
PHCBPHORUS NUTRITION OF BANANA AS INFLUENCED BY MYCDRRHIZAE 
AND FERTILIZERS 

A DISSERTATION SUBMITTED TO THE GRADUATE DIVISION OF THE 
UNIVERSITY OF HAWAII IN PARI'IAL FULFILLMENT 

OF THE RECUIREMENTS FOR THE DEGREE OF 

rxx::TOR OF PHILOSOPHY 

IN AGR.JNCMY AND SOIL SCIENCE 

MAY 1987 

BY 

Mu Lien Lin 

Dissertation Canmittee: 

Robert L. Fox, Chairman 
Mitiku Habte 

Russell s. Yost 
Charles L. Murdoch 
Roy K. N ishirnoto 



ii 

We certify that we have read this dissertation and that, in our 

opinion, it is satisfactory in scope and quality as a dissertation for 

the degree of Doctor of Philosophy in Agronomy and Soil Science. 

DISSERTATION CCMMITTEE 

Chairman/ 

t~{&a;: 



iii 

ACKNOWLECGEMENTS 

I would like to express my sincere appreciation to many 

individuals and organizations that have helped in the course of my 

graduate program. Special thanks must go to the Foundation for Agronany 

Research, the Tennessee Valley Authourity, and the USJ:Y:i. Special Grants 

Program for Tropical and Subtropical Research that provided the 

financial support for this study and my graduate assistantship. I am 

especially grateful to Dr. Robert L. Fox, my major advisor, for his 

guidance, assistance, and encouragement during the program. Thanks are 

due to Dr. Russel s. Yost for his help and advice in statistical work. 

Appreciation must also go to ors. Mitiku Habte, Roy Nishirroto, and 

Charles Murdoch for their time and effort in making suggestions for 

improving this dissertation. I ackoowledge the help and support of 

Aaron Imamura and Yoshimori Nakatani in processing soil and plant 

samples and to Barbara Belica, Phoebe Kilham, John Kleinjans, and Tan 

Dierolf for help with English and editing the dissertation. To my wife 

and children must go special appreciation for their patience and 

understanding through the many years of my stay in Hawaii. 



iv 

ABSTRACT 

The objectives of this study were to (1} assess field 

observations of the long-term effects of N and K fertilization on p 

nutrition of banana, (2} determine the external and internal p 

requirements as influenced by inoculation with mycorrhizal fungi, (3} 

test the hypothesis that high N fertilization is associated with low 

root sugars and low rnycorrhizal activity and leads to low P uptake, and 

(4} examine the agronanic effectiveness of different rock phosphate 

sources as affected by rnycorrhizal infection. 

Leaf and soil analyses were used to assess the P status of 

soils and plants fran a long-term Williams banana fertilizer experiment 

that had previously been established in a Mollisol at the Waimanalo 

Experimental Station, University of Hawaii. The experiment was a 

continuous function design with 8 blocks, each with 6 N and 8 K levels. 

Four blocks were fertilized with 224 kg P ha-land four blocks were not 

fertilized with P. Foliar analyses of control plants fertilized with 

adequate levels of N and K (assumed fran the literature} were used as a 

guide to determine amounts and frequency of N and K fertilizers. The P 

status of plants that received intermediate N and K treatments indicated 

that, although leaf P concentrations declined from the beginning of 

production, P levels of all blocks were adequate for 8 years. After 

that, leaf P values were below the assumed critical level (0.18%}. The 

long-term decline of leaf P concentration was generally associated with 

a gradual yield decline. It is assumed that the decline of leaf P 

resulted fran a restricted root volume caused by expansion of mats, soil 
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ca:npaction, nematode and weevil infestations, drought, P deficiency and 

declining mycorrhizal activity. 

Long-term N fertilization depressed leaf P percentage, whereas 

K fertilization increased foliar P levels. This suggests that dilution 

was not the primary reason for depressed banana leaf p. Low P 

concentrations associated with high N fertilization may result from 

depressed rnycorrhizal activity associated high N fertilization. 

Ten target P levels, 0.003 to 1.6 rrq P L-l in soil solution, 

equilibrated with fumigated soils with and without mycorrhizae (Glomus 

aggregatum), were used to estimate external and internal P requirements 

of banana. The plants were gro.m in 100 kg of potted soil (Tropeptic 

Eutrustox) until the 17th leaf was fully developed. There were 

substantial increases in vegetative gro.-rth of rnycorrhizal plants with 

increasing soil P level in the range fra:n 0.003 rrq L-l to o.os rrq P L-l 

and of non-mycorrhizal plants in the range, Q.003 to Q.l rrq P L-l. High 

levels of soil solution P depressed plant dry matter production and leaf 

emergence. Apparent external P requirements of banana for near maximum 

production were 0.05 (mycorrhizal) and 0.1 mg P L-l (non-mycorrhizal) in 

soil solution. This difference suggests that mycorrhizal dependency of 

banana is not great. The internal P requirement was 0.18% irrespective 

of mycorrhizal status. 

If available soil Pis high, P accumulates in the corrlucting 

tissues of leaves rather than in leaf laminae. Therefore it is 

concluded that the laminae of No. 3 leaf is not a good tissue for 

indicating P status over a wide range of P availability. Conducting 

tissues, for examples, sheaths, petioles, and mid-ribs, should be better 
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indicators of high P availabilty and luxury consumption. Banana Zn and 

Mn uptake were enhanced by mycorrhizal inoculation. 

Three levels of N (target levels of 10, 40, and 80 mg L-l in 

solution), and three levels of P (target levels of 0.006, 0.1, and 0.4 

mg L-1), with and without mycorrhizal inoculation were used to test the 

hyp::>thesis, based on field observations, that high levels of N, by 

reason of gr<:Mth stimulation, induce low root sugar content and lessen 

mycorrhizal activity and P uptake. Banana plants were grown in 

half-barrel {98.4 L) pots with 3 viewing ports for root sampling. The 

fumigated pottin;, soil (95 kg per pot) was a Tropeptic Eutrustox. 

Plants were harvested when 17 leaves were fully developed. Leaf punches 

fran No. 3 leaves were sampled during the four month grc,.,.,th. At the low 

level of P increased N supply decreased P concentration of mycorrhizal 

banana leaves, but the trend for the effect of N fertilization on leaf P 

percentage in non-mycorrhizal plants was not obvious. If soil P was 

adequate, increased N supply resulted in increased leaf P percentage. 

However, increased N levels tended to increase total P uptake at every 

soil P level, irrespective of mycorrhizal inoculation. Root sugar 

content and N supply was negatively cx:>rrelated, but there was no clear 

indication that low root sugar was associated with l0i,>1 rnycorrhizal 

activity. The outca:ne of this study did not support the hypothesis, 

probably because banana is not highly mycorrhizae dependent. Also, 

vigorous grc::wth stimulated by N fertilization resulted in increased 

total P uptake and this seems to have over-shadowed mycorrhizal effects. 

Field data did not conform with the pot experiment. Sane confounding 
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factors, for example a mat system in the field vs. a single plant system 

in the pot, may have contributed to the discrepancy. 

Small corms with a diameter of approximately 6 an were used as 

planting materials to evaluate the agronanic effectiveness of three rock 

phosphates (Idaho, Florida, and North Carolina) as influenced.by 

rnycorrhizal inoculation. The experimental variables also included 

superphosphate and a no-P control. The soil was fumigated to eliminate 

native VAM. The amount of superphosphate necessary to establish 0.2 m;i 

P L-l target P level in solution was based on a P sorption curve. Rock 

phosphate additions to the potting soils were based on the quantity of 

material needed to equal the quantity of Padded to the soil as 

superphosphate. Plants were grown in 9-liter pots for 3 m:>nths after 

germination. Plant dry weight, P percentage in the 3rd leaf, and total 

P uptake were greater when plants fertilized with insoluble rock 

phosphates were inoculated with mycorrhizae-producing fungi. Dry weight 

of plants fertilized with Idaho, Florida, and North Carolina rock 

phosphates were 48, 53, and 80% respectively of those fertilized with 

superphosphate. 

http:influenced.by
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I. Introduction 

Research on P nutrition of banana has been meager in the past 

although phosphorus (P) is a macro nutrient for banana. Perhaps this is 

because most bananas are grown in soils that are not P-deficient. The 

size of banana plants and their slow developnent have also discouraged 

research on the crop. 

Murray (1959) produced syrnptans of P deficiency in banana by 

using hydroi;x:>nic culture. The P requirement is high in the early stages 

of grCMth (Martin-Prevel, 1978b; Twyford and Walmsley, 1974). In the 

tropics the rate of P uptake is highest during the first 2-3 months 

after planting (Norman et al., 1984). 

Banana requires Pin reasonably large quantities because of 

its great bianass. Nevertheless frequently banana does not respond to P 

fertilizer (Si.rrmJnds, 1966). Lack of response is probably due to 

nutrient recycling, nutrient renobilization, effective mycorrhizal 

association, and satisfactory P status in most banana soils. 

Long-term banana production subjects soils to considerable 

stress. How long the soil can continue to supply adequate Pis an 

important question. A banana experirrent at the Waimanalo Experimental 

Fann provided an opp:,rtunity to study the long-term impact of banana 

culture on plant P and soil P status. 

A world-wide recession continues to affect the sugar industry, 

inc:luding that of Hawaii. With the closing of sane sugar plantations, 

land availability is not a problem for banana production in Hawaii 

(Chia, 1984). Banana is a p:,tential alternate crop for former sugarcane 

lands. However, soils of most sugarcane lands in Hawaii are Oxisols and 
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Ultisols. Many of these soils are infertile. A shift in research 

emphasis is needed because we do not have the necessary information for 

extending banana culture onto infertile soils. Questions are raised 

about the suitability of using highly weathered soils, in which the P 

status may be low for banana growth. In particular, we need information 

on external P requirements~and on internal levels too--based on a wide 

range of soil P supply. To understand P requirements better, we need to 

know rrore about the mycorrhizal relationship of banana. 

Leaf analysis has become a useful tool for determining optimum 

nutrient contents for banana. In order to interpret foliar analysis 

data, factors which influence P percentage should be understocx:l. A 

better understanding of nutrient interactions, such as the interaction 

between N and P, would help in making rrore accurate fertilizer 

recamnendations. 

Phosphorus nutrition of banana is influenced by N 

fertilization. Phosphorus contents of leaves decrease with increasing N 

(Prasansook, 1973; Murray, 1960; Hagin et al., 1964). Martin-Prevel 

(1969) suggested that the effect of Non leaf P concentration in early 

growth stages was an antagonistic effect; while the effect of Non Pin 

the late stages was a dilution effect. Because banana is not a 

convenient plant material for nutritional studies, our understanding of 

the effect of N on P absorption of banana is limited. 

Nitrcgen may influence P nutrition indirectly by influencing 

mycorrhizae. High N fertilization decreased the percent infection by 

Glanus spp. endanycorrhizae on sane inoculated plant species (Johnson et 

al., 1980). Low N fertilization has been reported to increase 
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rnycorrhizal infection (Aines and Linderman, 1978). The mechanism of the 

effect of N fertilization on mycort"hizal colonization is only vaguely 

understocx:i. However, Marx et al. (1977) reported that high levels of 

soil N decreased sucrose content of short roots of loblolly pine and 

decreased their susceptibility to ectanycorrhizae development by R_. 

tinctorius. 

Rock phosphates, which cost less to prc<luce and are more 

energy efficient than more highly processed materials, have much appeal 

as a directly-applied fertilizer (Lehr, 1980). Mycorrhizae prarote the 

utilization of pulverized rock phosphates {Mosse, 1981; Powell and 

Daniel, 1978). Banana may be an efficient user of rock phosphates 

because it is a rnycorrhizal crop. An association between mycorrhizal 

fungi and roots could lead to an efficient utilization of rock 

phosphate. 

Time is an important factor in the effectiveness of rock 

phosphates in soils (van Raij and van Diest, 1980). Most rock 

phosphates dissolve slowly in soils (Khasawneh and Doll, 1978). Crops 

that occupy land for long peric<ls of time make direct applications of 

rock phosphates more plausible. Banana has traditionally been a 

plantation crop. According to Sirrrronds (1966), the ages of banana 

fields range fran one to over a hundred years depending on economic and 

agronanic factors. However, most carm::rcial banana fields survive for 

five to twenty years. 

Although rock phosphates are among the most canmonly used P 

fertilizers for banana {Lahav and Turner, 1983), experiments concerning 

direct applications of minimally processed rock phosphates appear to be 
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non-existent. Very little is known about the fertilizer value of 

different rock phosphates for banana or the role that mycorrhizae play 

in the utilization of P frcm rock phosphates. 

The objectives of this study were to (1) assess field 

observations of the effects of N, K, and P fertilization on P nutrition 

of banana, (2) determine the external and internal P requirements of 

banana in relation to mycorrhizal infection in Oxisols, (3) understand 

the interaction between soil N, P and mycorrhizae in relation to P 

nutrition of banana, and (4) examine the agronanic effectiveness of 

three rock phosphates for mycorrhizal and non-mycorrhizal banana. 



5 

II. REVIEW OF LITERATURE 

A. The Plant 

Banana taxonany 1s very canplicated. The Musa genus is 

canposed of approximately 40 species of perennials (Norman et al., 

1984). Wild Musa species are all diploid, with X=lO or 11 (Sirrmonds, 

1966). The majority of cultivated banana are derived fran two species 

of the Eumusa group, M. acuminata and!:!:_ balbisiana, and are triploid 

(2n=3X=33). According to Sirrnronds (1966), specific names are no longer 

used and all are presently designated by their genane canplement. 

There are three major groups of banana: AAA, AAB and ABB (A, 

acuninata genome; B, balbisiana genane). Nearly all carmercial banana 

belong to the AAA group, which is a type of banana with low starch and 

high sugar content when ripe. AAB and ABB group bananas are generally 

starchy. Turner and Barkus (1981) have reported that bananas containing 

B genome have lower P contents in leaves than ones containing A gencrne. 

B. Phosphorus Nutrition of Banana 

Although Pis indispensable for banana growth, P nutrition of 

banana has not attracted much attention. A recent bibliography on the 

mineral nutrition of banana by Lahav (1980) pointed out that only 75 of 

803 references were related to P nutrition, with no rrore than 10 
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important ones. Since 1978 only two articles regarding Pin banana have 

been published. 

Phosphorus nutrition of banana was reviewed by Champion 

(1963), Sirrmonds (1966), Freiberg (1966), and Twyford (1967). By the 

mid-1960s banana P research emphasized the description of nutrient 

imbalance symptans and experiments canparing the response to different 

rates of fertilizer applied to a range of soil types (Lahav and Turner, 

1983). Two recent reviews by Martin-Prevel (1980) and Lahav and Turner 

(1983) had little information on P research. They dealt instead with 

the mineral nutrition of banana in the world and fertilizing for high 

banana yields. 

1. Physiology of Phosphorus 

a. Biochemical functions 

The principal role of Pin plants is in the transfer of energy 

(Ting, 1982). Phosphorus is an important canponent of activated 

carbohydrates, nucleic acids, and phospholipids. For activation prior 

to metabolism, carbohydrates are phosphorylated. Through 

phosphorylation, carbohydrates becane rrore reactive. To be functional, 

a nucleoside must be phosphorylated into a nucleotide. The highly 

reactive nucleotides ATP, ADP, UI'P, UDP, GTP, and CDP play essential 

roles in energy transfer by phosphorylation. 

b. Deficiency symptoms of P 

P deficiency symptans in banana have been reported in the 

field, in solution cultures, and in sand cultures, however, P deficiency 
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symptans in field banana are rare. Severe phosphate deficiency has been 

experimentally recorded in Dominica (Simmonds, 1966) and Guadeloup 

(Lacoeuilhe and Gcxjerfroy, 1971). P-deficient banana displays 

distinguishing features. Marked deficiency symptans are described as 

stunted growth coupled with sawtooth marginal scorch and shrinkage of 

the older leaves, poor root develo~nt, rotting of the base of the 

corm, and stained vascular tissue in the center of the corm (Sinrnonds, 

1966). Murray (1960) noted that, in solution culture, P deficiency 

caused slow leaf production. Young leaves remained healthy green, but 

older leaves, five or six leaves below the youngest, exhibited a slight 

rrarginal chlorosis, and marginal necrosis of leaf tissue developed 

rapidly as leaves withered. Using sand culture, Martin-Prevel and 

Charpentier (1963) reported similar P deficiency symptans and especially 

noted the occurrence of dark-green foliage. 

c. Mobility and translocation of P 

Phosphorus is readily rrobile in banana. It can be 

translocated both upward and downward. Initial symptans of deficiency 

are seen in older leaves, which indicate that Pis mobile in the plant. 

P movement fran rrother plants to suckers was demonstrated by Walmsley 

and Twyford (1968) using 3;, as a tracer. For a peria:j of time after 

harvest "followers" can obtain nutrients stored in parent rhizomes and 

fran old pseudostems. They can also obtain nutrients currently being 

taken up by the roots of parent plants. When corms are planted in a 

medium canpletely devoid of P, P stored in the corms can sustain new 

shoot growth for several weeks. Phosphorus remobilization within plants 
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has been used by Martin-Prevel (1978a) to explain why the P requirement 

of banana is not great. 

d. Interactions between P and other elements 

P uptake is influenced by the supply of other nutrients. 

Martin-Prevel (1978a) reported that insufficient Mg reduced root uptake 

of P and restrained P movement to plant tops. However, because the 

proportion of whole plant P retained in the roots was unaffected, Turner 

and Barkus (1983) concluded that low Mg supply did not influence the 

transfer of P to the tops. Low Mg reduces the concentration of Pin the 

dry matter of the third lamina (Turner and Barkus, 1983; Martin-Prevel, 

1978a). 

Manganese toxicity decreases the concentration of Pin banana 

leaves because it limits the utilization of P (Marchal and Foure, 1983). 

High N fertilization diminishes P concentration in leaves. 

Examples of such relationships have been reported by Hagin et al. 

(1964), Martin-Prevel (1969), and Prasoms(X)k (1973). Because foliar 

dimensions did not differ among N treatments, Martin-Prevel (1969) 

discounted dilution effects as a cause and instead attributed the effect 

of Non P during early growth to anionic antagonism between nitrate and 

phosphate. Modifications of foliar P nutrition by N supply during 

flowering stage were verified as a dilution effect (Martin-Prevel 1969). 

Murray's (1960) experiment indicated that plant growth reduction due to 

P deficiency corresponded to the increase of leaf N. 
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C. Phosphorus Requirements 

1. Assumptions 

Banana P fertilizer requirements usually are not great. In 

any case, response by banana to P fertilizer has been rare. Several 

theories have been advanced for these low P requirements. 

a. Low nutrient removal of P by banana 

According to sumnarized data by Sirrmands (1960), P 

concentration in fresh banana pulp is low--0.029%. According to Hawaii 

data, banana contains less than 0.2 kg of P per ton of fruit (Fox, 

1987). The annual removal of Pin banana bunches varies with the plant 

species, cultivar, spacing, and yield. Marchal and Mallessard (1979), 

in surveying reports from different countries, concluded that less than 

10 kg ha-l was removed by banana. However, others have reported more; 

for example, Lahav and Turner (1983), 29 kg and Fox (1987}, 18 kg. 

b. Nutrient redistribution 

Nutrient redistribution within the plant can explain the low 

demands for Pin banana (Martin-Prevel, 1978a). Martin-Prevel (1978b) 

estimated that nearly 50 percent of the P of the banana plant is 

soluble. Phosphorus is often redistributed fran older to younger 

leaves. Nutrient redistribution occurs within the mother plant and also 

between mother plants and their offspring (Walmsley and Twyford, 1968). 

c. Utilization of sparingly soluble phosphates 

Banana roots are widely distributed in soils, although the 

most occur in the upper 30 to 40 an. It is supposed that banana can 
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absorb phosphate that is relatively unavailable to other plants 

(Langenegger et al., 1980). 

d. Nutrient cycling 

Banana is sometimes described as a shallow-rooted plant with 

an adventitious root system. However, according to Simm:Jnd (1966), 

laterally spreadin;;J roots camnonly descend to 75 cm. During the growing 

period banana leaves and pseudosterns act as sinks for P. When the 

vegetative parts of banana plants are returned to the soil, nutrients 

are released as the plant debris is broken down; thus subsoil nutrients 

are cycled. 

e. Mycorrhizal association 

Sane aspects of banana rrorphology and gra.vth suggest that 

banana mycorrhiza-dependency may be high. The thick fleshy root system 

has limited surface. It is believed that plants with fleshy roots tend 

to be mycorrhizae dependent (Manes and Kozlowski, 1973). Root hairs of 

banana are short and are n::,t long-lived. Baylis (1975) and St. John 

(1980) suggested that coarse-rooted species with few root hairs should 

respond more to vesicular-arbuscular mycorrhizae than do fine-rooted 

species with many root hairs. By extending the absorptive area of 

plant's root system, mycorrhizae may help banana take up P, a relatively 

i.rnm::)bile element, rrore efficiently. 
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2. External and Internal P Requirements 

a. External requirements 

Langenegger et al. (1980) listed 27 rrg Pkg-las the critical 

soil test P level for banana in South Africa and 4 rrg Pkg-las a 

deficient level. Croucher and Mitchell (1940) estimated that 10 to 20 

rrg P kg-l soil is a level at which banana will probably be responsive to 

phosphate. Sin:m:"onds (1966) suggested that 7 rrg P kg-l is the critical 

level for Dominica banana soil. Based on Hardy's data, de Geus (1973) 

reported that a sufficient level of phosphate for banana gro.ving in clay 

-1soil in Jamaica would be approximately 37 to 44 rrg Pkg • 

Several critical levels for soil test P could be listed here 

but unfortunately, they have no practical value because they are 

indirectly cited, without corresponding extracting methods. The need to 

state the method of extraction is very important, because various 

rrethods yield different data fran the same soil sample. 

In field-grown banana, the occurrence of P deficiency is 

rarely seen. An instance of acute P deficiency on a banana plantation 

in Guadeloup (West Indies) was reported by Lacc.euilhe and Gcderfroy 

(1971). The soil contained less than 0.11% total P. Walmsley et al. 

(1971) detennined that 2.5 rrg P kg-l soil, using NaHC0 extractant, was
3 

a critical level for banana in the Windward islands. As already 

described for an Israel soil by Lahav (1973), banana plants were 

seriously deficient in P when soil Olsen P values range fran 4.9 to 10.2 

rrg P kg-1• Superphosphate application is recarmerrled when the amount of 
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Olsen P (sodium bicarbonate) extracted is less than 10 mJ P kg-l (Hagin 

et al., 1964). 

b. Internal requirements 

Internal P requirements for banana have been investigated more 

than external requirements. The critical P level of Q.198% in the third 

leaf being used by many workers, was prop:)sed by Hewitt (1955). Turner 

(1971) suggested that critical levels should be established for each 

local situation after nutrient concentrations have been correlated with 

yields and applied nutrients. Although in sane banana-producing 

countries, an approximate relationship between plant performance and 

leaf P concentration has been determined, leaf critical levels have not 

been conclusively established because experiments showing significant 

yield increases fran P fertilizer applications have been rare. 

