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9. ABSTRACT
 

Phosphate-induced chlorosis was 
produced experimentally in mature macademia trees.

Based on observations, it was concluded that: 
 1) Phosphate fertilizer rates should
be based on good soil information. 2) The initial high phosphate rates required
for young trees growing 
on new land (or land which initially is very phosphate
deficient) probably can be scaled down in later years. 
 3) Use both foliar analyses
and soil tests to check the adequacy of the fertilizer program. 4) Put little or
 no faith in foliar analyses for iron. 
 5) If chlorosis already has developed due
to excess phosphate, drastically reduce or eliminate phosphate from the fertilizer.
6) Check on 
the balance of several micronutrients. 
 Sometimes what was a borderline
 
deficiency of iron becomes a serious problem.
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Excess Phosphate and Micronutrient Deficiency inMacadamia
 

Macadamia grows wild in the rain-
forests of tropical Australia. As a back-
yard tree, it is scattered widely in 
the tropics and subtropics. So far the 
only significant commercial produc-
tion is on the Island of Hawaii, where 
it has been a commercial crop for 
about 20 years. With such a short 
history of development and cultiva-
tion, it is not surprising that there 
is still much to be learned about 
macadamia growing. A nutritional 
problem now causing concern is plios-
phate-induced chlorosis, a yellowing
of leaves, especially youngleaves (Fig-of leav, peciallSyog leavsoigd 
ure 1, page 1). Symptom is associated 
with excessive uptake of phosphate. 

SOME COMPLICATING 

FACTORS 


The problem is complicated by the 
crop itself and by complex chemical 
reactions, both in the plant and in the 
soil, between phosphorus and some 
micronutrients, especially iron and 
zinc. Several factors have contributed 
to the present problem. 
* 	 Like most tree crops, macadamia 

may respond slowly to cultural
practices. The effects of phosphate 

rliation are not immediately ob-

e 	 The soil effects of phosphate fertil-
ization, more than other macronu-
trients, are cumulative. 

* 	 It is generally believed that re-
sponse to phosphorus by nut-bear-
ing trees is rare' but in Hawaii 
macadamia responds readily to 
phosphate, as has been demons-
trated by Cooil and his coworkers.' 

'Problen, ts. Chlders,, FN.FSerrEd.,1Ntrtion 
of Fruit Crops, Horticultural Publications, 
Rutgers, N. J. pages 262-275.

TCooll, B. J., Y. Watanabe, and S. Nakata. 
19160. Relationships of phosphons supply to 
growth, yield and leaf composition in maca-
damiln. Hawail Agr. Exp. Sta. Tech. Bull.06. 	71 p. 

Robert L. Fox andRobert M. Warner 

* 	 Macadamia grows on very diverse 
soils. Some production is on soils 
developed from highly weathered 
volcanic ash. These soils are notori-ous for their capacity to adsorb(fix) phosphate. Other production 
is on aa rock lands which, although 
extremely phosphate deficient, have 
relatively low capacities to adsorb 
phosphate. Problems arise when aa 
soils are phosphate fertilized with 
amounts of fertilizer appropriate to 
soils developed from ash. 

0 	 Many macadamia plantings are on 
virgin lands. Rates of fertilization were established by early experi-ence with young trees growing on 
raw land and have been extrapo-
lated to older trees using formulas 
based on tree size or age. Rates of 
phosphate fertilization initially re-
quiredbeto overcome soilfor adsorptionmay unrealistic long-term 

p erodeuctioni 
In young orchards, most of the 
phos hate was applied close to the 
trunk. Roots growing outward ex-
plored soil which had received rela-
tively little fertilizer. Initially trees 
had the advantage of high phos-
phorus availability close in andavailable micronutrients (iron atleast) further out.
Phosphate movement is extremely 

slov in most soils, including aa 
rocklands. But as phosphates ac-
cumulate near the soil surface, phos-
phorus will move even if only a 
few inches. For plants such as ma-
cadamia with superficial root sys-
tens, the most important zone of 
nutrient extraction-the surface soil 
-eventually becomes sufficiently 
saturated with phosphate to upset 
the nutrition of the tree. 

