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Relationships of Phosphorus Supply
to Growth, Yield, and Leaf Composition

in Macadamia

BRUCE]' COOII_, YOSHIO WATANABE, and SHIGERU NAKATA

INTRODUCTION

An extensive commercial p lanting of macadamia (M acadamia integrifolia) on
aa lava rock land near Keaau , Haw aii, provided the opportunity for this study of
phosphorus requirements under conditions of low natural ferti lity. Macadamia trees
grown in this area require fertilization with nitrogen, pot assium , and phosphorus
(3 ). Although the fertility is low, drainage is good and the climate generally excel
lent. Hence, the site of this orchard provides cond itions approaching rock culture,
where nutrition can be controlled, whi le complicat ing faerors charac .erisric of weath 
ered soils are not involved.

The range in temperature at Keaau Orchard is quite similar from year to year.
D uring the months of December thro ugh May, mean monthly maximum tempera
tures generally rang e from 76° ro 8 1° F with mean monthly minima between 59°
and 65 ° F. T he warmest months are from July through Ocrober, when mean
monthly maxima commonly range between 82 ° and 85 ° F and minima between
65 ° and 68 ° F. During the years 1956 through 1963 , annual rainfall varied from
75 inches in 1962 to 160 inche s in 1956. Mean annual rainfall for the 8-year period
was 121 inches . In few cases has it been possible to relate variations in responses
from year to year wit h climatic factors .

Although some flowering may occur in any month of the year, the major flower
ing periods at Keaau Orchard are in the months of January through March . The
peak month for nut drop is usually October, although September and November
are also months of heavy yield. From a study on seedling trees Jones (13) reported
that little oil formation takes place in the macadamia embryo prior to 90 days after
flowering. The ma jor expansion of the embryo and accumulation of oil therein
occurs between the 90th and 215th days after flowering. Hence, at Keaau Orchard
the flowering period coincides with the cooler months and the major period of oil
formation in the embryos is dur ing the warmer months of the year.

The first experiment reported here was with young trees . Within its span were
periods of rapid growth and early bearing. Some of the early resu lts from this
experiment have been reported previously (4) .

The second experiment was with bearing trees which were initially deficient
in phosphorus. One of the purposes was to determine how rapidly phosphorus
deficiency can be corrected and how much phosphorus is required.
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Th e third experiment was a study of phosphorus nut rition over a period of 8
years-which included a range of stages of developme nt from pre-bearin g to nearly
full production. Short accounts of some of the results from the second and third
experiments have been given elsewh ere (1, 2) .

Th e result s from these experiments permit construction of a composi te picture
of respo nses to phosphorus duri ng various stages of tree development. Relation
ships are shown between phosphorus concentra tions in the leaves and growth rate
of young trees. In bearing trees, consistent relationship s between leaf phosphorus
and yield are evident. Factors which affect leaf phosphorus values were found to
vary with stage of tree development. From a study of these factors the phosphorus
requirements are estimate d for various stages.

GENERAL PROCEDURES AND METHODS

Th e th ree varie ties recomm end ed for commerc ial plant ing ( / 2) were used :
Keauhou in Experim ents 1 and 2, Kakea in Exper iment 2, and lkaika in Experi
ment 3. In each case, scions of the selected var ieties were grafted to seedling rom 
stocks in a nursery. The square system of planting with 25 feet between trees was
used in the orchard. Randomized block design s were used for all expe riments,
details of each design being determined by the distribution of trees of the selected
variety available in the orchard. Ferti lizers were app lied by broadcast applicat ion
on the surface of the gro und und er the crow n of each tree, except as otherwise
noted. Phosphorus app lications were made four times each year except for one
treatm ent in Experi ment 1.

At the beginn ing of each exper iment each tree was marked at a point near
the base of the trunk. T he circumference of each tree was measured at thi s point
semia nnually. T he mean rate of circumference increase, in millimeters per day,
was calculated from these measurements. The Trunk Size Index, here defined as
(c ircumference in cm) ~ .
--'--------:------"--- , was determined from measurement s made near the end of

10
each year, usually in December. T he T runk Size Index was also used to calculate
the Relative Rate of Phosphorus Application, defined as:

Pounds of ph osphorus applied during the year
X 10~

T runk Size Index at end of year pr evious to

the year of application

Mature nut s falling from each tree were harvested at biweekly intervals in the
months of August through December and at less frequent intervals in other mont hs
depending upon nut drop . The fresh weigh t of nut s from each tree was determ ined
at each harvest. W eigh ts of husked ( in-shell) nut s were est imate d by multiplying
in-husk weights by 0.55.

Leaf samp les were taken each March as previously described (4): One matu re
leaf was taken from the second whorl below the tip of a main , outside bran ch just
pr ior to, or at the beginning of, the first flush of growth from that branch during
the year. At least two leaves were taken from separa te branches of each tree. Leaves
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from all trees in the same treatm ent plot were combined into a sample of not less
than eight leaves. In most cases a second sampling was made in June from the same
whorls sampled in March. T he March samples consisted of young matu re leaves
about 3 months old and the Jun e leaves were 3 months older.

Th e leaves sampled from Experiment 1 in March of 1956 and 1957 were
divid ed into blades and "petioles." Th e petiole samples actually includ ed the lower
half of the midrib. Th ese petiole samples repr esent ed somewhat less than 10 percent
of the whole leaf samples. In all the other samplings the whole leaves were dried
and gro und with out separation of blade from petiole. Th e samples were dried at
750 C in a forced-draft oven. After gr inding, a suita ble portion was ignited and
ashed at 5000 to 5500 C overn ight. Th e ash was dissolved in 4N HCl, filtered, and
made to a volum e to give a final concent ration of OAN HC!. An aliquot was used
for the determination of phosphorus by the pro cedu re of Kitson and Mellon (14).
Separate aliquors were used for determination of potassium and calcium by flame
spectrophoto metry (20) and for colorimet ric determ ination of magnesium (24) . A
separate portion of the gro und sample was used for determ ination of tota l nitrogen
by the K jeldahl method (15 ).

Growth, yield, and analytical data were analyzed by variance and covariance
methods as described by Snedecor (23) , except that Duncan's mult iple range test
(6) was used to determine the significance of differences between treatm ents. Least
significant differences ( LSD 's) are also reported. Alth ough these values are only
valid for comparisons between results adjacent in rank , they provide useful refer
ence points for relative variation. Meth ods of correlation and regression analysis
describ ed by Ezekiel and Fox ( 10) were also used.

EXPERIMENTATION

Experiment l -Young Trees of Keauhou
Nursery trees of variety Keauhou were transplant ed to Keaau Orchard on July

14, 1953. Th e exper iment consisted of six treatments in four randomized blocks.
Each treatment plot conta ined three trees. Th e first circumference measurement s
were made on August 19, 1953. At this time trunk circumferences ranged from
1.3 ern to 4.6 ern, the mean being 2.2 cm. Th e experiment was cont inued through
1960. The amounts of phosphorus applied throughout the exper iment are shown
in table 1. The original objectives were to investigate response to appli cation of
raw rock ph osphate und er the trees at the time of planting as well as those whi ch
might result from different levels of application at regular int ervals. Raw rock
pho sphate was the only carrier used pri or to April 1956. At this time, leaf analyses,
gro wth data, and deficiency symptoms suggested ph osphorus was not sufficient ly
available from this carr ier. Beginning with an application on April 9, 1956, super 
phosphate was used as the carr ier. In February 1957 the treatments were modificd
to provide for five levels of phosphorus. In the sixth treatment the phosphorus was
applied at the same annual rate as used in the thi rd level, but in only two applica
tions per year instead of four. Th is treatm ent was modified in 1959. Th e amounts
applied were modified at frequ ent intervals in an effort to maint ain differences in
leaf phosphorus values and growth rates among the treatment s.
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PHOSPHORU S IN MA CADAMIA

TA BLE 2 . N itrogen, potassium, and magn esium applications thro ughout Expe riment l '

9

YEAR

1953
1954
1955
1956
1957
1958
1959
1960

NUM BER OF
APP LIC ATIONS

PER YEAR

2
3
3
3
;j

Ii
Ii
Ii

N IT ROGE N

.Oli

.06

.06

.13

.10

.11

.26

.42

POTASSIUM

Pounds per application

.07

.11

.11

.23

.10

.13

.27

.27

MAGN ESIUM

.0 1

.0 1

.01

.07

.09

.12

.17

.27

1 N itrogen was sup plied as ammo nium sulfate: ( 21(;'r N ) . po tass ium as su lf ate of po tas h (43.(1 (1" K) . m ag 
ne s ium as kicse rite (1 7 . '; (-*. Mg) .

Nitrogen, potassium , and magnesium were supplied as shown in table 2.
Scope. Th e scope of this experiment is depicted in figu re 1, where data for the

lowest and highest ph osphorus treatment s are shown for the period from 1956
through 1960.

T runk grounb rate and Trun k Size Ind ex. Du rin g the period from the first
measurement on August 19, 1953 to January 10, 1956, there were no significant
differenc es among treatm ent s in rate of trunk growth. Th e mean trunk circum
ference increased during thi s period from 2.2 cm to 7.4 cm, representing a mean
rate of increase of 0.059 mm per day. Mean rates of circumference growth for
inte rvals subsequent to Janu ary 10, 1956 are shown for all treatm ent s in tabl e 3
and for treatm ent s I and 5 in figur e I. Circumference gro wth rate in treatm ent 5
increased sharply in 1956 after app lications of supe rphosp hate were begun . Rates
in this treatment remain ed nearly consta nt in 1957 and early 1958, increased some
what in late 1958, then fell to a lower level which was maintained through 1960.
Th e relatively high dosage applied to treatment 6 in Febru ary 1957 resulted in a
higher growth rate in this treatm ent than in treatm ent 3 during the first inte rval of
1957, but grow th rates in These two trea tments d:d not d iffer significantly in subse
quent intervals. Th e rate of growth in treatment 5 during 1957 and 1958 was in the
neighb orhood of 0.2 mm Fer day, in cont rast to the mean growth rate of 0.059 mm
per day during the years previous to superphospha te application. Di fferences among
treatments were statistically significant in the second interval of 1956 and in each
succeeding int erval until Decemb er 1958. In 1959 and 1960 none of the differ
ences among treatm ent s were stat istically significant .

The cumulative effects of the differences in grow th rates among rreaments arc
shown by data for the Trunk Size Ind ex ( figure 1 and table 4) . Di fferences among
treatments became statistically significant by the end of 1957, when trunks of treat 
ments 4, 5, and 6 were all larger than those of treatment 1. In the 3 subsequent
years of the experiment , trees of trea tment 1 had significantly smaller trunks than
did those of the other treatm ent s. T he increase in Trunk Size Index with time in
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FIGURE I. T he scope of Exper iment 1 as illustrated by record s for a 5-year period from treat
ment I ( . ) and treatm ent 5 ( 0) . the lowest and highest phosphoru s treatm ents, respectively.
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TABLE 4. T runk Size Index at the end of each year in Experiment I '

TREATMENT 195 5 19 56 19 57 1958 19 59 1960

I 6.8 10.6 17.0" 30.Y' 50.3" 74S'
2 6.4 15.4 27.4"" 55.5" 86.5" 122.6"
3 6.2 15.8 28.7'" 58.5" 89.8" 121.4 '
4 5.7 14.4 32. I ' 60.8" 92.0" 125.1'
5 4.4 12.6 34. 2" 68. 5" 102.3" 142.7'
6 5.5 13.0 33.0" 63.5" 95 .5" 129.1"

LSD 5% ' n.s. n.s. 12.0 18.2 25.6 32.7
1% 16.6 25.2 35 .4 45. 3

I Stat ist ica l symbo ls as in tab le 3 .

treatment 5 ( figure 1) was exponenti al in 1956, 1957, and 1958 but essent ially
linear in subsequent years.

Branch elongation. Elongation of branches was estimated for the period betw een
March and July 1957. Result s of these estimates are shown in table 5. Deficiency
of phosphorus greatly curtai led stem growth in treatment 1. However, it was found
that the variability of elonga tion measurement s was very great. An additional dis
advantage in using elongation as a growth index arises from the observatio n that
high phosphoru s trees have much more branching than low pho sphorus trees. It is
evident, therefore, that a measurement of elongation of mark ed branches does not
fully represent the amount of total stem elongation.

TABLE 5. Mean elonga tion of branches for the per iod from
March 19 57 to Jul y 1957 in Experiment 1

I Supe scr ipts as in tab le 3 .

TREATMENT

1
2
3
4
5
6

LSD 5%
1%

ELONGATION'

em

14.3<
25.5"
28.4'"
30.7'"
29.7' "
37.0'

8.6
11.9

Deficiency sym ptoms. Du ring the spring of 1956 a purplish coloration of some
of the older leaves could be detected. At this tim e some trees of each treatment had
this symptom. During subsequ ent years thi s symptom could rarely be detected on
trees other than those of treatment l. This sympw m appears suitable for diagnosis
only in cases of extr eme deficiency.
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Trees of treatment 1 and a few trees of treatment 2 had much greater leaf drop
than did those of other treatments. Defoliat ion was parti cularly evident on the
term inal stem. In some cases all leaves dro pped from the termi nal and the terminal
stem died.

Y ield. T he first year when yield of nut s was sufficient to warra nt collection of
data was 1959. Mean yields for the six tr eatments are shown in table 6. In each
of the 2 years of record, treatment 5, the highest phosphoru s trea tment, had the
highest yield. In 1959, treatm ent 5 had significantly higher yield than any of the
other treatments. In 1960, yield in trea tme nt 5 was sign ificantly higher than in
treatment 1 or 2.