Internal P requirements are usually based on the concentration 

of P in the third leaf. It is the concentration above which no increase 

of yield is likely fran the application of P. Examples of such 

determinations have been published by Hewitt (1955) and Lin and Chiu 

(1980). Critical P levels used in sane countries have been listed by 

Turner (1971}. Lahav and Turner (1983) recently suggested 0.2% as a 

critical leaf P level. In Hawaii, 0.18% Pin dry matter of the 3rd leaf 

has been used as a nutritional guideline for Williams banana (Warner et 

al., 1974). 
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D. Fertilizer Management 

1. P Status in Banana Soils 

Bananas are usually grown on soils where P availability does 

not restrict their production. Contemporary published data on soil p 

frc:rn different banana producing countries are scarce, but sane 

publications have indicated an abundance of P. Most banana soil pin 

Taiwan contained over 70 mg pkg-las extracted by the Bray No.1 method 

(Lin, 1982). According to the investigation by Caldas and Garcia 

(1970), the NaHOJ3 extractable Pin the soil of the Canary Islands is 

approximate 87 mg P kg-1• If compared with the generally accepted 

critical level, 10 mg P kg-l by Olsen Method, the value is 

super-abundant. Taiwan and the Canary Islands are among places where 

heavy fertilization has been adopted for banana managerrent; the high P 

status of banana soils there has been attributed, in part, to the 

habitually high dosages of P fertilizer applied every year. A survey 

made by Lower {1982) suggested that banana soils near Waimanalo, a 

banana-producing area on Oahu, have remained satisfactory for growin;i 

banana without further applications of P fertilizer. 

Results fran the research divisions of the two camnercial 

banana-producing giants, United Fruit Company and Standard Fruit 

Company, in Central America have not been made public: information 

regarding soil Pin these niajor banana producing areas is not well 

known. However, a trip report {Lee et al., 1979) canpiled by several 

Taiwan Banana Research Institute visitors to United Fruit's plantations, 

indicated that the P fertility in rrost of their soils had fallen to a 
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critical level after several decades of applying fertilizer canpletely 

lacking in P. 

2. P Fertilizer Experiment 

Although numerous experiments have been conducted to find a 

recanmended amoW1t of P for banana in various parts of the world, 

instances of experimental findings that support a general recanmendation 

are rare. In the Philippines, banana responded to P after seven years 

in a P fertilizer experiment (Htun, personal conrnunication). The lack 

of response of banana to P has led most researchers to use only two 

levels when designing P experiments (Warner et al., 1974; Lin and Chiu 

1980; Lahav, 1973). Data fran such experiments do not produce good 

yield response curves. 

3. P Fertilizer Management 

Two contrasting concepts of banana P fertilization have been 

developed during the past thirty years: (1) phosphate application is not 

necessary unless soil Pis unreasonably low; (2) regular application of 

phosphate should be made, at a rate of 100 kg P per hectare per year 

(Lahav and Turner, 1983) or of 100 g P annually per plant (de Geus, 

1973). 

The application of P to soil can follow two approaches, (1) 

assessment of the optimum amount of fertilizer required through 

systematic use of leaf and soil analyses and (2) a general fertilizer 

prcgrarn. The first approach is popular on plantations in Central 
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America and the Philippines; while the second approach is used in 

places where leaf and soil analyses are not readily available. 

Phosphorus is usually incorporated into the soil before banana 

is established (Sirn:nonds, 1966}. If further Pis needed after 

establishment, P fertilizers are normally topdressed because it is not 

practical to plow-in fertilizer. P applications to banana soil have 

been made by drip irrigation in Israel, and it has been suggested that P 

loss might occur through leaching (Lahav and Turner, 1983}--certainly 

not a significant problem except on sandy soils. 

A general estimation of P requirements can be based on crop P 

contents. As described by Twyford and Walmsley (1974}, field 

application of P should be 4 times greater than the amount of P shown 

by whole crop analyses, the extra a:rt0unt of Pis needed to compensate 

for P retention by soils. Obviouly such a practice should not be 

followed for extended periods of time. 

One feature of tropical soils is their high capacity to 

immobilize P. Sane banana production must have used high P-retentive 

soils but information pertaining to the P requirements for banana 

growing on these soils is not accessible. 

E. Interactions of N, P, and Mycorrhizae 

It is well established that formation and continued 

developnent of all types mycorrhizae are closely related to soil 

factors. Mosse et al. (1981} reviewed the ecology of mycorrhizae and 

mycorrhizal fungi; soil water, aeration, and temperature are the 
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important physical factors influencing mycorrhizae; soil nutrients, 

particularly N and P, are important chemical factors. 

Soil P levels also influence mycorrhizae. Fungal infection 

and mycorrhizal performance are usually enhanced in soils low in P (Mark 

et al., 1977; Ames and Linderman, 1978; Powell, 1980). In a few cases, 

infected plants growing in low P media perform poorly (Hays et al., 

1982). 

Little wDrk has been done on the effects of Non mycorrhizal 

infection and the consequent nutrition of host plants. Nitrogen affects 

the development, colonization, and infection of mycorrhizae in host 

plants; and furtherrrore, mycorrhizae may play a role in the N nutrition 

of plants, especially when arrtm:)niurn ion is the N source (Raven et al., 

1978). 

1. Nitrogen and Phosphorus Physiology of Mycorrhizae 

a. Nitrogen 

Our knowledge of the N nutrition of mycorrhizae is limited, 

especially for vesicular-arbuscular mycorrhizae. This is partly because 

their culture apart fran host plants has not been accanplished. 

Ectanycorrhizae make plants increase plant growth rrore when 

when arrtm:)niurn is the N source than when nitrate is the N source (Harley, 

1959). Excised beech mycorrhizae could readily absorb ammonium fran 

amrroniun chloride but were not able to absorb nitrate (Carrodus, 1966). 

However, Lunderberg {1970) reported that many {but not all) of 27 
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ectomycorrhizal fungi in pure culture could use nitrate as the sole 

source of N. 

Harley (1959), citirg Burgeff's data published in 1936, 

concluded that orchid fungi can use many kinds of inorganic and organic 

compounds as N sources. Ammonium salts and simple organic compounds are 

gocx:i sources; but nitrate sources are not effective. Urea, amino acids, 

peptones, and proteins are satisfactory. 

Experirrental data are not available on the inorganic N 

nutrition of vesicular-arbuscular mycorrhizal fungi and few experiments 

have been conducted on the effects of organic N compounds on hyphal 

growth. A nutritional study by Hepper (1979) revealed that peptone 

promoted spore production of .9.:_ caledonius. Amino acids also enhanced 

hyphal growth of vesicular-arbuscular mycorrhizae. Hepper and Jakobsen 

(1983) reported that hyphal growth from spores of .9.:_ caledonius was 

stimulated by cysteine, glycine and lysine. When all three amino acids 

were supplied together in water agar, growth was five times rrore than in 

the control. 

b. Phosphonis 

One advantage of mycorrhizal associations is enhanced-P uptake 

by plants. Mycorrhizal fungi present greater surface for phosphate 

uptake (Sanders and Tinker, 1971). Soil phosphate is translocated to 

arbuscules and vesicles inside roots, and from there P rroves through the 

plant. Callow et al. (1978) stated that VA fungi synthesize 

polyphosphate vacuolar granules from soil phosphate, and that the 

granules are broken down in the arbuscules and then released to the 

host. However, Bowen et al. (1975) suggested that because the P storage 
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capacity of the fungus is small, there must be a rapid transfer of p to 

the host plant via the relatively large surface area of arbuscules. 

2. Effects of Mycorrhizae on N Uptake by Plants 

Increased nutrient uptake by mycorrhizae is not confined to 

phosphate. Increased N concentrations in tissues of mycorrhizal plants 

have been consistently reported for ectotrophic and ericoid mycorrhizae. 

However, varied results have been obtained with vesicular-arbuscular 

mycorrhizae (Smith, 1980). Lamb and Richards (1971) reported that 

ectomycorrhizae significantly enhanced N uptake by Pinus elliotti var. 

elliottii. A similar result was obtained by Ames and Linderman (1978) 

in an experiment using VA mycorrhizae and Lilium longiflorum. Effects 

of mycorrhizae on wheat cultivars were also varied (Azcon and Ocampo, 

1981). 

3. Mechanism of Increasing N Absorption by Mycorrhizae 

The mechanism for mycorrhizal-enhanced N absorption is not 

completely understood; explanations are based on theoretical 

considerations. Infection by mycorrhizal fungi may increase the 

absorbing capacity of roots through the formation of abundant hyphae 

(Bc:Men, 1980). Because labelled N from glutamic acid rroved through the 

mycelium of Boletus variegatus to pine seedling (Melin and Nilsson, 

1953), it seems that mycelium provides a large contact surface between 

fungus and host which allows rapid nutrient exchange to take place. 

Increased P absorption may increase the general metabolic rate of host 

roots and thereby increasing N uptake (Cooks, 1975). 
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Another explanation for enhanced N absorption by mycorrhizae 

is that the fungi also use organic N sources, particularly amino acids. 

Thus, mycorrhizae, and hence the host plant, can take advantage of soil 

N released from organic matter in the early stages of organic matter 

decomposition (N mineralilzation cycle). Stribley and Read (1974) 

stressed that the ability of mycorrhizae to utilize organic N could be 

important for mycorrhizal plants growing in areas p:x,r in inorganic N. 

They used mycorrhizal seedlings of cultivated cranberry inoculated with 

an endophyte initially isolated fran roots of plants grown on 

15~-enriched soil (a:rmonium sulfate) for 6 months. Growth was 

stimulated and N status of mycorrhizal plants were enhanced. Unaffected 

plants grown in the same soil for the same time period contained a high 

proportion of 1~, while infected plants, although they contained 

greater total N, contained less 1~. They concluded that mycorrhizal 

seedlings absorbed relatively more unlabelled N. This implies that 

access to a N source other than the exchangeable amnonium that was 

provided--a source that was unavailable to non-mycorrhizal plants. 

Endanycorrhizal symbiosis is an ecologically significant N 

conserver. Haines and Best (1976) reported that at 5 and 25 cm depth, 

mycorrhizae significantly decreased NH 4-N loss fran a temperate forest 

soil. 

Increased N concentration by vesicular-arbuscular mycorrhizae 

in roots and shoots have also been observed in legumes (Mosse et al. , 

1976). In these plants, the effect was attributed to a measured 

increase in nodulation and nitrogenase activity, resulti~ in increased 
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N fixation, rather than to increase uptake of nitrate or arrrnonium from 

soil. 

The use of amino canpounds as N sources by ericaceous 

mycorrhizae was derronstrated by Stribley and Read (1980). Mycorrhizal 

plants of Vacciniurn macrocarpon utilize all amino acids except aspartic 

acid as readily as they utilize amrronium. If mycorrhizal infection can 

provide access to these major N reserves or to their early decanposition 

products, an important physiological and ecological mechanism is 

indicated. 

4. Effects of Internal N and Pon Mycorrhizal Infection 

Many factors affect activity of mycorrhizal fungi, including 

the physiological status of the host plant and its ability to supply the 

fungi with nutrients. Nitrogen required for growth is probably taken 

from the soil (Cooks, 1975). However, the nutritional status of the 

plants themselves can inhibit mycorrhizal infection; the concentration 

of P within the plant can potentially reduce colonization, infection, 

and spore formation of~ fasciculatum rrore than the P status in soils 

can (Menge et al., 1978). Foliar sprays of P can reduce infection by 

mycorrhizal fungi (Sanders, 1975). Although high Pin soil solution 

usually leads to high root P, Menge et al. (1978) indicated that high 

concentrations of soil P do not inhibit colonization and infection of 

rCXJts by endanycorrhizal fungi if P concentration in rCXJts is low. 

It is interesting that mycorrhiza-plant symbiosis can 

increase the N content of plants while N fertilization can decrease 

mycorrhizal infection. The same general effect is observed when 
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nodulated legumes are N fertilized. Very little work have been done on 

the effects of internal plant Non mycorrhizal infection. Azcon and 

Ocampo ( 1981) reported that mycorrhizal infection did not relate to the 

N content of plant tissues. They concluded that neither mycorrhizal 

dependency nor mycorrhizal infection levels were directly affected by N 

concentration in plant tissues. Azcon et al. (1982) canpared effects of 

foliar- and soil-applied nitrate on VA mycorrhiza infection in maize. 

Plants with soil-applied nitrate were always much less infected. Soil 

nitrate decreased mycorrhizal development by decreasing infection rather 

than by affecting the spread of infection within the root. 

5. Effect of External Non Mycorrhizae 

It has been known since 1937 that infection by ectotrophytes 

is intensified by a low or unbalanced supply of N (Mosse, 1981). Soil 

nutrient supply also affects the activity of VA or ericaceous 

mycorrhizae (Hayman, 1982). Generally, high N fertilization leads to 

decreased VA mycorrhizal infection. Hence low mycorrhizal infection is 

usually expected on intensively managed soils. 

Marx et al. (1977) observed that even normal fertilization 

practices often suppressed ectcrnycorrhizal development. In order to 

effectively utilize mycorrhizal infection for crop production, the 

inhibitory effects of applied nutrients on mycorrhizae should be 

understood. 

a. Ectomycorrhizae 

High fertilizer levels, especially of N and P, are often used 

in plant nurseries. Nevertheless ectanycorrhizae have been used on 
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containerized production of tree seedlings. Marx et al. (1977) grew 

inoculated ectanycorrhizal fungus, Pisolithus tinctorius, with Pinus 

taeda seedlings for 10 weeks. Significantly more ectanycorrhizae formed 

on seedlings at the low fertility rate than at high rates of N and P. 

In a field fertilization study with 11-year-old Pinus taeda, 

Me~e et al. (1977) observed fewer mycorrhizal root tips in plants 

fertilized with N. They concluded that N was primarilly responsible for 

fewer mycorrhizal root tips when N and P were applied together. 

Phosphorus alone did not produce the effect. However, Beckjord et al. 

(1980) reported that the inhibitory effect of Non ectanycorrhizae 

formation could be prevented by late fertilization. Ectomycorrhizae 

formation was enhanced with all rates of sodium nitrate applied 40 days 

after planting. They offered no explanation for the results. 

b. Endomycorrhizae 

Most endanycorrhizal research has concentrated on Ericoid and 

vesicular-arbuscular mycorrhizae. Two English scientists, Stribley and 

Read have investigated ericaceous mycorrhizae, particularly N nutrition 

of VA mycorrhizae. Their contributions have led to an understanding of 

the mechanisms for N uptake by mycorrhizae. 

(a). Ericaceous mycorrhizae 

Plants with ericaceous mycorrhizae absorb amrronium at very low 

concentrations in mar-humus soil (Stribley and Read, 1976). The 

mycorrhizae fonn less readily when N is abundantly supplied. 

(b). VA mycorrhizae 

There are few quantitative studies on the effects of N 

fertilizers on VAM propagules and infection either in pot or in field 
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culture. Although there are exceptions, formation and continued 

development of VAM are inversely related to N supply. Effects of Non 

VAM infections have been reported. 

Maronek et al. (1981) used a sloVrrelease fertilizer, 

Osmocote (14-6-11.6), to study the effects of fertilizer rates on 

mycorrhizal pin oak seedlings. The best mycorrhizal developnent 

occurred during the first 14 weeks for all inoculated seedlings 

fertilized at the lower rate. Higher fertilizer rates delayed 

mycorrhizal development. However, differences arrong 

mycorrhiza-inoculated seedlings were not significant, regardless of 

whether or not they were fertilized. Because a compound fertilizer was 

used in this experiment, it was impossible to know which of the 

nutrients N, P, or K had a greater effect on mycorrhizae. 

Johnson et al. (1980) worked on woody ornamentals: Podocarpus 

macrophllus Thunb., Pittosporum tobira Thunb., and Rhododendron simsii 

Planch. inoculated with VAM.. They reported that N fertilization reduced 

percent infection. 

Chambers et al. (1980) canpared effects of arnronium and 

nitrate ions on mycorrhizal infection. Ammonium ions added as armnonium 

sulfate, were nnre effective than nitrate ions added as sodium nitrate. 

When blue grama plants were infected by~ fasciculatum, they 

were consistently shorter than uninfected plants. No infection occurred 

when N levels were high (Hays et al., 1982). 

Monthly sampling of wheat in N fertilizer experiments at 

Rothamsted Experimental Station dem::>nstrated a large negative effect of 
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N fertilizer on mycorrhizal populations (Rothamsted Experimental Station 

annual report, 1982). 

6. Mechanism of N Effect on Mycorrhizal Infection 

Nitrogen may influence mycorrhizae in two ways. It affects 

organic canponents of roots or it may produce changes in root exudates, 

which in turn affect mycorrhizal infection. Three mechanisms are 

summarized as follows: 

a. Nitrate 

Mycorrhizal fungi prefer the ammonium form of N to the nitrate 

form. Nitrate seems to affect mycorrhizal infection directly. The 

experiment done by Mosse (1962) has supported this. If 

vesicular-arbuscular mycorrhizal fungi were established under aseptic 

conditions with N added, infection occurred only after the N was removed 

from the medium. 

b. Carbohydrate 

It has been demonstrated that mycorrhizal fungi obtain 

carbohydrates fran the host. Bevege et al. (1975) concluded that 

sucrose and glucose are the principal sugars transferred in 

endanycorrhizal system. Levels of sucrose in the furqal cytoplasm which 

maintain a concentration gradient for passive rrovement or faciliate 

diffusion, are lowered by conversion to lipid, protein, and amino and 

organic acids involved in the active growth of the fungus. Therefore, 

the ability of host roots to supply carbohydrates to mycorrhizae plays 

an important role in mycorrhizal infection. Levels of N and P were 

negatively correlated with susceptibility of short r(X)ts of loblolly 
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pine to infection by ectanycorrhizal Pisolithus tinctorius (Marx et al., 

1977). The quantity of sucrose in short roots and the percentage of 

short roots infected by Pisolithus was correlated also. Sucrose and 

fructose contents of short roots were lowest at the highest levels of N 

and P, 

An explanation for the high N effect on mycorrhizae is that 

high N leads to carbohydrate utilization in tissues other than roots. As 

a result, the pre-infection conditions necessary for VAM are difficult 

to establish, 

c. Root exudates 

Mycorrhizae development may be divided into two phases, a 

pre-infection phase in soils, and fungal growth in roots. Added 

nutrient may m::x:iify root exudates ard hence indirectly affects the 

rhizosphere. Azcon and Ocampo (1981) suggested that establishment of 

the fungus in roots requires a miniml.llll of sugar exudation to support its 

initial growth. Sugar exudation may be affected by root membrane 

permeability. The root exudate effect on mycorrhizal infection is still 

hYf.X)thetical. No experiments has supported this assumption even though 

the inhibitory effect of Pon mycorrhizal infection has been reported to 

be associated with a membrane-mediated decrease in r(X)t exudation 

(Ratnayake et al., 1978). 

F. Direct Application of Rock Phosphates as a Fertilizer 

Although direct applications of rock phosphates accounts for 

only a small percentage of world P consl.llllption, interest in rock 
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phosphate use continues because energy is required to convert rock 

phosphate to superphosphate. In addition, hope remains that rock 

phosphate will provide a means to increase residual efficiency of 

fertilizer P. For certain crop-soil combinations this may prove to be 

true. Langenegger et al. (1980) suggested that banana can extract P 

fran canpounds of relatively low solubility during a lorg period of time 

and can recycle P effectively, indicate that this is a crop that would 

respond favourably to rock phosphate. The tendency for highly 

weathered, low-pH soils to sorb phosphate favors the use of rock 

phosphate as a fertilizer on such soils. Khasawneh and Doll's (1978) 

excellent review dealt with the direct application of rock phosphate to 

soils and covers mineralogy and chemistry of rock phosphate, reactions 

of rock phosphate in soils, and agronanic evaluation of rock phosphate 

for direct application. 

Reviews relating to the role of mycorrhizae in the utilization 

of rock phosphates are rare although Mosse (1981) discussed the 

mechanism of mycorrhizal uptake of P fran rock phosphates in her 

recent review of vesicular-arbuscular mycorrhiza research for tropical 

agriculture. 

1. Diversity of Rock Phosphates 

Rock phosphate is a collective name for carmercial phosphate 

minerals that can be used for direct application. All the minerals 

suitable for rock phosphate are apatitic, with P and F contained in 

minerals of apatite structure in association with Ca. Most apatites 

contain fluoride, although chloro, or carbonato apatite also occur 
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(Tisdale et al., 1985). Minerological differences, including 

isomorphous substitution in the basic fluoropatitic structure: and the 

nature and quantity of accessory minerals significantly influence the 

suitability of rock phosphate for direct application (Khasawneh and 

Doll, 1978). 

2. Reaction of Rock Phosphates in Soils 

As follows from the equation for the congruent dissolution of 

apatite, the soil conditions necessary for rock phosphates dissolution 

+ 2+ -are a source of H and sinks for Ca and H2P04 • 

2Ca5(P04>3x + 6H+ --~--> 5 ca + + 3 H2P04- + X 

Once phosphate ions are formed their disposition depends upon 

the soil environment. Rock phosphate breakdown and conversion into both 

Al- and Fe- fractions decreased with increasing pH of several Virginia 

soils (Chu et al., 1962). 

Agrona:nic effectiveness of rock phosphate depends to a 

considerable degree on soil pH (Tisdale et al., 1985). Peaslee et al. 

(1962) regarded soil pH as the most important factor in rock phosphate 

dissolution. Availability is higher in acid soils than in neutral or 

alkaline soils. Soil affinity for Ca also enhances rock phosphate 

dissolution and the availability of P for plant growth (Khasawneh and 

Doll, 1978). Increasing Ca activity reduces rock phosphate dissolution 

(Wilson and Ellis, 1984). Wilson and Ellis (1984) used calcium nitrate 

to test the effect of Ca ion activity on the solubility of six rock 

phosphates. They concluded that the solubility of rock phosphates 

decreases with increasing (Ca2+) activity in solution. Since a sink for 
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phosphate ions is a driving force for rock phosphate dissolution, acid 

tropical soils which frequently are high P fixing soils, are potentially 

suitable for direct application of rock phosphate as a fertilizer. 

3. Measurement of Rock Phosphate Dissolution in Soils 

Rock phosphate dissolution in soil can be measured indirectly 

(Khasawneh and Doll, 1978). Because sane of the P released fran rock 

phosphate reacts with the Al or Fe fraction, traditional soil testing 

methods can be used. These methods include (1) fractionation of soil P, 

(2) dilute acid-arrmonium fluoride extraction, (3) alkaline extraction of 

soil P (Olsen method), (4) extraction with anion exchange resins, (5) 

labile Pas measured by isotopic exchange, and (6) measurements of 

exchangeable ca in soil. 