EXPERIMENTAL 

Phosphate-induced chlorosis has 

been produced experimentally in ma-


hure macadamia trees growing on 

\Vaialua soil at the Waimanalo Ex-

perimental Farm of tie taaii Agri-


cultural Experiment Station. Phos-

phate was applied at 5 rates: 0, 2, 4, 
8, and 16 pounds P (phosphorus) per 
tree per year (4.8 pounds treble super
phosphate = 1 pound P). The phosphate was applied in 3 installments 

per year beginning in 1965 and con
tinued for 2 years. Phosphate was 
placed in shallow holes dug in 3 con
centric rings under the canopy of each 
tree. 

VISUAL SYMPTOMS 

Only minor grouvth bsponses fromthe phosphate could be seen after 1year. But later, growth of lateral 
branches and foliage increased rap
idly. Soon chlorosis appeared on trees 
which were receiving the highest 
phosphate (see Figure 1, page 1). 
Later, and to a lesser dlegree, trees 

which received 8 pounds P per year 
became chlorotic also. The chlorosis 
was typical of iron deficiency synup
toms. 

Although chlorosis became so se
vere on young leaves that some ter
minals were white, old leaves re
mained greenand rapid foliage growth 
continued. This produced a dense 
crown which was extremely suscepti

ble to wind damage. Of 6 trees in the 
high-phosphate treatment, all but 2 
were severely damaged in a wind
storm which caused only minor dam
age in the rest of the orchard. (One 
of the undamaged trees was adjacent 

to a windbreak.) Wind damage was 
the most immediate cause of serious 
yield decline. 

Chlorosis is a symptom of many nu
tritional (and some pathological) disorders. Deficiencies of individual nu

trients may, or may not, give charac
teristic symptoms. There are many 

similarities among chloroses produced
by several nutrients, and multiple de
ficiencies are difficult to diagnose. The 
pattern of chlorosis shown in Figure 
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TABLE 1. Phosphorus and micronutrient content of macadamia leaves 
associated with increasing rates of phosphate fertilizer. 
Leaves analyzed were the first fully expanded leaf sampled 

at flowering, Mtrch 18, 1908 

Phosphate appled (pounds P/tree/year) 
Nutrient determined 0 2 4 8 10 

Phosphorus (% 
Iron (ppm) 

.057 
62 

.063 
53 

.066 
47 

.079 
46 

.105 
62 

Manganese (ppm) 2000 1980 1530 670 780 
Zinc (ppm)a 14 14 14 15 14 
Copper (ppm) 4.6 3.8 3.8 4.6 3.9 
aSoils bad received a blanket application of zinc. 

' 
1 is quite straightforward. Iron, one 80 parts per million-very low com-

of the most immobile nutrients in pared with most Hawaii macadamia 
plants, does not move readily from (Table 1). The poor showing of foliar 

one leaf to another. Frequently, old applied iron in Hawaii may be related 
leaves are normal in appearance while to high manganese coupled with high 

young leaves on the same branch have phosphorus in the leaves, 
symptoms of severe deficiency. Even Iron deficiency may result from in-
within a leaf, bouidaries between sufficient iron in the plant or it may 
green tissues near the veins and chlo- reslt from inefficient use of iron. In 
rotic tissue between veins are abrupt the case of phosphate-induced iron 
(Figure 2, Page 1). Patterns help dis- chlorosis, the problem is primarily one 
tinguish iron chlorosis from deficien- of inefficient use of the iron taken up; 
cies of more mobile nutrients (such as there being as much or more iron in 
nitrogen) %%here the usual pattern is leaves from chlorotic trees as fromnon-
for older leaves to become light green chlorotic ones (Table 1). At the pres-
or yellow green first and for the chlo- ent state of knowledge, it is impossible 
rosis to affect the leaf more uniformly. to establish optimum levels for iron 

