0 145.0c 176.0bc 212.01, 263.0a 134.0d 245.0nb 248.0nh 302 .On 156.0cd 106.0d 175.0bcd.224.0bc 
Pet tole 277.0* 209.0 196.0v 166.0w 1R6.0w 175.0w 206.0a 206.0a 196.0n 198.0n 186.0ab 126.0c 176.0nl, 151.01,c 

Hg,% dry wt. 
Blade 0.4J 0.47 0.45x 0.60w 0.50wx o. 26y 
Petiole 0.24 0.32 0. ]Ox 0.16w O.JO-x o.t7y 0.2Jde O. Jibe 0. 25cd 0. 16e 0.J7ah 0.41A 0.J6nh 0.l7e 

------------------·--- -·------- -----------------.----
Heann for the N m:tfn effect nre nigntffcantly different nt the 95% prohnhility level an determined l,y ,\NOVA. 

Heana in" row followed 1,y the same Jetter are not 9{gntrlcantly different at the 95% prohabiltty level na determined 1,y lluncnn's multlplP 

2 Heans for All tre:1tmentn nre tndude<l only tr the fnter!lctlon errect is significant at the 95% prohahflfty level as determined hy ANOVA. 
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to the higher N treatment. 

As solution Ca increased leaf dry weight increased significantly 

in a curvilinear fashion (Figure 4). Increasing levels of solution 

Ca also resulted in significant increases in leaf Ca concentration, 

and significant decreases in leaf N and K concentrations (Table 4). 

The decreases in leaf N and K concentrations were probably due to 

dilution effects since total N and Kin the petiole were not 

significantly different at the 4 solution Ca levels and total N and 

Kin the blade increased significantly with increasing Ca in solution 

(Table 4). 

Since the higher N treatment had depressed leaf growth, obscuring 

the·Mitscherlich type of growth response to Ca, particularly at the 

lower Ca levels, only data from the lower N treatment were fitted by 

the growth equation (Figure 5). The critical Ca concentration in the 

third blade at 5 months, the blade Ca value at 95% of maximum blade 

dry weight, was estimated to be 0.7% on a dry weight basis (Figure 5). 

This estimate of the critical blade Ca at 5 months was very similar to 

the estimate at 3 months which was 0.8% Ca on a dry weight basis 

(Figu~e 3). 

Harvest at 6 Months 

During months 4 to 6, one-fifth strength Hoagland's solution was 

used and the four levels of solution Ca were 2, 4, 8, and 40 ppm 

(Table 1). The two levels of solution N during months 5 to 6 were 

42 and 84 ppm (Table 1). Blade dry weights at the 6 month harvest 

were the same as at the 5 month sampling (Tables 4, 5). Petiole 

dry weights increased about 1.5 times over the same time period 

(Tables 4, 5), perhaps due to shading by neighboring plants. 



-------

12 _... 
PETIOLE, N, 

c,, ---
10 --

(/) - PETIOLE,N, _..cJ 

r- -z 
0 

B5-
IO 

~ 
I<) 6 
u. 
<( 

~ 
u.. 40 

i--: 
~ 

>-
0: 2 
0 

___J 

0 IO 20 30 40 

Co IN STOCI< SOLUTION, ppm 

Figure 4. Changes in dry weight of the third leaf of taro at 5 months with changes in Ca levels 

in solution. 



·-----------

N 

•Cit 
• 

~ 

.,; 0 
o-
E • 

U') 

•1; ID I 
If') I • 

• I 
I~ '° 

C •:0 • I 
.... I 

I0 
I 

~ I 
..,.: I 

IIt 
I 
I 
I>, 

8N° 
t 
I 
I 
I ' I 
I 
t 

.5 I.O 1.5 2.0 

Co In blade 3 ol 5 months, % dry wt. 

Figure 5. Relationship between the Ca concentration and the dry weight of the third blade of taro 

at 5 months. Equation for the curve is y = 8.47(1 - exp(-4.45 * x)), r 
2 

= 0.65. 

The critical level of the third blade Ca at 5 months is 0.7% Ca on a dry weight basis, 

which is the tissue Ca level at 95% of maximum leaf dry weight. 

http:exp(-4.45


50 

Calcium deficiency symptoms were observed on plants grown with 

the 2 lower Ca treatments. The leaf blade was chlorotic or necrotic 

interveinally and the plants were stunted. 

Root, Corm, Cormel and Leaf Dry Weights at 6 Months 

No significant N effects were found on dry weight of roots, corm, 

or cormels after 6 months of growth (Table 5). Increasing solution 

Ca resulted in significant increases in the dry weights of roots, 

corms, and cormels (Table 5, Figure 6). Dry weight of the roots 

reached a maximum near 8 ppm Ca in solution with little increase in 

weight at 40 ppm calcium (Figure 6). 

Significant N by Ca interactions existed for dry weights of 

roots, corms, and cormels (Table 5, Figure 7). Dry weight of the 

roots increased 7 times from 2 to 8 ppm Ca in solution at the lower 

N treatment, whereas at the higher N treatment, root dry weight 

increased only 2 times over the same solution Ca range (Table 5). 

Similar trends can be found for dry weights of the corms and the 

cormels (Table 5). 

The higher N treatment seemed to interfere with a Mitschlerlich 

type of growth response to solution Ca levels. From planting to 3 

months,the higher N treatment had 5 times the level of N as the 

lower N treatment. Leaf dry weight at 3 months significantly 

decreased with increased solution N probably as a result of the 

decreased leaf Ca content with increased solution nitrogen (Table 2). 