Joos and Black (1950), Smith and Grava (1958), and Peaslee et 

al. (1962) reported good correlation between Bray P1 extractable P and 

plant response to rock phosphate applications; although Peaslee et al. 

(1962) reported that P extracted by anion exchange resins fran rock 

phosphate-treated soils was better. The resin extractable P method 

seems to be an attractive method for determining P availability in rock 

phosphate-treated soil because anion exchange resins rerTDve P fran the 

soil without chemical alteration or pH nndification (Olsen and Sanrners, 

1982). Examples of the use of this method to measure rock phosphate 

dissolution of rock phosphate in soils are van Raij and van Diest (1980) 

and Cabala-Rosand and Wild (1982a). However, Smyth and Sanchez (1982) 

reported that changes in Olsen P were rrore indicative of the rock 

phosphate dissolution process than resin-P. 
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4. Plant Factors Affecting Agronanic Effectiveness of Rock Phosphates 

Crops vary greatly in their ability to utilize P fran rock 

phosphate. Many crop attributes are related to the effective use of 

rock phosphate, including uptake of both Ca and P (Khasawneh and Doll, 

1978). The composition of the soil solution in the rhizosphere may be 

changed by such uptake patterns. Cooke (1956) took for granted that 

crops with well-developed fibrous roots are best suited to utilize P 

fran rock phosphate. Such however is not altogether correct. Maize for 

example is ineffective. 

Sources of acids in the rhizosphere, imbalance between 

nutrient cation and anion uptake across the root-soil interface, co2 
respiration, excretion of organic acids £ran roots, and microbial 

production of acids fran root carbon release (Nye, 1986) may play 

important roles in the dissolution of rock phosphate. 

5. Mycorrhizae and Utilization of P fran Rock Phosphate 

Mycorrhizae enhance P uptake fran rock phosphate (Azcon et 

al., 1976; Mosse et al., 1976). Daft and Nicolson (1966) observed a 

greater response to added bonemeal by mycorrhizal maize than 

non-mycorrhizal maize to added bonemeal. The response of plant dry 

matter to an addition of low grade Brazilian (Patos) phosphate rock was 

increased by mycorrhizal inoculation with Stylosanthes guianensis and 

Desmodium intortum (Cabala-Rosand, 1982b). Barea et al. (1975) studied 

possible synergistic interaction between Endogone and P-solubilizing 

bacteria in low phosphate soils. They suggested that rock phosphate may 

be solubilized by mycorrhizal fungi, either alone or in association with 
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rhizosphere bacteria. They assumed changes in pH or cation 

concentration in the small volume of solution between phosphate minerals 

and hyphae. 

The mechanisms by which mycorrhizae help plants take up P from 

rock phosphate are still unclear. Tinker (1975) stated three major 

possibilities: (a) hyphae simply act as a well-distributed absorbing 

surface for Pin the soil; (b) hyphae proliferate preferentially near 

to, on the surface of, or (for porous material) inside phosphate sources 

of low solubility; (c) hyphae dissolve the mineral phosphate directly. 

However, non-mycorrhizal crops such as mustard, efficiently use rock 

phosphate, whereas sane mycorrhizal crops such as wheat and cowpea, are 

inefficient users of rock phosphate. Tinker (1975) concluded that 

mycorrhizae alone cannot explain the use or non-use of rock phosphate. 
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III. MATERIALS AND METHOIE 

A. Description of the Cultivar 

The banana cultivar used in this study was Williams hybrid. 

It originated as a mutant, or a bud sport, in a carrnercial planting of 

the Chinese cultivar near Coffs Harbor, New South Wales, Australia 

(Hamilton, 1958). According to Sirnrronds (1966), Williams is synonym::>us 

with Giant Cavendish, with the following botanical characteristics: 

bracts that are persistent or sanewhat so, a semi-dwarf plant and a leaf 

ratio of 2.1-2.6. The cultivar, generally has replaced Dwarf Cavendish 

in Hawaii, Australia, and Israel, because of its better fruit quality, 

higher production, and lesser tendency to "choke" (blocking the 

emergence of the bract) in winter than Dwarf Cavendish (Chinese). 

B. Description of Soils 

1. Field Investigation 

The field experiment was located at the Wairnanalo Experimental 

Station, Island of Oahu. Elevation is, 20 to 29 meter and annual 

rainfall, 630 to 1,260 rnn (Ikawa et al., 1985). The soil, a Mollisol, 

Kawaihapai series, has been taxonanically described by Ikawa et al. 

(1985). They placed the soil in the fine, mixed, isohypertherrnic family 

of Curnulic Haplustolls. The soil developed in alluvium derived fran 

basic igneous rock in humid uplands (Soil Survey Staff, 1972). Natural 
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fertility of this soil is gocd, except that N is low. It has a 

pronounced dry period requiring irrigation for crop production (McCall, 

undated). Some laboratory data based on the chemical analyses of 

samples taken fran the banana plot is given in Table 1 (source: Warner 

et al. , 1974) • 

Table 1. Soil data (laboratory) fran the banana field experiment, 
Waimanalo Experimental Station, Oahu. 

pH Total N03-N Solution Sxchangeable bases 
N p 

Ca Mg Na K 

-1 -1
% anol kgm;J L ---------- -------

6.5 0.107 4 a.as 24.0 25.2 1.0 o.ss 

2. Pot Experiments 

Sutr-soil material (30-150 an) collected fran an undisturbed 

area of the Poam:Jho Experimental Station, Island of Oahu, was used for 

this study. The soil is a member of the clayey, kaolinitic isothermic, 

family of Tropeptic Eutrustox, Wahiawa series (Soil Survey Staff, 1972). 

The series consists of well-drained soils on the uplands of Oahu. The 

soils developed in residuum and old alluvium derived fran basic igneous 

rock, they occur at elevations ranging from 150 to 370 meter. A 

minority opinion is that ancient volcanic ash is also envoked. Annual 

rainfall ranges fran 1,000 to 1,500 rrm. The characteristics of this 

soil are high P retention, high Mn content, and low availability of K 
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and Mg. Some chemical properties of the soil used for potting are 

listed in Table 2. 

Table 2. Some properties of the Wahiawa sub-soil (Tropeptic Eutrustox) 
used for pot experiments. 

Soil Properties Value 

~ 
Organic matter(%) 

Exchangeable cations (anol kg-l) 
Ca 
Mg 
K 
Mn (rrg kg-l) 

Extractable sulfate (rrg kg-l) 

Total N (%) 

Total P (rrg kg-l) 

-1Extractable P (mg kg ) 
Bray No. 1 method 
NaHC0 (Olsen method) 3 

5.6 
0.37 

4.25 
2.73 
o.7 
40 

276 

0.082 

400 

o.s 
1.0 

c. Field Investigation 

Banana plots at the Waimanalo Experirrental Station were 

started in July, 1971. Eight tenth hectare of land in Field Z at the 

Station were allocated for the experiment. One hundred fourteen kg 

ha-l of magnesium was added in the form of magnesium sulfate, and half 

the area (blocks I to IV) was given 224 kg P ha-las triple 

superphosphate. No further P applications were made after the initial 

land preparation in 1971. 
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The stand was thinned and rototilled in 1980. Blocks II and 

VII were replanted. In 1983, hurricane Cwa knocked down about 80% of 

the banana plants; the plot was reconstructed one week after the 

catastrophe by ch:)pping the bent trunks. Sword suckers came out fran 

the corms about one week later. Controls on plant population were done 

to maintain 3 to 4 plants in each mat. 

1. Plot Layout 

The design of the experiment was a continuous function with N 

fertilization increasing in 12 increments (6 rows) in one direction and 

K fertilization increasing in 16 increments (8 rows) at 90° to the N 

treatment (Fig. 1). 

2. Fertilizer Management 

The frequency and rate of fertilization were adjusted based on 

levels of N and Kin control tissue, a section of the third fully 

unfurled leaf fran the daninant pseudostem. The control plant was the 

treatment represented by the 4th row of N and the 5th r:cM of K (the 

relative level, NSK7). Fertilization frequency and rate were adjusted 

to keep the leaf on the control plants near 2.6% N, and 3.2% K. 

Relative amounts of fertilizers added for the various treatments were in 

a fixed ratio. Relative amounts of N fertilizer were O, 1, 3, 5, 7, and 

9. Relative arrounts of K fertilizer were O, 1, 3, 5, 7, 9, 11, and 13. 

The fertilization history of the experirr~nt during 1971-1979 was 

reported by Lower (1982). The dates and amounts of N and K applied per 

mat fran 1980 through 1985 are given in Appendices 1-4. Plots were 
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irrigated once weekly by sprinklers spaced 9 meters apart on lines 

placed in every row (6 meters apart), and staggered in a hexagonal 

pattern. 

107 106 105 104 103 102 101 100 
117 116 115 114 113 112 111 110 
127 126 125 124 123 122 121 120 
137 136 135 134 133 132 131 130 
147 146 145 144 143 142 141 140 
157 156 155 154 153 152 151 150 

250 251 252 253 254 255 256 257 
240 241 242 243 244 245 246 247 
230 231 232 233 234 235 236 237 
220 221 222 223 224 225 226 227 
210 211 212 213 214 215 216 217 
200 201 202 203 204 205 206 207 

707 706 705 704 703 702 701 700 
717 716 715 714 713 712 711 710 
727 726 725 724 723 722 721 720 
737 736 735 734 733 732 731 730 
747 746 745 744 743 742 741 740 
757 756 755 754 753 752 751 750 

850 851 852 853 854 855 856 857 
840 841 842 843 844 845 846 847 
830 831 832 833 834 835 836 837 
820 821 822 823 824 825 826 827 
810 811 812 813 814 815 816 817 
800 801 802 803 804 805 806 807 

250 351 352 353 354 355 356 357 
340 341 342 343 344 345 346 347 
330 331 332 333 334 335 346 347 
320 321 322 323 324 325 326 327 
310 311 312 313 314 315 316 317 
300 301 302 303 304 305 306 307 

407 406 405 404 403 402 401 400 
417 416 415 414 413 412 411 410 
427 426 425 424 423 422 421 420 
437 436 435 434 433 432 431 430 
447 446 445 444 443 442 441 440 
457 456 455 454 453 452 451 450 

550 551 552 553 554 555 556 557 
540 541 542 543 544 545 546 547 
530 531 532 533 534 535 536 537 
520 521 522 523 524 525 526 527 
510 511 512 513 514 515 516 517 
500 501 502 503 504 505 506 507 

607 606 605 604 603 602 601 600 
617 616 615 614 613 612 611 610 
627 626 625 624 623 622 621 620 
637 636 635 634 633 632 631 630 
647 646 645 644 643 642 641 640 
647 656 655 654 653 652 651 650 

Fig 1. Plot layout of the Waimanalo banana experiment. The three 
digits of each treatment code refer to block, N treatment, 
and K treatment. Relative amounts of N rates applied 
were O, 1, 3, 5, 7, and 9. Relative amounts of K rates 
applied were O, 1, 3, 5, 7, 9, 11, and 13. 
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3. Leaf Analysis 

Every mat was sampled in October, 1982 and August, 1985. The 

1982 sampling was based on two daninant plants per mat while in 1985, 

one daninant plant was sampled. A Hawaii leaf sampling method (Warner 

et al., 1974) for banana was used. A foliar section 10 an wide was 

secured fran both sides of the midrib halfway between the tip and the 

base of the third fully unfurled leaf fran the daninant pseudostem. 

Nitrogen, P, and K concentrations in leaves were detennined. 

4. Soil Analysis 

Surface soil samples (0-20 an) were collected in November, 

1983 for P sorption curves. Four soil cores of were secured fran each 

mat of treatments: NOKO, NSK?, and N9Kl3. The samples of the same 

treatment fran phosphate fertilized blocks (I-IV) and phosphate 

unfertilizered blocks (V-VIII) were canposited. Phosphorus sorption 

curves were constructed based on the procedure suggested by Fox and 

Karnprath (1970). 

Soil profile samples: 0-2.s, 2.s-s.o, s.0-10, and 10-20 cm 

were collected fran each mat of each block in April, 1983. Saturation 

extract P was determined. 

Surface soil samples (0-20 an) were collected fran each mat of 

8 blocks in August, 1985 for analysis of extractable P using the Olsen 

and Bray No. 1 extractants. 
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D. Preparation of Planting Material 

Owing to probable contamination with nematcdes and mycorrhizal 

fungi fran soil, conventional planting materials, field sword 

suckers--young offshoot with narrow-bladed leaves--were not used for the 

pot study. Instead, multiplication of vegetative materials followed a 

rnethcd proposed by Menendez and LcxJr (1979). Adult suckers of similar 

size and age were selected from border plants of the banana field at 

Waimanalo. About 1 inch of tissue fran around the sides of corms were 

trirrmed off before further selection. To control indigenous mycorrhizal 

fungi and nematcdes, corms were doubly sterilized by dipping trirrrned 

conns in 2% Chlorox for 15 minutes and then immersing them in hot water 

(52° to 55° C) for 20 to 25 minutes. After sterilization corms were 

shallow-planted in heat-sterilized (80° C, overnight) vermiculite. Two 

weeks after planting, the corms had rooted firmly and the stubs of old 

leaf sheathes were successively pared down to the corm tissue. Lateral 

buds that developed in the rooting media were cultured for 4 rronths. 

Vegetative propagation was in two sets with 50 corms at each time, to 

meet the requirerrents for uniform planting materials at different times. 

Two kinds of planting materials were used for the study; for 

98.4 L, half-barrel pots, small suckers about 25 cm in height; for 9 

liter pots, small corms with rhizanes measuring about 6 to 8 cm in 

diameter at the base, were used as planting materials. 
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E. Preparation of Potting Soils 

The pot studies required massive amounts of soil. This had to 

be sterilized to eliminate indigenous mycorrhizae and had to be amended 

with different nutrients, for example lime, MgS04, and micro-nutrients. 

Soil mixing required special attention. The soil material was 

sequentially labelled during bagging to designate its position in the 

profiles. Soil samples were partially air-dried, and divided into 5 

lots according to their sampling sequence. Bach bag of soil, ranging 

fran 20 to 25 kg, was screened separately through a 0.6 cm sieve. 

Cc:rnposite samples were made subsamples frcm each lot. A pH titration 

curve (Fig. 2) was established to determine the calcium carbonate needed 

to increase soil pH to 6.2. Magnesium, added as epsan salt (MgS0 .7H o)4 2

at the rate of 2 anol Mg kg-l soil, and lime were applied to the soil 

simultaneously, and the soils were equilibrated outdoors for more than 

one month. Blanket applications of micro-nutrients, B, Cu, Zn, and Mo, 

-1 were made in arrounts equal to 1, 5, 5, and 1 rrg kg , respectively, at 

the same time as phosphate was added to the soils. 

A soil P sorption curve (Fig. 3) was developed using 

procedures, outlined by Fox and Kamprath {1970), to determine amounts of 

rrono-basic calcium phosphate needed to establish the various target 

levels of Pin soil solution. The levels of P established in soil 

solution for the pot studies are given in detail in subsequent sections 

of this thesis. Soils were potted in 9 liter pots, fumigated with 

methyl branide for 4 days, and finally transferred to the half-barrel 

containers. The fumigated soils ~re degassed for l week in the barrels 
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Fig. 2. Titration curve for the estimation of the lime 
requirement of the Wahiawa silty clay soil. 
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Fig. 3. P sorption curve for the Wahiawa silty clay soil. 
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or in the 9 liter pots (rock phosphate experiments) before planting. 

All fumigation and subsequent degassing and potting were done 

out-of-doors. 

F. Pot Experiments 

1. External and Internal P Requirements of Mycorrhizal and 

Non-mycorrhizal Banana 

a. Experimental variables 

The experimental variables were: with and without mycorrhizae, 

and 10 levels of Pin a factorial canbination replicated in time. 

b. The pots 

Half-barrel containers (98.4 L), painted with asphalt as a 

protective coating for the inner wall, were fitted with polyesterene 

wool wicks (three per pot) which lay across the bottan of the pot, 

passed through a drain hole, and hung free 35 an fran the bottan of the 

pots. The purpose of the wicks was to prevent saturating the soil in 

the bottom of the pots and to facilitate collecting leachate samples. 

Each barrel contained 100 kg soil. 

Pots were watered with a solution containing nutrients in the 

-1 -1following concentrations: K 60 rrg L , and NH -N 50 rrg L with 10% of
4

the N added as armnonium sulfate. 

c. Inoculation with mycorrhizae 

The potting soil was allowed to aerate for one week after 

fumigation. Mycorrhizal inoculum, consisted of 650 g of sand that 
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contained corn (Zea mays L.) roots that had grown for 100 days after 

having been inoculated with a crude inoculurn of mycorrhizal fungus, 

Glomus aggregaturn, consisting of sand, piece of infected roots, spores 

and mycelia of the fungus. This material was placed around the bases of 

banana suckers to ensure that roots would be exposed to the ihoculurn. 

Corresponding non-mycorrhizal treatments received 650 g of the fumigated 

sand only. 

ct. P application rates 

Ten levels of Pin soil solution, ranged fran 0.003 to 1.6 rrg 

P L-l, in canbination with mycorrhizal and non-mycorrhizal treatments 

v.1ere used for the soil culture study (Table 3). Phosphate was added as 

rrono-basic calcium phosphate. 

e. Monitoring P status of plants 

Weekly leaf sampling started with the third fully-developed 

leaf. Two leaf punches, 0.8 cm in diameter, fran the center of both 

sides of the third fully-unfurled leaf, were used to monitor changes of 

P in leaves as a function of time, P levels, and mycorrhizae. The 

appropriateness of using the leaf punches for assessing leaf P status 

was appraised by canparing Pin sections of leaf materials (10 an wide) 

with leaf punches fran the same material. 

Plants were harvested (cut at ground level), after 17 leaves 

were fully developed. Soil samples for extractable P measurements were 

collected with a soil sampling probe. Percent mycorrhizal infection of 

roots was assessed using the method suggested by Kormanik and McGraw 

(1982), except that roots were bleached overnight in hydrogen peroxide 
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instead of dipping for 10 minutes. This modification was required to 

clear roots of oxidized polyphenolic canpounds. 

Table 3. Arrounts of Padded as m:)no-basic calcium phosphate to 
establish 10 target P levels in soil solution for the 
pot experiment. 

Target P level P applied 

(mg L-1) (mg kg-l soil) 

0.003 
0.006 
0.012 
0.025 
o.oso 
0.100 
0.200 
o.4oo 
0.800 
1.600 

0 
66 

130 
207 
300 
390 
480 
604 
740 
880 

f. Establishment of the 2nd crop 

Superfical peepers (baby suckers) were terminated by removing 

their rneristerns by means of an Egyptian desuckering tool. This 

procedure suppressed bud daninance and new peepers fran the l:x)ttom of 

corms to appear within one w1eek. One such peeper was selected in each 

pot for a second crop. 

Plants of the 2nd crop were also harvested after 17 leaves 

were fully developed. Plants and soils w1ere sampled for the factors as 

the first crop. Foliar and soil samples were also collected for 

elemental analysis. Mycorrhizal infection was assessed. 
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2. Interactions between Nitrogen, Phosphorus, and VA Mycorrhizae 

in Relation to Phosphorus Nutrition of Banana 

a. Experimental variables 

The experimental variables were: with and without mycorrhizae 

(~ aggregatum) as main plots, 3 levels of N and 3 levels of Pin a 

factorial canbination as subplots. These were arranged in a split plot 

design replicated two times. The mycorrhizal inoculum used in this 

study was 850 g per pot. Each pot contained 95 kg of soils (dry weight 

basis). 

b. P application rates 

Based on the results of the first experiment, three levels of 

soil P were used for the study. Soil solution of P 0.006 m;i P L-l is 

considered as a deficient level for banana; 0.1 m;i P L-1, for near 

-1maximum production; and o. 4 m:;i P L , an excessive level. 

c. N application rates 

Three levels of N, 10, 40, and 80 m;i N03-N L-1 , were used in 

the experi.ment. These concentrations were based on external N 

requirement of sugarcane (Fox, 1976). Ten m;i N0 -N L-l was expected to3

be a deficient level, 40 m;i L-l approximately adequate, and 80 m;i L-l 

excessive for banana growth. Nitrate solutions were added twice daily 

to each pot until the ccmposition of the leachate approximated the 

canposition of the solution being added. 

d. The pots 

The containers used for this experiment were the same as the 

half-barrel containers used for the P requirement study. For the 
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convenience of root observation and samplings three 10 an x 10 cm access 

ports were made at three different depths in the wall of each barrel. 

The ports were taped firmly and normally kept closed during growth. 

They were opened two times for root sampling, three months after 

planting and at harvest. 

e. Data recorded 

Leaf punches were taken every week fran the mid-section of 

third unfurled leaves for P analyses. Data frcm these analyses were 

used to trace P response to treatments as a function of time. At the 

intermediate growth stage, 75 days after planting, and the end of the 

experiment, root samples were collected through the sampling ports in 

container walls. Mycorrhizal infection and total soluble sugar analysis 

were performed on the samples. Plant yield, plant height, and 

pseudostem circunference were recorded. Foliar tissue for elemental 

analysis was collected after harvest. Soil samples from the 

half-barrel containers were secured with a soil auger. After 

processing, these were extracted with 0.5 M NaHCo •3

3. Effects of Mycorrhiza and Rock Phosphate Canbinations on 

P Nutrition of Banana 

a. Experimental variables 

The experimental design consisted of a split plot with two 

replications of ten treatments, with VA mycorrhizal inoculurn (.Q.:_ 

aggregatum) or with fumigated sarrls as main plots: and superphosphate 
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and rock phosphates from North Carolina, Idaho, and Florida and a 

control (no P-added) as subplots. 

Small corms with a diameter of approximately 6 cm were used 

instead of larger suckers, as were used in preceding experiments because 

suckers may have carried enough P to canpromise their use as indicator 

plants. In addition, it was possible to select uniform, high-quality 

planting material for the experiment when corms were used and rrore 

uniform "seedling" growth was attained. 

b. Phosphate application rates 

AP sorption curve was constructed to determine the arrount of 

triple superphosphate necessary for establishing a target level of Q.2 

mg P L-l in the soil solution. Rock phosphate additions to the potting 

soil were based on the quantity of material needed to equal the quantity 

of Padded to the soil as superphosphate. 