TABLE 6. Yi elds of youn g Keauhou trees ( po unds of husked nu ts per tree ) 1

M EAN S ADJUSTED FOR
TREATMEN T UNADJ USTED M EANS TRUNK SIZE IN DEX

1959 1% 0 1959 1960

1 OA" 2Ac I.S" 9.5"<
2 0.9"" 7.5"c 0.9" 7.4"
3 2.3"< 12.3"" 2.2" 11.58 "<
4 2.3"< 13.6"" 2.1" 12.48

"

5 5.0" 18.5" IjA" 15.3 8

6 2.610 16.0" 1.2 10 14.18

LSD 5% l AS 6.13 1.33 4.05

1 Superscr ipts as in tabl e :' .

T hese data clearly show that trees supp lied with insufficient phosp horus over
a per iod of several years may yield only a small fraction of the yields possible where
phosphorus fertili zation is mainta ined at an adeq uate level. The questio n which
now arises is: to what extent arc the differences in yield among treat ments att rib
utable to the phosphorus nu tr ition during the immediate years involved and to

what exte nt arc they the indi rect result of differences in size of trees brough t about
by different gro wth rates over a per iod of severa l precedin g years? T his questio n
can be answered at least in part by a covariance analysis of the yield data, wherein
the treatment means for yield are adjusted for the index of trunk size ( table 4) .
T he T runk Size Indexes used were those determ ined at the end of the year previous
to that of the yield. Results of these analyses arc shown in the last two columns of
table 6. Comparison of these results with those of the unadjusted yields indicates
that a considera ble proportion of the differences in yield among treatm ents can
be ascribed to differences in size of the trees each year. N evertheless there are
significant differences amo ng the adjusted mea ns, parti cularly between treat ment
5 and each of the other treatment s in 1959 and between treatments 5 or 6 and 1
or 2 in 1960. These results suggest that the curre nt phosphorus nutrition of the
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trees has an influence on yield in add itio n to the influence exerted on growth rate
of the trunk dur ing previous years.

Nutrient element content of leaves. Phosphorus concentra tions of the leaf
samp les obta ined from each trea tment in 1956 and subsequent years are shown in
table 7 and tho se from treatm ent s I and 5 in figure I. In 1956, leaves from all
replicates of the same treatm ent were combined into a single sample, so no statis
tical treatment of the data for that year is possible. However, judgin g from the LSD
values for subsequent samp lings, it appears that by June 1956 the differentia l
phosphorus treatm ent s had had some influence on the leaf phosphorus values.

TA BLE 7. Ph ospho rus concen tra tio ns in leaf sam ples of Expe rim ent I ( percent d ry mat ter ) 1

T REATMENT 19562 1957 1958 1959 1960

iHarch samples

1 .045 .051" .060" .060' .060'
2 .066 .069" .060" .062'''' .068"·
3 .05 1 .069 0 .065" .063""0 .068"0
4 .055 .094" .07 1"r, .072"" .077"
5 .056 .126" .079" .07 5" .095"
6 .04R .099" .07 1,," .068 ""· .079"

LSD 5% .0 IRO .0 116 .0095 .0 154

June samples

1 .03 7 .Olj 7'" .041j·' .042" .0450

2 .046 .056"0 .04W·' .048 " .051"0
3 .043 .059"0 .055'''' .049"" .053''''
4 .062 .066" .058 "" .050"" .058"
5 .082 .082" .065" .057" .076"
6 .048 .070"" .055 '''' .046" .059"

LSD 5% .0 149 .0081 .008 7 .0 113

1 Superscripts as in tabl e 3.
2 In 195 6, lea ves w ere sampled by treatm ent s, so no statis tical an al ysi s of differences betw een treatm ents

is possibl e for that year.

Significant differences in leaf phosphorus concentrations were found at each
sampling date in 1957 and subsequent years. Th e grea test range in concentrations
between treatm ents was obta ined in March 1957 when treat ment 5 had a value
significantly higher than any other treatm ent, and trea tment 1 a value significantly
lower than any other treatment . When the leaf ph osphorus concentrations for
March 1957 arc compa red with the rates of trun k growth for the first per iod of
1957 ( table 3), it is seen that although treatment 5 had a higher leaf phosphorus
value than ot her treatment s, there were no differences in grow th rate among treat
ments 4, 5, and 6. It appea rs, therefore, that these three treatm ents were in the
range where ph osphorus was adequate for grow th. In March 1958, leaf ph osphorus
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values for these three treatments were not as high and the grow th data for the first
period of 1958, although showing no significant differences among these three
treatments, suggest that only in treatment 5 did phosphorus approach adequacy. In
1959 and 1960 no significant differences in growth rate resulted despi te a rather
wide range in phosphorus values among treatments. However, during these latter
2 years, differences in leaf phosphorus values were associated with differences in
yield ( table 6) .

Th e samples collected in Jun e had phosphorus concentra tions consistently
lower than did the March samples. However, the range of concentrations in Ju ne
leaves was of similar magnitude to that in March leaves.

In no case was there a significant effect of the treatments on nit rogen, potas
sium, calcium, or magnesium concentra tions of the leaf samples in th is experiment .
The ranges and mean concentra tions of these elements are shown in table 8. Results
from other experiments with this varie ty (Keauhou ) indicate that grow th is not
curta iled when leaf nitrogen values remain above 1.45 percent of the dry weight,
and leaf potassium concentrations remain above 0.40 percent in March leaves (5) .
It appears that nitrogen nut rition of these trees was adequate and that potassium
nutrition was generally adequate, with the possible exception of one treatment plot
in 1958. Magnesium values of 0.065 percent and below are associated with a
deficiency symptom. Some of the trees in th is experiment had values in this range
at times. However, attempts to associate these low magnesium values with curtailed
grow th rate or yield have been indecisive thus far.

Th e data of table 8 show the older J une leaves to have consistently lower nit ro
gen values than March leaves. Potassium was usually lower in June leaves, but not
in all years. Calcium was invariably higher in June leaves, but magnesium showed
no consistent difference due to time of sampling.

TA BL E 8. Ranges and mean values for leaf concentrations of nitrogen , potassium,
calcium. and magn esium in Experi rncnr I ( percent of dry mat ter )

N ITROGEN PO TASS IU M CA LCIUM MAGN ESIUM
YEAR

Range MeanRange Mean Range Mean Range Mean

Mar ch sam ples

1956' 1.62- 1.82 1.69 .63-.74 .68 0.30-0.44 o.ss .057- .072 .063
1957 1.82- 2.82 2.15 .52-.95 .66 0.23-0.61 0.47 .065- .105 .080
1958 1.60- 2.41 1.85 .35-.68 .51 0.31- 0.68 0.51 .044-. 111 .089
1959 1.46-1.87 1.61 .40- .66 .52 0.31-1.00 0.70 .072-. 112 .092
[%0 1.54- 1.78 1.64 .43- .71 .60 0.37- 0.62 0.5 [ .060- .095 .079

JUlie sam ples

1956' 1.35-1.74 1.53 .50-.66 .57 0.50-0.55 0.53 .052-.064 .057
1957 1.60- 2.60 1.91 .37- .65 .50 0.48-0.93 0.74 .047-.099 .070
1958 1.36--2.20 1.64 .37- .66 .50 0.38-0.94 0.67 .069-.126 .087
1959 1.39- 1.76 1.54 .38-.68 .54 0.54-1.1 9 0.83 .075-.123 .092
1960 1.42-1.68 1.52 .33- .89 .49 0.58-1.02 0.82 .059-.112 .084

1 Leaves were sampled in 195 6 o n a treatment basis. in subsequent years on a pl ot basis.
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R elationship of groun ]: rate to leaf ph ospho rtls. In a pr evious repo rt dealin g
with th e early stage s of thi s exp eriment (4), the increase in the Trunk Size Index
during the first growth interval of 1957 was used as a growth index . It was shown
that about 90 percent of the varia nce in thi s growth ind ex can be accounted for
in terms of the Trunk Size Ind ex at the beg inning of the int erval and a curvi linear
relationship with leaf phosph oru s concent ra tions of March 1957. Th e relati onship
is well described by a th ird degree polynomi al of leaf ph osph oru s concent rations
and a linear partial regression on initial Trunk Size Ind ex. More of the vari ance
in growth index was accounte d for by leaf blade ph osph oru s than by "petiole
ph osph orus."

Figure I shows that the Trunk Size Ind ex, based on the square of the circum
ference, was undergoing an expo nent ial increase with time during 1957. Durin g the
same period of time the rate of circumference increase was essent ially consta nt .
These obser vations suggest tha t a t thi s stage of tree development the relationshi p
of growth to leaf ph osph oru s might be expr essed mo re simp ly by using th e lin ear
circumference meas ureme nt , than by using the square of the circumference. Results
of corre lat ion ana lyses of these two growth indexes are shown in table 9. From
these analyses it may be seen tha t the init ial Trunk Size Ind ex (X) was signifi
cantly cor related with each measure of trunk growth when simple correlations were
used. H owever , when the thir d degree polynomial of leaf ph osph or us ( L) was

TA BLE 9. A com parison o f corre larion analyses to aCCOU rl[ fo r var ian ce in linear and
sq uared exp ressions of rrunk g rowrh in Experi menr 1 for the period between
J anu ary and June 19 57

F VALUE FOR REDUCTION IN UNACCO UNTED
FO R VARIANCE BY ADIlITION O F :

" IN DEP EN DEN T "
VARI ABLES

CO EF FICIENT O F
DET ERMINATION

(it' ) x L L'

Increase in circum ference as dependent variabl e

X
L
L,X
L,L'
L,L2 ,X
L,L2 ,L'
L,L2 ,L',X

.'i322

.38 59
.608<1
.7945
.8<10 <1
.89 19
.89 73

13.52 "

7.0<1 •

2.0 1
n.s.

27 .9 5 ' •
<14 .75 . ,
31.'i8· •

20 .00 ' •
12.09 ' •

Increase in squared circumference at dependent rariable

X
L
L,X
L,L2

L,L2 ,X
L L2 L3

L:L2:Ls,X

.'i 151

.1158

.7256

.6 313

.87 09

.784 5

.9026

38.32 ' •

39.99 ' •

25.23 ' •

15.9 2 ' •
26 .83' •
24 .63' •

15.94 "
7.0<1 •

Signi ficant at the ~ percent level .
Significant at the I percent level.

n .s . : Not sign ificant.
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introduced into the multip le correlations, the init ial Trunk Size Index as an inde
pendent variable made a significant contribution towards account ing for variance
in growth as measured by increase of the squared circumference, but not to the
variance in circumference increase. When growth in circumference is used as the
.'ependen r variable, 89.2 percent of its variance is accounted for in terms of the
third degree polynomia l of leaf phosphorus. Adding the initial Trunk Size Index
as an independent variabl e increases the variance accounted for only to 89.7 per
cent, an increase which is not statistically significant. The third degree polynomial
is shown as the broken line in figure 2. However, essent ially the same percentage
of variance in circumference growth rate can be accounted for by the freehand
curve represented by the solid line of figure 2 (the index of determination for the
freehand line is 0.9094) . Th e latter curve appears more meaningful from a phys-

0
e

~ .22 0
0 o ,9.-(!J_.-............. 0

a: .20 <,
1IJ ........ .a. 0 0 <,

~
.18 0 .............. 0

~ ......... .--_.-- .....
:x: .16
I-

~ .14a:
(!)

1IJ .1 2
oz
1IJ
a: ./0
1IJ
IL.
~ .08:::I
U
a:
U .06

IL.
0

.0 4
1IJ 0
~ .02 0a:

.00
.0 4 .05 .06 .07 .08 .09 .10 .11 .12 .13 .14 .15 .16 .17 ./8

MARCH LEAF PHOSPHORUS

FIGUR E 2. Relationship between rate of circumference growth during the first interval of 195 7
(C) , and leaf phosp horu s concentr ations in Mar ch (L), as represent ed by the polynomial :
C = - 0.625 + 2 1.4 1 L - 175.9 L' + 4 56.9 L", brok en line; and freehand curve, solid line.
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T ABLE 10. Simple and multiple cor relation coefficien ts relatin g the mean rate of circumference
inc rease during a year with ph osph orus percentages in March and Ju ne of that year

PHOS PHORUS
POL YNOMIAL

DEGRE E

COEF FICIENT OF
DETERMINATION

( R 2
)

F VALU E FO R RED UCTI ON IN
UN ACCOUNTED FOR VARIANCE BY

ADDITI ON O F T HE LAST DEGREE
O F THE PO LYN O MIAL'

Ind ependent variabl e(s) : Leaf phosph oru s in Mar ch 1957
and its polynomials

D ependent variable : 19 57 rate of circumference increase

Firs t
Second
Third

.5903

.83 35

.888 2
25 .84 ' •

8.83 ' •

Independent variab le(s ) : Leaf phospho rus in June 1957
and its po lynomia ls

Depend ent variable : 1957 rate of circumference increase

First
Second
Third

.7307

.8009

.7893
10.71 "

1.0 n.s,

First
Second

Independent variabl e(s) : Leaf pho sph oru s in March 195 8
and its polynomials

Depend ent vari ab le : 1958 rate of circumfe rence increase

.2842

.3855

I n. s. : Not significa nt; ** sign ificant at the 1 percent level .
2 F value required at 5 percent :::: 4.4 9 .

iological standpoint. In any case the conclusion from either of these curves is
similar to that reached previously (4) "... it appears that values in the range above
0.08 percent phosphorus give reasonab le assurance of adequate phosphorus for
growth."