At the 6 month harvest, no significant effect of N was found on 

dry weight or Ca concentration of leaves 1 to 3, except for blade 1 

which had a significantly greater Ca concentration at the lower N 



Table 5. Effects of solution Ca and Non taro dry weight and tissue N and Ca concentration at 6 months. 

Varfah le ______ tlain_Effects _________________ ----·-------------·--- _l_nte_r-a_c_t_~o..!'2.f_f~c:_C'!___________________ _ 
________ --------------- _______N,_ ppm_____ ---·-·-----

1
N, ppm 

---- ____ :~.__'.'pm _______ --- --- ----=--=--=---------_-_ --c;~_j,_£m ===---~---_--_- ==- -_--_-_--_:--:-c/::.rrm---_ - -- =-
_]_l__ - 42 ___ 2 _________ 1,_______ 8 _____ 1,0 ____ 2 __ 4 ----- 8 ______ 40 ______?___ ___ 4 ______ 8 _____ 40-

!Jry wt., R 
Ahde I ,, . 2 J.8 2. 4y J. Jxy J.9x 6. 2w 
retlole 9. I 10.0 s. Jy 7.ly 8.8w 17.7w 
Blad<' 2 5.1, 4.9 J.Bx J.7x t,. Bx 8.lw 
Petlole 2 9.0 7. 7 5.0y 5.Sxv 8.0x 14.9w J.Jd 6 .l,cd 10. 2h If,. Oa ,, . 6.-rl 5-8rd 11.Aa 
Blad<' 3 5.4 4.8 J.Bx J.Bx 4.9x 8.0w 
Petlole 3 8.1 7.6 4.Sx 5.0x 7 .1,x 14.5w 
Blad" 4 5.6 4.7 J.h J.6x 5.lx 8.t,w 
r.. tJo.le ,, 9.2* 7. J '1. Sy 5.ly 8.2x 15.Sw 
Root~ JJ.O 21.0 9.0y 23.0x 36.0w 39.0w 7.0c 20.0crl 52.0a 44.0ah 11.0e 18.0rle 21.. Ocrl<' )).Ohr 
Corm 95.0 62.0 21. Oy 45.0y 88.0x 158.0w 10.0d 59.0c 12).0h 187.0a JJ.Ocrl Jl. Orrl 54.0r lJO.Oh 
Cormels 63.0 65.0 Vi.Oy 58.0x 68.0x II 7 .Ow 5.0e 5 7. Ord 86.0hc 105.0nh 25.0rl<' 5R.Orrl 50.0r.rl 1 JO.Ila 

C;1, % dry wt. 
Bt"d" 1 ().4 7* o. JS O. lly 0.12y O. 26x 1.1 Sw 
retlole 0.22 0.19 0.06y 0.09xy 0.16x O. 51w 
Hinde 2 o. 58 o. 58 0.1 Jy 0.22xy o.40x 1. 55w 
retlole 2 0.22 0.20 o. tty 0.12xy 0.16x O.lrt,w 
HJ;ide J o. 70 o. 76 0.19y 0. Jl,xy 0.60x 1. 78w 
Petiole l o. 26 o. 25 0.12y 0.16y 0.22x 0.52w 
lllnde ft 0.94* 1.18 0.38y 0.49y o.Box 2.)Jw 
Petiole t, 0.28* o. 34 0.19y o. 2ly 0.25x 0.60w 0. l2e 0.19d 0.2k 0.59;, 0. 2Rh 0.62;, 
RontR 0.1,e 0.49 0.2/,y 0.29y o.t,ox l.OOw 
Corm 0.11 O. ll O.Ohy 0.06y 0.08x o. 2Jw O. IOc 0.07dP 0.08crl o. 21h 0.06e 0.07rle O.ORrd n. 73,. 
CormPls o. 13* 0.11 O.OAx 0.06x O.OAx 0.27w 

N, % dry wt. 
BladP 1 5.5 5.8 6.2w 5. 6w 5.6w 5. 2w 
Fetlole J.l J.6 J.Bw J. 7w J.)w 2.5x 

Bl!!de 2 4. 7* 5.2 5.0wx 5.4w 4.9wx 4.1x ,,.,.,,Petiole 2 2.1* 2.6 J.9w 2.Sx l.By l.h 2 .Ode 1. lef O.Rf J.Sah 3.1hr 2.5rd I. Jpf 

Hinde J 4. I* 5.2 4. 7w l,.9w 4.Bw 4.2x J. 7h 4 .t,t, 4.Jh t, .Oh 5. 78 5.411 5.Jn 4. Sh 
Petiole J 2.2* 2. 7 4. 2w 2.6x 2.0x l.Oy 4 .8:t 2.2crl I.OP 0. le J.6h J. 01,r. J.Ohc 1. 2df' 
Blade t, 4. l* 5.0 t,.8w 4.Bw 4. 7w t,.Ox 
Petiole t, 2.0* 2. 7 t,,Jw 2.4x I.Bx O.By 
RootA 2.ll* ).6 J.9w l.Jx J. lx 2.6y J.9'1 2. 9h 2. le 2. lc J.9a J. 7a J.9a J.th 

((lrm 2.1 2. I J.Aw 2.0x l.6y I.Oz t,.9n I. 7c l.Od O.Rrl 2.6h 2.4h 2.2h I. Jrrl 

Cnrmels 2.5 2.2 4.5w 2. 2x I. 7xy t.ly 6.111 1.91,crl 1.2d 0.9d 2.Rh 2.6h 2.2hc I. Jeri 

• HPnn" for the N main effect are RIRnlflnmtly different nt the 9,% prolwhfllty level "" rlf't<'rmlnerl hy ArmVA. 