Plants were grown in the pots for 90 days after corm 

germination. Soil samples were collected after the experiment was 

concluded. Rock phosphate dissolution in the soil was evaluated using 

acid-NH 4F extraction (Bray No. 1 extractant), alkaline extraction with 

0.5 M NaHC03 and extraction with anion exchange resins {Dowex 2-X8, 

Olsen and Sarmers, 1982). 

c. Characterization of rock phosphates 

The rock phosphates used in this study were obtained from 

Dr. s. H. Chien, Tennessee Valley Authority. The solubility of the rock 

phosphates characterized by Kucey and Bole (1984), based on the methcd 

of Chien and Harnrond (1978), is listed in Table 4. Percentage of three 
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rock phosphates passing through a 100-mesh sieve were determined (Table 

5). 

Table 4. Total and extractable Pin three rock phosphates. 

Extractable P 
Rock phosphate Total 

source P NH 4 citrate NH4 citrate Formic acid 

(pH=7) (pH=3) (2%) 

% --------- %of total p --------
North Carolina 13.1 4.2 11. 8 10.9 
Florida 13.3 1.6 7.8 3.8 
Idaho 14.4 0.4 2.7 2.8 

Table 5. Percentages of three rock phosphates passing a 
lO~mesh sieve. 

Rock phosphate source Fraction passing sieve(%) 

North Carolina 94.30 
Idaho 99.65 
Florida 86.41 

G. Laboratory Methcxis 

1. Soil analysis 

a. .2!:! 

Soil pH was measured with a glass electrcxie in a 1:1 (weight: 

volume) soil-water suspension. The mixtures were stirred vigorously and 
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equilibrated for 1 hour with additional stirring after 30 minutes and 

just prior to irrmersing of the electrodes. 

b. Lime requirement measurement 

Ten 50 g samples of air-dry soil were placed in 100-ml 

beakers. Increasing amounts of Cao, ranging from Oto 0.32 mol kg-l 

soil and 50 ml of deionized water was added. Soil suspensions were 

mixed thoroughly twice each day. Suspension pH was checked after 6, 7, 

and 8 days. Suspension pH was constant after 7 days. A liming curve, a 

plot of soil pH versus cao added, was constructed (Fig. 2). 

c. P sorption curve 

Procedures for determining P sorption curves followed the 

method of Fox and Kamprath ( 1970). Three-gram portions of soil samples 

were weighed into 50 ml plastic centrifuge tubes and 30 ml of 0.01 M 

CaC1 containing increasing amounts of Pas Ca(H P0 ) .2H2o were added.2 2 4 2

Two drops of toluene were added to each tube to retard microbial grONth. 

The samples were equilibrated for six days, with two 30-minute shaking 

periods daily. 

The equilibrated samples were centrifuged in an angle-head 

centrifuge at 12,000 rµn for 15 minutes. Phosphorus in the supernatant 

solution was determined using the method of Murphy and Riley (1962). 

Phosphorus which disappeared fran solution was considered to have been 

sorbed (P sorbed). A P sorption curve was constructed by plotting P 

sorbed by the soil against P concentration of the supernatant solution. 

d. KCl-extractable Mn 

The method used for soil determining extractable Mn was that 

of Fox et al. (1985). The extractant was 1 M KCl at a ratio of 1 gram 
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soil per 25 ml extracting solution. Extraction was by shaking for 30 

minutes followed by centrifugation and filtration. After dilution, Mn 

in filtrates was determined by atanic absorption spectrophotometry. 

e. Total P 

One half-gram portions of soil samples, passed through a 

100-mesh sieve, were mixed with 0.5 g of lithium tetraborate in graphite 

crucibles and fused in a muffle furnace for one hour at 950° c. The 

crucibles were rem::>ved from the furnace and the melt was imnediately 

poured into plastic beakers containing 100 ml of 0.5 N HN0 • After3

dissolution and dilution, P was determined. 

f. Exchangeable cations: Ca, Mg, and K 

Calcium, magnesium, and potassium were extracted with 1 N, 

neutral, arrrrronium acetate. The extraction ratio was 25 (50 ml 

extractant and 2 g soils) and samples were shaken for half-an-hour on a 

reciprocating shaker. Samples were then filtered through a Whatman No. 

42 filter paper and after dilution, Ca, Mg, and Kin filtrate were 

determined by atanic absorption spectroscopy. 

g. Extractable sulfate 

Sulfate was extracted as follows: three grams of soil (oven 

dry basis) and 30 ml of 0.04 Mrrono-basic calcium phosphate was shaken 

continuously for 16 hours in a reciprocating shaker. The solution was 

then centrifuged at 10,000 rpm for 10 minutes and 20 ml of the 

supernatant solution was decanted into a centrifuge tube. Activated 

charcoal (0.2 g) was added and stirred occasionally. After 30 minutes, 

the sample was filtered and the clear extract obtained was used for 

analysis using the methcxi suggested by Fox et al. (1987). 
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h. Total N 

The method was adopted fran Bremner and Mulvaney (1982). One 

half g portions of air dry soil were placed in digestion tubes. Three 

ml of concentrated sulfuric acid and 1.1 g of catalyst mixture (Se: 

CuS04.5H2o: K2so4 = 1 : 10 : 100) were added to each tube. The samples 

were predigested overnight before placing in the digestion block at 

360° C for 6 hours. After digestion water was added and mixed well, and 

Nin the solutions was analyzed using a steam distillation apparatus. 

i. Nitrate 

The procedure for determining nitrate in soil leachates was 

that of Kacar (1962) with slight mcxiification. Aliquots of leachate 

were evaporated to dryness in small beakers. Half-ml of 

2,4-phenoldisulfonic acid was added to each beaker. Beakers were 

rotated so that all of the residue was contacted by the acid. After 

about 15 minutes the reactants were transferred to a 50 ml volumetric 

flask with 3 or 4 portions of water of about 5 to 10 ml each. The 

contents of each volt.rrnetric flask were made alkaline with 4 ml of 6 M 

KOH and water was used to make up to volt.rrne. The solutions were mixed 

canpletely. Optical density was read at 430 nm on a spectrophotometer 

and canpared with a standard curve prepared fran KN0 •3

j. Extractable soil P 

Acid fluoride extractable P (Bray No. 1) was determined by the 

procedure of Olsen and Saruuers (1982), except 0.5 g of soil (oven dry 

basis) was extracted for 5 minutes with 50 ml of solution which 

contained 0.03 N amronit.rrn fluoride and 0.025 Nin hydrochloric acid. 
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Sodium bicarbonate extractable P (Olsen P) was determined by 

the procedure of Olsen and Saraners (1982). Half-gram samples of soil 

(oven dry basis) were extracted with 50 ml of 0.5 M NaHCD (pH 8.5) in
3 

125 ml Erlenmeyer flasks, with 30 minute shaking. 

For the determination of extractable P using Truog extractant, 

one gram of soil (oven dry basis) was extracted with 100 ml of the 

extractant (0.025 N H2so4 + 0.36% (NH4)~o4). Extraction was 30 minutes. 

Mehlich P was extracted with hydrochloric acid (0.05 N) and 

sulfuric acid (0.025 N). Twenty-five ml of the extractant were added to 

each Erlenmeyer flask that contained 5 g of soil (oven dry basis). 

Extraction time was 30 minutes. 

Resin extractable P was determined by a procedure adopted fran 

Olsen and Saraners (1982). One gram of chloride-saturated resin (Dowex 

2-X8), lg of 100-mesh soil (oven dry basis) and 10 ml of water were 

shaken for 16 hours. The resins were separated fran the soil by washing 

through a SO-mesh screen tube and transferred into a 50 ml beaker. 

Twenty-five ml of 10% NaCl was added to the beaker and the content were 

heated over a water bath for 45 minutes. The mixture was then cooled 

and the extract poured onto a 50 ml volumetric flask. Resins were 

transferred back into a SO-mesh screen (tube) and leached with 10 % NaCl 

until all washings and leachates equaled 50 ml. The canbined leachates 

and washings were used to determine P. 

k. Phosphorus in saturation extracts 

Two methods were used to determine Pin saturation extracts. 

Phosphorus in displaced saturation extracts was recovered using leaching 

tubes in the same manner as described by Parra (1983). Soil paste was 
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made using 50 ml plastic centrifuge tubes. After allowing the saturated 

soil paste to stand approximately 24 hours, the equlibrated samples were 

centrifuged at 12,000 rpm for 15 minutes. Phosphorus in the supernatant 

solution was determined using the methcx:l of Murphy and Riley {1962). 

2. Tissue Analysis 

a. Leaf punch 

Oven dry disks were weighed into 50 ml Pyrex glass beakers. 

Beakers were placed in a cold muffle furnace, then temperature was 

increased to 520° C and samples were ashed for about 3 hours. The 

cooled ash was dissolved in 5 ml of 1 N HCl and mixed. After about 30 

minutes, 20 ml of deionized water was added. The contents in each 

beaker were stirred well and P and Kin the solution were determined 

using the ascorbic acid method of Murphy and Riley (1962) and flame 

spectroscopy, respectively. 

b. Lamina 

Lamina samples (0.25 g) were used for P determination. For 

other l'!lcicronutrient and micronutrient analy5i5, 1.0 gram of samples were 

used, with dry ashing at 520° C overnight. The ash was dissolved in 10 

ml of 2 N HCl, mixed and then filtered. The filtrate was made up to 100 

ml with water. Elemental analysis was done using Inductively Coupled 

Plasma Optical Emission Spectranetry. 

c. Root 

To decrease soil contamination, all root samples for chemical 

analysis were thoroughly washed with water after harvest. The 
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procedures for P determination were the same as those described for the 

lamina except that 0.1 g portions of root samples were used instead of 

0.25 g. 

Primary r<Xlt segments (one segment at the first sampling and 

10 segments at harvest), ranging in diameter Eran 0.3 to 0.5 cm, taken 

from three openings in each barrels were assayed for soluble sugars 

according to the method of Dubios et al. (1956) as modified by Jindarath 

(1983). Roots were oven dried at 70° C to constant weight, and then 

ground to pass a 60 mesh screen. Fifty mg of the root sample was 

extracted with 10 ml of 62.5% methanol for 15 minutes at 55° c. The 

samples were cooled and centrifuged at 2,000 rpn for three minutes. 

Four ml aliquots were rerroved and transferred to a second series of 

polyestyrene tubes. Five ml of chloroform was added and the tubes were 

capped and shaken vigorously. The samples were again centrifuged for 1 

minutes to hasten phase separation. A 100 ul aliquot was removed from 

the upper aqueous phase and added to 2 ml of 5% phenol. Eight ml of 

concentrated sulfuric acid was added instantly against the liquid 

surface to obtain gcxxi mixing. Each sample was mixed well and let cool 

to roan temperature. Absorbance was measured at 490 nm on a 

spectrophotaneter. Total soluble sugar was calculated from a standard 

curve prepared by diluting 0.5, 1.0, and 1.5 ml of a sucrose standard 

(10 mg ml-l in 62.5% methanol) solution to 10 ml with 62.5% methanol. A 

4 ml aliquot was rerroved and treated in the same manner as the unknowns 

to give standards equivalent to 5, 10, and 15% soluble sugars on a dry 

weight basis. Results were expressed as percent dry weight of the root 

material. 
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H. Statistical Analysis 

Analysis-of-variance rncdels (general linear mcdel, GLM) were 

used to test the significance of differences in field data (Freund et 

al., 1986). Semi-variances were calculated and semi-variCXJrams plotted 

using the geostatistical canputation software for microcomputers (Yost 

et al. 1986). Statistical analysis of the experiment on P requirements 

was based on non-linear regression analysis. For the experiment 

relating to interactions between N, P, and mycorrhizae, regression 

analysis as well as analysis of variance were done using the Statistical 

Analysis System (SAS) (Ray et al., 1982). Data for the rock phosphate 

experiment were analyzed by analysis-of-variance med.els (GLJ,1) using SAS. 



55 

IV. RESULTS AND DISa.JSSION 

A. Long-term Effects of N, K, and P Fertilizers on P Nutrition of 

Banana--Field Investigation 

A field experiment, with 6 N, 8 K, and 2 P fertilizer levels 

in a factorial canbination, was established at Wai.manalo Experimental 

Farm in 1971. The main objective of the experiment was to determine 

critical concentration ranges for N and Kin banana leaf tissues (Warner 

et al., 1974). Sane results of the experiment have been reported by 

Prasomsook (1973), Warner and Fox (1977), Warner and Fox (1976), and 

Lower (1982). Critical levels were leaf N, 2.7% and leaf K, > 3.2%. It 

was not possible fran this experiment to determine critical P values 

because levels of plant P during the first 8 years of the 

experimentation generally exceeded accepted P requirement values. 

Bunch weights fran the 'high' fertilizer treatments (canposite 

of treatments that received the 3 highest N levels and the 4 highest K 

levels) generally declined as a function of time after year 3 (Fig. 4). 

Explanations for these results included root crowding, nematode 

infection, insufficient irrigation water, root borers (weevils), and P 

deficiency. Beginning in the 8th year of the experiment, leaf P 

percentage values were generally less than generally accepted critical 

levels (Fig. 5) 

Although a critical P level for banana is not well defined, 

some investigations have proposed that deficiency can be expected if 

leaf P percentage is less than Q.18% (Hewitt and Osborne, 1962; Turner, 
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1971). It is not known whether declining yields and declining leaf P 

percentages observed in the Wairnanalo banana fertilizer experiment were 

cause or effect. Nematodes may have been responsible for low yields and 

simultaneously responsible for low P absorption; or nematodes may have 

depressed yields by depressing P uptake. Ismail and Saxena (1980) 

reported that N, P and K concentrations were low in plants with nematode 

infected roots. Nematodes, such as burrowing nematodes, may greatly 

reduce phloem transport of carbohydrates, which may in turn affect 

mycorrhizal activities. 

The first phase of this study was to examine soil and plant P 

in relation to fertilizer supply to determine if inadequate P was a 

factor in banana yield decline. 

1. P Status in Plants 

Foliar analyses for P were performed on all mats in the 

experiment in September, 1982. If N was applied at rates that were 

slightly less than adequate, foliar P levels 1.vere generally bel0",,,1 0.18% 

(Fig. 6, Table 6). A level of Q.18% tentatively was suggested as the 

critical level for Williams banana in Hawaii (Warner et al., 1974}. 

Hewitt (1955} proposed 0.2% as critical, but in his case the variety was 

Lacatan. 

Leaf sampling of all mats was repeated in August, 1985. 

Foliar analyses indicated similarly 101',,,/ P values (Table 7). Foliar P 

concentrations in lc,.,,-N plants were greater in 1982 than in 1985. It is 

suspected that the decline of P associated with low levels of N was due 

to depletion of the soil P supply. Drought during the surnner of 
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1985 with limited irrigation applied also may have contributed to low 

foliar P levels. 

Table 6. Phosphorus concentrations in No. 3 leaves of Williams banana 
grown at Waimanalo, September, 1982 as influenced by applied 
N and K fertilizer rates. Values are means of 3 blocks. 

Relative Relative K rate 
N Mean 

rate 0 1 3 5 7 9 11 13 

---------------------------- % ---------------------------
0 0.286 0.347 0.355 o.384 o.364 0.409 0.405 o. 373 0.365 a 
1 0.207 0.254 0.217 0.278 0.260 0.270 0,278 o. 338 0.263 b 
3 0.174 0.178 0.170 0.177 0.201 0.198 0.212 0.217 0.191 C 
5 0.154 0.163 0.168 0.172 0.170 0.179 0.174 0.177 0.170 d 
7 0.166 0.164 0.165 0.169 0.163 0.171 0.171 0.182 0.169 d 
9 0.171 0.176 0.173 0.175 0.171 0.188 0.177 0.184 0.177 cd 

Mean 0.193 0.214 0.208 0.209 0.222 0.236 0.236 0.245 0.223 
d cd cd be be ab ab a 

Values followed by the same letter in the same column (row) are not 
significantly different using LSD at the 5% level. 

Table 7. Phosphorus concentrations in No. 3 leaves of Williams banana 
grown at Waimanalo, August, 1985 as influenced by applied N 
and K fertilizer rates. Values are means of 8 blocks, 

Relative Relative K rate 
N Mean 

rate 0 1 3 5 7 9 11 13 

------------------- % --------------------------
0 o. 211 0.216 0.223 0. 230 0.203 0.214 0.218 0,199 0.214 a 
1 0.185 0.183 0.173 0.194 0.179 o.177 o.174 0.199 0.192 b 
3 0.181 0.173 0,175 0.176 0.169 o.168 0.174 o.175 0.175 be 
5 0.169 0.175 0.181 0.170 0.169 0.178 0.168 0.167 0.172 C 

7 0,174 0.176 0.169 0.165 0.172 0.176 0.180 0.173 0.173 C 

9 0.177 0.173 0.175 0.170 0.170 0.177 0.174 0.171 0.173 c 

Mean 0.183 0.183 0.183 0.184 0.177 0.182 0.181 0.179 0.182 
a a a a a a a a 

Values followed by the same letter in the same collll'llI1 (rc:M) are not 
significantly different using LSD at the 5% level. 
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Monthly foliar samples were taken fran the daninant pseudostem 

of control mats (the fertilizer level, N5K7) in each block fran March, 

1983 through May, 1986. A plot of leaf P percentage as a function of 

time (1983-1986) also indicated that P concentrations in plants were 

less than the suggested critical level (Fig. 7). Production years, 1984 

and 1985, were dry years. Phosphorus status in banana plants during 

these periods were related to rainfall patterns (Appendix 5). 

Critical concentration is rarely a fixed value (Warner et al., 

1974). Hewitt and Osborne (1962) revised the concept of critical level 

to a concept of critical range and suggested that an appropriate range 

was 0.18-0.2%. In Israel, Hagin et al. (1964) proposed that Pis 

required if leaf P levels are below 0.19%, The critical concentration 

range concept certainly is more in keeping with field observation than 

is a fixed critical value. The critical value for plant-crop banana 

tends to be higher than for ratoon banana. Lin and Chiu (1980) 

suggested 0.21% as a critical P level for plant-crop banana in Taiwan, 

where a plant-crop with no ratoon is the daninant production system. 

July through December, 1984 was a time of severe drought. 

Leaf P percentages during this period were consistently low. These low 

values are likely to have been the result of retarded P uptake 

associated with insufficient P flux to roots associated with 

insufficient cross-sectional area for P diffusion. Lateral roots 

bearing root hairs are generally believed to be responsible for nutrient 

and water uptake by banana plants (Simronds, 1966). The death 

of feeding roots during a long dry season, especially those in the 

surface layers of soils, may explain the decrease in P uptake. 
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The general impact of water stress on P uptake by banana can 

be inferred fran studies of other crops but detailed experiments have 

not been done. Moisture stress not only affects P diffusion, it also 

affects root activity, including P absorption {Ballinger et al. 1966). 

Ssali (1977) studied effects of moisture stress upon banana leaf P. 

Uptake of 3~ by banana plants was lc,..,.rer in the dry season than in the 

wet season. Even in the humid tropics, drought frequently places banana 

under stress {Turner, 1971). 

As can be seen in Figs. 6 and 8, P concentrations in banana 

leaves were significantly influenced by N fertilizer. The correlation 

coefficient for N fertilizer level vs. P concentration in leaves was 

- Q.578 {n=48), while for leaf N percentage vs. leaf P percentage, 

- 0.308 (n=48). Both values were statistically significant. 

The effect of N fertilizer on banana foliar P was curvilinear 

(Fig. 8). Lower (1982) grouped the relative N applied rates of this 

particular field experiment, O, 1, 3, 5, 7, and 9 (urea applied per mat, 

O, 45 135, 225, 315, and 405 g) into three classes: lc,..,.r (relative N 

rates, 0 and 1), medium (3 and 5), and high (7 and 9). The depression 

of leaf P by N fertilizer seems to level off at the medium N rate (Fig. 

8). 

It is possible that this N effect is an example of the 

well-documented dilution effect because of increases of N rates with 

increasing yields (Fig. 9); however, results of K fertilization suggest 

that this is not the case. As has been previously reported for the 

Waimanalo banana experiment in its middle years (Warner et al. 1974; 

Lower 1982), banana bunch weight increased with increasing K fertilizer 
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levels (Tables 8-9, Fig. 9). Using pseudostem as an indicator of plant 

size, Lower (1982) reported that pseudostem volume positively correlated 

with plant yield and with K fertilizer levels. In this study, 10-13 

years after establishment, althoU'.,;lh K fertilization increased yields, a 

trend in the 1982 data indicates that increasing levels of K to 

increased leaf P (Fig. 10). There was no indication of a dilution 

effect on leaf P. This suggests that N fertilization depressed foliar P 

percentage was not primarily a dilution effect. 

The relationship between K fertilization and leaf P observed 

in 1985 was not obvious (Fig. 10). This discrepancy may have been due 

to summer moisture stress. However, there was no indication that K 

fertilization depressed foliar P level. 

Obviously, decreased P percentage with N fertilizer of the 

magnitude observed in this experiment cannot be explained merely by 

dilution effects. Although increasirlJ yields as a result of N 

fertilization were associated with decreasing P percentage. Mean yields 

of N-fertilized plants were 4, 3, 18, 20, and 18 percent greater than no 

N-treatment. These yield increases were associated with a correspondirlJ 

decline in leaf P percentages of 39, 91, 115, 116, and 106. 

Increased absorption (quantity) of P by plants that are N 

fertilized is a recognized general phenanenon in soil-plant relations 

(Miller, 1974). Examples of such phenanena have been reported for 

numerous crops under widely varyirlJ conditions of soil and climate 

(Grunes, 1959; Olsen et al., 1956; Rennie and Mitchell 1954). A 

case of inhibitory effects of Non P absorption have been reported. 

Although antagonistic relationships between N and P were proposed as 
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Table 8. Bunch weights of Williams banana grown at Waimanlo, 1982, as 
influenced by applied N and K fertilizer rates. Values are 
means of 8 blocks. 

Relative Relative K rate 
N Mean 

rate 0 1 3 5 7 9 11 13 

----------------- kg bunch-l -----------------------
0 11. 6 16.1 15.1 14.1 15.5 17.4 16.8 15.6 15.3 
1 13.3 15.3 12.9 17.8 16.5 18. 4 16.7 17.0 16.0 
3 13. 5 13.0 15.1 15.0 13. 4 19.0 19.7 17.9 15.8 
5 13. 0 15.1 17. 2 17.8 17.9 19.5 21.8 22.3 18.1 
7 14.2 17.4 19.1 21.1 19. 0 19.7 19.9 21.7 19.0 
9 15.6 17.4 16.9 17.5 19.9 22.3 17. 7 20.9 18. 5 

Mean 13. 5 15.7 16.0 17.2 17.0 19.3 18.9 19.2 17.1 

Table 9. Bunch weights of Williams banana grown at Wainianalo, 1985, as 
influenced by applied N and K fertilizer rates. Values are 
means of 8 blocks. 