March leaf phosphoru s for 1957 is also closely related to the mean rate of cir
cumference increase during the whole year of 1957. An analysis of this relationship
is shown in table 10 and illustrated in figure 3. Th e third degree polynomial and
the freehand curve indicate maximum growth rate associated with March leaf phos
phoru s values of about 0.08 percent and above.

Phosphorus values for leaves collected in June 1957 were also correlated with
mean rate of circumference growth during 1957 (table 10 ) . However, the pro
portion of varian ce in growth rate related to June leaf phosphorus was less than
the proportion related to March leaf phosphorus.

In 1958 there was again a considerable response in circumference growth rate
to the phosphorus treatments (figure 1 and table 3), but leaf phosphorus values
in 1958 did not have as large a range as they had in 1957. In addition, growth
rates were more variable in 1958. Growth rates were significantly correlated with
March leaf phosphorus values in 1958, and the test for curvilinearity approached
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FIGUR E 3. Relati onship of mean tate of circumference growth in 1957 to Mar ch leaf
phosph orus as repr esented by the polynomial : C = - 0.999 + 37 .84 L - 389 .58 1" + 1,394 .0
L" ( R" = 0.9068 ) , broken line; and freehand curve ( i" = 0.9229 ) , solid lin e.

but did not reach the requirement for significance at the 5 percent level. The
curvilin ear equation is C - 0.352 + 13.335 L - 80.85 U , where:

C = Mean rate of circumference grow th
L = Percentage phosphorus in March leaves.

The derivative of this equation is ~~ = 13.335 - 161.71 1. On solving for L

de
at dL = 0, a value of 0.0824 percent phosphorus is obtain ed. Thus, if this type of

curve best depicted the relationship , growth rate would cease to increase at th is
leaf phosphorus value. It may be concluded that these results for 1958, within the
range of leaf phosphorus values found, arc consistent with the 1957 results.

R elationship between leaf concentratio ns of pbospborus and amounts of phos
phorus applied . In the earlier report on 1957 results from this experiment (4),
highly significant correlations were shown between leaf phosphorus concentration
in 'March and amounts of phosph orus applied. The latter were expressed in terms
of pounds of P20 5 per inch diameter. Th ese correlations appeared quite adequate
for the single year of 1957. However, when similar relationship s are sought for
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successive years where trees of increasing size are involved the data do not fit th is
pattern at all well. In figure 4A, leaf phosphorus values for treatment means are
plott ed against the rat io of the amount of phosphorus applied to the circumference.
From these plots it is evident that such an expression for relative rate of applica
tion is to tally inadequate for use over a range of tree sizes. T hus, to obtain com
parable leaf phosphorus values, much higher rates per un it of circumference were
requ ired in 1960 when the trees were larger than in 1957 when the trees were
smaller. W hen, however, the ratio of phosphorus applied to the square of the
circumference is used as an expression of Relative Rate of Phosphorus Application
( figure 4B) the data obtained from several years appear to fit into a genera l pat
tern quite well. Correlation and regression coefficients for this relat ionship were
determined by using the treatment plot as the uni t. Th ese coefficients are shown
in table 11, and the regression lines illustrated in figure 5. Regression coeffic ients
differed somewhat from year to year. Th ese fluctuat ions may be associated with
seasonal climatic factors. For example, the low value for 1958 may be related to
the fact that January, February, and March of 1958 each had abnormally low
rainfall. T here does not seem to be any consistent trend in changes of the slopes
of the regression lines associated with time and tree size. Covar iance analvsis shows
there are no significant differences among the regression coefficients for indiv idual
years. Th e line for total regression is shown as the cent ral broken line of figure 5.
Broken lines indicate the limi ts for pred icting an indiv idual event at the 5 percent
level. It should be noted that the total regression is dominated by the influence of
the 1957 values. because of the greater ranges in leaf phosphorus and Relative Rate
of Phosphorus Appl ication values for that year than for subsequent years. H owever,
on using the tota l regre ssion line we find that a Relative Rate of Phosphorus Ap
plication of 1.9 would result in leaf phosphorus values of a08 percent or higher
50 percent of the t ime. For assurance that 95 percent of the leaf phosphorus values
would be above 0.08 percent , a Relat ive Rate of Phosphorus Application of 3.5
would be requ ired.

TA BLE 11. Co rre la tio n and reg ress ion coeffic ien ts for th e rel a tion ship o f March lea f
phosph o ru s to the Relative Rate o f Ph osph o ru s Ap plicati on ( A ) d ur ing
the pr evious yea r in Expe rim en t 1

COEFFICIENTS OF :

LEAF P A Co rre- Dercrrni- INTER-
YEAR OF lati on na tio n CEPT SLOPE
LEAF P R an ge Mean Ran ge M ean ( r ) ( r" ) ( a ) ( b)

1957 .045- .173 .085 0.11- 7.98 2.20 .9145* * .836 .056 .012,83
1958 .047- .094 .068 0.32- 3.23 1.40 .6746* * .'1 55 .055 .009,10
1959 .053- .084 .066 0.30-1.41 0.73 .6962*. .485 .055 .0 15,90
1960 .065- .111 .077 0.29- 2.60 1.23 .7691 *. .592 .058 .016,27

T ot al .045- .173 0.11- 7.98 .8624' • .74-1 .056 .012,60

*. Sig nifican t at the t percent level.
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F IGURE 4. Treatment means for March leaf phosp horus values plotted against rates of phos
phorus applicat ion du ring the year preceding the leaf analysis. March phosph orus valu es a re
for 1957 ( . ) , 1958 ( 0) , 1959 ( x), and 1960 (l1 ) . In 4A, rates of phosphorus applicati on
are expressed as pound s of P applied during the year X 10 ' d ivided by th e trunk circumfer
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represented as the number of pou nds of P applied during the year X 10" divided by the
square of the trunk circumference at the beg inning of the year of application.
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Experiment 2-Bearing Trees of Keauhou and Kakea
The trees used for th is study had been transplanted into the orchard from a

nursery in October and N ovember 1949. During their first 9 years of growth they
received vario us fertilizer treatments in accord wi th the changing pr act ices of the
orchard. Th e fertilizer formulations used had in common relatively high potassium
and low phosphorus conte nts. By 1958 many of these trees displayed considerable
defoliation, parti cularly evident on the termi nal stems. On a number of these trees
defoliation of the terminal was complete and the terminal stem had died. W ith
preliminary results of Experiment I at hand , these symptoms suggested phosphorus
deficiency. Phosphorus concentrations in the leaves of these trees were found to be
well below the 0.08 percent value-known to indicate adequacy for maximum
growth of younger trees ( figures 2 and 3) .

Experimentation was begun with the main objective of determining how
rap idly the deficiency could be corrected and what qu antities of phosphoru s would
be requ ired. Secondary object ives were to determine the relativ e response to nitro
gen at two ra tes and to det ermine the relative efficiency to be expected in dr ip-line
placement as compared to broadcast application of phosphorus. Because of the
arra ngement of the trees in the orchard it was necessary to use separate rep licatio n
designs for the two varieties. The fertilizer treatm ent s, however, were identical.

For variety Kea uhou each treatm ent plot consisted of four trees in a square. Of
120 trees used, 106 were surrounded on all sides by ot her trees and the other 14
were adjacent to field roads, so were exposed on one side. Treatments for this
var iety were in five randomized blocks. For variety Kakea each treat ment plot
consisted of two adjacent trees, one of which was adjacent to a field road, so ex
posed on one side. Eight randomized blocks were used. Amounts of fert ilizer ap
plied and other particulars of the trea tments are show n in table 12. T reat ments
were begun in Jul y 1958, nearly 9 years after the trees had been transplanted to
the orchard. At the outset the six treatm ent s provided comparisons among trees
supplied at four levels of phosphoru s ( treatments B, C, D, and E) , two levels of
nitrogen at the highest phosphorus level (treatments A and E), and two modes of
phosphorus placement at a moderate rate ( treat ments C and F ). At the beginn ing
of the experiment, trees of treatment s A through E received superphosphate in a
band approximately 1 foot wide und er the drip line. In treatm ent F the super
phosphate was broadcast und er the entire canopy of each tree. Beginning with the
first application in 1960 the p lacement treatm ent s were revised so that only trees
of treatm ent F received the drip -line applicat ion. T rees of the other five treatments
received broadcast applications. This alteratio n was made because there was some
indi cation that trunk gro wth was inh ib ited in the higher phosphorus treatments,
an explanation for which could be appl ication of too much fertil izer salt to the
limited surface area under the dr ip line.

As can be seen from table 12 many other altera tions were made dur ing the
course of the experiment . However, aside from the switch in phosphorus place
ment the initial scheme of treatm ents was maintained through 1960 with the actual
amounts applied changing frequ entl y pursuant to results obtai ned year by year.
Th e first major change in the scheme was made in Febru ary 1961, when the amount
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of phosphorus supplied in treatment B was increased. Tr ees in this low phosphorus
treatment had remained in very poor condition, since defoliation and death of
terminals continued to progress. Th e higher ph osphorus rate begun in 1961 pro
vided for observations on recovery and possibly pr evented death of these trees.

Beginning in Jul y 1962, application of phosphorus to trees of trea tments A
and E was discontinued for three rounds. Th e large amounts of ph osphorus which
had been applied to these trees had resulted in leaf concentrations of phosphorus
which seemed considerably higher than necessary. In addition chlorosis and marginal
scorch of young leaves were observed. Correction of these symptoms was observed
on most trees after phosphorus supp ly was discont inued .

Experimenta tion on Kakea was terminated at the end of 1962 except for leaf
sampling. Observations on Keauhou and leaf sampling of Kakea were conti nued
through 1963, although by this time the phosphorus status of all trees was adequate.

During 1960, branches of adjacent trees became intertwined. On December 5,
6, and 7, 1960, lower branches of all trees were removed. By July 1961 many of
the trees had grown together again. Hence, trees in this exper iment were nearly
closed in when the treatments were begun and by 1960 the only ground area not
covered by foliage of the trees was at the corners of the 25-foot squares centered
by the trees.

In January 1963 there was a severe wind storm which resulted in loss of some
of the experimental trees. Although some of the trees which were blown over were
pruned very heavily and braced in upri ght position again, the data pr esented for
1963 include only trees which remained upright during this storm.

Scope. The amounts of phosphorus app lied as well as the principal results from
the highest and lowest phosphorus treatments (E and B, respectively) are plotted
chronologically for variety Keauhou in figure 6. Th is figure serves to show the
range of results obtained each year in response to phosphorus treatments and
changes in trends with time as a result of treatment alterations.

Grounb and Tru nk Size Ind ex. Th e rates of increase in trunk circumference
for each period are shown in table 13. There was no case where application of
higher amounts of phosphorus resulted in a significant increase in rate of trunk
growth. In fact the only significant differences among treatments were associated
with reducti ons in growth in higher phosphorus treatments. Cases of such reduc
tion were found for Keauhou in the second growth period of 1959 when the value
for treatment E was significantly lower than that for treatment D. In the second
growth period of 1960 the value for treatment E was significantly lower than for
treatments B, D, or F. In the first growth period of 1961, treatments A and D had
values significantly lower than treatm ents B, C, or F. Th e only significant effect of
treatments on trunk growth rate in Kak ea was during the first period of 1959
when the values for treatments B and F were significantly higher than that for
treatment D.

In no growth period did the differences in amounts of nitrogen applied result
in significant differences in rates of trunk growth (comparisons between treatments
A and E ). Differences in placement of phosphorus (drip line or broadcast ) at a
moderate rate did not resulr in significant differences in rates of trunk growth in
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any of the growth intervals (comparisons between treatments C and F after 1959 ) .
From a comparison of mean growth rate values between periods, it appears that
low rates in one period of a year tend to be compensated for by higher rates in the
other period of the same year. One exception to this tendency is found in 1961,
when growth rates were relatively low during both periods.

Di fferences in Tru nk Size Index between treat ments B and E were not suf
ficiently grea t to represent in figure 6, so the size index shown represents the mean
of all six treatments. The average Trunk Size Index increased from year to year in
a linear fashion. Trunk Size Index values for each treatment calculated from circum
ference measurements of December each year are shown in table 14. Also shown
are values for the increase in size index for the 3-year period between December
1958 and December 1961. This period covers the time duri ng which responses to
phosphorus might be expected ( figure 6 ) . Comparison of these increases in trunk
size in variety Keauhou reveals that the two high phosphorus treatments ( A and
E) had less total grow th duri ng the 3 years than did the other treatments in this
variety. This difference is statistica lly signifi cant when the technique of single
degrees of freedom is used for comparing the combined values for A and E with
the other four treatme nts. N o significance was found among the increases in
Kakea.