Hean" ln a row followerl hy th<' s11ffle Jptter arp not slgnlflrantly different ;1t the g5,: prohahlllty lpupJ ns rl<'tPrmlnrrl hy llunc:tn'R multlplP 

n:mgr test. 
2 HPan" for ,.ll treatm1>nts "'" fnrlnrlPrl only tr th<' lntrrartlnn pffrrt 11' s{p,ntrk~nt nt the 9"1! prnh:,hll ftv Jpvrl '19 ,l<'termfnr<l hy l\t,IOVA. 
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treatment relative to the higher N treatment (Table 5). However, the 

greater Ca concentration in blade 1 was due to one exceptionally high 

blade Ca value and so may be discounted. 

The leaves of taro are short-lived plant organs which reflect 

environmental conditions and nutrient status over only about a month. 

The leaves produced during the fifth month did not show the effects 

of the early extremely high solution N levels and no significant N 

effect on dry weight and Ca concentration of leaves 1 to 3 was found 

(Table 5). 

However, the corms and cormels are much longer-lived plant organs 

which reflect environmental conditions and nutrient status over the 

full 6 months as does the root mass. The cumulative effect of the 

higher N treatment over 6 months was to depress the growth response 

of taro roots, corms, and cormels to increased solution Ca at the 

3 lowest Ca levels. One explanation for this is the high NH ion
4 

levels particularly during the first 3 months of growth were toxic 

and a certain threshold level of solution Ca was necessary to overcome 

the toxic ion effects before growth response to increased solution 

Ca could occur. Calcium is known to stabilize membranes against such 

stress factors as toxic ion levels (Christiansen and Foy, 1979). 

Since roots, corms, and cormels are longer-lived plant organs, the 

effects of toxic NH ion levels during the first 3 months of growth4 

should still be evident at 6 months. 

Total Yield, Corm Dry Matter, and Starch Content at 5 Months 

There was no significant effect of Non corm starch content, 

corm and corm.el dry matter, or on total yield (fresh weight of the 
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corm plus corm.els) after 6 months of growth (Table 6). Corm starch 

content, corm dry matter and total yield increased with increasing 

Ca in solution, however a significant N by Ca interaction existed 

because the increase with increasing solution Ca differed at the two 

N treatments (Table 6). As with the dry weights of roots, corms, and 

corm.els, the higher N treatment appeared to interfere with a 

Mitscherlich type of growth response of corm dry matter, corm starch 

and total yield to solution Ca levels. 

Total yield was depressed at the two lower solution Ca levels 

because the available Ca was insufficient for growth. The N treatments 

had no significant effect on total yield at these solution Ca levels 

(Table 6), probably because yields were depressed by the inadequate 

Ca levels. 

When solution Ca was increased from 2 to 8 ppm, total yield 

increased 6 times at the lower N treatment and about 70% of the 

maximum yield was reached (Table 6), indicating that the Ca level was 

almost adequate for optimum growth. However, at the higher N treatment, 

when the solution Ca was increased from 2 to 8 ppm, total yield 

increased 1.5 times and only 40% of maximum yield (Table 6) was 

attained, suggesting that the plant requirement for Ca in solution 

was greater at the higher N treatment compared to the lower N treatment. 

Total yield of taro grown at the 8 ppm solution Ca level was 

severely reduced by the higher N treatment compared to the lower N 

treatment (Table 6). Total yield, corm dry matter, and corm starch 

content at the higher N treatment and 8 ppm Ca in solution were all 

significantly less than at the lower N treatment (Table 6). 

At the highest level of Ca in solution (40 ppm), Ca was adequate 



Effects of solution Ca and Non taro corm starch, corm dry matter, total yield, andTable 6. 
tissue Kand Mg concentration at 6 months. 

V:,rlable ________Hain Effects ···--------

IN, ppm Cia, ppm 

Starch 
Cortl't 40 41 JOy ,,ox 44,, 46w 2Je 4lcd 4 fab 48a J8d J9cd t,Ord l1Jbc 

Fresh Wt. ,g 
Corm+ Cormels 669 572 22:iy SOOx 6.50x 110.5w I4le 55lc 842h 1141" JlOde 4119cd 1,60hc l06Q:, 

Dry H:ttter, % 
Corm 21 21 11,y 20x 24w 25w lOe 2lbnl 26:t 26,i 18d 20cd 22bc 24:th 
Corme l" 20 21 l)y l9x 23w 21,w 

K, % dry wt. 
!!lade 1 4.4* J.8 4.7w J.9x 4.lx J.8x 

· Pet \ole l 5.0 5.0 6.6w 5.4x 4 .t,y J.Sz 7.5:, 5.lb 3.8c J.6c 5.8b 5.7b 1,. 9h J. t,c 
Blade 2 4.1 J.8 4.6w 4. lwx J.9x J.Jy 
Petiole 2 4.1 4.0 6.9w 4.Jx J.Jy 1. 7z 8.J,i 4.0b 2. l,c l.llc 5.Sh 4.6h '•. lh I.fir 
Blade J J.8 4.0 4.5w 4.0x 4.0x J.2y 
Petiole 3 4.2 4.1 7. 2w 4.6x J.4y l.4z 8.7'1 t..4h 2.2c I.St". 5. 7h 4. 7h 1,. Sh 1 ~ 4c 
Bind@ 4 4.0 J.9 5. lw J.9• J.9x 2.8y 
P@tiol@ 4 4.0 4.1 7.lw t,. 4x J.2y 1. 2, 8. 511 11, JC 2. ld 1. 2e li.2h 4.6c 4. Jr, I.le 
RootR 2.9" 2.6 J.Jw J.2w 2.9x 1. Sy 
Cot'm~ l.O* 0.8 l.6w 0.9x 0.7xy 0.4y 
Cormelg 1. 1 0.9 l.Sw l.Ox 0.9xy 0.6y 1.9a t.Ohc O.!lbc O. 7hc 1. lb l.Ob 0.9hc O. 5c 