Relative Relative K rate 
N Mean 

rate 0 1 3 5 7 9 11 13 

-1--------------- kg bunch --------------
0 10.4 12.5 10.3 11. 5 11. 2 7.7 11. 6 12.0 10.9 
1 11. 7 10.4 14.7 12.9 14.1 13.2 16.2 16.7 13.7 
3 10.5 14.5 13.1 15.9 15.9 22.1 16.8 17.8 14.6 
5 11.8 14.0 15.4 15.9 14.2 20.9 19.7 12.9 15.6 
7 13. 5 19.l 12.7 14.8 12.6 18.0 18. 0 16.9 15.6 
9 13. 5 13. 3 16.1 17.7 16.3 16.4 16.6 14.7 15.0 

Mean 11. 7 14. 0 13. 7 14.0 14.0 16.4 16.4 15.1 14.7 
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responsible for depressed P absorption, the mechanism was not specified. 

In banana, antagonistic relationships between N and P have been reported 

by Lahav (1978) and Murray (1960). Lahav (1978) canpared suckers 

manured and fertilized with 2 t ha-l KN0 with those receiving no
3 

potassium nitrate. As a result, yields increased 49% and petiole P 

decreased 227%. Fran this he concluded that a dilution effect could not 

account for the entire decrease. 

2. Soil Properties in Relation to Long-term Banana Culture 

a. Soil P status 

Three methods of P extraction, scx:iium bicarbonate, acid 

fluoride, and saturation extract P were used to evaluate the soil P 

status for every canbination of N and K fertilizer in the Wai.rnanalo 

experiment. Olsen P values were 42 to 59 (mean 48) mg kg-1; 

acid-fluoride extractable P values were 26 to 39 (mean 33) rrg kg-l 

(Tables 10 and 11). Saturation extract P values were Q.27 to Q.77 (mean 

o.41) rrg L-l (Table 12). Nitrogen fertilization was associated with a 

decrease in P fran Q.49 to 0.34 rrg L-l in saturation extracts (Table 

12). Even the lowest quantity of P extracted by any method was high by 

nost standards, making it seem improbable that depletion of soil P could 

have been responsible for the observed depressing effect of N 

fertilizer. 

Relatively few studies have attempted to correlate soil test P 

with banana yields. A level of 10 rrg kg-l NaHC0 extractable P was
3 

suggested as adequate for banana (Hagin et al. 1964). To attain 75% 



70 

maximum yield, a critical level of soil test P for banana, 2.5 m:.;i kg-l 

Olsen P, was suggested by Twyford and Walmsley (1971). Usually critical 

levels for Bray extractant are approximately 25 m:.;i P kg-l soil for most 

crops (Kamprath and Watson, 1980). 

Soils treated with the lowest and highest levels of N were 

generally higher in extractable P than were soils fran the intermediate 

N treatments. A possible reason for these results is that plants 

receiving the lowest N rate (smallest yield) removed less Pas canpared 

with other treatments; whereas vigorous plants resulting fran the 

highest N fertilizer level probably cycled more P fran the subsoil than 

N deficient plants. 

Table 10. Phosphorus (Olsen) extracted in relation to applied N and K 
fertilizer rates, Waimanalo banana experiment, August, 1985. 
Values are means of 8 blocks. 

Relative Relative K rate 
N _0____1___3___5___7___9___1_1__1_3__ Mean 

rate 

. -1 
------------------ rrg kg ---------------

0 54 53 56 52 49 51 49 59 53 ab 
1 50 42 51 55 46 45 48 58 49 b 
3 52 47 43 45 46 46 50 49 47 b 
5 45 45 45 42 45 46 45 47 45 b 
7 46 46 47 44 46 45 47 46 46 ab 
9 49 48 50 51 50 53 49 51 50 a 

Mean 49 47 49 48 47 48 48 52 48 

Values followed by the same letter are not significantly different 
using LSD at the 5% level. 
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Table 11. Phosphorus (Bray No. 1) extracted in relation to applied N 
and K fertilizer rates, Wairnanalo banana experiment, August, 
1985. Values are means of 8 blocks. 

Relative Relative K rate 
N Mean 

rate 0 1 3 5 7 9 11 13 

0 
-------------------------- rrg

38 33 35 36 30 
kg-1

31 
---------------------

29 39 34 a 
1 32 31 34 36 26 28 30 37 32 ab 
3 33 30 31 29 29 28 34 30 31 be 
5 29 31 31 29 31 31 28 33 30 C 

7 32 34 31 38 32 31 32 33 33 be 
9 33 35 37 37 36 37 34 37 36 ab 

Mean 33 32 33 34 31 31 31 35 33 

Values followed by the same letter are not significantly different 
using LSD at the 5% level. 

Table 12. Saturation extract Pin relation to applied N and K 
fertilizer rates, Waimanalo banana experiment, August, 1985. 
Values are means of 3 blocks. 

Relative Relative K rate 
N Mean 

rate 0 1 3 5 7 9 11 13 

-------------------- mg L-1 --------------
0 0.69 0.38 0.42 0.45 0.43 0.44 0.36 0.77 0.49 a 
1 0.51 0.69 0.67 0.55 0.31 0.31 0.28 0.58 0.49 a 
3 0.51 0.40 0.32 0.31 o.36 0.34 o.46 0.4s 0.39 b 
5 0.31 0.35 0.44 0.34 0.38 o.32 0.35 0.37 0.36 b 
7 0.40 0.40 0.30 0.42 0.39 0.33 0.30 0.50 0.38 ab 
9 0.21 0.33 0.29 0.21 0.31 o.51 0.39 0.34 Q.34 b 

Mean 0.36 0.43 0.41 0.39 0.36 o.38 0.36 o.so 0.41 

Values followed by the same letter are not significantly different 
using LSD at the 5% level. 
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Residual effects after 14 years of initially-applied P, 

although small, were consistent. Both the sodium-bicarbonate and the 

acid-fluoride procedure extracted more P fran blocks that were 

previously fertilized with phosphate (Table 13). Also, P sorption 

(measured 12 years after fertilization) was least in blocks that had 

been fertilized (Fig. 11). 

Table 13. Phosphorus extracted fran soil samples taken from P 
fertilized blocks (I-IV) and unfertilized blocks (V-VIII), 
Waimanalo banana experiment, August, 1985. Values are 
means of 48 N x K treatments in each blocks. 

Method 

Blocks Olsen Bray No. 1 

P fertilized 52 a 38 a 
P unfertilized 46 b 28 b 

Values followed by the same letter in the same column are not 
significantly difference using I.SD at the 5% level. 

By any standard, Pin solution was high in displaced 

saturation extracts (Table 14). P concentrations in saturation extracts 

decreased substantially as a function of depth. The depth increments of 

sampling were small (2.5 to 10 an) in canparison with the depth of 

initial cultivation. The site was initially plowed and thus reasonally 

well-mixed. Therefore we can assume that the distribution pattern 

observed in non-fertilized blocks was the results of processes 
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that operated during banana production. Nutrient cycling may have lead 

to accumulation of Pon the surface of the soil. Depletion of P 

immediately below the surface was generally observed. Phosphorus status 

in the immediate soil surface may not be an adequate indicator of P 

trends for banana. 

Table 14. Phosphorus concentrations of displaced saturation 
extracts fra:n soil samples (4 depths), taken from 48 
N x K treatments, Wairnanalo banana experiment, April, 
1983. Values are means of 3 blocks and 8 K treatments. 

Depth in profile (an) 
N 

level 0-2. 5 2. 5-5 5-10 10-20 

-1 ----- mg p L soil solution -----
o 0.64 0.37 0. 24 0.12 
1 o.61 0.36 0.22 0.10 
3 0.44 0.33 0.23 0.10 
5 0.48 0.37 0.22 0.13 
7 0.43 0.40 0.26 0.14 
9 0.62 0.44 0.29 0.22 

Mean 0.54 a Q.38 b 0.24 C 0.14 d 

Values followed by the same letter are not significantly different 
using LSD at the 5% level. 

The P status of experimental plots was higher than 

expected--high by any standard. Phosphorus sorbed at o. 2 mg P kg- l soil 

was approximately 50 mg P kg-l soil (Fig. 11). This was in the low 

category (10-100 mg P kg-1) by the standard suggested by Juo and Fox 

(1978). Levels of Pin leaves were relatively low. Phosphorus 

concentrations in solutions that had been equilibrated with soil were 
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not greatly different than those reported by Warner et al. {1974). In 

spite of the high soil P values observed with each method, P levels in 

banana leaves declined significantly over the years. These data do not 

suggest a plant with a low external P requirement as is generally 

believed. They do suggest a crop that readily takes up and recycles P. 

The effect of recycling was cumulative as a function of time. 

It is apparent that in the later years of this experiment, p 

absorption did not equal P demand even though roots were abundantly 

supplied with P. This anomaly may be due to several factors: soil 

compaction during long-term culture, restricted root space as a result 

of mat expansion, insufficient irrigation, weevils, and build-up of 

nematodes. The effect of N fertilizer on foliar P levels observed in 

these studies may have been associated with depressed mycorrhizal 

activity which in turn was associated with superabundant N supply. 

b. Spatial variability of Pin soils and plants 

In geostatistics, semi-variance is a value that quantifies the 

spatial dependence of a given variable {Trangmar et al., 1984). Based 

on semi-variance versus average distance, a semi-variogram can be 

constructed to described the expected difference in value between pairs 

of samples with a given relative orientation. The semi-variance usually 

increases as distance between sample locations increases. At sane 

distance, the semi-variance custanarily no longer increases and the 

samples are no longer spatially related. 

The banana plants of the present study were planted in a 

regular grid, with spacing intervals--3.14 m by 4.6 m. Also, a 

continuous function design was used in the layout of the fertilizer 

http:intervals--3.14
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treatments. The geostatistical technique seems to provide a way of 

analyzing the spatial variability of recorded variables. 

Semi-variograms (Figs. 12 and 13) were canputed for soil 

extractable P values to ccmpare spatial dependency between 

P-fertilized blocks (I-IV) and unfertilized blocks (V-VIII). The 

semi-variance of sodium-bicarbonate extractable P was higher than that 

of acid-fluoride extractable P, both in P-fertilized blocks and in 

non-P fertilized blocks. Semi-variograms of similar structure were 

produced for both blocks in using both extracting methods. Spatial 

dependency for the P-fertilized blocks was approximately 32 m while in 

the non-fertilized blocks, it was 15 m. 

The semi-variance for extractable P fran blocks I-IV 

(P-fertilized) is higher than that of blocks V-VIII (P-unfertilized). 

Thus, the extractable P status in P-unfertilized blocks is more uniform 

than in P-fertilized blocks. This agrees with reports that fertilizer 

application tends to increase the within-field soil variability (Biggar, 

1978; Beckett and Webster, 1971; Dahiya, 1984). 

Structure of the semi-variogram (Fig. 14) for leaf P (data of 

1982) in the P-fertilized area was good, indicating that there was a 

relationship between distance and semi-variance which could be 

represented by an equation. The spatial dependency range was 15 rn, 

which corresponded to the range of N fertilization (3.14 x 5 =15.7 rn). 

In the unfertilized area, the semi-variogram for leaf P produced the 

same range as that on the fertilized plot although the shapes of the 

variograms were slightly different. Semi-variograms of leaf P of 1982 

are apparently different frcm those of 1985, possibly due to the 
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drought effect in 1985 (Figs. 14 and 15}. This reflects a temporal 

influence on spatial variability. The shape of the semi-variograms of 

Olsen P and Bray No. 1 P, did not correspond with the shape of the 

semi-variograms of Pin leaf tissue. This suggests that leaf P levels 

were less influenced by soil P than by N fertilization As indicated 

fran the cross semi-variogram for N rate and percent leaf P (see 

Appendices 6-7}, leaf P was negatively affected by N fertilization. 

c. Soil pH 

Nitrcx;Jen fertilization, but not K fertilization, depressed 

soil pH as the experiment proceeded (Table 15, Fig. 16). The decline in 

soil pH during long-term N fertilization apparently resulted fran 

amrt0nium nitrification (N was supplied as urea and amnonit.m sulfate}. 

Although soil pH decreased fran 6.7 to 5.8 in soil fertilized with the 

highest level of N, this was still within a favorable range for P 

solubililty and banana growth. 

Table 15. Soil pH as influenced by applied N and K fertilizer rates, 
Waimanalo banana experiment, August, 1985. Values are 
means of 8 blocks. 

Relative Relative K rate 
N Mean 

rate 0 l 3 5 7 9 11 13 

0 6.7 6.7 6.6 6.7 6.5 6.6 6.5 6.6 6.6 a 
1 6.6 6.6 6.6 6.6 6.6 6.6 6.5 6.6 6.6 a 
3 6.6 6.4 6.5 6.4 6.4 6.4 6.5 6.6 6.4 b 
5 6.3 6.2 6.2 6.2 6.2 6.2 6.1 6.4 6.2 C 

7 6.0 5.9 6.0 5.9 6.0 6.0 5.7 6.0 5.9 d 
9 5.9 5.8 5.8 5.9 5.a 5.9 5.7 5.9 5.a e 

Mean 6.4 6.3 6.3 6.3 6.3 6.3 6.2 6.4 6.3 

Values followed by the same letter are not significantly different 
using I.SD at the 5% level. 
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According to Mengel and Kirkby (1982), soluble P usually 

increases with increasing soil pH over the range, 4 to 6.5. However, in 

an Oxisol, Fox et al. (1985) reported that P in solution remained 

approximately constant in the range, pi 5.5 to 6.Q. As pH increased 

above 6.0 or decreased below 5.5, Pin solution decreased. Jones and 

Fox (1978) evaluated the effect of changes in soil pH on plant available 

soil P. Soil P solubility, as indicated by phosphate sorption curves, 

was constant over a range of soil pH between s.1 and 7.2. 

In these plots, soil P (in saturation extracts) was not 

related to soil pH. However, leaf P was closely related to soil pH. 

This result was not unexpected because the pH range encountered in this 

study was such that very little effect of pH on P solubility should have 

been expected (Fox et al., 1985). This suggests that the close 

relationship between soil pH and plant P was an indirect effect of the N 

fertilizer. 

Close relationships between foliar P and soil pH may have 

resulted fran the effect of rhizosphere pH on plant Mn availability 

which in turn affects P uptake. Data of Jones and Fox (1978) 

dem:::>nstrate that excessive Mn inhibits P uptake by tanato. Manganese 

toxicity decreases leaf P percentages of banana plants (Marchal and 

Faure, 1983). The soil of the experimental site contained large amounts 

of total soil Mn (Warner and Fox, 1972). High Mn content in banana 

leaves was reported by Lower (1982) in the Waimanalo banana fertilizer 

experiment. 
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d. Exchangeable Kin relation to P nutrition 

Tremendous quantities of K accumulated in soils during the 14 

years of banana culture in this experiment. As expected, exchangeable K 

increased with increasing applications of potassium fertilizer (Table 

16). Initial soil K was 0.55 anol kg-l (Warner et al., 1974), which was 

lower than the generally recarrmended critical level for banana. For 

example, 0.9 anol K kg-l is suggested by the United Fruit Canpany 

(Huang, 1978). Foliar Kin banana plants generally increased with 

increasing levels of applied K (Table 17). 

As indicated in Fig. 8, increased levels of soil Kand foliar 

K enhanced P uptake. At the Waimanalo location the daninant 

exchangeable cations were Ca and Mg, both divalent cations. To the 

extent that K fertilization may have change the ionic environment fran 

divalent cations to monovalent cations, it is expected that phosphate 

solubility and increased P availability to plants will increase. 

The results of these field-based experiments demonstrate that 

P nutrition of banana is canplicated. The usual factors that influence 

P uptake such as concentrations of Pin the soil, do not seem to have 

been daninant in this case. However, the data tend to show that factors 

asS'.)ciated with N fertilization play an important role. Further 

investigations of these factors are needed before substantial progress 

can be made in understanding P uptake by banana. 
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Table 16. Exchangeable soil Kin relation to applied N and K 
fertilizer rates, Waimanalo banana experiment, August, 
1985. Values are means of 8 blocks. 

Relative Relative K rate 
N Mean 

rate 0 1 3 5 7 9 11 13 

-1--------------------- cmol kg ----------------
0 1.13 1.17 1. 66 2.66 2.65 3.90 3.46 4.21 2,60 a 
1 0.76 1. 23 1. 77 2.57 3.19 3.49 4.23 4.19 2.68 a 
3 o.75 0.90 1.51 1. 95 2.87 3.20 3.87 3.84 2.36 b 
5 o.78 o.75 1. 60 1. 92 2.67 3.55 3.47 3.84 2.32 be 
7 o.95 1.06 1.41 1.98 2.45 3.06 2.75 3.41 2.13 C 

9 1.20 1.17 1. 95 1. 89 2.23 3.02 2.93 3.34 2.22 be 

Mean 0.93 1.05 1. 65 2.16 2.68 3.37 3.45 3.81 2.39 
f f e d C b b a 

Values followed by the same letter in the same column (row) are not 
significant different at the 5% level. 

Table 17. Leaf K concentrations of Williams banana grown at 
Waimanalo, August, 1982 as influenced by applied N and K 
fertilizer rates. Values are means of 8 blocks. 

Relative Relative K rate 
N Mean 

rate 0 1 3 5 7 9 11 13 

---------------- %-------------------
0 2.42 2.76 2.62 2.78 2.99 3.00 3.21 3.02 2.85 a 
1 2.24 2.41 2.74 2.95 3.06 3.01 3.12 3.03 2.82 a 
3 2.35 2.45 2.71 3.05 3.26 3.16 3.40 3.34 2.97 a 
5 2.00 2.13 2.64 2.82 3.08 3.20 3.17 3.16 2.78 ab 
7 1. 98 2.25 2.70 2.81 3.06 3.11 3.09 3.13 2.77 ab 
9 2.27 2.44 2.89 2.94 2.94 3.28 3.20 3.22 2.90 b 

Mean 2.21 2.41 2.72 2.89 3.07 3.13 3.20 3.15 2.85 
f e d cd be ab a a 

Values followed by the same letter in the same colunm (row) are not 
significantly different using LSD at the 5% level. 
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B. External and Internal P Requirements of Mycorrhizal and 

Non-mycorrhizal Banana 

The soil solution provides an important irrrnediate P source for 

plants growing in soils; and P concentration in solution is a major 

factor controlling the flux of P to plant roots. The "external P 

requirement.. of plants can be defined as the minimum P concentration in 

soil solution required to prcrluce yields that are 95% of maximum 

attainable when other nutrients are adequately supplied (Fox, 1981). 

Estimates of external P requirements for banana are necessary for a 

better understanding of banana nutrition. The external P requirement of 

banana has not been determined previously because few data are available 

for relating soil solution P to P uptake and banana yield. Even 

conventional yield response curves for field-grown banana are rare. A 

listing of requirements for extractable P has been prepared by Walmsley 

-1 -1and Twyford (1971) (Bray No. 1, 1.5 rrg kg ; Olsen, 2.5 rrg kg ; Truog, 

-1 -13.5 rrg kg ) and Hagin et al. (1964) (10 rrg kg ). 

Recently, attention has been directed toward stating external 

P requirements in terms of intensity (soil Pin solution). External P 

requirements for several cultivated crops have been published during the 

past 15 years (Nishi.roc,to et al., 1977; Vander-Zaag et al., 1979; Fox, 

1981). Kamprath (1986) predicted that in the future there will be a 

greater emphasis on reactions in the soil solution-rhizosphere interface 

as soil fertility research is directed toward increased nutrient 

efficiency and also to increased yields. 
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The term "internal nutrient requirement", according to Fox 

(1981), is defined as the minimlllll uptake of nutrient (a quantity factor 

in plant nutrition) that is associated with a specified yield, for 

example, 95% of maximum. The internal requirement can also be defined 

as the concentration of a nutrient in the plant (an intensity factor in 

plant nutrition) that is associated with near-maximl.llll yield, usually 

named the "critical concentration". Stated in other terms, the internal 

P requirement is the P concentration in plants associated with a 

prescribed yield (yields of 85 to 95% of maximlllll attainable have been 

used). 

Phosphorus concentrations in banana leaves reflect the 

adequacy of P for plant growth. For routine advisory work, the P status 

of banana plants is usually indicated by an analysis of a portion of the 

third most recently unfurled leaf. So far plant yield-P concentration 

relationships have not been sufficiently developed to serve as guides 

for recaranending P fertilizer use. Internal P requirements (critical 

concentrations) for banana have been suggested. However, these should 

be considered as tentative because significant field-yield response to P 

fertilization is unusual. 

The importance of mycorrhizae for P nutrition of cultivated 

crops is well documented; however, no data on the importance of 

mycorrhizae are available for banana. A few properties of banana roots 

seem to predispose banana to mycorrhizae dependency. First, root hairs 

are short and these are restricted to the apical region; and second, 

roots are thick and fleshy (relatively low specific surface). By 

forming VA mycorrhizae, banana roots should take up P more efficiently 
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than would otherwise be possible. Mycorrhizae effectively increase 

absorbing surfaces in contact with soil. Banana is an efficient P 

extractor. Fox (1987) considers that this apparent contradiction is 

explained if it is discovered that banana develops effective 

mycorrhizae. 

Mycorrhizae may enhance P acquisition fran subsoils by 

decreasing the threshold concentration for P uptake by plants. Authors 

of some general reviews and textbcx:>ks have stated that banana root 

systems are shallow. In fact, banana roots penetrate subsoils to a 

considerable depth. Reports by Beugnon and Champion (1966) and Samson 

(1986) have affirmed that approximately 50% of banana roots occur bela..v 

15 cm. Even if roots penetrate into some subsoils where P is abundant, 

P uptake may still be limited if the intensity of supply is so low that 

uptake by unaided roots is impossible. If roots are mycorrhizal there 

is increased possibility that the subsoil will provide an important 

supply of P. 

The purp::,se of this part of the study was to develop the 

following information for banana growing in an Oxisol: (1) external arx:3 

internal P requirements for near maximum growth, (2) effects of 

mycorrhizae on P requirements of banana and the influence of mycorrhizae 

on the absorption of nutrients other than p. 

2. External P Requirements 

General features of banana response to P were as follows: 

banana dry matter production responded to levels of P targeted for 

solution (Fig. 17). Plant dry weight increased with increasing P level 
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in solution when the target P levels were less than 0.05 rrg P 

-1 -1L for mycorrhizal plants or 0.1 rrg PL for non-mycorrhizal plants. 

Plants growing in non-fertilized soil (0.003 rrg P L-l in solution) were 

weak and severely P-deficient. Super-optimum levels of P fertilizer 

depressed plant dry weights. 