Despite the significant reduction in growth of the trunks of Keauhou by high
phosphorus, no significant difference among treatments can be found for Trunk
Size Index on any date. Thi s is hardly surpr ising, since the variation in trun k size
was great. At the time of the first trunk measurement in Jul y 1958 the range in
Trunk Size Index for Keauhou was from 93 to 370 and for Kakea , from 99 to

TABLE 14. Trunk Size Index and increase in index during 3 years of phosphorus differential
(measurements made in December of each year)

TREAT- INCR EASE:
MENT 1958 [959 1960 [961 1962 1963 1958 TO 1961

Keauhou

A 255 299 344 378 421 463 123
B 241 287 338 382 443 475 141
C 251 299 352 397 " 56 500 146
D 274 326 381 420 463 514 146
E 260 303 349 384 430 "77 124
F 2"3 292 3"3 387 " 30 "7 5 144

Mean 254 301 351 391 ",, 0 ,,84

Kakea

A 213 238 27t1 307 348 94
B 235 281 329 358 399 123
C 201 235 273 302 336 101
D 190 223 256 285 317 95
E 207 246 285 329 354 122
F 211 253 301 335 362 124

Mean 209 246 286 319 353
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FIG URE 7. Trees of treatment E (le ft) and treatment B ( right) on September 30, 1960.

289. These differences among trees of the same age are highly correlated wi th yield
variance, as will be shown presently. Hence, despite the lack of significance amon g
treatments, the differences found have a bearing on yield. The total growth response
in this experiment was not measurable in terms of growth in trun k size. Photo
graphs of trees in treatments Band E taken September 30, 1960 are shown in
figure 7. The profuse growth of lateral branches in treatment E contrasted striking
ly with the very sparse branch grow th in treatment B. There was also contrast in
the degree of leaf reten tion between these treatments. This increase in growth of
lateral branches and density of foliage was evident within 2 years after ini tiation
of the high phosphorus treatment. Thus the total growth of the tree was greatly
increased by high phosphorus app lication, but this growth was in lateral branches
and not in trunk girth.



30 HAWAII AGRICULTURAL EXPERIMENT STATION

Yield. Highly significant effects of treatments upon yield were found in both
varieties. Keauhou showed significant effects of phosphorus treatments in 1959,
1960, and 1961 ( table 15, figure 6). In variety Kakea significant effects were con
fined to 1960 and 1961. In no year was there a significant effect of nitrogen level
(comparisons of A and E ), or of phosphorus placement (comparisons of C and F ) .

TABLE 15. Yields of Exp eriment 2 (pounds of husked nuts per t ree ) 1

TREATMENT 1959 1960 1961 1962 1963

Unadjusted means

Keauhou

A 43.8" 65.8" 90.1"" R2.7 90:/
B 31.1" 28.1" 62Y 81.6 101.7
C 35.4"" 43.7" 78. 1"c 85.2 107.3
D 44.2" 66.0" 99.4" 89.8 101.3
E 44.7" 63.6" 91.6"" 83.1 95.2
F 37.0"" 45.t' 68.9c 84.8 102.2

LSD 5% ' 10.6 13.2 18.4 n .s, n.s.
1% 14.4 18.0 20.1

Kakea

A 47.0 56.3" 96.2" 87.5
B 39.4 36.6c 75.1" 84.4
C 36.1 41.0"c 71.1b 78.7
D 39.3 52.2"" 8 1.4"" 80.2
E 44 .6 57.9" 89.9"" 88.6
F 39.9 48 .5""c 78.5" " 82 .6

LSD 5% n.s. 12.3 18.2 n .s.
1% 16.5 24.4

1 Sta tistica l symbols as in tabl e 3.

Yield was significantly correlated with the Trunk Size Index each year ( table
16 ). Hence , ir was possible to increase the precision of comparisons among treat
ments by adjusting the yield data for Trunk Size Index. Thi s was done by using
the Trunk Size Indexes of table 14, and the regression coefficients of table 16. Th e
adjusted yields are shown in table 17.

T ABLE 16. Co rre lation coefficients and reg ression coefficie nts of yield on T ru nk Size Ind ex in
the D ecember previou s to the year of yie ld ( based on error terms for cor rected
sums o f squa res and p roducts)

YEAR KEAUHOU KAKEA
( r) ( b) (r ) ( b)

1959 .756R .1969 .7605 .1692
1960 .6679 .1885 .7282 .2028
1961 .7294 .251R .R160 .2920
1962 .6764 .179 1 .7487 .2441
1963 .5245 .1201
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T ABLE 17. Yields of Experimen t 2 adj uste d for Trunk Size In dex'

TREATMENT 1959 1960 1961 196 2 196 3

K eauhou

A 43.6" 66.2" 91.9" 85 .0 93 .0
B 33.7" 30.T 66 .0" 83.2 101 .4
C 36.0"" 44.1" 77.8" 84 .1 105.4
D 40.3"" 61.3" 91.8" 84 .6 98.6
E 43.5" 63.2" 92 .0" 84 .4 96.4
F 39.2"" 47.4 " 70.9" 85 .5 103.5

LSD 5%1 7.3 10.2 13.2 n .s. n.s.
1% 9.9 13.8 18.1

Kakea

A 46.4" 57.9" 99 .7" 90.6"
B 35.1,1 29.5" 62.5" 74.6"
C 37.5"<1 43.t' 74.9" 82.9""
D 42.6"'" 56.9" 90.2" 88.6"
E 44.9"" 57.9" 90.2" 86.2""
F 39.t ,e<1 46 .9" 74. 1b 78.8""

LSD 5% 6.2 8.9 11.0 12.2
1% 8.3 12.0 14.7 16.4

r Stat istical symbols as in table 3.

Keauhou in 1959 showed progressive increases in adjusted yield with each
increment of phosphorus increase. However, only the comparisons between the
lowest ( B) and the highest ( A and E) phosphorus treatments were statistically
significant. In 1%0 the difference between the lowest ( B) and the next higher
treatments ( C and F ) was significant, and the th ird increment of phosphorus ( D)
produced significantly more than the second. D ifferences between the two highest
increme nts (co mparisons between D and E or between D and A) were nor signifi
cant. In 196 1 the lower two phosphorus treatments resulted in yields significantly
lower than the higher two. In 1962 and 1963 there were no significant differences
among treatments for Keauhou. The treatments had, of course, been altered as
shown in table 12 and figure 6, so that trees in all treatments had evidently received
adequate phosphorus by 1962.

In variety Kakea, similar trends are seen; progressive increases in yields with
increasing amounts of phosphorus app lied in 1959, 1960, and 1961, but with
significant differences confined to compar isons among the lowest three rates of
phosphorus application. In no case was yield at the highest phosphorus treatments
(A and E) significantly higher than at the second highest (D).

One interesting difference between behavior of the two varieties is seen in
1962, where, in Kakea, treatment B yielded significantly less than treatments A
or D . This was despite the fact that application of phosphorus to B in large
amounts had begun in February 1961. Th ese comparisons suggest some residual
effect of the previous low phosphorus applications in B. On the other hand, Keau-
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hou trees of treatment B seem to have recovered by 1962, at least in terms of yield
response.

In both varieties, adjusted yields were nearly identical in treatment s C and F,
the placement compariso n. Treatment A, which received smaller amounts of nitro
gen , had adjusted yields as high as trea tment E each year in each varie ty.

Anot her aspect of the yield responses to high phosphorus app lication is re
vealed by comparisons of yields harvested at intervals thro ughout the bearing
season (figure 8). T he cumulative yields during the progress of harvesting show
that trees of the low phosphorus treatment (B ) produced essent ially the same yield
as the high phosphorus trees thro ugh the month of Sep tember each year. Practically
all yield difference for the year is found during the remainder of the season. Y ield
of low phosphorus trees decreases sharp ly at an early date while productio n of nuts
on the high phosphorus trees cont inues. T his trend is evident during each year
when there were significant differe nces in total yield among these treatments.

Nutrient eleme nt content of leaves. As shown in figure 6, leaf phosphorus values
varied with time and treat ment in respo nse to phosphorus app lication, although the
sensitivity of this response appears to increase with time. Y ields were generally
related to leaf phosphorus when the leaf phosphorus values were lower than about
0.10 percent. One exception to this is treat ment B in 1961, where yield increased
greatly over that of the previous year, with no increase in leaf phosphorus.

Phosphorus concentra tions in the leaves are shown in table 18 for all treat ments .
By March 1959, leaf phosphorus values had responded to the treatment s which
had begu n in Jul y 1958. In Kea uhou, treatments A and E had significantly higher
values than did the other treat ments. In Kakea, treat ment B had significantly lower
leaf phosphorus than did any of the other treatments except F. By March 1960 the
range in values had increased somewhat in both varieties. Treatment A of Keauhou
had a significantly higher value than B, C, D, or F. In Kakea, treatments A, D,
and E had values significantly higher than treatm ent s B, C, and F. In March 196 1
the range of leaf phosphorus values was even greater. In both variet ies, values for
the highest phosphorus treatment were significantly higher than those for the
second highest ( D), the latter in turn had values higher than those for the two
lowest phosphorus treatments. As noted in figure 6, the greater amounts of phos
phorus applied to trees of Keauhou in treatm ent B beginning in Febru ary 1961
had not increased the leaf phosphorus values for this treatm ent by the following
month. However, in Kakea the leaf ph osphorus value for treatm ent B was higher
than it had been the previous year. Leaf phosphorus values for Kea uhou in treat
ment A were significantly higher than in E in March 1961. Th e larger nitrogen
applications in treatment E hence resulted in depression of leaf phosphorus. Th ere
was a similar difference in Kakea, which was not sta tist ically significant. In March
1962, highly significant differences among treatm ents were again evident. However,
as noted above, these differences were not associated with any large responses in
yield, so trees of all treatment s apparently had adequate or excessive phosphorus.
A large increase in values for treatment B in response to the phosphorus supplied
in 1961 was evident. T he high values for treatments A and E were clearly above
the level required for adequacy. Th e effect of the higher nitrogen in treatment E
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in reducing leaf phosphorus below that of A was significant in both varieties. The
data for March 1963 show some reduction in leaf ph osphorus in A and E of both
varieties as a result of withholding applications of phosphorus for 9 months ( figure
6, table 12) .

Leaves sampled in June showed many differences similar to those found in the
March leaves. There were generally significant responses to larger phosph orus
app lications, these becoming greater as the experi ment progressed.

In no case did the method of phosphorus placement result in a significant effect
on leaf ph osphorus values.

Nitrogen concentra tions in the leaves are shown in table 19. March samples
had small bur consistent differences between trea tments A and E, those of com
parable phosphorus treatment . Th ese differences were statistically significant for
Keauhou in 1960 and 1961 and for Kakea in 1960. The stat istical significance of
differences between these two treatments was more consistent in the June leaves
than in the March samples. Leaf nitrogen values below 1.40, even in June leaves,
were associated with a ligh ter green color of foliage. Although the trees of treat
ment A were evidently on the borderlin e of nitrogen deficiency, there was no
reduction in yield resulting from this treatment (table 17 ) .

N one of the treatments had a sign ificant effect on the potassium concentrat ion
in the leaves. The mean potassium concentra tion increased progressively from
March 1959 to March 1961 (table 20 ). Th e 1961 values appear associated with
the increase in amount of potassium supplied beginning in 1960 ( table 12) . The
leaf concentrations indicate that potassium nutrition was adequate each year, if
growth response of young trees may be used as a cri terion (5) .

There was some application of calcium resulting from the presence of this
element in the superphosphate . Even though the amount of super phosphate app lied
varied with treat ment , no significant differences in leaf calcium were evident among
treatments in this experi ment.

Leaf concentrations of magnesium were affected by the treatments employed
( table 21 ). In Kakea, effects were found in both March and June leaves of 1960
and each year thereafter. The lower tWO phosphorus treatm ents ( B and C) had
significa ntly lower leaf magnesium than the highest ph osphorus levels (A and E)
at each of these samplings. A relationship between leaf magnesium and super 
phosphate app lication is further indicated by the fact that for later samplings, leaf
magnesium values in treatment B increased above those of C. This difference was
significant in March 1963. This increase appears related to the large amounts of
superphosphate applied in thi s treatment beginning in 1961. March samples for
1963 also had significantly higher magnesium values in treatm ent D than in C or
F. In treatments A and E, there was a trend of increasing leaf magnesium with
time. This trend conti nued through the 1963 samplings despite the fact that no
phosphoru s was applied tothese trees between April 1962 and April 1963. Hence,
the leaf magnesium for Kakea in March 1963 was highly correlated with the total
amount of superphosphate applied during the 5 years of the exper iment ( r =
0.965, for trea tment means) and not directly correlated with amounts applied
during the year immedia tely preceding this samp ling. Leaf magnesium values were
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TABLE 20. Ranges and mean values for potassium and calcium concentrations in leaves
sampled in March of each year (percent of dry matter)

PO TASSIUM CA LCIU M
YEAR

Ran ge Mean Ran ge Mean

Keauhou

1959 .53- .71 .62 0.49-0.82 .68
1960 .46-. 78 .67 0.54-0.90 .75
1961 .58-.90 .79 0.58-1.15 .80
1962 .60- .95 .75 0.45-0.92 .65
1963 .59-. 96 .75

Kak ea

1959 .54- .76 .66 0.40-0.96 .61
1960 .56-.80 .68 0.46-1.00 .74
1961 .62-.80 .71 0.44-1.08 .72
1962 .50-.75 .64 0.31-0.85 .66
1963 .54-.71 .62 0.58-1. 15 .92

generally higher in treatment A than in E for Kakea. Th ese differences were signif
icant in March 1961 and in June of 1960 and 1961. In this variety, then, the lower
nitrogen application, at the high phosphorus level, resulted in mor e leaf magnesium .