Hp;, % dry wt. 
Blade l 0.)7 0.)5 0,41,w 0.42w O. 31,x 0.24y 
Petiole l o. 31 O.JO o.J2x o. 38" 0.29x o. 2Jy 
1!l11de 2 o.4J 0.42 0.4Jx 0.58w 0.41x 0.28y 
l'etiole 2 o. 26 0.22 o.26w 0.29w 0.22xy O. l9y 0. 21!,,b 0.32a o.nrd 0.21ne 0. 2lhc,I O. 26!:tc O. 7.2cd O. lle 
Blade J 0.45 0.47 o.40x 0.66w o.49x 0.28x 
Petiole J 0.26 0.26 0.27w o.3o,., 0.26w 0.20x 
Bl1'de t, o. 55 0.63 0.5Sx 0.89w 0.58x o.JSy 
Pet lole 4 o. 25 o.J2 O.JOwx O. 34w o. 28xy 0.22y 
RootR o. 77 0.43 0.207. 0.42y 0.5Jx I. 24w O. 22e o •. sar1 o.aoc l .t,la 0.19e 0.25e 0. 25e I .02b 
Corm 0.14 0.12 0.14w O.lJw o.llx O. lJwx 
Cormeh 0.15 0.13 0.16w 0.14x O. lJxy O.I2y 0.19a 0.151:, O.llc O.llihc O.Hhr O. JJhc 0.12hc 0.12hc 

--------·----·-·- ·-·----------·----------,·------~-·~---- -~ • !leans for the N ""'ln effect are slgnlflrnntly different nt the 95% rrobablllty level as determined hy ANOVA. 
l 

He;tnR in" row followed hy the snme letter are not s1gnlficantly differ@nt 11t the 95% prohnblllty level"" determint*d by Dtmr.an 'R m11ltlple 
ran,.v· t<>st. 

2 
Henn~ for .. n trentments nre included only if the internctton effect l!< sl11ntflcant nt the 95% prohahlllty levPl ,.,. determlned by ANOIJA. 

~ 
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for plant growth at both N treatments. No significant difference in 

total yield for the 2 N treatments was found (Table 6). 

Thus, excessively high N fertilization may reduce taro yields 

particularly in taro plants with incipient Ca deficiency. Since taro 

farmers in Hawaii are reported to use high amount of N, P, and K 

fertilizers (Plucknett and de la Pena, 1971), it would perhaps be 

desirable to apply fertilizers that contain Ca as a filler or to 

lime fields where soil Ca levels are known to be on the borderline of 

being adequate, to prevent excess N from reducing total yield. 

Dry weights of the third blade at 3 and 5 months sampling were 

significantly correlated with total yield at the 6 month harvest, and 

Pearson's correlation coefficients for 3 and 5 months were, respective

ly, 0.88 and 0.93. Thus, blade dry weights at 3 and 5 months sampling 

were a reasonably accurate measure of potential corm plus cormel yield 

at 6 months under the controlled conditions of this experiment. It 

is possible that sampling of the third blade at 3 or 5 months in the 

field may be used to predict total yield at 12 to 14 months harvest, 

provided no serious disruption in growth occurred between the time of 

sampling and harvest. 

The corms produced at 6 months with solution culture were not 

mature. The maximum corm dry matter at 6 months in this study was 

only 25% for plants grown at the highest level of solution Ca, while 

Ezumah (1972) reported a range of 35 to 40% corm dry matter for 

mature taro harvested after 10 to 13 months of growth under flooded 

field conditions. 
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Plant Nutrient Status at 6 Months 

Leaf Ca concentration increased significantly with increasing 

Ca in solution (Table 5) and with age of the leaf blades (Figure 8). 

Calcium concentration was averaged across the two N treatments for 

blades 1 to 4 because N by Ca interactions were not significant and 

the N effects on blades 1 and 4 were discounted. The significance 

of the N effect on blade 1 was probably an artifact due to one 

exceptionally high value, while the significance of the N effect on 

blade 4 was probably due to the change in treatment levels of solution 

N during months 4 and 5 (Table 1). 

Leaf blade Ca increased linearly with increasing solution Ca 

and blade 4 had the greatest increase, blade 1 the least, and blades 

2 and 3 were intermediate (Figure 8). The slopes calculated for 

blades 2 and 3 were not significantly different from each other 

(Figure 8). All other slopes were significantly different from each 

other. 

Critical Ca concentration ranges were calculated for blades 1 

to 4 at 6 months by fitting the Mitscherlich growth equation to 

corm yield and blade Ca data. The critical ranges of Ca on a dry 

weight basis were, respectively from blade 1 to blade 4, 0.70-0.85%, 

0.85-1.00%, 0.90-1.05%, and 0.90-1.05% Ca (Figures 9-12). The 

critical Ca ranges were taken to be the blade Ca values at 85-90% of 

maximum yield. This range of 85 to 90% of maximum yield was chosen 

rather than 95% of maximum yield, because a large increase in blade 

Ca was associated with a small yield increase from 90 to 95% of 

maximum. 