Mycorrhizae improved banana growth at soil P levels up to 0.05 

rrg P L-l (Fig. 17). Plant growth of non-mycorrhizal plants fertilized 

with no P was nearly zero. There were apparent differences in shapes of 

yield response curves at low soil P levels. The non-mycorrhizal curve 

tended to be S-shaped. The external P requirement of mycorrhizal banana 

was lower than that for non-mycorrhizal banana. A plot of plant weight 

(on an absolute scale), vs.Pin solution indicated an external P 

requirement of o.os mg P L-l for mycorrhizal plants, and 0.1 mg P L-l 

for non-mycorrhizal plants (Fig. 17). Mycorrhizae increase the 

effective soil volume fran which nutrients are drawn and, in addition, 

mycorrhizal roots appear to withdraw P fran solutions tco dilute for 

effective uptake by non-mycorrhizal roots (Mosse, 1981). Schlechte 

(1976) reported that thin mycorrhizal hyphae (diameter 2 to 4 um) are 

able to penetrate soil pores not accessible to root hairs because 

diameters of root hairs are approximately 5 times greater than 

mycorrhizal hyphae. 

Percent mycorrhizal infection in relation to P levels in soil 

solution are presented in Table 18. The generally accepted view is that 

high P levels inhibit rnycorrhizal infection. In this case mycorrhizal 

infection did occur in plants supplied with high levels of P, although 

infection percentage for the 5 highest P levels were generally lower 
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Table 18. Percent mycorrhizal infection of banana roots in relation 
to 10 levels of Pin soil solution. 

Adjusted P 1st crop 2nd crop Mean 
level 

-1 mg L ---------------~----- %~----~-~--------------

0.003 (No P added) 16 18 17 a 
0.006 14 16 15 a 
o. 012 10 10 10 be 
0.025 16 14 15 a 
o.os 10 12 11 b 
0.1 8 6 7 de 
0.2 8 8 8 cd 
o.4 12 10 11 b 
0.8 6 4 5 e 
1. 6 10 12 11 b 

Values followed by the same letter are not significantly different 
using LSD at the 5% level. 

than for the 5 lowest P levels. It is generally believed that plant P 

concentration, rather than soil P level, controls mycorrhizal infection 

(Tinker, 1975). Root Pin mycorrhizal plants started leveling off at a 

-1target P level of 0.025 rrg L whereas infection rates did not decline 

-1until solution levels reached 0.05 rrg PL • (Fig. 18). Although the 

evidence is weak, this suggests that root P percentage may not be the 

important factor suppressing mycorrhizal infection. 

Quantification of mycorrhizal infection of field-grown banana 

has not been reported. However, Murdoch has observed low mycorrhi zal 

infection in field-grown banana (personal carmunication). Perhaps low 

infection levels, such as we have observed, may be normal for this crop. 

Such also seems to be the case for sane other species, for example, 
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wheat and sweet potatoes (Murdoch, personal carrnunication). HONever, 

other factors may be involved in producing the low values reP=?rted here. 

For example, sampling, cleaning, staining and counting techniques must 

be severe for soil-grown banana. In pot culture, especially in large 

pots like those used in these experiments, inoculation techniques 

probably have important effects on infection. These matters deserve 

further study. 

Effects of mycorrhizae on external nutrient requirements vary 

with crop species. For instance, Yost and Fox (1979) reported that 

mycorrhizal symbioses did not materially influence the P requirement for 

maximum yield of soybean, while in the case of ccwpea, cassava etc. the 

external P requirements of mycorrhizal plants were less than 

non-mycorrhizal plants (Fox, 1981; Vander-Zaag, 1979). Based on the 

v.Drk of this study and other published work, a general conclusion seems 

to be justified; plants with high mycorrhizae dependency, if they are 

mycorrhizal, require lower P concentration in solution than otherwise 

less mycorrhizae-dependent plants. 

The external P requirement for mycorrhizal banana, a.as mg P 

L-1 , is within the range reported foe· ,gronanic crops such as maize, 

Q.025 In:] PL-land soybean, Q.2 In:] P L-l (Fox, 1981), but less than for 

rrost horticultural crops, 0.2 to Q.3 In:] P L-l (Nishimoto et al., 1975). 

Data regarding relationships between banana yield and Pin soil solution 

are limited. Warner et al. (1974) reported that banana growing on the 

Kawaihapai clay loam at the Waimanalo Research Station with original P 

in solution a.as In:] L-l did not respond to P. Although at that location 

Pin soil solution remained within a similar range after 14 years of 
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cultivation (see earlier discussion and Fig. 11), foliar P and yield 

declined. 

Although ratoon banana is generally believed to require less P 

than plant-crop banana, external P requirements for plant and ratoon 

crops in these experiment were identical. The reason for this may be 

the removal of a!:x)ve-ground parts (pseudostems) at the first harvest. 

In field situations, pseudostems contribute a certain artK)unt of storage

P to developing ratoon crops. Recycling of nutrients has been 

derronstrated for ratoon banana but o~rvations suggest that the roots 

associated with an old banana stalk die. Thus the new plant must 

eventually depend on its own roots. 

A threshold P concentration is a nutrient level below which 

there is no net uptake of P (Fox, 1978). Threshold concentrations are 

of minor interest for intensive, long-established agriculture, but they 

may be important for extensive agriculture (Fox et al., 1986). Sigmoid 

(S-shaped) P absorption curves are characteristic of nutrient absorption 

if P levels are low enough. AP absorption curve with sigmoid shape 

suggests that actual concentrations are approaching a threshold 

concentration, less than which there is no net P uptake. 

It was evident that solution Pin non-fertilized soil was near 

the threshold concentration because thr yield response curve was 

S-shaped; especially so for non-mycorrhizal plants. These results 

indicated that the threshold P concentration for non-mycorrhizal banana 

was approximately Q.003 rrq P L-l in soil solution. Banana plants with 

mycorrhizae have a lower threshold P concentration than non-mycorrhizal 

plants. This agrees with the suggestion by Fox (1979) that threshold 
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concentrations seem to be relatively high when plants are growing 

without the benefit of mycorrhizae. Experimental data by Asher 

(personal cai:rnunication) also suggested that the threshold value for P 

uptake is an order of magnitude higher for non-mycorrhizal plants than 

for mycorrhizal plants. He grew cassava at 4 levels of P, 0.003, 0.03, 

-1 -10.3, and 3.0 rrg L • At the lowest level of P (0.003 rrg L ) !x)th 

rnycorrhizal and non-mycorrhizal plants were P deficient. Phosphorus 

uptake by non-mycorrhizal plants was slightly better than mycorrhizal 

-1plants. HO\lo'ever, at o.03 rrg L P mycorrhizal plants were much better 

than non-mycorrhizal plants. 

Threshold P concentrations p.,.....bably differ for various plants 

but in all cases they seem to be low. The threshold concentration below 

which non-mycorrhizal plants may not extract P fran soil solutions is 

exceedingly 10\lo' for onion (Fox, 1979). The threshold concentration for 

P uptake for non-mycorrhizal clover is between 0.002 and 0-005 rrg P L-l 

(Fox et al., 1986), which is approximately the estimated threshold 

concentration for non-mycorrhizal banana. 

The response of crops to applied P has been described by 

several mathematical mcrlels (Ozanne, 1980). Two-part linear or 

linear-plateau relationships between fertilizer and yield are frequently 

used to describe the responses of crops ~o P fertilizers. A famous 

curve is the equation developed by Mitscherlich in Germany (Cooke, 

1982). In Australia, most P trials had a cannon response to phosphate 

that could be related to the Mitscherlich curve (Robertson et al., 1975) 

but the Australian data involved few P levels so that the shape of the 

response curves cannot be defined with precison. 
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Banana growth in resE)Onse to P in soil solution did not follow 

the classical Mitscherlich resE)Onse curve. One reason for this 

observation is that there were enough data points (10) to define the 

curve. A sigmoid-shaped resE)Onse curve was obtained. The 

characteristics of sigrroidal response were especially obvious when 

plants were non-mycorrhizal. Similar response patterns to applied P 

were secured in the early growth stages of maize arrl head lettuce (Fox, 

1979: Nishimoto et al., 1977). The inefficiency of the initial 

increments of added-Pare ascribed by Fox (undated) to irmtobilization of 

p by the soil or utilization of P by soil organisms. It may also be due 

to inefficiency in the uptake mechanism. 

It appears from Fig. 17 that hi~h levels of P (> 0.1 mJ L-l) 

lead to restricted grc:Mth. Rates of leaf emergence in plants fertilized 

with high levels of P were generally slower than emergence frc:m plants 

grcwing with intermediate levels of P {Fig. 19). Several reE)Orts, for 

example, the Y10rk of Loneragen and Asher (1967), have attributed yield

depression, associated with high P supply, to P toxicity. Just how P 

prcduces toxicity is still unclear. Excessive Pin plants has been 

associated with inadequate N (Ozanne, 1980). Excessive levels of P 

fertilizer may reduce uptake of certain micronutrients, particularly Zn. 

That excessive P induces Zn deficiency in plants has been reE)Orted by 

Brc:Mn et al., (1970), Viets {1966), and Olsen (1972). Internal 

micronutrient imbalance may result from high levels of Pin the plant. 

P extracted from the 10 levels of P established for this 

experiment are presented in Table 19. For 75% of maxiim.tm prcduction, 

suggested levels of extractable P for banana are: Bray No. 1, 2: 

http:maxiim.tm
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Mehlich, 10; Truog, 38; and Olsen, 18 mg P kg-l soil (Figs. 20-23). A 

cursory survey of literature indicates that the Mehlich method has not 

previously been calibrated for predicting banana yield response to 

Table 19. Phosphorus extracted fran mycorrhizal and non-mycorrhizal 
soils in which 10 target levels of P had been established. 

Adjusted Bray No. 1 Mehlich Truog Olsen 
p 

level NM M NM M NM M NM M 

-1 -1 - mg L - -------------- mg kg --------------
o. 003 0.2 0.1 1 1 6 7 2 2 
o. 006 0.3 0.4 2 3 15 18 6 7 
0.012 1 1 6 5 30 28 14 13 
0.025 2 2 10 10 45 47 22 22 
0.05 6 7 17 19 70 81 38 38 
0.1 12 12 29 27 104 98 56 51 
0.2 21 17 38 38 136 141 83 75 
0.4 32 38 68 71 194 208 107 109 
0.8 51 52 90 90 258 255 151 150 
1. 6 64 63 128 114 301 273 181 165 

NM = non-rnycorrhi zal M = rnycorrhizal 

phosphate fertilizer. The critical level for sodium bicarbonate 

extractant, 18 rrg P kg-l soil, is higher than levels usually quoted. 

The soil P test value (Olsen method) suggested by Walmsley et al. 

-1(1971), 2.5 rrg Pkg soil, seems to be unreasonably low. Hagin et al. 

(1964) suggested 10 mg P kg-l soil for alkaline soils in Israel. The 

-1critical value, 2 rrg Pkg soil, for Bray extractant was slightly 

greater than the value reported by Walmsley et al. (1971), 1.5 mg P 

kg-l soil. The yield reported by Walrnsle, et al. (1971) at this 

critical level was about 78% of maximum attained. Differences in 
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criteria of response, cultivar, and soil properties between these 

studies may have contributed to inconsistency. Phosphorus requirements 

of crops vary with growth stage (Fox et al., 1977). At the early growth 

stages, the external P requirements are generally higher than when crops 

are carried to maturity (Sanchez and Uehara, 1980). 

Conventional soil tests are not capable of estimating p 

retention capacity. One advantage of using P-sorption curves to 

estimate P fertilizer requirements is that the relationship between 

quantity and intensity is considered. The soil used for this study was 

an Oxisol, a high P-retention soil develope~ ~ran weathered basalt. It 

is apparent that such soils do not fit typical calibration curves. 

Extractable soil P correlated well with target P levels in 

soil solution (Table 20). This was especially true for extractable P 

using the Bray and Mehlich extractants. Difference in extractable soil 

P between mycorrhizal and non-mycorrhizal soils were minor and not 

statistically significant. 

Table 20. Correlation coefficients between P levels established 
and extractable P determined by four methods for soils 
with and without mycorrhizal inoculation. 

Treatment Bray No. 1 Mehlich Trucg Olsen 

Non-mycorrhizal 0.949** 0.958** 0.905** Q.915** 

Mycorrhizal Q.934** Q.931** Q.865** Q.897** 
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2. Internal P Requirement 

Throughout the 4-month period of banana growth a leaf punch 

method was used to monitor the P status of banana leaves. Leaf punches 

were taken every week fran the third most recently unfurled leaf. The 

leaf punch methcxl slightly underestimated P content when canpared with 

the standard blade sample. However, the regression line for the P 

percentages in both materials was approximately 1:1 (Fig. 24), The 

laminae contained many parallel veins. They may have contributed to the 

underestimation of P content in leaf disks, Phosphorus in banana foliar 

tissue is about 50% soluble (Martin-Prevel, 1978b). Punching the leaf 

sample may have squeezed Pout of leaf disks, thus effectively 

decreasing P percentage on a dry weight basis. In addition, nutrients 

are not uniformly distributed in banana leaves (Martin-Prevel, 1977), 

Phosphorus percentage in leaves decreases with increasing distance fran 

the midrib, This may also be associated with the underestimation of P 

concentration in leaf disks, 

Potassil.ll'll contents of leaf disks were determined and canpared 

with standard laminae samples. The K concentration in leaf disks was 

much lower than that of in laminae (Fig. 25), Almost all of the Kin 

plants is soluble and much of that K would have been squeezed out during 

the sampling procedure, The K results seem to confirm the explanation 

proposed for discrepancies in the P analysis. 

Foliar Pin banana plants generally decreased with increasing 

plant age (Figs. 26-28, Appendices 8-9). Decreases in leaf P content 

with time were especially sharp during the early growth. It is presumed 

that this is an example of the "dilution effect", However, decreased 
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concentration of Pin soil solutions as a function of time may also have 

contributed to P decline in leaves as a function of time. 

Leaf P percentage in mycorrhizal plants was higher than in 

non-mycorrhizal plants if soil P level was less than a.as rrg L-l (Fig. 

26-28, Fig. 29). A discontinuity in P percentage was evident in the 

curve representing mycorrhizal plants of the first crop. A similar 

phenanenon for cowpea was reported by Fox (1981). Such effects may be 

explained if, with increasing P supply, the effectiveness of mycorrhizae 

diminishes faster than P uptake by unaided plant roots increases in 

response to increased P solubility. 

The third leaf may not be a good tissue for indicating 

particularly high P availability. Phosphorus values in the third leaf 

did not conform with increases in soil solution P when soil P 

concentrations were greater than a.as rrg L-l (Fig. 29). As indicated 

fran Fig. 30, P accumulated in conductive tissues if soil P levels were 

high. This is evidence that luxury intake of P occurred. Phosphorus is 

a rrobile element in plants. It tends to acclllllulate in older leaves 

under conditions of high P supply (Ozanne, 1980). Thus, conducting 

tissues, for example pseudostem sheaths, petioles, and midribs of older 

leaves should be better indicators of high P availability and luxury 

consumption. 

A response envelope (sanetimes referred to as a response 

boundary) technique for plottirq data was especially applicable for 

evaluating P canposition data because data points were limited and 

scattered. Several researchers have employed this technique for 

plotting data of this sort (Cornforth and Steele, 1981; Kang and Fox, 
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1980; Worku et al., 1982; Fox et al., 1985; Rashid, 1986; M. E. Sumner, 

personal carmunication), including a determination of the critical K 

value for banana (Fox, 1987). 

Response envelopes presenting data for the relationships 

between P percentage in banana leaf and relative plant yield are 

presented in Fig. 31. Foliar P concentrations and plant dry weights 

were curvilinearly related. The composite data presented in Fig. 31 

indicate that plant dry weight reached a plateau when P contents in 

leaves were approximately 0.19%. Dry matter prcxiuction was depressed by 

high P levels. 

Although mycorrhizae tended to increase P percentage in leaves 

at low levels of soil P, they did not influence internal P requirements. 

The internal P requirement for 95% of the maximum growth attained was 

0.18% at the 17th leaf stage of growth. Internal P requirements of the 

first and second crops were nearly the same. 

The critical P level was estimated when the 17th leaf was 

fully unfurled, which is considerably in advance of shooting. The 

value, 0.18%, was similar to values listed in a review by Turner (1971) 

although most of the critical P levels listed were determined at the 

shooting stage. Sane other values given in the literature are: Hewitt 

(1955), 0,18%; Lin and Chiu (1980), 0.21%; Caldez and Martinez (1962), 

0,2%, HOW'ever, none of the critical levels listed above were obtained 

fran well-defined yield response curves. 

Based on theoretical considerations, the shooting stage may 

not be a gocxi stage for P diagnoses because the dema.nd of Pat this 

stage is relatively low, except for transport from vegetative to 
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reprcx:luctive tissues. Martin-Prevel (1981) and Twyford and Walmsley 

(1974) stated that in the early growing stages banana plants have the 

highest demand for P. The suggestion was verified by using sand 

culture, in which the P supply was interrupted four months after 

planting, with little or no evident affect on yields (Charpentier and 

Martin-Prevel, 1965). If, as Twyford and Walmsley (1974) determined, 

most of the Pin banana plants accumulates in the early growth stages, 

the internal and external P requirements determined at the 17th-leaf 

plant age, about three months after establishment, may reflect 

satisfactorily the internal requirement of P for banana. Nutrient 

redistribution at the shooting stage may obscured the general effects of 

applied phosphate on leaf p. 

3. Zn and Mn Contents 

Zinc uptake by banana plants was enhanced by mycorrhizal 

inoculation (Fig. 32). Zinc levels in leaves of mycorrhizal plants were 

approximately 4 mg kg-l higher than in non-mycorrhizal plants. Zinc 

levels, however, were relatively low (4 to 12 mg Zn kg-l) even in leaves 

of mycorrhizal plants. Such values were less than expected, especially 

because 5 mg Zn kg-l soil had been applied. 

Very little information is available on the zinc nutrition of 

banana, although instances of zinc deficiency in banana have been 

reported in French Guinea (Moity, 1954) and Jamaica (Jordine, 1962). 

Zinc deficiency is rare in carmercial banana because sigatoka disease, 

an important leaf disease of banana, is frequently controlled with zinc

containing fungicide. 
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Lower (1982) surveyed 26 banana farms on Oahu Island. The 

mean Zn content was 24 rrg kg-1• Lin (1982) investigated 121 farms in 

the banana producing area of Southern Taiwan, and observed that the 

average Zn content in leaves was 38 mg kg-1• A critical Zn level for 

banana has not been determined. Using sand culture, Marchal and 

Martin-Prevel (1971) established zinc deficiency symptans for Paya 

banana. They reported that Zn concentrations in leaves were 73 rrg kg-l 

(deficient) and 80 rrg kg-l (healthy). Although in the present study the 

foliar Zn levels in the plants were low, Zn deficiency syrnptans were not 

observed. 

Manganese levels in leaves of mycorrhizal plants were 

approximately 30% higher than in non-mycorrhizal plants (Fig. 33). The 

mechanism of enhanced Mn uptake is probably similar to the mechanism 

responsible for improved P and Zn uptake by mycorrhizae. Improved 

absorption of Mn may also result fran secondary effects associated with 

improved plant grCMth. Canpared with general Mn levels in banana 

leaves, Mn values in the foliage obtained in this study were high, with 

an average of 791 rrg Mn kg-l. The Mn content of the soil used in the 

investigation was high: KC! extractable Mn was 40 rrg kg-l soil (Fox et 

al., 1985). Banana is quite tolerant to high content of Mn 

-1(Martin-Prevel, 1978). Even 3,000 to 4,000 rrg Mn kg in banana leaves 

did not produce symptoms of toxicity (Charpentier et al., 1971). 

According to Marchal and Faure (1983) banana exhibited symptans of Mn 

toxicity as Mn level in the leaf approached 8,000 rrg kg-l (Marchal and 

Faure, 1983). 
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C. Interactions between Nitrogen, Phosphorus and Mycorrhizae 

in Relation to P Nutrition of Banana 

Agronomically, N is the most important element for banana 

gra,..rth (Lahav and Turner, 1983). Nitrogen and potassium are the most 

frequently required fertilizer nutrients (Martin-Prevel, 1980). 

Available N is in short supply in almost all banana soils, including the 

fertile banana soils in Central America (Butler, 1960). 

Banana requires large quantities of N. The canbined N content 

of harvested whole plants (100 ton bunch weight ha-1), Waimanalo, Hawaii 

-1 -1 was approximately 265 kg ha yr (Fox, 1987). One hundred and sixty 

grams of N per plant is generally recarrnended (de Geus, 1973). Heavy N 

fertilization is standard carmercial practice in rrost banana producing 

countries, especially in Israel, Taiwan, and Canary Islands (Garcia et 

al., 1980; Lin, 1981; Lahav, 1978). 

In the case of plants with mycorrhizae, it is believed that 

photosynthate is transferred fran the plant to the fungus (Bevege et 

al., 1975; Cox et al., 1975; Ho and Trappe, 1973). Mycorrhizal fungi 

depended solely on host-plant r(X)tS for a supply of carbohydrates used 

in producing chlamydospores (Ho and Trappe, 1973) arrl hyphae (Bevege et 

al., 1975; Cox et al., 1975). Unlike the carbon transfer mechanisns of 

ectanycorrhizae in which carbohydrates of the host are converted to 

specific fungal carbohydrates, trehalose and mannitol, and ultimately to 

the storage polysaccaride glycogen (Marks and Kozlowski, 1973), no 

distinctive sugar for VAM fungi has been identified (Bevege et al., 
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1975; Hayman, 1974). Bevege et al. (1975) rep::>rted that sucrose and 

glucose were major canp::>nents in VAM fungi and r(X)ts. 

One of the important considerations in the use of N 

fertilizers is their influence on carbohydrate utilization in plants. 

When N fertilizers are supplied in large quantities, growth accelerates 

and carbohydrate levels decrease as the N is incorp:,rated into amino 

acids at the expense of simple carbohydrates, which are elaborated to 

rrore canplex canpounds. 

The effect of host plant N nutrition on VA mycorrhizal 

activities has received little or no attention; but in loblolly pine, 

high levels of Nin soil decreased the sucrose content of roots and 

decreased their susceptibility to ectanycorrhizal developnent (Marx et 

al., 1977). 

As has been discussed previously, high applications of N 

fertilizer tended to depress foliar Pin banana. Possible explanations 

for this were dilution effects, nutrient antagonism, and N depression of 

mycorrhizal activity associated with P uptake. Three N levels (10, 40, 

-1 -1and 80 mg L ), and three P levels (0.006, 0.1, and 0.4 rrg L ), with 

and without mycorrhizal inoculation were used in this part of the study 

to test the hypothesis that high levels of N by stimulating growth, 

cause low root sugar contents and lessen mycorrhizal activity and P 

uptake. 

1. N, P, and Mycorrhizal Influence on Banana Growth 

Nitrogen fertilization enhanced banana growth. The following 

text table presents mean plant height, plant circumference, and dry 
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matter prcxjuction, which were obviously stimulated by increasing 

quantities of N applied. Applied P was ineffective at the lowest N 

level (Fig. 34, Tables 21-22). All plants treated with 10 mg L~l N 

developed classic N deficiency symptans. 