In variety Keauhou, leaf magnesium concentrations did not differ significantly
among treatment s until the March 1962 sampling. At that time values for treat 
ments A and B were significantly higher than those for C and F. In March 1963,
leaf magnesium was significantly hig her in treatm ent E than in C. At the final
sampling in June 1963, values for treatment s A, D , and E were all higher than
those for treatment s C or F. Hence , in Keauhou, leaf magnesium respon ses to

superphosphate application, when they did occur, were similar in direction to

those in Kakea, but in Keauhou the responses developed much more slow ly and
the differences when they did develop were not as great as in Kakea. N o effect of
the nitrogen variable was found in Keauhou.

Relationships of yield to leaf pbospbom s and Trn nl: Size Index. In figur es 9A
and 98 are shown values for the treatm ent means of March leaf phosphoru s of
table 18 plotted aga inst the yields adjusted for Trunk Size Ind ex of table 17. In
Keauh ou (figure 9A ), curvi linear relationships are evident for each year in wh ich
there was a significant yield response to treatm ent s. In 1959 and 1960 it is not clear
that maximum yield was atta ined by the highest ph osphorus levels, although in
these 2 years there was no significant difference in adjusted yield among treat
ment s repr esenting the higher two phosphoru s rates ( A, E, and D ) . In 1961,
maximum yield was clearly achieved in treatm ent D at a leaf phosphoru s value of
0.09 1 percent. Th e plot for treatment B is not fitted to the 1961 curve, because
some yield response can be att ributed to the increased amounts of phosphorus
supplied beginning in Febru ary 1961, only 1 month previous to the March leaf
sampling. In 1962, maximum yields were attained at leaf phosphoru s values as
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F I(;U IlE 9A. Relationsh ip betwe en adjusted yields and leaf phosp ho rus in Keau hou.

low as 0.077 percent. Y ields were rem arkabl y unifor m in 19G2 and slighrly lower
than the maximum yields of 1961. In 1963 the highest ad justed yield was atta ined
in treatment C wh ich had a March leaf phosphorus value of 0.075 percent. ln thi s
year, there was a slight negat ive regression of ad justed yield on leaf phosphoru s.
However, the significance of th is is questionable since there were no significant
di fferences among treatments in adjusted yield ( table 17) . T he yields for 1963
were un iformly higher than for 1962. In fact, the variati ons of maximu m yields
among the last 3 years of the experiment suggest the significant advent of either
climati c factor s or a b ienn ial bearin g tendency.

T he relationship between yield and leaf phosphoru s is also evident in variety
Kakea ( figure 9B ) . In 1960, maxim um yield was appa rently atta ined at a leaf
phosphoru s value of 0.08 I percent ( treatment A ) , and the same yield was found
in trea tment E where the phosphoru s value was 0.089 perce nt. In 19GI the leaf
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FI GURE 98. Relati onship between ad justed yields and leaf phosphor us in Kakea.

phosphorus value corresponding to maximum yield lies somewhere above 0.078
( treatment C ) and evidently below 0.118 ( treatment D ) . Th e difference between
adjusted yields of these two treatments was statistically significant ( table 17 ) . In
1962 the yield of treatment B was significantly lower than yields in A or D. Treat
ment B had a leaf phosphorus value of 0.098 in March 1963, reflect ing the in
creased rates of phosphorus application begun in 1961 and conti nued through
1962. Hence, the lower yield in B in 1962 does not appear associated with in
adequate current phosphorus status, bur may be the result of damage of a more
lasting type inflicted by prolonged phosphorus deficiency prior to 196 1. Inciden
tally, there was no parallel to this result in variety Keauhou. The curves of figure
98 tend to imply that a higher leaf phosphorus value is requ ired to assure max
imum yield in Kakea than in Keauhou. This may be a fortuitous imp ression,
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however , since considerable difference in yield between treatments is required for
significance ( table 17 ) .

Th e yield data of table 17 and figures 9A and 98 were adjusted for variance
in Trunk Size Ind ex within each year, but do not reflect any adjustment for the
increase in size index from 1 year to the next. In addition, the adjustments are
based on all the trees, some of which were suffering from phosphorus deficiency
at times. Where phosphorus is also limiting yield, a lower regression of yield on
trunk size migh t be expected. To determine the relationship of yield to trunk size
under conditions approaching adequate phosphorus nutrition, treatment plots were
selected in which the March leaf phosphorus was greater than 0.080 per cent. The
data of figure 9A ind icate that littl e or no loss of yield due to phosphorus deficiency
is to be expected for trees having March leaf phosphorus values above this level.
To provide as wide a range of size index values as possible, plots from Experiment
1 which meet the specified requirement (L> 0.08 ) are included. Th e ranges of
values and means for yield and Trunk Size Index as well as coeffic ients of correla
tion and regression are shown in table 22. Regression lines for Keauhou are shown
in figure 10. In variety Keauhou the coeffic ients clearly fall into two classes: one
includes the data for 1960 and 1961 and is characterized by relatively high and
similar regression coefficients and relatively high correlation coefficients. Th e other
includes the data for 1962 and 1963, which are less well correlated and have lower
regression coefficients. Coeffic ients for the combined data within these two classes
are also shown in table 22. Th e regression lines for the classes are shown as the
dotted lines of figure 10. Th e difference between the slopes of these two regressions
was found to be highly significant, when compared by covariance analysis ( F =
11.8) . Th e lower regression and correlation coefficients for the 1962- 63 class are
thought to be associated with the high density of foliage of all trees durin g those
years. With the approach to complete coverage of the orchard area, the yield per
tree is expected to be more limited by the light the tree can intercept and less
related to trunk size. In contrast the data for the 1960- 61 class represent a situation
where half of the trees or fewer have dense foliage (see figur e 7) . Hence, it
appears that trunk size is highly correlated with yield when phosphorus nutrition
is adequate and light is not limiting . The coefficient of determinat ion for the
1960- 61 class shows that 93.0 percent of the variance in yield was accounted for
by the Trunk Size Index ; whereas, in the 1962- 63 class only 40.3 percent was
accounted for by this factor ( table 22) .

In variety Kakea, correlation coefficients were highly significant, but regression
coefficients differed from year to year in such a manner as to preclude a neat classi
fication . Thi s may be accounted for by the fact that one-half of the Kakea trees
were on the outside of the field block adjacent to roadways. These trees were
exposed to more dir ect sunlight than the Keauhou trees, all but 14 of which were
surrounded by other trees. .

Th e regression line for the 1960- 61 class of data for Keauhou represents a
reasonably linear relationship of yield to the Trunk Size Index over a wide range
of the two variables, for plants at essentially adequate leaf phosphorus values where
competition for light was not imp ortant. Th e intercept of this regression on the
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classes, b roken lines. See tabl e 22.

X axis (46.6) also appears to lend credi bility to the relationship ; i.e., from rabIes
4 and 6 it can be seen that trees of treatm ent 6 with a T runk Size Index of 68.5
in December 1958 yielded 5.0 pounds of nut s in 1959. A year earlier these trees
had no yield and the Trunk Size Ind ex was 34.2.

From the 1960- 61 regression for Keauhou has been calculated for each treat
ment in 1959, 1960, and 1961 the yield which could be expected had the leaf
phosphorus values been in the range above 0.08 percent. T he actua l yields for the
corresponding treatment s and years are then expressed as percentage of these
potenti al yields and plotted against leaf ph osphorus values in figur e 11. Th e fact
that the highest phosphorus treatments resulted in yields slightly higher than 100
percent in 1961 sugges ts that the specified leaf phosphorus value of 0.080 percent
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FIGURE I I . Percent age of potentia l yield as related to March leaf phosphoru s In Keauh ou.

used in selecting the data for table 22 and figure 9 may have been slightly lower
than that required for real adequacy. The slopes of the curves also indicate this.
T he discrepancy resulti ng from the selection used is not great, however. Selection
of a higher leaf ph osph orus value would necessitate exclusion of additional data
from the regression. Th e curves of figure 11 show relatively less d ifference in yield
between years than do the curves for the same yeats in figure 9A, because figure 11
represents more precisely the relation of yield to leaf phosphorus after correcti ng
for the relation of yield to trunk size between years as well as within years in the
adequate phosphoru s range. Th e remaining differences in yield from 1 year to

the next (fig ure 11 ) , particularly at leaf phosphorus values above 0.07 percent
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T ABL E 23. Comparisons of yields between years for trees in the adequate leaf phosph oru s
range ( pounds of husked nut s per tree )

ACTUAL ADJUSTED FOR TRU N K SIZE
CO M PARISON S YEA RS

Yield Difference F value Yield D ifference F value

196 1 to 196 2 1961 9 1.9 7.2 3.02 n.s, 96-5 14.2 16.10 * *
1962 84.7 82 .3

196 2 to 196 3 196 2 84.7 12.0 12.86 " 87.5 6.0 3.55 n.s.
196 3 96 .7 93 .5

1961 to 196 2- 63 1961 9 1.9 1.6 1 n.s, 100.2 19.7 11.65 ' •
1962- 63 90.3 80.5.. Significant at the I percent level.

n.s . : Not significant.

may be due to progressive increase in density of foliage and proliferation of bear
ing branches within the canopy of the trees as the time of adequate or ncar adequate
phosphorus nutrition is prolonged. From figure 11 it appears that a March leaf
phosphorus value of 0.06 percent would normally indicate an expecta tion of yield
about 55 percent of the potent ial yield for a tree of a specified Trunk Size Index.
All the plots lead to this expecta tion except treatment B in 196 1. This, it is recalled,
is the case where phosphorus applications were increased to an adequate rate in
February, too late to have an effect on March leaf phosphorus in 1961, bur early
enough to have some effect on yield that year.

Yield data for 1962 and 1963 cannot be direc tly compared by use of the linear
regression which served as a basis for figure 11, since the regressions of yield on
Trunk Size Index were significantly lower than those for earlier years. However, it
is possible to compare yields between years in the "adequate" leaf phosphorus
range. In table 23 such compar isons are reported for actual yields and for yields
adjusted for Trunk Size Index by use of the common regression for each com
parison. The comparisons for actual yields, made by variance analysis, show no
significant difference between 1961 and ] 962 but a highly significant difference
between ] 962 and 1963. After adjusting for the Trunk Size Ind ex, the relative
yield in 1961 was significantly higher than in ] 962 or the combination of 1962
and 1963. Th e difference between adjusted yields of 1962 and 1963 was not signi
ficant, indicating that between these 2 years the acrual yield difference could be
largely accounted for by difference in trunk size.

The significantly higher adjusted yield per tree in 1961 as compared to sub
sequent years again suggests the larger proport ion of above-ground space available
to trees in the adequate leaf phosphorus range in 1961 than in the 2 later years.
Th e comparison between 1962 and 1963 indicates a cont inuing relationship of
yield to trunk size after essent ial saturation of the above-ground space of the
orchard, even though a much smaller proportion of variance in yield can be ac
counted for by variance in the Trunk Size Ind ex ( table 22), than is the case before
orchard closure.



46 HAWAII AGRICULTURAL EX PE RIME N T STAT ION

Factors related to leaf pbospbom s. In young trees of Keauhou the leaf phos
phorus in March each year was related to the Relative Rate of Phosphorus Appli
cation, which was defined as the ratio of pounds of P applied during the previous
year to the square of the circumf erence of the trunk at the beginn ing of the period
of application X 10:1• When these relat ionships were sought in larger bearing trees
the results were as shown in table 24. Th e leaf phosphorus values of March 1960
are related to Relat ive Rates of Phosphorus Appli cation much as was the case with
younger trees. Th e regression coefficients of 0.0185 for Keauhou and 0.0 182 for
Kakea would fall within the range established in figur e 5. T he intercepts are also
consistent with those for younger Keauhou trees. However, in each year sub
sequent to 1960 a large increase in the regression coefficient is observed in each
variety. T he high correlation coefficients for 1961 and 1962 are applicable only
to data within those specific years, and no regression coefficient which would
adequately express a relation of these two factors and be applicable to variance
among years as well as within years is possible. It appears a priori that approach
to completion of the orchard canopy aided by more adequate phosphorus nutrition
of an increasing prop ort ion of the trees results in alterat ion of the relation of
phosphorus application to leaf phosphorus in at least two respects. For one thin g
the area of surface under each tree over which the phosphorus is applied is no
longer increasing since the ent ire surface is now being covered . T here should,
therefore, be no furth er need for a term related to the square of the trunk circum
ference, i.e., the Relative Rate of Phosphorus Applicat ion, so the amount of phos
phorus applied should itself serve as the independent variable. T he other tendency
on closing-in which appears indicated by the data is a dependence of the leaf
phosphor us on the previous phosphorus sta tus of the trees. W ith higher initial

TA BLE 24. Correlation and regression coefficients of leaf phosph orus index on Relative Rate
of Phosphorus App lication ( A) in beari ng trees I

YEAR OF LE AF P A COE F FICIE N T OF IN T ER-

LEAF P COR REL AnON CE PT SLOPE
Range Mean Range Mean ( r) ( a ) ( b)

Keauh ou

1% 0 .058 -.087 .070 0.29-1.65 0.95 .9 594 * * .052 .018,52
1961 .058- .140 .09 1 0.57- 1.83 1.09 .982 9 * * .030 .05 5,24
196 2 .077- .24 3 .139 0.50- 1.70 1.07 .9228' * .0 16 .115,43
1% 3 .075- .192 .116 0.22- 0.49 0.34 .3 108 n.s. - .167 .83 1,08

Kakea

1%0 .058- .089 .07 5 0.30- 2.03 1.19 .9853 * * .054 .0 18,2 1
196 1 .067-. 160 .107 0.58- 2.29 1.36 .9962' * .034 .053,34
196 2 .09 1- .244 .153 0.58- 2.14 1.32 .9566 * * .04 1 .084,67
1963 .074-.19 1 .129 0.26-0.66 0.42 .3070 n.s. - .28 7 .98 5,95

1 T he treatment mean was used as the unit in de termi n ing these coe fficien ts... Signifi ca nt at t he 1 perce nt leve l.
n.s. : Not sig nificant.
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phosphorus status it is to be expected that the roots will more compl etely permeate
the soil under the tree. Thi s should contribute to increased effic iency of phosphorus
uptake. A reasonably good index of pr evious phosphorus status appe ars to be the
leaf phosphorus value I year previous to that und er consideration. W ith these
factors in mind, multiple regression equations were determined for the 1961, 1962,
and 1963 March leaf phosphorus values ( Lc) as the dependent variable; the pounds
of phosphorus applied ( P) and leaf phosphorus of the previous year ( Lp ) being
the independent variables. The treatment mean was the unit used. Th e equations
are: for variety Keauhou, Lc = 0.711 Lp + 0.0190 P - 0.0085, and for variety
Kakea, Lc = 0.7 14 Lp + 0.0188 P - 0.0044 . Th e regression coefficients for the
two varieties are nearly ident ical. Coefficients for the simple and multiple correla
tions and results of tests for significance are shown in table 25. About 88 percent
of the variance in leaf phosphorus among treatments and years is accounted for by
the two independent variables in variety Keauhou. In variety Kakea the percentage
is about 92.