The critical third blade Ca values on a dry weight basis were 

http:0.90-1.05
http:0.90-1.05
http:0.85-1.00
http:0.70-0.85
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Figure 8. Relationship between tissue Ca concentration of taro leaf blades, averaged over the two N 

N treatments at 6 months, and solution Ca concentration. Equations for the lines are, 
2respectively, blade 1, y = 0.033 + 28(x), r = 0.91; blade 2 y = 0.78 + 0.37(x), 

2 2 2 
r = 0.94; blade 3, y = 0.19 + 0.40(x), r = 0.86; and blade 4, y = 0.32 + 0.51(x), r 0.89. 
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Figure 9. Relationship between Ca concentration in the first blade of taro at 6 months and dry weight 

of the corm plus cormels. The equation for the curve is y = 307(1 - exp(-2.72 * x)), 

r 2 = 0.76. The critical range of Ca is 0.70-0.85% on a dry weight basis and this is the 

tissue Ca range at 85-90% of maximum yield. 
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Figure 10. Relationship between Ca concentration in the second blade at 6 months and the dry weight 

of the corm plus cormels. The equation for the curve is y 307(1 - exp(-2.24 * x)), 
2 r = 0.88. The critical range of Ca is 0.85-1.00% on a dry weight basis and this is the 

tissue Ca range at 85-90% of maximum yield. 
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Figure 11. Relationship between Ca concentration in the third blade of taro at 6 months and dry weight 

of corm plus cormels. The equation for the curve is y = 298(1 - exp(-2.10 * x)), 

r 
2 

= 0.94. The critical range of Ca is O. 90-1. 05% a on a dry weight basis and this is the 

tissue Ca range at 85-90% of maximum yield. ~ 
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Figure 12. Relationship between Ca concentration in the fourth blade of taro at 6 months and dry weight 

of the corm plus cormels. The equation for the curve is y = 297(1 - exp(-2.10 * x), 
2 

r = 0.94. The critical range of Ca is 0.90-1.05% on a dry weight basis and this is the 

tissue Ca range at 85-90% of maximum yield. 
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estimated to be 0.8% and 0.7% Ca at 3 and 5 months, respectively. 

These critical third blade Ca values were not greatly different from 

the values estimated at 6 months. The relatively constant critical 

third blade Ca range of 0.7-1.0% from 3 to 6 months results in 

increased confidence for using the values found in this study to 

define the Ca nutrient status of taro. However, field work should 

be carried out to confirm whether the findings of this study can be 

extrapolated to the field. 

Third blade Ca values for field-grown taro have been reported in 

studies not directly dealing with Ca nutrition. de la Pena and 

Plucknett (1972) reported a range of third blade Ca concentration on 

a dry weight basis from 1.2 to 1.5% during 3 to 6 months of growth 

for the same 'Lehua' cultivar grown during this experiment. Ezumah 

(1972) found third blade Ca concentrations on a dry weight basis which 

ranged from 0.6 to 0.8% at 2 months for the same cultivar. A third 

blade critical Ca range on a dry weight basis of 0.7-1.0% would fall 

between the range of values reported for the 'Lehua' cultivar in the 

literature. 

The best tissue to sample for plant Ca levels is the third blade, 

for the following reasons. First, the third blade had a rate of 

increase in tissue Ca concentration with increasing solution Ca that 

was second only to the fourth blade (Figure 8). Also, considerable 

research has been carried out on tissue levels for N, P, and Kin 

the third blade (de la Pena and Plucknett, 1969; Ezumah, 1972). 

Finally, sampling of the third blade from 3 to 6 months of growth in 

this experiment resulted in a fairly consistent estimate of the 

critical Ca concentration. 
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Blade N concentrations for blades 2 to 4 were significantly. 

greater at the higher N treatment relative to the lower N treatment 

(Table 5). No significant effect of N was found on tissue K concen

trations in blades 2 to 4 (Table 6). Blade N and K concentration 

decreased significantly with increasing solution Ca (Tables 5, 6) and 

this decrease was probably due to dilution effects, as discussed 

earlier for the leaf samples at 3 and 5 months. 

No significant effect of N was found on tissue Mg concentrations 

in blades 1 to 4 (Table 6). Magnesium concentrations in blades 2 to 

4 increased significantly with increasing solution Ca from 2 to 

4 ppm and subsequently decreased at Ca levels of 8 and 40 ppm 

(Table 6). This increase in blade Mg concentrations with increasing 

solution Ca levels to 4 ppm might be explained by the fact that 

translocation of Ca and Mg is very similar (Ferguson and Clarkson, 

1976). Movement of Ca in the xylem is thought to occur by a series 

of ion exchange reactions along negatively charged sites on the 

vessel walls and is reported to be promoted by the presence of other 

divalent cations (Hanger, 1979). It is therefore possible that the 

movement of Mg in the xylem is promoted by the presence of increased 

Ca ions up to a certain level. 

Guava Seed Disease of Taro 

Guava seed disease of taro is characterized by abundant, 

scattered corky tissues in the corm (Parris, 19741), which reduce 

yield because affected portions of the corm are discarded. The 

corky tissues are rings of periderm surrounding dead tissues (Hawaii 

Agr. Exp. Sta., 1938). There are no foliar diagnostic symptoms of 

this disease. 
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No guava seed disease was found with any solution level of Ca 

or Nat 6 months. Since guava seed disease is thought to occur 

particularly during the maturation phase of taro which begins after 

5 to 6 months growth, half of the 6 replicates were grown for 8 months 

to see if the incidence of guava seed disease increased with increased 

maturity. 

Harvest at 8 Months 

Following the harvest of 3 replicates at 6 months, Hoagland's 

solution was decreased from one-fifth to one-tenth strength to promote 

corm maturation. After 7 months, no Nor K was added to the nutrient 

solution. 