N level Height Circumference Dry weight 

(rrg L-1) (an) (an) (g day-l) 
10 55 C 22 C 1.70 C 
40 92 a 31 b 4.64 b 
80 109 a 34 a 6.36 a 

p level Height Circumference Dry weight 

(rrg L-1) (an) (an) (g day-1) 

0.006 72 b 27 b 3.36 b 
0.1 90 a 30 a 4.72 a 
0.4 89 a 30 a 4.62 a 

Inoculation Height Circumference Dry weight 

(an) (an) (g day-l) 

Non-mycorrhizal 83 a 28 a 3.89 a 
Mycorrhizal 87 a 30 b 4.58 b 

Values followed by the same letter in the same column are not 
significantly different using LSD at the 5% level. 

Inoculated plants grew best except in the case of the ccmbined 

treatment highest N and highest P (Fig. 34). Leaf emergence was 

retarded at the lowest levels of N and P (Table 22). Regression 

analysis indicated that when P applied was less than 0.1 rrg L-l, 

mycorrhizal irxx:ulation was associated with rrore plant dry matter than 

were non-mycorrhizal treatments {Table 23). 
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Table 21. Banana plant height and pseudostem circumference as 
influenced by N and P fertilizers and by mycorrhizal 
inoculation. 

N 
leve_!1 o.006 0.1 o.4 

(mg L ) 
NM M NM M NM M 

Plant height 
--------------- cm --------------

10 55 C 55 C 54 C 55 C 53 C 56 C 

40 77 b 80 b 96 b 100 b 98 b 99 b 
80 86 a 104 a 112 a 123 a 114 a 114 a 

Mean 55 55 90 93 104 114 

Pseudostem circumference 
------------ cm -----------------

10 21 b 21 C 21 b 22 C 21 C 22 b 
40 29 a 29 b 31 a 32 b 32 b 34 a 
80 29 a 33 a 36 a 38 a 36 a 35 a 

Mean 21 23 31 32 34 35 

NM= non-mycorrhizal, M = mycorrhizal; Values followed by the same 
letter in the same column are not significantly different using LSD 
at the 5% level. 
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Table 22. Days required to produce one banana leaf as influenced by 
N and P fertilizers and by mycorrhizal inoculation. 

N 
lev~l: 0.006 0.1 0.4 

(rrg L ) -------- --------- --------
NM M NM M NM M 

-~--~-~-~-------~ days leaf-1 ----
10 8.7 a 8.1 a 8.2 a 7.6 a 8.1 a 8.5 a 
40 7.4 a 6.2 b 6.6 b 6.5 a 6.3 b 6.6 b 
80 6.8 a 6.5 b 6.2 b 6.2 a 5.9 b 6.2 b 

Mean 8.3 8.1 6.8 6.4 6.3 6.3 

NM= non-mycorrhizal, M = mycorrhizal; Values follcwed by the same 
letter in the same column are not significantly different using 
LSD at the 5% level. 

Table 23. Correlation coefficients based on dry matter yields in 
relation to N levels maintained in soils with and 
without rnycorrhizal inoculation. 

p 

level Mycorrhizal r value Regression equation 

(rrg L-1) 
inoculation (n=6) a+ b X 

0.006 NM 0.901** 1.65 + 0.028 X 
0.006 M 0.988** 1.21 + 0.061 X 

0.100 NM 0.968** 1.20 + 0.070 X 
0.100 M 0.962** 1. ll + 0.094 X 

0.400 NM o. 952** 1. 37 + O. 073 X 
0.400 M 0.903° 1.90 + 0.065 X 

NM= non-mycorrhizal M = mycorrhizal 
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2. Carbohydrate Analyses of Roots 

Total soluble sugars in primary roots were generally higher in 

the first sampling (intermediate growth stage) than at harvest (Table 

24). Apparently, banana grew more vigorously during the later growth 

stage than during the intermediate stage, thus carbohydrates were 

diverted fran rcots into vegetative tissues. Only root sugars as 

determined at harvest are used for the discussion here, because analyses 

of rCXJt sugars in the first sampling were on small samples collected 

through viewing ports. 

Table 24. Total soluble sugars in banana roots in relation to 
N levels maintained in soil solution. Data are based 
on the main effects of N treatments. 

N level (mg L-1) 1st sampling 2nd sampling 

---------- % -----------
10 9.42 a s.ss a 
40 7.56 a 4.86 b 
80 6.31 b 4.82 b 

Values followed by the same letter in the same column are not 
significantly different using ISO at the 5% level. 

Relationships between N levels and soluble sugars were 

negative, curvilinear and highly variable (Table 24., Fig. 35). The 

effect of N level on root sugars was independent of the effects of 

mycorrhizal inoculation and soil P level. 

Soil P levels did not affect root sugars significantly. The 

influence of soil P levels on rcot sugars did not significantly interact 

with mycorrhizal inoculation. Mycorrhizae also did not significantly 

influence root sugar accumulation. 
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In the present study, total soluble sugars decreased with 

increasing N levels. This is in agreement with the rep::>rt by Marx et 

al. (1977) that sucrose and fructose contents of ecto-mycorrhizal roots 

of loblolly pine were depressed by increasing N level; however results 

of the present study did not confirm reports that increased soil P 

decreased root carbohydrate contents. The effect of soil Pon root 

carbohydrates may differ with plant species. Marx et al. (1977) used 3 

levels of soil P 0, 10, and 75 rrg P kg-l soil, to test mycorrhizal 

infection of loblloly pine. In their results, root sucrose and fructose 

contents of pine roots were lowest at high levels of P (Marx et al., 

1977). Thanson et al. (1986) reported that increased P supply was 

associated with a reduction of soluble carbohydrates in root extracts. 

Reports on the effect of mycorrhizal infection on root 

carbohydrates are not consistent. Root systems of mycorrhizal plants 

were estimated to require 6 to 10% more photosynthate than those of non

mycorrhizal roots (Pang and Paul, 1980; Snellgrove et al., 1982; Koch 

and Johnson, 1984). According to Snellgrove et al. (1982) about 7% more 

of the total fixed C was translocated from shoots to roots in 

mycorrhizal plants than in non-mycorrhizal plants. Mycorrhizal rCX)tS of 

green ash seedlings contained equal or greater amounts of starch than 

non-mycorrhizal roots (Douds and Chaney, 1986). However, VA mycorrhizal 

infection in wheat led to a decrease in reducing Sl.k'Jar and total sugar 

contents of root extracts, and this effect was related to the degree of 

mycorrhizal infection (Azcon and Ocampo, 1981). In the present 

experiment, total soluble sugars of mycorrhizal rCX)ts and non-
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mycorrhizal roots were about the same. A sirniliar result in citrus 

roots was reported by Nemec and Guy (1982). 

3. Effects of N, P, and Mycorrhizae on P Uptake 

The P status of the 3rd leaf fran plants grown in the 

N x P x mycorrhizae experiment was monitored for 13 weeks using the leaf 

punch method. Leaf P percentage generally decreased as a funtion of 

time. However, in graphs of leaf P percent vs. time, P absorption peaks 

were usually evident for mycorrhizal plants {Figs. 36-38). This may be 

a reflection of the onset of P uptake enhancement by mycorrhizae because 

this phenanena was not observed in non-mycorrhizal plants {Appendices 

10-11). Surges of P uptake have been observed in mycorrhizal plants of 

other species (Huang and Fox, 1984, Fox and Powell, personal 

carnnumication, 1982). Mycorrhizal inoculation apparently increased leaf 

P percentage, except in plants supplied with canbinations of 

intermediate N (40 mg L-1) and P levels (O.l and 0.4 m;;J L-1). In Fig. 

39, the positive effects of mycorrhizal association on leaf P were 

evident approximately 70 days after planting. 

The effects of Non foliar P concentration varied with the 

supply of p. A plot of disk Pas a function of time indicated that P 

levels in leaf tissues were highest when N and P were deficient (Fig. 

36). Differences in leaf P contents were minor between plants treated 

with 40 and 80 m;;i L-l N, when P supply became a limiting factor to 

banana growth. When P was adequate, increasing N level to 80 m;;i L-l 

tended to increase foliar P percentage {Fig. 37). During the late 

growth stage, P concentration in leaves of N deficient and mycorrhizal 
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plants fertilized with high P levels {0.1 and 0.4 rrg L-1) was higher 

than in plants treated with 40 rrg L-l N and the same P supply. (Figs. 

36-38). It is suspected that dilution effects influenced these results 

significantly. 

Phosphorus analyses of the laminae of the third leaf at 

harvest were slightly different frcm those of leaf disks. The effects 

of N levels on leaf P percentages were highly significant. Mycorrhizal 

plants supplied with the intermediate level of N generally contained 

decreased-P percentage in their leaves (Fig. 40). However, 80 rrg N 

L-1, which was designed to be an excessive level of N, was associated 

with increased foliar P levels. Mycorrhizal inoculation interacted with 

-1N levels to prcrluce difference in foliar P. At the 80 rrg L level of 

N, leaf P percentages in plants with mycorrhizal inoculation were lower 

than those of non-mycorrhizal plants. Foliar P levels in mycorrhizal 

-1plants treated with 10 and 40 rrg L levels of N were greater than those 

of non-mycorrhizal plants. Soil P levels prcrluced daninant effects on P 

concentration in leaves, regardless of N levels and mycorrhizal 

inoculation (Appendices 11-12). 

The effects of N, P, and mycorrhizae on root P percentages 

were similar to the N, P, and mycorrhizal effects on leaf P that root P 

was depressed in plants supplied with 40 rrg L-l N and 0.4 rrg L-l P 

{Table 25). Percent root Pin mycorrhizal plants was generally higher 

than in non-mycorrhizal plants; however, the effects of mycorrhizae on 

root P were not statistically significant. 
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Table 25. P concentrations in roots as influenced by levels of N and 
P and by mycorrhizal inoculation. 

N 
level1(rrg L ) 0.006 

p level 

0.1 

(mg ci> 

0.4 
Mean 

NM M NM M NM M 

------------------- %------------------------------
10 o.070 0.093 0.144 o.183 0.164 0.188 0.140 b 

40 0.062 0.082 o.129 0.137 o.175 0.196 o.130 b 

80 0.095 0.093 0.179 0.169 0-196 0.214 0.157 a 

Mean 0.082 C 0.157 b 0.188 a 

Values followed by the same letter are not significantly different 
using LSD at the 5% level: NM = non-mycorrhizal, M = mycorrhizal. 

The main effects of N levels on P uptake were highly 

significant (P=0.01). Increased N fertilization resulted in increased 

total P uptake by both mycorrhizal and non-mycorrhizal systems (Fig. 

41). The effect of the N supply on total P uptake was influenced by 

soil P levels. The enhanced effect of soil N on P uptake was augmented 

by increasing soil P levels. 

Total P uptake by plants was influenced by P levels and there 

were interactive effects between mycorrhizae and soil P levels. Banana 

plants took up :rrore P when plants were mycorrhizal (Table 26). 

N/P interactions in banana have not been well documented. In 

the past, discussion of the interaction was usually based on P 

concentration expressed as a percentage in the dry matter of the banana 

leaf (Lahav, 1978: Martin-Prevel, 1965: Murray, 1960). Depressed P 

concentration in banana leaves may be a dilution effect or it may 
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result from nutrient redistribution. Hence, discussing N/P 

interactions based on total P uptake may be more appropriate. 

Table 26. Correlation coefficients between total P uptake and 
soil N levels as influenced by different soil P 
levels and mycorrhizal inoculation. 

p Mycorrhizal r value Regression equation 
level inoculation (n=6) a+ b X 

(mg L-1) 

0.006 NM o.9os** 0.170 + 0.0049 X 
0.006 M 0.948** o.1s1 + 0.0064 X 

0.100 NM 0.954** 0.230 + 0.0180 X 
0.100 M 0.973** 0.293 + 0.0220 X 

0.400 NM 0.966** 0.385 + 0.0218 X 
0.400 M o. 993** o.s11 + 0.0265 X 

NM= non-mycorrhizal M = mycorrhizal 

Because banana plants are bulky and difficult to sample, 

estimates of total P usually have not been taken into account when 

effects of Non P uptake are considered. Nutrient concentration can 

provide a useful absolute measurement of nutrient status if both 

nutrient content and dry weight can be measured accurately. However, 

total contents may be of limited value in physiological studies of 

nutrient behaviour. Thus, Jarrell and Beverly (1978) suggested that 

separation of total accumulation and concentration changes can lead to 

rrore canplete understanding of direct and indirect nutrient 

interactions. 
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The results of the present study indicated that P uptake of 

banana was enhanced by soil P, N levels and mycorrhizal inoculation. 

Phosphorus concentration in leaves increased with increasing N levels if 

the P supply was not deficient. Conclusions should be carefully made on 

the effect of Non leaf P because alternation of P percent in leaves 

occurred along with banana growth and other influential factors. 

4. Mycorrhizal Activity 

The general level of mycorrhizal infection was 13% (Table 27). 

Although mycorrhizal treatment received 200 g rrore inoculum (850 g 

pot-1) than the previous experiment (section 4B), the general infection 

level was still lower than expected. The installation of three ports on 

the half-barrel pot allowed convenient root sampling fran different soil 

depth. Mycorrhizal infection seemed to vary with depth in the pot. 

There were no clear indications that mycorrhizal infection were 

influenced by N and P levels. 

PhosEXJ.orus concentration in mycorrhizal leaves vs. 

non-mycorrhizal leaves was used as an index of relative mycorrhizal 

effectiveness (Table 28). Increases in N supply seem to have decreased 

mycorrhizal effectiveness. This tendency was also noted if P percentage 

in mycorrhizal roots vs. P percentage non-mycorrhizal roots were used as 

an indicator of relative mycorrhizal effectiveness (Table 29). However, 

caution should be taken in using P percentage for estimation mycorrhizal 

effectiveness because P percentage in tissues may be canplicated with 

dilution effects and nutrient redistribution. As presented in Fig. 37, 

the lower foliar P level in mycorrhizal plants than in non-mycorrhizal 
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plants, when 80 rrg L-l N was supplied, may have resulted frcm dilution 

effects. 

Table 27. Percent mycorrhizal infection in relation to 
levels of N and P. 

Treatment Port 
Mean 

N p Upper Middle Lower 
level level 

-1 
-- rrg L --

10 0.006 
10 0.100 
10 o.4 
40 0.006 
40 0.1 
40 0.4 
80 0.006 
80 0.1 
80 0.4 

15 13 
13 7 
13 13 

7 16 
12 17 
12 14 
12 9 
13 11 
15 15 

Mean 12 a 13 b 

% 
13 
18 
18 
11 
12 
16 
20 
15 
12 

15 C 

14 a 
13 a 
15 a 
11 
14 
14 
14 
13 
14 

a 
a 
a 
a 
a 
a 

13 

Upper: 0-10 an; Middle: 10-20 an; Lower: 20-30 an; Values 
followed by the same letter in the same column (row) are 
not significantly different using LSD at the 5% level. 

Table 28. Relative mycorrhizal effectiveness (the ratio, percent 
leaf Pin mycorrhizal plants to percent leaf Pin 
non-mycorrhizal plants) in relation to levels of N supply. 

N supplied 

(rrg L-1) 

Relative 
mycorrhizal 

effectiveness 

10 
40 
80 

1.07 a 
0.97 ab 
0.87 b 

Values followed by the same letter are not significantly difference 
using LSD at the 5% level. 
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Table 29. Relative mycorrhizal effectiveness (the ratio, percent 
root Pin mycorrhizal plants to percent root Pin 
non-mycorrhizal plants) in relation to levels of N supply. 

N supplied Relative 
mycorrhizal 

(rrg L-1) effectiveness 

10 
40 
80 

1.25 a 
1.18 ab 
1.02 b 

Values followed by t
using I.SD at the 5% 

he same 
level. 

letter are not significantly difference 

Based on P uptake by mycorrhizal banana, maxirm.nn mycorrhizal 

effects were obtained with the least N supply (Table 30). Increasing 

the N supply to an intermediate level decreased mycorrhizal 

effectiveness, but high N level reversed the effect. It was expected 

that mycorrhizal roots would contain less soluble sugars than 

non-mycorrhizal roots and that mycorrhizal roots would take up P more 

effectively than non-mycorrhizal roots, even if there were no 

distinctive differences in total soluble sugars in roots of mycorrhizal 

plants and non-mycorrhizal plants. Therefore, a negative correlation 

was expected between the soluble sugar ratio and the relative 

mycorrhizal effectiveness ratio. The observed relationship, r = 

- 0.52 *, although evident, was not impressive. 

Beneficial effects of mycorrhizae usually decrease as the 

supply of soil N increases (Hayman, 1975; Mosse, 1981). However, other 

research has reported a positive mycorrhizal response to N 

fertilization. Applications of nitrate or ammonium resulted in higher 

levels of mycorrhizal infection in sweet gum seedlings than in 

http:maxirm.nn
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Table 30. Relative mycorrhizal effectiveness (the ratio, P uptake 
by mycorrhizal plants to P uptake by non-mycoprrhiza.l 
plants) in relation to levels of N supply. 

Relative 
mycorrhizal 

effectiveness 

10 1.41 a 
40 1.16 b 
80 1.27 ab 

Values followed by the same letter are not significantly different 
using LSD at the 5% level. 

minus-nitrogen controls (Brown et al., 1981). Mycorrhizal infection 

increased as more nitrate was supplied to lettuce plants at three P 

levels (Hepper, 1983). Hall et al. (1984) rei;:iorted that at the highest 

level of N, mycorrhizae stimulated sh(X)t growth of ryegrass more than at 

any other level. They suggested that a lowering of plant P status 

associated with N-stimulated growth may be a part of the reason why the 

greatest stimulation of growth by mycorrhizae at high levels of applied 

N. The results of the present study did not canpletely confirm the 

hypothesis that high levels of applied-N lead to low carbohydrate 

contents in r(X)ts which, in turn, give rise to low mycorrhizal activity 

and low P uptake. It is true that banana rCX)t sugars were negatively 

related to N supply; however, rCX)t si..gars and mycorrhizal infection were 

not correlated. Perhaps this should cane as no surprise. After 

all, if soluble sugars enhance infection it is just as probable that 

enhanced infection will deplete the sugar supply. 
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Field data (section 4A, page 55) did not fully agree with the 

results of this pot experiment. There were confounding factors in the 

field ha,,,,ever, including decreased light intensity associated with 

increasing N (and increasing leaf area index). Field banana plants are 

in mat systems. Mother plants supply carbohydrates to young suckers. 

Plants fertilized with high levels of N usually produce more young 

suckers than do those fertilized with low N levels. To better 

understand the effects of N fertilization on mycorrhizal activity, the 

mycorrhizal infection status in field-grown banana should be examined 

rrore closely. 

5. External N Requirement 

Four assumptions were made in generalizing an external N 

requirement for banana: 1. A linear response-plateau rncx:iel would apply; 

2. Zero N would give no yield; 3. A linear response to N levels 0, 10, 

and 40 rrg L-l v.10uld be obtained; 4. Yields of plants supplied with 80 mg 

N L-l nutrient solution would fall on the plateau. Using these 

assumptions, data based on plants fertilized with adequate P (O.l 

mg L-1 ) were used to construct a growth response curve (Fig. 42) • The 

external N requirement of banana obtained was 65 rrg L- l. 

External N requirements vary with crops. The external N 

requirement for seedling macadarnia was esti..rrated at 30 mg L-l (Fox et 

al., 1976), and 50 rrg L-l for sugarcane (Fox, 1976). The external N 

requirement has never been determined for banana. In banana nutrient 

studies, the N concentrations of basal media (sand culture) were 178 mg 

N L-l (Lin, 1979) and 356 rrg N L-l (Martin-Prevel, 1965). Both levels 
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seem to be excessive when canpared with the external N requirement 

estimated here. However, sand culture experiments usually supply Non 

an intermittant basis. Such systems require higher concentrations than 

normal. In this portion of the study, nutrient solutions were 

ma.intained at approximately the concentration of applied solutions. N03 

solutions were added to each pot, two times daily, until the canposition 

of leachates approximated the canpositions of the solutions being added. 

Extra solutions were added to minimize the diluting effects of any 

rainwater. The external N requirement, 65 rrg L- 1, obtained in this 

study may be applicable for N fertilization of banana via drip 

irrigation. 
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o. Effects of Mycorrhiza and Rock Phosphate Canbinations on 

P Nutrition of Banana 

Information is needed on whether or not banana can utilize p 

fertilizer materials of low solubility. Such materials include rock 

phosphates and to a lesser extent partially acidulated rock phosphates. 

Almost no information is available on the utilization of rock phosphate 

by banana. Not only is there almost no direct information but the 

literature does not even provide data which will indicate whether or not 

applications of rock phosphates will be effective. However, banana as 

is normally grown (mycorrhizal) is a crop that has been suggested to be 

capable of utilizing sparingly soluble phosphate (Langenegger, 1980). 

If such is the case, mycorrhizae may play an important role in 

utilization of P from rock phosphate by banana. 

If rock phosphate can be utilized it will becane a potential P 

fertilizer for banana growing in acid tropical soils. This part of the 

study assessed the effects of mycorrhizae on the utilization of 

different rock phosphate sources by banana. 

1. P Content 

Phosphate uptake was greatest, regardless of P sources, if 

banana plants were mycorrhizal (Table 31). Utilization of sparingly 

soluble phosphates was greatly improved when plants were infected with 

mycorrhizal fungi. Percent infection of roots by mycorrhizae were 

control (21%), Florida rock phosphate (26%), Idaho rock phosphate (23%), 



146 

North Carolina rock phosphate (18%), and superphosphate (15%). 

Intensity of mycorrhizal infection seems to have decreased with 

increasing phosphate availability. Mycorrhizal effects were most 

obvious when Idaho rock phosphate was the P source. Non-mycorrhizal 

banana plants did not respond to Idaho rock phosphate. The combined 

effects of Idaho rock phosphate and mycorrhizae on P uptake were more 

than additive. Phosphate uptake was 30% greater in inoculated plants 

fertilized with Idaho rock phosphate than in uninoculated fertilized 

plants. 

Table 31. Phosphorus uptake by banana plants in relation to phosphate 
fertilization and myOJrrhizal inoculation. 

Relative 
P source NM M Mean effectiveness 

of mycorrhizal 
plants (M/NM) 

---- -1 
rrg plant ----

Control (no Padded) 9.0 15.S 12.3 C 1. 72 
Idaho rock phosphate 23.S ss.s 39.S be 2.36 
Florida rock phosphate 56.0 73.0 64.S b 1.30 
North Carolina rock 128.S 131.0 129.8 a 1.02 

phosphate 
Superphosphate 132.0 164.0 148.3 a 1. 24 

Mean 69.8 a 87.8 a 

NM= non-mycorrhizal, M = mycorrhizal; Values followed by the same 
letter in the same column (row) are not significantly different using 
LSD at the 5% level. 