Although the above relationship accounts for most of the variance in leaf
phosphorus over a 3-year period, it was observed that data for 1961 do not fit
these equations as well as do data for the oth er 2 years. Th is is thought related to
lack of full density and spread of canopy in 196 1, as indicated by the fact that
yields in three of the treatments ( B, C, and F ) were significantly lower than in
the other treatments. For a relationship accounting for leaf phosphorus values of
trees in a more completely closed orchard, consideration should be confined to 1962

TA BLE 25. Simple cor relation coefficients and coefficients of determ ination for multiple
correlations of March leaf phosph oru s ( Lc) on pound s of phosph oru s applied
(P) and leaf phosph orus the pr evious March (Lp)-combined data : treatm ent
means for 1961 , 196 2, and 1963

SOU RCE OF
COEFFICIENT OF COEFF ICIE NT OF

CO RRE LATION DETERM IN AT ION
VARIAT ION

( r ) ( R " )

Keauhou

P .6 174
Lp .6673
Lp after P
P after Lp
P and LD .8843

Kakea

P .6285
Lp .737 1
Lp after P
P after Lp
P and Lp .9 167

F VALUE FOR
LAST FACTO R

ADDED I

65 .23
56.9 3

93.90
68 .30

SIGNIFI·
CANCE '

..
••....

..
••

1 Resu lts of F tests on reducti on o f error variance by addition o f the last factor .
2 Significance of simple co rrelation coe ff ic ients and o f F value s fo r multip le co rre lations .
* * Sig nifica nt at the 1 percent level.
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and 1963, when yields were similar in all treatments within each year (table 17) .
During these 2 years an additional factor which influenced leaf phosphorus values
was the amount of nitrogen app lied; i.e., treatment A had higher leaf phosphorus
values than E ( table 18 ) . Results of correlation and regression analysis based on
these observations are shown in table 26. In Keauhou, nit rogen application con
tributed significantly in accounting for leaf phosphorus variance, and about 97
percent of the variance among treatments and years is attributable to the three
factors: phosphorus applied, previous leaf phosphorus, and nitrogen applied. In
Kakea, the influence of nitrogen application was not statistically significant at the
5 percent level, but 94 percent of the variance is accounted for when nit rogen is
included. When the data for both varieties are combined the effect of nit rogen is
significant and about 94 percent of the variance is accounted for. Th e aoplicabilit y
of these equations is somewhat hypothetical because in this experiment nitr ogen

TABLE 26. Facto rs correlated with Ma rch leaf phosphorus (Lc ) in 1962 and 1963

IND EP EN DEN T
VARIA IlLES

CO EFFICIENT O F
CORRELATIO N

( r )

COEFFICIENT
OF DET ER
M INATION
( r" or R2)

F VALU E FOR
REDUCTI ON IN
UNACCOUNTED
FOR VARIAN CE

BY T IlE LAST
FACTOR I NCLUD ED

SIGN IF I
CANCE

K eaubou

Pou nds P (P )
Leaf P, year

previous (Lp )
Pounds N (N )
P,Lp
P, Lp. N

.8093

.6 115
- .7693

.6550

.3740

.59 19

.9070

.971 I
51.60
17.78

Kakea

P
Lp
N
P,Lp
P, Lp, N

.7860

.7142
-.6725

.6 179

.510 1

.4523

.92 85

.94 12
39.0 1

1.72 n.s.

Both varieties combined

67.73
10.67

.62 62

.445 3

.5 122

.9 135

.943 6

.79 14

.6673
- .7 157

P
Lp
N
P, Lp
p . Lp, N

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

Equations : Keauh ou Lc = .I 202 + .02 09 P + .28 88 Lp - .023 2 N
Kakea Lc = .0576 + .0 199 P + .471 1 Lp - .0099 N
Both varieties Lc = .0825 + .02 06 P + .39 75 Lp - .0 154 N

" Significant at the 5 percent level.
Significant at the I percent level.

n .s. : Not sig nificant,
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was varied only at the highest phosphorus level. Whether nitrogen would have a
similar effect when moderate amounts of phosphorus are supplied remains open
to question. However, the possibility is suggested that relatively littl e phosphorus
may be required to maintain a closed orchard at adequate nutrition when relatively
small amounts of nitrogen are applied.

Experiment 3-Trees of Ika ika
In one field at Keaau Orchard a relatively pur e stand of lkaika was planted in

Apri l 1954 . N early 3 years later a portion of this field was allotted to a phosphorus
experiment, This experiment consisted of five randomized blocks of four treat
ments, with three trees in each rrearmenr plot. In all treatment s phosphorus
applications were altered at frequent intervals with the objective of establishing
and maintainin g differentia ls in grow th rate, yield, and leaf phosphorus values.
Differenti al applications were begun on February 20, 1957 and continued into
1965. Amounts of nutr ient elements applied each year are shown in table 27. Du r
ing the early years of the exper iment the trees occupied a small port ion of the
total area. By 1962, trees in the higher ph osphorus treatments were approaching
canopy closure, and in 1964, closure was approaching completion throughout the
field.

TABL E 27. Nu trient elements supplied in Experi ment 31

T REAT-
1957 1958 1959 1960 196 1 196 2 196 3 1964

MENT

Pounds P applied per tree

I 0.00 0.05 0.15 0.3 1 0.58 0.39 0.39 0.36
2 0.0 3 0.10 0.30 (UO 1.28 1.07 1.07 O.5S2

3 0.06 0.20 0.54 1.40 1.94 2.32 2.13 0.65 2

4 0.11 0.30 0.93 2. 10 3.68 4.75 4.26 1.16 2

Fertilizer eleme nts appli ed to all trees (pollnds per tree )

N 0.28 0.52 1.28 2.52 2.96 2.10 1.89 1.52
K 0.28 0.60 1.12 1.92 3.04 2.62 3.49 2.73
Mg 0.10 0.56 0.88 1.08 1.24 1.05 1.05 0.26 "

1 Four applications were made at y-mo n th intervals each year except as noted for 1964 . Carriers used were
superpho sp hate (9 .7% P) , ammo n ium sulf ate (21 % N ) . pot assium sulfate (4 3.6% K) . and magn esium
sulfate (1 7.5% Mg).

2 In 1964 most or a ll of the phos pho rus was supplied in th e first appl icatio n of th e year to treatm ents 2. 3.
and 4 . Febru ary app lications were : 0 .29 Ib in treat ment 2. 0.58 Ib in trea tme nt 3. and 1.1 6 Ib in t reat
ment 4.

~ Magn esium appl ications were dis contin ued after February 1964 .

Scope. Th e ranges in tree size, growth rate, phosphorus nutrition, and yield
represented dur ing the course of th is experiment are depicted in figure 12, where
data for the highest and lowest phosphorus treatment s are plotted. Durin g the
course of the experiment the Trunk Size Index increased from 21 to 330 in the
high phosphorus treatment ( representing an increase in diameter from approxi-
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FIGURE 12. Scope of Experiment 3 as illustrated by the lowest ( .) and highest ( 0)
phosphorus treatments.
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mately 1.8 inches to 7.2 inches ) . The range of observa tions covers periods when
the trees were too young to bear nut s to a point approaching maximum yield.

Tru nl: growth and Tru nl: Size Index. Circ umference grow th rates, calculated
on a semiannual basis, showed seasonal fluctuations as well as a general downward
trend after 1958 ( figure 12 ) . In the high phosphorus treatm ent relativel y low
growth rates during the early part of the year were frequently compensated for by
higher rates later in the year. Responses to ph osphorus treatment were found more
frequently during the second half of the year than dur ing the first half . Circum
ference grow th rates for all trea tments during each int erval are shown in table 28.
In none of the first three inte rvals were differences among treatme nts statistically
significant, although the rate in treatment 4 was higher than in treatm ent 1 in
each interval. Significant responses to ph osphoru s treatments were obtained in
each interval of 1959 and dur ing the second int ervals of 1960 and 1961. T hereafter
the only significant differences among treatm ent s appear as negative responses to

higher phosph orus treatm ent s. T hese were found in the first inte rvals of 1963 and
1964.

T he Trunk Size Index increased at a remarkably uniform rate in treatm ent 4
throughout the experiment, in contras t to the genera l downward trend in circum
ference gro wth rat e (figure 12 ). Tr ees of trea tment 1 showed a slow rate of
increase in T runk Size Ind ex from 1958 through 1962, but in 1963 and 1964 the
increase in this treatm ent was slightly greater than in treatm ent 4. Mean values
for T runk Size Ind exes of all four treatments are shown in table 29. From these
data it is seen that trunks of treatm ent 4 were significantly larger than those of
trea tment 1 by the end of 1960. By Decemb er 1961, treatm ent s 3 and 4 each had
higher values than treatm ent 1, and by the end of 1962, treatm ent 1 had signifi
cantly smaller trunks than any of the other thr ee treatm ent s. In the 2 subsequent
years, however, none of the differences between treatm ent s was significant . Th e
high er gro wth rate in trea tment 1 in 1963 and 1964 resulted in trunk sizes in
this treatment approaching those of the ot her trea tments by the end of 1964.

Yield. Significant effects of ph osphorus treatm ents upon yield were found each
year after nut prod uction became sufficient to warrant harvest (figure 12 and table
30 ). In 1959, treatm ent 4 had significant ly higher yield than any of the other
treatments. In 1960, yield in treatm ent 4 was superior to that in treatments 1 or 2,
and treatm ent 3 yielded significantly more than treatment 1. In 1961 each incre 
ment of phosphorus resulted in a significant increase in yield. In 1962 th rough
1964, treat ment 1 had significantly lower yields than other treatments . Oth er di f
ferences were not signi ficant during this per iod.

As in the previous experiments, comparison of yields ad justed for T runk Size
Index provides for some refinement as well as some assessment of the more direct
effect of ph osphorus on yield as distingu ished from the long-term , ind irect effect
brought about by the larger size of trees in the higher ph osphorus treatme nts. Ad
justed yields for 1960 were significantly higher in treatm ent 4 than in treatm ent 3.
Treatment 3 was significantly higher than treatm ent 1 or 2. Adju sted yields for
1961 show a narrower range among treatm ents than do the unadjusted yields, but
even after adjustment each increment of phosphorus gave a significant yield re-
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T A B L E 30. Yield data for Exper iment 3 (pounds of husked nut s per tree ) I

YEAR OF H A RVEST
TREATMENT

53

1959 1960 1961 196 2 196 3 1964

Unadjus ted means

I 3.9" 12.3' 16.1" 32 .5" 37.3" 6 1.6"
2 3.7" 14.5'''' 25.H' 49 .0" 64 .7' 107.4"
3 3.H" 19.5"" 37 .6" 52.6" 69 .2" 102.0"
4 5.9" 24.4" 47.6" 57.6" 75.4" 97.9"

LSD 5%' I.H6 5.52 9.35 12.29 14.0 8 20.3 9
1% 2.6 1 7.74 13.12 17.24 19.74 28.60

Means a,l justed for T runk Size Index

1 3.9"" 14K 20.6" 40.9" 48. 1" 76.5"
2 .3.8" 15.2" 26.9' 4H.4"" 6 1.1" 100 .5"
3 3.8" 18.6" 36.0" 50.2" 67.5" 100.7"
4 5.W' 22.2" 43.2" 52.2" 69 .9" 9 1.4"

LSD 5% 1.98 .3.06 5.79 8.67 11.33 13.17
1% 2.79 4.32 8.17 12.24 15.99 18.59

1 Sta t ist ira I symbols as in tab le .1,

spo nse. Adjusted yields ind icate that adequate ph osphorus nutriti on was approached
or achieved in treatm ents 2, 3, and 4 by 1962 and maintaine d in these treatment s
in 1963 and 1964.

Nutrient elem ent content of leaves. Phosphorus concentrations in leaves sam
pled in March are shown for treatments I and 4 in figure 12 and for all treatm ents
in table 31. In 1958 and 1959, March leaf phosphorus values did not differ signifi
cantly among treatm ents. By 1960, significant differences were evident . Larger
differen ces were achieved and maintained in subsequent years. In 1964, leaf phos
phorus values in treat ment 4 became very high.