Dry weights of blades 2 and 3 decreased about 1.5 times from 6 

to 8 months, while petiole dry weights remained fairly constant 

(Tables 5, 7). Fresh weight of the corm plus corm.els almost doubled 

between 6 and 8 months (Tables 6, 7). 

The quality of the corms harvested at 8 months was good. Dry ID.'iltter 

had increased in the corms grown with the highest level of solution 

Ca from a maximum of 25% at 6 months to a maximum of 38% at 8 months 

(Tables 6, 7), probably due to an increase in starch content from 46% 

to 51% over the same time span (Tables 6, 7). Ezumah (1972) reported 

that corms grown under field conditions had a corm dry matter percent

age of 35 at 7 months. The maximum dry matter of corms at 8 months 

in this study was comparable to values for field grown taro at the 

same age. 

Ching (1969) determined starch contents for 'Lehua maoli' corms 

grown under dryland conditions and he obtained values of starch content 



Table 7. Effects of solution N and Ca on taro corm specific gravity, corm starch, corm dry matter, 
total yield, plant dry weights and nutrient content at 8 months. 

Variable ----~-~ain Effects 

N, ppm Ca, ppm 1 

Starch,% 
Corm 45 45 38y 44x 48w 51w Jt,c 44b 52a 51a 4Jb 43b 44b 5111 

fresh llt., g 
Corm + Cormeb 1266 1071 408z 800y 128911 2184w 343d 892c 1673b 2157a 505cd 662cd 904c 2212a 

Dry matter, % 
Corm 28 29 21>< 27x 28x 38w 

Specific gravity 
Conn 1.01 l.02 0.95w l.Olw 1.04w 1.05w 

Dry wt., g 
Cona 193.0* 130.0 40.0y 94 ,Olly 148.0x )70.0w 
Blade 2 4.3• 2.9 ),OK 3. 2ll 3.9x 5. lw 
Petiole 2 8.4 6.2 4.2y 4.8y 8.7" 12.0w 
Blade J 4.3 2.9 2.2y 3. lxy 4. 2W>< 5.Jw 
Petlole J 9.o• 5.9 2.ly 5.2y 9.0x 13.6w 

Ca, % dry wt. 
Blade 2 O.JJ 0.25 0.06y O. IOy 0.19x 0.82w 0.06d O. lOd 0.2lc 0.94a 0.05d 0.08d 0.18c 0. 70b 
Petiole 2 0.14 0.14 o.ooz O.liy 0.14x 0,25w 
Blade 3 0.40 0.46 0. ))X 0.13x 0. 22x 0.97w 
Petiole J 0.20 0. 24 0.26w 0.15>< O. l6x 0.31w 

N, :t dry wt. 
Blade 2 J.6• 4.2 J.4x J.8x J.8x 4.4w 
Petiole 2 1.1 l.l 2.5v l. Jx 0.9y 0.6z 
Blade J J. 8 ).9 Ii. 2v 3.8wx J. 7xy J.Sy 
Petiole 3 1.2 1.3 2.5v 1.4>< l.Oxy 0.6y 

K, % dry wt. 
Blade 2 J.J 3.3 2.7v 3.2x J.5xy ). 7y 
l'et lole 2 ).2 3.2 5.5w J.8x 2.2y l. Jz 
Blade 3 J.8• ).4 4, 2w 3.4ll J.4x J.h 4.2a 4.0ab l.6bc J.4bc 4.2a 2.7d l.2cd l.4c 
Petiole J 3.1* J.8 6,9w J.6x 2. ly 1. t,, 5.9b 3.4d 2,0e l.Of 8.ln l.8c 2.le l. lf 

Hg, % dry wt. 
Blade 2 o. 36 0.)5 O. Jtw 0,45w 0.36w 0.2)x 
Petiole 2 0.21 0.20 O.Jlw 0.26w 0.18x 0.14x 
BJade J 0.44 0.46 0.68w 0. 52x 0.4lx 0.19y 
Petiole J 0.2) o. 28 0.41w 0.26x 0.18y O. \Sy 

------ -----·---
Means for the N main effect are significantly different at the 95% probability level as determined by ANOVA, 

Means 1u a row followed by the same Jetter nre not significantly different at the 95% probability level as determined by Duncan's multiple 
ninge test. 

2 Heans for all treatments are included only If the Interaction effect ls significant nt the 95% probability level as determined by ANOVA. 
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as high as 62 to 73% between 5 to 11 months. Since the values of 

starch content are dependent on the method used, his results are 

probably not comparable with the values reported here. 

Specific gravity for corms grown with the highest solution Ca 

level was determined to be 1.05 at 8 months (Table 7). Bowers et al. 

(1964) reported that a corm specific gravity of 1.05 to 1.15 was 

considered to be mature, and so the corms grown with the highest 

solution Ca level at 8 months were mature. 

Total yield (fresh weight of the corm plus cormels) increased 

with increasing solution Ca, however a significant N by Ca interaction 

existed (Table 7). Total yield increased almost 5 times between the 

lowest and third lowest solution Ca levels at the lower N treatment, 

while at the higher N treatment, fresh weight only doubled over the 

same solution Ca range (Table 7). A similar N by Ca interaction was 

found for total yield at 6 months. 

The important effect of N treatments on yield at 8 months was 

the significant decrease of the fresh weight of corm plus cormels at 

4 ppm Ca at the higher N level compared to the lower N level. Ferti

lization with excess Nin taro fields might seriously reduce total 

yield if fairly high amounts of soil solution Ca are not present. 

Calcium might prevent yield reductions through its stabilizing 

effect on cell membranes which would minimize the effects of such 

stress factors as toxic ion levels (Christiansen and Foy, 1979). 