Phosphorus uptake by banana plants was well correlated with 

solubilities of phosphate sources. The solubility of rock phosphates 

tested was in the following order: North Carolina, first; Florida, 
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second; and Idaho, last (Chien and Hanmond, 1978; Kucey and Bole, 1984). 

Solubility differences among the three rock phosphates were closely 

related to the degree of substitution of carbonate for phosphate (Chien, 

1977) and crystallite size of rock phosphates (Wilson and Ellis, 1984). 

Based on data by Chien and Hammond (1978) and Kucey and Bole (1984), the 

I order of decreasing percentage of citrate-soluble Pin rock phosphates 

I 
was: North Carolina, 1.55%; Florida, 1.04%; and Idaho, Q.39%. The 

correlation coefficient between total P uptake and citrate-soluble Pin 

rock phosphate, r = Q.869, was statistically significant. 

Differences in P concentration(%) in leaves of inoculatedl 
i and uninoculated plants were marked (Table 32). Mycorrhizal inoculation 
I 

significantly increased foliar P values. The maximum beneficial effect 

of myo:>rrhizae was obtained when Idaho rock phosphate, a relatively 

unavailable rock phosphate was the P source (Table 32). Leaf P levels 

in non-mycorrhizal plants fertilized with Idaho or Florida rock 

phosphate were below the critical level, Q.18%, as previously determined 

(see page 113). Symptans of deficiency developed in non-mycorrhizal 

plants in the presence of Idaho rock phosphate, the least soluble P 

source tested. 

Based on P levels in leaves, the effectiveness of various P 

sources, relative to superphosphate, was: Oxisols (10%), Idaho rock P 

(34%), Florida rock P (44%), North Carolina rock P (79%), and 

superphosphate (100%). 

As presented in Table 33, mycorrhizal infection significantly 

enhanced P percentage in roots. However, root P values were generally 

lower than foliar P values. The mycorrhizal effect was particularly 
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Table 32. Effectiveness with which mycorrhizal and non-mycorrhizal 
banana plants extracted P fran various phosphate sources. 

Leaf P Relative 
P source effectiveness 

NM M Mean of mycorrhizal 
plants (M/NM) 

Control (no Padded) 0.073 
Idaho rock Phosphate 0.097 
Florida rock phosphate 0.126 
North Carolina rock o.217 

phosphate 
S uperphospha te Q.228 

%-----------
0.084 0.078 C 1.1s 
0.189 0.155 b 1.95 
0.213 0.157 b 1. 69 
Q.244 o.231 a 1.12 

0.254 o.240 a 1. ll 

Mean 0.148 b 0.196 a 

l 
1 

NM= non-mycorrhizal, M = rnycorrhizal: Values followed by the same 
letter in the same column (row) are not significantly different using 
LSD at the 5% level. 

I Table 33. Phosphorus concentrations in roots in relation to 
phosphate sources and mycorrhizal inoculation. 

Root P Relative 
effectiveness 

P source NM M Mean of mycorrhizal 
plants (M/NM) 

Control (no Padded) Q.066 0.104 o.oas b 1. 58 
Idaho rock phosphate 0.117 0.124 0.120 a 1.06 
Florida rock phosphate 0.114 0.144 0.129 a 1.26 
North Carolina rock o.139 0.123 o.131 a o.88 

phosphate 
Superphosphate 0.114 0.169 o.141 a 1. 48 

Mean 0.132 b O. llO a 

NM= non-mycorrhizal, M = rnycorrhizal: Values followed by the same 
letter in the same column (row) are not significantly different 
using LSD at the 5% level. 
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in increasing P percentage in plants growing in the unfertilized soil. 

Phosphorus percentage in r(X)ts increased with increasing phosphate 

solubility in citric acid as determined by Chien and Harrmond (1978} and 

Kucey and Bole (1984}. 

Data on P concentration in banana r(X)ts are rare because r(X)t 

sampling difficult and because contamination from soil is always a 

problem. However, based on the consistency of the data, contamination 

does not seem to have been a problem. 

2. Growth Response 

Mycorrhizal and non-mycorrhizal plants growing in unfertilized 

soil developed typical P deficiency symptcms about 70 days after the 

onset of growth. Growth was weak; leaves were arranged in a rosette 

pattern; and lower leaves developed a marginal necrosis. 

Mycorrhizal influence on plant growth varied with P material 

(Table 34). In decreasing order, the effects of mycorrhizal inoculation 

on plant growth (height) were as follows: Idaho rock phosphate, Florida 

rock phosphate, no phosphate, North Carolina rock phosphate and 

superphosphate. Similar results were obtained in the effects of 

mycorrhizae on pseudostern circumference (Table 34}. 

Mycorrhizal effects on plant dry weight varied with the P 

source (Table 35}. When soils were not fertilized or if Idaho rock 

phosphate (the less readily available phosphate) was used, mycorrhizal 

plants yielded more than non-mycorrhizal plants similarly fertilized. 

Mycorrhizae produced no effect when the soil was fertilized with North 

Carolina rock phosphate. Although mycorrhizal plants from the 
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superphosphate treatment grew better than the non-mycorrhizal plants, 

.i this improvement should not be attributed to better P nutrition because 
l 

I 
the P percentage was more than adequate in both cases. 

'I 

I Table 34. Plant gra.vth in relation to phosphate fertilization andl 
mycorrhizal inoculation. 

Plant height Girth 
P source 

NM M M/NM NM M M/NM 

-- cm -- -- cm --
Control (no Padded) 16 19 1.19 8 9 1.13 
Idaho rock phosphate 22 28 1. 27 10 11 1.10 
Florida rock phosphate 34 35 1. 03 14 13 0.93 
North Carolina rock 35 33 0.94 14 13 0.93 

phosphate 
Superphosphate 38 38 1. 00 14 14 1. 00 

NM= non-mycorrhizal, M = mycorrhizal 

l 
! 

I 

l 
Table 35. Plant dry weight as influenced by phosphate fertilization 

and mycorrhizal inoculation. 

Plant dry weight Relative

I P source effectiveness 
NM M Mean of mycorrhizal 

plants (NM/M)
t 

----- g plant-l -----
Control (no Padded) 12.2 18.3 15.3 be 1. 50 
Idaho rock phosphate 20. 0 27.5 23.9 C 1.38 
Florida rock phosphate 30.1 30.5 30.3 b 1.01 
North Carolina reek 49.3 46.2 47.7 a 0.94 

phosphate 
Superphosphate 49.1 57.5 53.3 a 1.17 

Mean 32.2 a 36.0 a 

NM= non-mycorrhizal, M = mycorrhizal; Values folla.ved by the same 
letter in the same column (row) are not significantly different using 
LSD at the 5% level. 
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Fran the viewp'.)int of relative effectiveness, P uptake was the 

rrost sensitive indicator of mycorrhizal effects. Therefore further 

discussion will be based primarily on P uptake by plants. 

Crops vary greatly in their ability to utilize P frcm rock 

phosphate (Khasawneh and Doll, 1978). Listings given by Dean and Fried 

(1953) and Rogers et al. (1953) suggested lupines, buckwheat, clover, 

mustard, Swiss chard, rape, and cabbage as efficient users of rock 

phosphates, whereas cotton, cc,,,1peas, and most cereals as inefficient 

users. Although in this study banana was not ccmpared with other 

species, the data collected suggest that banana is intermediate in the 

efficient use of rock phosphate. The agroncmic effectiveness of rock 

phosphates as a P fertilizer for mycorrhizal banana plants was in the 

following order: Idaho (48%), Florida (53%), North Carolina (80%), and 

superphosphate (100%). Cooks (1956) considered a crop to be an 

efficient user of rock phosphate if the agronanic effectiveness was at 

least 50%. 

Good utilization of sparingly soluble phosphates by 

mycorrhizal banana apparently resulted fran decreased threshold 

concentrations for uptake by the mycorrhizal system. That is, the 

concentration at which P uptake is just possible was less for 

mycorrhizal plants. Evidence of decreasing threshold P concentrations 

of mycorrhizal plants has been observed by Fox et al. (1986). They 

reported that the threshold concentration for P uptake by 

non-mycorrhizal clover was between 0.002 and 0.005 rrq P L-1, and for 

mycorrhizal clover, less than 0.002 rrq P L-l. Based on extrapolations 

of a plot of P uptake as a function of P concentrations in solutions 
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equilibrated with phosphate-treated soils, the threshold concentration 

for mycorrhizal banana was 0.001 rrg P L- 1, and approximately 0.002 

-1 rrg PL for non-mycorrhizal banana (Fig. 43). Greater hyphal 

exploitation of the soil volume may be another reason mycorrhizal plants 

rrore effectively utilize rock phosphate (Mosse, 1981). 

Work with isotopically labelled soils has demonstrated that 

mycorrhizal fungi do not mobilize soil phosphate that is not otherwise 

available to plants (Mosse 1981). Tinker (1975) suggested that both 

mycorrhizal and non-mycorrhizal roots utilized the same sources of soil 

p. However, mycorrhizal plants are obviously able to draw P fran more 

dilute solutions. 

3. Extractable P fran Soils 

Although depletion of P by mycorrhizal roots must have been 

greater than by non-mycorrhizal roots, extractable P fran inoculated 

soil and uninoculated soil were not statistically different. 

Effects of rock phosphates on extractable soil P were in 

agreement with published values of solubilities of rock phosphates. As 

indicated in Table 36, sane problems were encountered in extracting P 

fran soils that had been fertilized with rock phosphate. Acidulation of 

the rock phosphate during the extraction process, if an acidic 

extractant is used, results in an overestimation of extractable P. 

Acidulation of unreactive rock phosphate in the soils fertilized with 

Idaho and Florida rock phosphates probably accounted for the high 

extractable P value obtained here. An instance of the extraction of 

unavailable P fran rock phosphate by the double acid method had been 
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Fig. 43. Phosphorus uptake by banana plants as a function 
of P concentrations in soil solutions equilibrated 
with phosphate-treated soils. M = mycorrhizal, 
NM= non-mycorrhizal. 
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reported by Yost et al. (1982). Low extractable soil Pin soils that 

received superphosphate and North Carolina phosphate (Table 36) was 

presumably due, in part, to adsorption of P released by the phosphates. 

Consequently, phosphate extracted with double acid fran soils that had 

been fertilized with readily soluble rock phosphates were lower than for 

soil fertilized with less available rock phosphates. 

Table 36. Extractable soil Pas influenced by phosphates. 
Values are means of both mycorrhiza-inoculated and 
non-mycorrhiza-inoculated soils. 

p Bray Double Anion 
source Olsen No. l acids resin 

mg kg-1 

Control (no Padded) 1 d 0.2 C 2.2 d 1. 2 C 

Idaho rock phosphate 12 C 1.8 C 289 a 19 b 
Florida rock phosphate 11 C 1.9 C 293 a 24 b 
North Carolina rock 31 b 7.9 C 224 b 114 a 

phosphate 

Superphosphate 38 a 13.8 a 77 C 24 b 

Values followed by the same letter in the same column are not 
significantly different using LSD at the 5% level. 

Table 37. Correlations between extractable P and plant response 
(dry weight, P uptake, and leaf P percentage) to 
applications of phosphates. Data are based on 
mycorrhizal and non-mycorrhizal plants. 

Plant response 

Method Dry weight P uptake Leaf P (%) 

Olsen 
Bray No. 1 
Double acids 
Anion resin 

o. 885** 
o.384 
0.034 
o.567 

o. 902** 
Q.834** 
0.028 
o. 594 

0.846** 
o.741** 
o.206 
o.563 
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Sodium-biocarbonate extractable P was better correlated with 

plant resp::>nse than were other methods. The Bray method was also well 

correlated. This is at variance with the conclusion of Khasawneh and 

Doll (1978) that Olsen, Bray, and anion exchange methods, especially the 

last tv.'O, are the most attractive methods for determinating rock 

phosphate dissolution in soils. Although the resin exchange method 

provides a way of removing P fran soils without chemical alterations or 

pH changes, the methcd has the disadvantage of being time-consuming and 

difficult to operate on a large scale; and moreover, no standard 

procedure for the method is available (Sibbesen, 1978). 

This study indicated that mycorrhizae can increase rock 

phosphate utilization by banana. This is in agreem.ent with other 

investigations. For example, Nauru rock phosphate was available to 

mycorrhizal plants but unavailable to non-mycorrhizal plants (Powell and 

Daniel, 1978). Murdoch et al. (1967) reported that mycorrhizal maize 

was much more efficient than non-mycorrhizal maize at utilizing rock 

phosphate fertilizers in soil; and rock phosphate greatly improved 

nodulation and N fixation of legumes when plants were mycorrhizal (Mosse 

et al., 1976). Fertilizing with phosphate of lo;., availability may have 

practical advantages over fertilizing with more available forms if less 

soluble forms lead to greater mycorrhizal infection and if such forms 

can be made more "accessible" to plants by an efficient mycorrhizal 

system (Mosse and Hayman, 1978). In acid soils that i.rrll'obilize large 

quantities of P, direct application of rock phosphate may be a more 

effective and econanical P source than superphosphate. Rock phosphate 

has long-term residual effects. In that respect it is a logical P 
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fertilizer for banana, which occupies land for long periods of time. 

There are local deposits of rock phosphate in many developing countries. 

Rock phosphate may be a potential fertilizer for banana growing in these 

areas. 
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V. SUMMARY AND CONCUJSIONS 

A long-term banana fertilizer experiment that had previously 

been established at the Waimanalo Experimental Station was used to 

evaluate factors influencing P nutrition of banana. The experimental 

design was a continuous function but for practical purposes it can be 

considered as having 6 N levels, 8 K levels, and 2 P levels. Amounts 

and frequency of N and K fertilizers supplied were based on leaf 

analyses. Phosphorus fertilization was limited to an initial 

application of 224 kg P ha-l to 4 of the 8 blocks during field 

preparation in 1971. Foliar analyses and soil analyses were used to 

evaluate the P status of soils and plants. Leaf P concentrations 

declined fran the beginning but levels were adequate for 8 years. After 

that, foliar P levels were below the assumed critical level. The 

decline of leaf P no doubt was a canplex problem; possible factors in 

the decline were insufficient root space, soil canpaction, weevil and 

nematode build-up, drought, and declining mycorrhizal activity. 

Depletion of soil P probably did not account for low P 

concentration in banana leaves because mean soil P values were high, 

Olsen (48 rrg kg-1), Bray No. 1 (33 rrg kg-1), and saturation extract 

-1(0.41 rrg L ). 

Spatial variability of extractable P within P-fertilized and 

P-unfertilized blocks were evaluated by geostatistical methcds. Range 

of spatial dependency in P-fertilized blocks was longer than in 

P-unfertilized blocks. The semi-vario;;1ram of leaf Pin 1982 was 

different fran those of 1985, probably because of drought in 1985. 
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Leaf P percentage of banana plants was apparently affected by 

moisture stress because foliar P levels were low during the dry seasons. 

It is likely that interruption of P diffusion to roots in dry soils and 

dieback of superficial feeding roots were main factors associated with 

low P uptake. 

Nitrogen fertilization depressed leaf P percentage, whereas K 

fertilization increased foliar P levels. Both fertilizers increased 

banana production; therefore, it is concluded that dilution effects were 

not the primary reason for depressed banana leaf P. 

Concentrations of Pin the soil did not seem to have an 

daninant effect on P nutrition of field-grown banana. Nitrogen 

fertilization seems to have played an imp::>rtant role. It was assumed 

that long-term high N fertilization placed a high demand on carbon fran 

photosynthesis; as a result, carbohydrates were diverted from roots thus 

leadirg to low mycorrhizal activity and low P uptake. 

Phosphorus requirements of banana are not well defined. To 

understand P requirements better, we need to kn<::l\\' more about mycorrhizal 

effects. For this purp::>se, ten target P levels, ranging fran Q.003 to 

1°6 rrg P L-l in solution equilibrated with soils, with and without 

mycorrhizae were used to estimate external and internal P requirements 

of banana. There were substantial increases in vegetative growth with 

increasing P level in the range from Q.003 mg P L-l to Q.05 mg P L-l in 

the soil solution in mycorrhizal plants and in the range, 0.003 to Q.l 

mg P L-l in non-mycorrhizal plants. The curves of banana growth in 

response to Pin soil solution were sigrroidal. At the high levels of 

soil solution P, plant yields and leaf emergence were slightly 
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depressed. External P requirements of mycorrhizal banana were lower 

than non-mycorrhizal banana. Mycorrhizal banana requires a.as rrq p L-l 

in soil solution to reach near-maximum yield; while non-mycorrhizal 

banana required 0.1 rrq P L- 1• The mycorrhiza dependency of banana was 

not high. 

For 75% of maximum production, suggested levels of extractable 

P for banana are Bray No. 1, 2; Mehlich, 10; Truog, 38; and Olsen 18 rrg 

P kg-l soil. These values will doubtless be different for other soils 

and will be modified by fertilizer practice. 

No difference was determined in the internal P requirements of 

mycorrhizal and non-mycorrhizal plants. The internal P requirements of 

banana at the 17th leaf stage was 0.18%. 

The 3rd leaf may not be a good tissue for indicating high P 

availability because P values in the 3rd leaves did not conform with 

-1soil P levels greater than a.as rrg L • Conducting tissues, for example 

sheaths, petioles, and mid-ribs, of older leaves should be better 

indicators of high P availabilty and luxury consumption because P 

accunulated in these tissues rather than in leaf laminae. 

Zinc and manganese uptake were enhanced by mycorrhizal 

inoculation. Zinc levels in leaves of mycorrhizal plants were 

approximately 4 rrg kg-l greater than in non-mycorrhizal plants. Foilar 

Mn levels in mycorrhizal plants were approximately 30% greater than in 

non-mycorrhizal plants. 

Three levels of N (10, 40, and 80 rrg L-1), and three levels of 

-1 p (0.006, Q.l ,and Q.4 rrq L ), with and without mycorrhizal inoculation 

were used to test a hypothesis, based on field observations that high 
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levels of N, by reasons of growth stimulation, induce low root sugar 

contents, lessen rnycorrhizal activity and decrease P uptake. The 

experimental outcane did not fully conform the hypothesis. Root sugar 

contents and N supply were negatively correlated, but no clear trend 

indicated that low root sugar was associated with low rnycorrhizal 

activity. Increased N supply decreased P concentration of banana leaves 

when soil P level was deficient. If soil P was adequate, increased N 

supply resulted in increased leaf P percentage. However, increased N 

levels tended to increase total P uptake at every soil P level. Thus, 

the overall results did not agree with the hypothesis. This was 

probably because banana is not a highly rnycorrhiza dependent crop. 

Also, vigorous gra,..rth stimulated by N fertilization resulted in 

increased total P uptake. 

Banana was used as an indicator plant to test the effects of 

rnycorrhizae on the utilization of three rock phosphates, North Carolina, 

Idaho, and Florida, fran a low fertility Oxisol. Banana may use rock 

ph::>sphate efficiently. With effective mycorrhizal association, banana 

efficiently took up P fran relatively insoluble rock phosphates. Banana 

took up more P fran rock phosphate when plants were mycorrhizal. 

Mycorrhizal banana, more than non-rnycorrhizal banana, was able to 

utilize P fran dilute P solutions. The threshold P concentration for 

rnycorrhizal banana was approximately 0.001 In:.J P L-1, while for 

-1non-mycorrhizal banana, it was 0.002 In:.J PL • Phosphorus percentage in 

leaves of mycorrhizal plants supplied with rock phosphate was higher 

than non-mycorrhizal plants fertilized with corresEX)nding levels of 

phosphate. Based on a scale fran zero to 100, the short-term agroncmic 
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effectiveness of various P sources, including rock phosphates, as P 

fertilizer for mycorrhizal banana plants was in the following order: 

Idaho (48), Florida (53), North Carolina (80), and superphosphate (100). 

Such results suggest that banana is intermediate among crops in the 

efficient use of rock phosphate. 
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APPENDICES 

Appendix 1. Nitrogen fertilization history of the Williams banana 
experiment at Wairnanalo, 1980-1985. 

Nitrogen treatment 
Date 

NO Nl N2 N3 N4 NS 

-1 
----------------------- g N mat -----------------------

6/80 0 45 135 225 315 405 
8/80 0 45 135 225 315 405 
9/80 0 45 135 225 315 405 

10/80 0 45 135 225 315 405 
1/81 0 45 135 225 315 405 
3/81 0 45 135 225 315 405 
6/81 0 45 135 225 315 405 
9/81 0 45 135 225 315 405 
5/82 0 45 135 225 315 405 
7/82 0 45 135 225 315 405 

11/82 0 45 135 225 315 405 
8/83 0 45 135 225 315 405 
1/84 0 45 135 225 315 405 
3/85 0 45 135 225 315 405 
5/85 0 45 135 225 315 405 

-1718 mats ha ; Relative arrount of N treatments (NO, Nl, N2, N3, 
N4, and NS) is O, 1, 3, 5, 7, and 9. 
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Appendix 2. Potassium fertilization history of the Williams banana 
experiment at Waimanalo. 

Date Potassium treatment 

KO Kl k2 k3 k4 k5 k6 k7 

-1 --------- g elemental K mat ---------

1/80 0 51 156 261 369 477 585 693 
7/81 0 51 156 261 369 477 585 693 
4/84 0 51 156 261 369 477 585 693 
3/85 0 51 156 261 369 477 585 693 

-1718 mats ha ; Relative am:,unt of K treatments (KO, Kl, K2, K3, K4, 
KS, K6, and K7) is 0, 1, 3, 5, 7, 9, 11, and 13. 
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Appendix 3. Nitr(X'Jen supplied to Williams banana at Waimanalo on 
an annual basis. 

Nitr(X'Jen treatment 
Production Date 

year ( inclusive) 
NO Nl N2 N3 N4 NS 

-1 ---------- N kg ha ----------

8 5/80 - 4/81 0 198 582 978 1338 1746 
9 5/81 - 4/82 0 65 194 323 425 581 

10 5/82 - 4/83 0 98 291 486 675 872 
11 5/83 - 4/84 0 65 194 323 425 581 
12 5/84 - 4/85 0 65 194 323 425 581 
13 5/85 4/86 0 33 97 163 223 291 

Appendix 4. Potassium supplied to Williams banana at Waimanalo on 
an annual basis. 

Potassium treatment 
Production Dates 

year (inclusive) KO Kl K2 k3 k4 k5 k6 k7 

-1------- elemental K kg ha -------
8 5/80 - 4/81 0 37 112 187 265 342 420 498 
9 5/81 - 4/82 0 37 112 187 265 342 420 498 

10 5/82 - 4/83 0 0 0 0 0 0 0 0 
11 5/83 - 4/84 0 37 112 187 265 342 420 498 
12 5/84 - 4/85 0 37 112 187 265 342 420 498 
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Appendix 5. Total monthly rainfall at the Wairnanalo Experimental 
Station during the period March, 1983 through Febuary, 
1986. 
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