Phosphate-induced chlorosis is dif- in rmacadamia. However, it should be 
ficult to correct. Salts and chelates of possible to set a limit below which 
iron, manganese, zinc, copper, and deficiency is reasonably certain, but 
mgnesium were sprayed on selected above which little can be said with 
leaves of chlorotic trees at Winia- confidence, 
nalo. The only treatments which were 
in any way effective were those con
taining iron. These treatments were A CRITICAL PHOSPHORUS 
effective only around insect punctures CONCENTRATION 
and sometimes along leaf margins. The work reported here indicates 
Acidulated iron sulfate sprays have there is no unique critical leaf-phos-
successfully re-greened chlorotic ma- phorus concentration for macadamia. 
cadamia trees in California" but the Concentrations associated with inaxi-
California trees wereapparently grown mum short-term growth will likely 
on alkaline soils where limne-induced lead to chlorosis in the long run. Un-
chlorosis is expected. Some results of til more efficient means are developed 
micronutrient analyses of chlorotic for meeting iron requirements, phos-
macadamia leaves have been pub- phorus levels will need to be a compromise between optimum phosphorus
lished by Wallace.' Manganese was 

nutrition and acceptable iron levels. 

AWallace, A., md A. A. Bedrl. 1958. Fe and There is considerable variation in iron 
Zn foliage sprays. California Agr. 12(3):8. 
'Wallace, A. 1971. Mineral composition of conposition and susceptibility to chlo-
macadamila leaves. In Wallace, A., Ed. rosis among acadamia seedlings,
fltgulation of the rnlcronntrient IatuS O ai onge admpseelinsof 
plants hychelating agents and other factoni. wich suggests the possibility of 
Univ. California, Los Angeles, page 189. screening root stocks against chlorosis 

and eventually of developing chlo
rosis-resistant varieties. 

SOIL (EXTERNAL) 

PHOSPHORUS REQUIREMENT 

In the meantime, more precise con
trol of the phosphate supply will help. 
A factor influencing phosphate uptake 
by plants is phosphorus concentration 
in the soil solution. Phosphate in solu
tion is regulated by several factors, 
but probably the nost important is 
the amount of adsorbed phosphate a
soil holds in relation to the capacity
of that soil to hold phosphate. The 
practical implication is this: For e 
soils having equal amounts of ad. 
sorbed phosphate, the soil with the 
lowest capacity toadsorb phosphate 
will have the highest concentsation 

of phosphate in the soil solution. 
Figure 3 is a generalized curve show
ing the relationship between phos
phate retained (sorbed) by or with
drawn (desorbed) from the soil and 
phosphate concentration in solution. 
These data are conveniently expressed 
as parts phosphorus per million parts 
of solution (ppm). Wheii no phos
phate is added or withdrawn, P in 
solution is the same (X , ) for both 
soil A and soil B. But soil A will re
quire (sorb) much more phosphate 
(Y) to raise its solution to X, than 
soil B (Y). Phosphorus applied in 
equal amounts t'-both soils will be 

A 

2 Fertilized 
/
 

Fertilized 
.B
 

Ix
 

Phosphorus in solution 

FIGURE 3. Idealized phosphate ad
sorption curves for 2 soils, A with 
highrapacity to adsorb phosphate
and B w city ady, showing theo
ef itow cpaty shi n t 
effect of phosphate fertilization on 
phosphate in solution. 
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I waimanalo Deficiency inMacadamia 	 mation on the solubility of phos-
Macadamia Experiment (continued from page 3) 	 phate in relation to amounts ofphosp3orus ( i from pg 	 fertilizer applied. As a first ap

0 much more soluble (available to proximation the limits for P in 
0 plants) from soil B. the soil solution should be 0.05 

to 	0.1 ppm.
Actual phosphate sorption curves 2. "The initial high phosphate rates

for soils from 3 macadamia orchards required for young trees grow
are presented in Figures 4-6. The Wai- ing on new land (or land which 

0.01 	 0.1 1.0 manalo location, which was moder- is initially very phosphate defici-
Phosphorus in solution (ppm) ately phosphate deficient as indicated et) probably can be scaled 