Starch content in the corms increased with increasing levels 

of solution Ca, however a significant N by Ca interaction existed 

(Table 7). Again, the higher level of N resulted in significantly 

reduced starch content at 4 ppm Ca in solution compared to the lower 
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N treatment. 

Guava seed disease was not found to be induced by any of the 

solution levels of Nor calcium. Thus, the disease isnotdirectly 

caused by Ca deficiency, NH4 toxicity, or N-induced Ca deficiency 

under the relatively sterile conditions of a solution culture 

experiment. 

While no evidence of a direct relationship between guava seed 

disease and Ca was found in this study, an inadequate level of Ca 

or a short-term Ca deficiency caused by high levels of total soluble 

salts due to excess fertilization, could result in die-back of the 

taro roots. This root die-back could permit normally non-pathogenic 

organisms to enter the roots and cause the corking response in the 

corm that is typical of guava seed disease of taro. Thus, Ca may be 

an indirect cause of the disease. 

Summary 

Calcium deficiency symptoms on taro plants grown in nutrient 

solution culture were leaf blade interveinal chlorosis and necrosis, 

die-back of roots, drooping of the petioles, and overall stunting of 

the plants. Leaf blades tended to be cup-shaped and brittle, tearing 

readily under slight pressure. 

For the first 3 months of growth, one-tenth strength Hoagland's 

solution was adjusted to 4 levels of Ca (1, 2, 4 and 20 ppm) and 2 

levels of N (21 and 100 ppm). The increased level of solution N 

resulted in significant decreases in leaf dry weight and leaf Ca 

concentration at 3 months. Increasing levels of solution Ca resulted 

in significant increases in leaf dry weight and leaf Ca concentration. 

The rate of increase in leaf Ca with increasing levels of solution Ca 
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was significantly less at the higher N treatment compared with the 

lower N treatment at 3 months. 

From the beginning of the fourth month, one-fifth strength 

Hoagland's solution was adjusted to 4 levels of Ca (2, 4, 8, and 40 

ppm). The N treatments were both 42 ppm during the fourth month, 

and then at the beginning of the fifth month, the higher N treatment 

was increased to 84 ppm while the lower N treatment remained at 42 ppm 

until harvest at 6 months. The corms harvested after 6 months of 

growth were immature, containing a maximum of 25% dry matter as 

compared to 35% for mature field grown taro (Ezumah, 1972). 

Increasing levels of solution Ca resulted in significant increases 

in total yield, dry matter content of the corm, and starch content 

of the corm at 6 months, however significant N by Ca interaction 

existed. The higher N treatment seemed to interfere with a 

Mitscherlich type of growth response of taro at 6 months to solution 

Ca levels. Total yield, dry matter content of the corm and starch 

content of the corm at 6 months was significantly less at the higher 

N treatment and 8 ppm Ca compared to the lower N treatment and 

8 ppm calcium, and this effect was possibly due to NH toxicity at
4 

the higher N treatment. At the other levels of solution Ca, no 

significant difference in total yield, corm dry matter content, and 

corm starch content was found between N treatments. 

The best tissue to sample for plant Ca levels is the third 

blade. The critical Ca concentration range for the third blade 

between 3 to 6 months was estimated to be 0.7 to 1.0% Ca on a dry 

weight basis. 
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Corms that were harvested at 8 months were considered to be 

mature since the maximum corm specific gravity was 1.05 and corm 

dry matter was 38%. These corms grown in solution culture for 8 

months were comparable to field grown taro. 

Guava seed disease of taro was not induced by any solution level 

of Ca at either level of nitrogen. The disease was not directly 

caused by Ca deficiency, NH toxicity, or N-induced Ca deficiency4 

under the relatively sterile conditions of this solution culture 

experiment. 



IV. STUDY OF THE EFFECTS OF CALCIUM DEFICIENCY 

ON THE ULTRASTRUCTURE OF TARO (COLOCASIA ESCULENTA (L.) SCHOTT) 

LEAF BLADES 

Introduction 

Symptoms of calcium deficiency on taro (Colocasia esculenta (L.) 

Schott) are interveinal chlorosis and necrosis of the leaf blade 

and uneven growth of the lamina resulting in an upward cupping of 

the leaf blade. The petioles lose their strength and droop with 

the weight of the leaf blades. Calcium deficiency also results in 

physiological die-back of the roots, and reduced corm size. Under 

extreme deficiency conditions, the growing point usually dies. 

The purpose of this study was to examine the ultrastructural 

changes in taro leaf blade parenchyma cells grown under increasing 

levels of calcium stress. Experiments on tomato fruit tissue, 

vacuolated barley root cells, and green algae have shown that Ca 

deficiency results in a general degeneration of membranes in the 

cytoplasm (Bangerth, 1973; Marschner and Gunther, 1964; Nilshammar 

et al., 1972). 

Marinos (1962) worked with shoot apices of barley and found 

that the breakdown of the nuclear envelope and the plasma and 

vacuolar membranes was the first sign of structural abnormalities due 

to Ca deficiency. What he te:rmed· "structure-less areas" appeared in 

the cell, followed by the disorganization of other membrane-bound 

structures such as mitochondria and Golgi apparatus. Plastids 

were more persistent, but eventually they also disintegrated. 
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Materials and Methods 

Taro cv. 'Lehua maoli' was grown in continuously flowing nutrient 

solution culture as described previously in Chapter Ill for 5 months. 

Leaf blades were sampled from plants grown in the highest and lowest 

solution Ca levels and the lower N treatment. 