T he potassium appl ied in thi s experiment ( table 27) was adequate to maintain
leaf concent rations of this clement above 0.40 percent of the dry weight through 
out . At no time did the phosphorus treat ments affect leaf pot assium values
significantly.

All trees were supplied with significant amounts of magnesium through 1963
( table 27) . The accumulation of th is element in the leaves was significantly
increased by the higher phosphorus treatm ent s (table 32 ) . Th e sampl es collected
in March 1962 were the first to show th is effect decisively. This difference was
maint ained in samp les of subsequent years. Th e significant responses in leaf con
tent of magnesium were confined to the highest two phosphorus treatments.

Th e treatments also had significant effects on the calcium concentrations of the
leaf samp les (table 32). Th e result s for 1962 migh t be accounted for by the cal
cium content of the superphosphate used to implement the phosphorus differen-
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rials, since higher leaf calcium values resulted from high ph osphorus treatm ents.
Cur iously, in 1965, leaf calcium in treatm ent 4 fell significantly below the value
for treatment 2.

TAIlLE 3 1. Leaf p hos pho rus conce n trat ions in Exp eri me nt 3 ( percent of dry matt e r ) '

TREAT-
195R 1959 1960 1961 196 2 196 3 1964 196 5M ENT

IHarch samples

I .065 .065 .063' .055 ' .072 ' .06H" .065" .056'
2 .064 .063 .069'" .065'''' .080" .073" .086 ' .062"
3 .068 .067 .071" .(ll 5" . [ 14" .13 1" .157" .128"
4 .071 .073 .088" .087" .14 5" .2'02" .258" .209"

LSD 5% ' n .s. n.s. .0089 .0 120 .0224 .0266 .037 .034
1% .0 124 .0 169 .03 14 .0373 .053 .047

l un e samples

I .051r, .047" .046" .048" .066 ' .061'
2 .050" .049" .050" .057" .072' .069"
3 .052" .049" .059" .059" .105" .142"
4 .058" .054 " .064" .071" . 137" .203"

LSD 5% .002 5 .0042 .0059 .0 116 .0289 .0244
1% .0034 .005H .0083 .0162 .0406 .0.343

1 Statistica l symho ls as in table 3.

TABLE 32. Magn esium and calc ium concentra tio ns in Mar ch leaves in Ex pe rime nt 3 '

TREAT-
1958 1959 1960 1961 196 2 196 3 1964 1965MEN T

i'vlaKtl esitllll

I .094 .088 .OH2 .082 .(ll 5"e .097" .067' 0.067"
2 .07R .OSO .076 .075 .074' .095" .07 1'" 0.071b

3 .099 .079 .OS3 .080 .085" .115" .084"" 0.092"
4 .OS2 .OS7 .074 .OSO .096" .116" .093" 0.097"

LSD 5%' n.s. n .s. n.s. n.s. .010 1 .0 156 .0 148 O.0 12R
1% .0 141 .02lS .0207 0.0179

Calcium

I .60 .60 .54 .46 .44" .67 .60" 0.82'
2 .53 .6 1 .45 .49 .52"" .H 3 .78"" 1.12"
3 .64 .54 .56 .55 .62" .S2 .H4" 1.08' "
4 .4H .63 AH .60 .66" .S7 .70' " 0.85""

LSD 5% n.s. n.s, n.s, n .s. .164 n .s. .178 0.224

I Stati stica l symbo ls as in table 3.
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12.809 - 148.90 L for 1960.

20.02 1 - 261.04 L for 1959, and

Observations Oil symptoms and orchard closure. In this experiment no leaf
color symptoms indic ative of ph osphorus deficiency could be discerned on the low
ph osphorus trees. During most of the experiment , trees of treatment 1 appeared
dark green and generally health y although the density of the foliage and bearing
branches was less in th is treatment than in others by the fall of 1960. In May 1962
it was observed that the terminal stem of 1 tree, out of 15 in treatment 1, was dead
and that all trees of this treatment had an open appearance due to loss of leaves
from the upper branches and paucity of secondary vegetative and fruiting branches.
Based on estimates of dista nces between adjacent trees, the ground area covered
by the canopy of these trees averaged about 200 square feet at th is time as com
pared to about 400-square-foot coverage per tree in treatment 4. Hence, it is evi
dent that the total area occup ied by low ph osphorus trees was much less in pro
portion to high ph osphorus trees than would be indicated by comparison of th e
Trunk Size Indexes (figure 12 ). In January 1965, branches of adjacent trees of
treatments 2, 3, and 4 were touching or intertwined in many cases, but an average
space of about 5 feet remained between adjacent trees of treatment 1. From these
observations the ground areas covered were about 490 square feet per tree in treat
ments 2, 3, and 4 and about 3I S square feet in treatment 1, based on circular areas
having 25- and 20-foot diameters, respectively.

During 1964 a number of trees in treatment 4 developed chlorotic leaves. In a
few cases this chlorosis became severe and was accompa nied by margina l burn and
defoliation. Leaves from a tree showing the most severe symptoms were samp led
separately in March 1964. This sample had a very high ph osphorus content ( 0.324
percent of the dry weight ), was abnormally high in potassium , and low in calcium .

Relationship of growth rate to leaf phosphorus. From figure 12 it is seen that
rate of circumference growth responded to phosphorus treatment to the greatest
extent in 1959 and 1960. Grow th rate was signi ficantl y correlated wi th leaf pho s
phorus both years, but only in 1960 was the relationship significantly curvilinear
( table 33) . Tn both years a large proportion of varia nce in circumference grow th
rate rema ins unaccounted for, yet it may not be enti rely coincidental that the inflec
tion points of the polynomial curves for the two years are similar. Hence, the equa
tions repr esent ing the least squares fit of the second degree polynomials are :

e = - 0.564 + 20.02 1 L - 130.52 L2 for 1959, and e = - 0.383 + 12.809 L - 74.46
F for 1960, where:

e = circumference growth rate in mm per day
L = phosphorus concent ration in leaves sampled in March

T he derivatives of these are :

g~

dL
de
-df

On solving for L at ~f = 0, L = 0.077 percent P 111 1959 and 0.086 percent P

in 1960. If this type of curve truly described the relationship, these phosphorus
values would represent the point where growth rate ceases to increase with increas-
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TABL E 33 . Relat ionship betwee n circumference gro wth rate and leaf phosph oru s
in Experim ent 3

Circumfe rence g ro wr.i rate as depende nt var iable, leaf ph osph o rus and its second
degr ee po lyno mial as independent factor

COEFFICIENTS OF :

1Y PE OF
CORRELATI ON

Linear
Curvilinea r

Linear
Curvilinear

Corre lation
(r )

1959

.4457'

1%0

.4657 '

Determi nati on
( r2 or R2)

.2077

.2448

.2169

.3868

F VAL U E FO R TEST
OF CU RVILI N EA RIIT

1.04 n.s.

4.71 •

* Significan t at the ') pe rcen t level.
II . S . : N o t significant.

ing leaf phosphorus values. Considering the limited range of growth and phos
phoru s values represented by these data and the relatively large proportion of vari
ance in growth rate not accounted for, these inflection po ints are in excellent agree
ment. Th ey are also consistent with the results for Keauhou in Experiment 1.

Relationships of yield to leaf pbospborus and Trunk Size Index. In figure 13
are plot ted the ad justed yield data of table 30 against the leaf phosphorus data of
table 3 1. W ithin the lim .red ranges of leaf phosphorus values encountered in 1960
and 1961 the relationships appear linear. However, the plots for 1962 through
1964 clearly indicate adequate phosphoru s for maximum yield in two or thr ee of
the treatments each year. For these 3 years the minimum leaf phosphoru s asso
ciated with maximum adjusted yield appears to lie between 0.075 and 0.100 percent
phosphorus.

Th e yields shown in figur e 13 and table 30 have been adjusted for regression
on tru nk sze for all treatments with in each year. In these regressions are included
yields from trees suffering from phosph orus deficiency. As was the case in Experi 
ment 2, it is to be expected that with in the range of phosphorus deficiency the
regression of yield on trunk size will be somewhat mu ted. Hence, if we select only
those plots in the adequate range of phosphorus nutriti on, perhaps the separate
effect of trunk size on yield can be defined more precisely. It will also be of interest
to see whether the effect of size index on yield is the same each year. With the indi 
cations shown in figure 13 in min d, treatment plots were selected on the basis of
leaf phosphorus values: only those plots with leaf phosphorus values in excess of
0.085 were included . Th e choice of this part icular value is somewhat arbitrary,
but it falls within the range indicated by figure 13 and has the additional advantage
of including a number of treatment plots in each of the years from 1962 through
1964. Linear regressions of yield on Trunk Size Ind ex are shown in figur e 14.
Coefficients of correlation determinat ion, and regression are shown in table 34
with results of a comparison of the regressions by covariance. A high proportion
of the variance in yield was accounted for by the T runk Size Ind ex each year. Th e
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in Ikaika.

regression coeffic ients did not differ signifi cantly among years, bur there was a
significant difference among elevations of the regression lines, 1964 having a highe r
yield after adjusting for trunk size than the other 2 years. Hence, although much
of the variance in yield among years can be accounted for by trunk size, there was
some other factor contributing to yield which was associated with nur production
in 1964.

The above regressions, it is recalled, were determined after elimin atin g the
treatment plots having leaf phosphorus values of 0.085 or less. However, if these
regressions are now used to determine a yield value for all treatment plots each
year, this value should represent the potential yield, which would have been atta in
able had phosphorus been adequate in each plot. A good estimate of the effect of
phosphoru s per Je on yield is then atta ined by determining the percentage of thi s
potential yield represented by actual yield in each plot. Results of these calculations
are plotted in figure 15 and fitted with a freehand curve. The index of determina
tion for this curve ( i~) is 0.5922. From this relat ionship a leaf phosphorus value
of about 0.09 or above is indicated for close approach to potenti al yield.
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FIGURE 14. Regr ession Jines of yield on T runk Size Ind ex 10 adeq uate ph osph oru s range
for lkaika.

TABLE 34. Results of corre lation, regr ession, and covaria nce an alysis of yield on T ru nk Size
Index for plots havin g leaf ph osph orus values above 0.085 in Exper im ent 3

Number of treatment plots ( n)
Correla tion coefficient ( r ) 1

Coefficient of determinations ( r")
Regression coefficient ( b) 2

Intercept ( a)
Adj usted means (lb husked nuts per trec) "

1962

10
0.9116 "
0.8310
0.4350

- 35.7
72.7"

1963

10
0.8887 ' •
0.7897
0.3531

- 16.6
73.4"

1964

13
0.8833 ' •
0.7802
0.3763
9.3

86.4"

1 Cor re la tio n coeffi cie nt required for sig nificance at 1 percent level : at R degre es of freedom ( 1962 and
1903) .0 .765; a t 11 degrees of freed om (1961 ) , 0.684 .

:I Differences amon g regress ion coeff ic ien ts not sign ificant (F < 1.0 ).
:I LSD for ad jus ted mean s at I perce nt level = to .HI).
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Factors related to leaf phosphorlts. Coefficients of correlation, determin at ion,
and regression of leaf phosphorus on Relative Rate of Phosph orus Application are
shown in table 35, and the regression line for each year is shown in figure 16.
Comparisons by covariance showed differences among regression coefficients to be
not significant for 1959 through 196 1. In 1962 through 1961, regression coefIi-
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FIGURE l 6. Reg ressions of Ma rch leaf phosphor us valu es on the Relat ive Rate of Phosph oru s
Appl icati on ( A ) . Th e range of A values for each year is denoted by the ends of the lin es.
Solid lines are for leaf phospho rus values in 1959 ( ') , 1960 ( 0), 1961 ( x) , 1962 ( ,0,),
1963 (D) , 1964 (' I'). On e addi tional solid line (181) denotes pooled observations for treat
ments 1 and 2 for 1962 and 1963 and for treatm ent 1 in 1964. T he central brok en line
denotes total reg ression for 19 59, 1960 , and 1961. The limiting brok en lines show limits at
the 5 percent level for predicting an individu al event in 1959, 1960, or 1961 .
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cients increased signi ficantly each year. Hence, it ap pears that for relati vely young
trees, leaf ph osph oru s is reasonably well defined by relat ive app licat ion rate but
that as canopy closure approaches, as was the case for the high ph osph orus treat
ments in 1962 (see p. 55), other factors must be considered. Accordingly, young
trees and trees approachi ng closure are treated separa tely. T he line for tota l regres
sion of leaf ph osph orus on relative applicat ion rate for 1959 th rough 1961 is show n
as the broken line in figu re 16, with limits at the 5 percent level for predicting an
individual event show n as the broken lines. Also shown is a regression for pooled
observations of trea tments 1 and 2 in 1962 and 1963 and for treatment 1 in 1964.
As ind icated above, these trees had nor ap proac hed canopy closure at the times
speci fied. Th e regression line for these poo led observations falls within the lim its
based on the 1959 to 1961 tota l regression. The tota l regression for 1959 to 1961
shows that a Relative Rate of Phos phorus App lication of about 1.6 is requ ired to
assure that 50 percent of the three-tree plots will have leaf phosp horus values of
0.080 or above. To assure this leaf phosp horus value for 95 percent of such plots
would require a relative app lication rate of about 2.6, although this is actua lly
beyond the range of the observations on wh ich this regression is based.