FIGURE 4. Phosphorus adsorbed by depressed nut production when down in later years.
and phosphorus remaining in solu- phosphate was withheld,equilibrated 3. Use both foliar analyses and soil 
tion 6 days after adding phosphete to tests to check the adequacy of 
soil from Waimanalo "no phospho- at less than 0.01 ppm P in solution the fertilizer program. It is prob
rus" trees. The soil was shaken twice (Figure 4). The relationships between able that optimum leaf P is in 
daily in 0.01 M CaCl phosphate added, phosphate in solu- the range 0.065 to 0.070%f, which 

tion (predicted from the sorption is a compromise between P re
curve based on area fertilized), yield, quired for maximum growth and 

d 	 tacceptable micronutrienl nutri-
Typic Tropofolt, and tree condition are summarized tion. 

t..Ot', -phosphorus fert~lized in Table 2. 4. Put little or no faith in foliar
Vction< 	2.mm . These observations agree with foliar analyses for iron. Analytical data

E Chlorotie macadamia/symptoms 	 and the phosphate solu- may be accurate but interpre

80 	 bility in soil material from rock land. ration is difficult.
 
An example is the phosphate sorption 5.oped due to 
excess phosphae,
curve for soil growing a chlorotic drastically reduce or eliminatc 

.0.1 	 1.0
1.. . .0 . tree (Figu. 5). Note that at zero phosphate from the fertilizer. 
Phosphorus in solution (ppm) phosphate adsorbed (the soil as sam- Chlorotic trees at Waimanalo 

pled) the soil equilibrated at about have gradually returned to nor-
FIGURE 5. A phosphate sorption 0.5 ppm P in solution. 	 mal color over a period of 3 tocurve for the < 2-.mm fraction of aa 4 years after heavy phosphate 
rock land soil. The tree been 4eas was oatehad The Honokaa soil which developed fertilization atervterminated. 
heavily phosphate fertilized and was from weathered volcanic ash adsorbed 6. Check on the balance of several 
chlorotic. Phosphate in solution with much more phosphate (Figure 6). micronutrients. Sometimes what 
no phosphorus added was about 0.5 There is less likelihood that this soil was a borderline deficiency of 
ppm which is 5 to 10 times the con- will be overfertilized with phosphate. iron becomes a serious problem 
centrationwhich is optimum for corn if unneeded copper or zinc is 
inother soils. 	 RECOMMENDATIONS added, for example. 

Based on the above observations the
 
22000, following generalizations seem justi, Robert L. Fox is Soil Scientist, Htawaii
 

fled: Agricultural Experiment Station, and Pro
lessor of Soil Science, University of Hawaii. 

Topsoil 1. Phosphate fertilizer rates should Robert M. Warner is Htorticulturist, lawaii
be based on good soil informa- Agricultural Expeuieont Station, and Pro

1000. tion. This should include infor- fessor of Horticulture, University of Hawaii. 

C32kglha P
AA A 1680 kg/ha P* TABLE 2. Relationships between phosphate added, phosphate in solutionrites 
B 160 kg/ha P (predicted), nut yields, and condition of macadamia trees 

~~ e C C 320g/a 	 _____________________________ 

0.05 0.1 0.5 1.0 Tree condition 
Phosphorus in solution (ppm) Severe 

*Kilograms per hectare approximates Green, chlorosis,
pounds per acre. phosphorus wind 

FIGURE 6. Phosphate adsorption by Factor deficient Green Green Chlorotic damage 
Ilonokaa surface soil, which had Phosphorus added 
previously been phosphate fertilized, (pounds/tree/year) 0 2 4 8 16 
and by Ilonokaa subsoil. The Hono. 
kaa soil is highly buffered against Yield 
changes in phosphate concentration. (g/cm- of tree trunk) 40 07 65 67 20 
It will not be readily overfertilized Phosphorus in solution 
because it adsorbs so much phos- (predicted ppm) .007 .04 .15 .6 3.7 
phate... 
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