The procedures for fixation, dehydration, and embedding were 

essentially those of Sakai and Hanson (1974) with the following 

modifications: (1) fixation w&s carried out at room temperature 

because the floating leaf sections in fixative were repeatedly 

pumped down in the vacuum chamber to enhance infiltration of the 

fixative; (2) bulk staining with 2% uranyl acetate was done after 

fixation for one minute; and (3) after embedding, sectioning was 

done with a glass knife. Hitachi Electron microscope, model HS-8-1, 

located at the St. John Plant Sciences Laboratory, was used for 

examination of the sectioned plant materials. 

Results 

Under calcium sufficient conditions, the plasma membrane and 

membrane-bound organelles, such as mitochondria and chloroplasts 

with well-defined grana and starch grains were clearly present in 

the cell (Figures 1, 2A). A slight plasmolysis of the cells was 

evident from the wrinkled appearance of the plasma membranes. 

Under Ca deficient conditions, the cells were dramatically 

plasmolyzed with extreme separation of the plasma membrane and 

cytoplasm from the cell wall (Figures 3-5). In Figure 4, the 

chloroplasts appeared intact with starch grains and the grana were 



74 

distinguishable but less so than in Figures 1 and 2. The plasma 

membrane was present although severely plasmolyzed. Mitochondria 

were present in the cells although they were difficult to see since 

they stained lightly. 

In other cells, the chloroplasts appeared to be in the process 

of disintegrating and starch granules were absent (Figures 2B, 4). 

No tonoplast was present and it appeared that the vacuolar contents 

had mixed with the cytoplasmic material (Figure SA). Neither was 

it possible to distinguish the plasmalemma or mitochondria in these 

cells. 

Finally, there appeared to be cells that were totally dis

organized. The compartments of the cytoplasm had completely 

degenerated (Figure SB). 

Discussion 

Sakai and Hanson's (1974) method of fixation resulted in 

slightly plasmolyzed cells when the taro plants were grown under 

Ca sufficient conditions and severely plasmolyzed cells under Ca 

deficient conditions, probably due to the fact that the fixative 

was hypertonic to the cells. Marinos (1962) noted that plasma 

membranes in barley cells under calcium deficient conditions were 

plasmolyzed although plasma membranes under calcium sufficient condi

tions were smooth in outline and nonnal. 

Calcium deficiency resulted in some cells that were more readily 

plasmolyzed. One explanation is that the plasma membranes were more 

fragile under Ca deficiency since Morre and Bracker (1976) observed 

that Ca-treated plasma membranes were thicker than controls treated 

with water. A second explanation is that Ca deficient plasma 
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membranes were more permeable to water flow since Gary-hobo (1970) 

showed that the osmotic water flow of water across artificial 

phospholipid membranes decreased in the presence of calcium. 

In other Ca deficient cells, no plasmalemma or tonoplast was 

found and membrane-bound organelles in the cytoplasm were in the 

process of degenerating (Figures 4, 5). Arnott (1970) hypothesized 

that membrane failure, caused by an increasing lack of available Ca 

was the major cause of cell disruption and death. 

Unquestionably, Ca appears to have a role in maintaining 

membrane structure. The result of a lack of calcium in the taro 

leaf blade parenchyma cells was total breakdown of membrane systems 

in the cytoplasm. 

Summary 

Taro (Colocasia esculenta (L.) Schott) was grown in nutrient 

solution culture with varying levels of calcium for five months. 

Sections of the leaf blades were sampled to study the long-term 

effects of calcium deficiency on the ultrastructure of taro parenchyma 

cells. The disintegration of the plasmalemma, tonoplast, and all 

other membranous systems in the cytoplasm were observed in calcium 

deficient cells. 
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Explanation of Figures 

Figure 1. Calcium sufficient taro leaf blade parenchyma cells. 

Note the starch grains (S) and distinct grana (G) in the 

chloroplasts (C) and the well-defined mitochondria (M). 

The cells are slightly plasmolyzed as shown by the 

wrinkled appearance of the plasma membrane (PM). The 

nucleus (N) with the nuclear membrane (NM) can be seen 

in the lower cell as well as the endoplasmic reticulum 

(ER). (x 5600) 
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Figure 2A. Calcium sufficient taro leaf blade parenchyma cell. Note 

The vacuole (V), plasma membrane (PM), and distinct 

grana (G) and starch grains (S) in the chloroplasts (C). 

(x 5600) 

Figure 2B. Calcium deficient taro leaf blade parenchyma cell. 

Arrows point to the extreme separation of the cytoplasm 

from the cell wall. The chloroplasts (C) appear to be 

disorganized. (x 7100) 
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Figure 3. Calcium deficient taro leaf blade parenchyma cell. The 

cell is extremely plasmolyzed as shown by the severe 

separation of the plasma membrane (PM) from the cell wall. 

The tonoplast (T) is present, along with chloroplasts (C), 

starch grains (S), and grana (G). Indistinct mitochondria 

(M) can be seen in the lower and upper extreme cells. 

(x 4000) 
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Figure 4. Calcium deficient taro leaf blade parenchyma cell. The 

chloroplasts (C) appear to be disintegrating and no 

starch grains are found in the chloroplasts. Arrows point 

to the extreme separation of the cytoplasm from the cell 

wall, and no plasma membrane or tonoplast is distinguishable. 

(x 4000). 
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Figure 5A, 5B. Calcium deficient taro leaf blade parenchyma cells. 

No tonoplast or plasma membrane is evident. The 

vacuolar contents appear to have mixed with the 

cytoplasm (X). Arrows point to the extreme 

separation of the cytoplasm from the cell walls. 

(x 4000) 
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