Among trees ap proac hi ng canopy closure the variatio ns in leaf phosphoru s
among trea tments and years ( Lc) can be related to the leaf phosphorus content
the previous year (L p ) and the poun ds of phosphorus app lied duri ng the year pre
vious to samp ling ( P) . Means for treatments 3 and 4 in 1962, 1963, and 1964 and
for 2, 3, and 4 in 1965 were used ( n = 9). Resu lts of corre latio n analysis of
these facto rs are show n in table 36. About 96 percent of the varia nce in leaf ph os
phorus amo ng the treatment means of high phosphorus treatments in 1962, 1963,
1964. and 1965 are accounted for. T he multiple regression eq uatio n is Lc = 0.0243
P + 0.6984 Lp, Pa rt ial regre ssions for thi s relationship are show n in figure 17. T his
appears to be a usefu l equation for predicting leaf phosp horus values in the adequate
range . Hence. the data fit well for 1965 when the range in P was small and the
do minant variable was Lp, T he fit is also reasonably good for 1962 and 1963 when
the range in Lp was sma ll and the domi nant variable was P. According to this
relat ionshi p. 0.9 pound phosphorus is required to ma intain the leaf r-l-osphorus
value at 0.08 percent, from 1 year to the next after canopy closure is a"ntoached.
For 0.10 percent phosphorus. 1.2 pounds of phosp horus wou ld be requ ired.

T ABLE 36. Correlation and regression analysi s of factors affecting leaf ph osp horus in
Ika ika trees approaching canopy closure

IN DEPEND ENT
VARIABLES

COEFFICIENTS O F :

Correlatio n1 Determination
( ror R ) ( r2 or R 2

)

r VALUE FOR REDUCTION IN UN
ACCOUNTED FO R VARIANCE By : 2

Lp P

Lp
P
Lp, P

.7473 •

.63 76

.9806

.5585

.4065

.9615 86.60 ' • 62.88' •

1 Co rrelat io n coe ffic ient requir ed fo r 5 percent s ign ificance: 0 .666 at 7 degrees of Irccdom .
2 F value req uired for 1 percent sig ni ficance : 13.78 .
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DISCUSSION

In leaves of man y trees the int ern al flux of eleme nts is at a minimum during a
peri od between a leaf age of 3 to 6 months (18, 21) . For macadamia, phosphorus
concentra tions were high er in March leaves, at about 3 months of age, than in
June leaves, at abo ut 6 months of age, when phosph oru s supp ly was low or mod
era te. When leaf phospho rus values were in the vicin ity of 0.20 percent or above,
June leaves had values as high or high er than March leaves ( Kea uhou and Kakea in
1962, table 18, and Ikaika in 196 3, table 31). In these latter cases ph osphoru s
supply was probably excess ive as ind icated by chloros is and marg inal burn of
young leaves on some trees. Decreases in leaf p hosphorus values betw een March
and J line at low and moderat e phosphorus supp ly are p rob ably du e to some with
drawal of ph osph oru s and movement into the develop ing flush of grow th ter mi nal
to the whorl sampled. Leaf ph osph oru s values for March, obtai ned pr ior to thi s
growth flush, serve as a bett er ph osph oru s index, since more of the variance in
growth rate can be related to the March values ( table 10 ) .

It seems appropriate to conside r leaf ph osph oru s va lues to be relat ed to growth
and yield responses indirec tly, the direct cause of all respo nses bein g rate of ph os
phoru s supply. T hat this is a correct interp retati on is suggested by th e relat ively
high yield in tr eatment B of Experime nt 2 in 1961 (figure 6) coincide nt wi th sub
opti ma l March leaf ph osph oru s values. Here it appea rs that yields were im proved
by heavy phosph oru s app licatio ns early in the same year, even when applied tOO
late to influence March leaf ph osph oru s values. It appea rs, then, that leaf phos
phorus values are mos t useful as an ind ex of ph osph orus status of the tree wh en
ph osphorus is bein g ap p lied at a relativel y uniform ra te.

The critica l range of leaf ph osph oru s for growth of young trees is similar to
that for yield of bearing trees (compa re figures 3, 11, and 15 ) . T he critica l range
of 0.08 to 0.10 percent ph osph oru s is similar for each of the three varieties of
macadami a stud ied here and similar to cr it ical valu es for cit rus and tung leaves (17).

The factor s wh ich influ ence leaf ph osph oru s values in March change with
chang ing stages of development of the orchard. As long as the trees are well sepa
rated from each ot her, reaso nably consiste nt relation ships are found betw een the
leaf ph osph or us values and the Relati ve Rate of Ph osph oru s Applicati on-defined
as the ra tio of ph osph oru s applied to the sq uare of the circumference- ( rabies II
and 35; figures 5 and 16 ). A rati onale for rh is relationsh ip lies in the assumptio n
that the ground area occupied by the roots of each tree increases in p roportion to
the cross-sec t iona l area of the tru nk until roots of neighboring trees ap proach each
other. If th is is tru e a given Relative Rate of Ph osph oru s Appl icati on rep resents a
specific amount of ph osph oru s per unit of ground area to whi ch it is annlied, As
orchard closure is ap proached the increase in area occup ied ceases to be sign ifi
cant, bu t the initial ph osph oru s status at the beginning of the year becom es an
impo rta nt factor ( tables 25 and 36 ) .

The influ ence of large ni trogen ap plicat ions in red ucing leaf ph osph or us values
in Experiment 2 (table 18 ) may have an important bearing on the nhosphorus
requirem ents of macadami a. D epression of leaf ph osph oru s values resulting from
an increase in nitrogen sup ply has been reported for many plants (2 1), H owever.
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in a number of such cases ( I l , 16, 22) increments in nitrogen supply have been
associated with large respon ses in growth or yield. In such cases lower leaf phos
phorus values in plant s receiving high nitrogen treatm ents may not be the result
of less phosphorus absorption, but due to greater dilution by more growth. Another
feature which all thr ee of the above-cited studies showed was a depression of leaf
potassium as well as phosphoru s. Th e result s of Experiment 2 appear distin ct from
this type of leaf phosphorus response to nitrogen supply, since the effect was not
accompanied by increment s in gro wth or yield, nor was leaf pot assium redu ced.

Rate of trunk growth responds to ph osphorus only in the relat ively early stages
of tree developm ent. Aft er youn g trees of Keauhou were given differenti al phos
phorus treatments for several years, differences among treatment s in trunk size
became large, so the validi ty of comparing rates of trunk growth among treatm ents
becomes qu estionable (e.g., Experiment I in 1960-figur e 1) . However, in the
latt er stages of Experiment 3 the range in trunk size among treatm ents was not
great, yet large increment s in phosphoru s supply were ineffect ive in increasing
trunk grow th rate in 1961, 1962, and 1963 while responses in nut production were
large (fig ure 12; table 30) . In Experime nt 2, where bearing trees were initially
similar in size, no positive response in rate of trunk gro wth was found . Branch
growth and development shows respo nse to phosphorus in young trees ( table 5),
and in bearin g trees as well ( figure 7). Bearing trees moderately deficient in phos
phorus show visible responses similar to those reported for phosphorus-deficient
orange trees (9) . In terms of total vegetative growth, trees appear to respond to

phosphorus at all stages, although of the qu antitativ e dara obtained in the experi
ment s report ed here the most conspicuous respo nse of bearing trees is in produ ction
of nut s.

W ith trees initially deficient in phosphoru s, significant yield responses to high
rates of application were obtained rather qui ckly. Specifically in Expe riment 2,
yields of 1959 were significantly increased in treatm ents A, D , and E as a result of
applications beginn ing in Jul y 1958 (tables 12 and 15; figur e 6) . Hi gh rates of
application in treatm ent B begun in Febru ary 1961 appear to have been the reason
for the large increase in 1961 yield over 1960 yield in this treatm ent. However,
it appears that at least 2 years of high phosphorus treatm ent are requ ired to fully
correct the effects of phosphorus deficiency on yield. Hence in tr eatm ent s A, D ,
and E, yields of 90 pounds per tree were nor attai ned until 196 1 as a result of
high rates begun in Jul y 1958. It appears to be impossible to hasten this process
by apo lying even larger amounts of phosphoru s. Thus, 1960 yields in treatm ent s
A and E were not significant ly higher than those for trea tment D , although the
form er two treatments had received a tota l of 7 pounds of phosphorus per tree
from July 1958 through April 1960, and treatment D, 4.6 pound s during this
period. Th e increase in response after the second year of phosphoru s treatment
may reflect the proliferation of bearin g branches taking place during the first year
of treatment.

When phosphorus is adequate the relat ionship of yield to the Trunk Size Ind ex
appears to be a linear one from early bearin g to essenti ally complete canopy closure
( figure 10 ). Aft er the branches of adjacent trees become intertwined the variance
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in yield becomes less related to the Trunk Size Index. H ere it appears, light be
comes a limiting factor for yield. Th is is suggested by the lower correlation and
regression coefficients of yield on Trunk Size Ind ex in Keauh ou for 1962 and 1963,
when all trees had adequate phosphorus, than coefficients for previous years when
some of the trees were still deficient in ph osphorus. The coefficients of table 22
are all for trees having adequate leaf phosphorus values, but because these trees
were randomized in the orchard with low ph osphoru s trees havin g less foliar
density, the high phosphorus trees had access to more ligh t in years pri or to 1962
than in subsequent years. Th e 1962 coefficients for Kakea were not lowered as
much as were those for Keauh ou ( table 22 ) . This may be related to the fact that
one of the two trees in each plot of Kakea was exposed to a field road on one side.
Hence, ligh t may not have been so limiting for this variety. Correlation and regres
sion coefficients of yield on trunk size remained high for Ikaika in 1964 (table
34) . Here, although there was int ertwining among branches of trees in the high
phosphorus treatment s, these th ree-tree plots were interspersed with low phos
phorus plots where the trees were not occupying all of the above-g round area and
had lower foliar density.

Exceptionally high yields of lkai ka trees in ]964 ( table 34; figur e ]4), not
accounta ble for in terms of trunk size and phosphorus status, must have climato
logical origins. It is not evident what factors were involved, alth ough rainfall was
heavier than norm al during the first 3 months of ]964.

Low rain fall during the first 3 months of 1958 appears responsible for lower
March leaf phosphorus values relative to phosphorus supply that year ( table 11;
figur e 5) .

Alth ough the annual rainfa ll at Keaau usually exceeds 100 inches per year,
lack of rainfall for even a few weeks can result in drought effects, owing to the
very porous natu re and low moistur e-holdin g capacity of the substrate. Our semi
annual measurement s of trunk circumference may not have been made with suf
ficient frequency to detect reductions in gro wth rate which migh t have resulted
from 1 to 3 months of low rainfall. It appea rs that low growth rates in one 6-month
period are frequently compensated for by higher rates in subsequent per iods. T he
tendency for higher growth rates of Ikaik a du ring the second half of several years
( figure ]2; table 28) sugges ts an influence of temperature on trunk growth, since
more high -temperature months are included in the per iod from June to December
than in the earlier half of the year. However, thi s tendency was not found every
year, and with young Keauhou trees, was evident only in 1958 ( figure 1 ) . T he
fluctuations between early and late year trunk grow th rate, which were evide nt
in Ikaik a in 1961, ]962, and 1963, toget her with the fact that such fluctuations
were generally lacking pri or to significant bearin g in both lk aika and Keauhou
suggest a relationship to the flower ing and fru it ing cycle.

Growth rates early in the year are coincident with periods of flowering and
early frui t deve lopment; whereas, the second growth period each year includes the
months of maxim um oil format ion in the embryos (13).

Large applications of superphosp hate resulted in increased concent rat ions of
magnesium in the leaves of Kakea (table 21) and Ikaika ( table 32) . This effect
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was less decisive in Keauhou. In Ikaika, leaf calcium values were also increased
significantly. Similar results have been obtained from application of trebl e super 
phosphate to citrus (8) and avocado (7). The calcium contai ned in the superphos
phate carriers is doubtless responsible for the increases in leaf calcium observed,
but the mechanism responsible for the leaf magn esium response is not clear. Smith
(2 1) evidently considers this type of response a case of synergism, and attributes
the magnesium response to the calcium supplied in the phosphate carrier. Shear
et at. (19) grew young tung trees in sand culture at three levels each of calcium,
magnesium, and potass ium in factorial combination. Calcium supply was found to
increase leaf magnesium values only at the lowest potassium level. At adequate
potassium levels, calcium supply either had no effect on leaf magnesium values or
decreased them. In macadamia, the leaf magnesium responses to superphosphate
were found only after considerable growth and yield response to phosphorus had
occurred. In Kakea, leaf magnesium values cont inued to increase in leaves of high
phosphorus trees even dur ing a period when superphosphate was withh eld ( table
21, treatments A and E, 1963) . Furth ermor e, leaf magnesium was correlated with
total phosphorus supplied over several years rather than current rate of supply.
These observations suggest that the leaf magnesium response may be a reflection
of increased efficiency of absorp tion, perhaps resulting from a more extensive root
system developing in response to high phosphorus treatments.

APPLICATIONS

From experience with other tree crops (21) it seems likely that the critical leaf
phosphoru s range for growth and yield found in the experiments reported here
should apply to various climates and soils. Th e actual amounts of phosphorus which
must be applied to mainta in adequate leaf phosphorus values will doubtless vary
with locality, and be particularly influenced by the phosphorus-fixing capacity of
the soil. By use of the leaf phosphorus index, however, it should be possible to
determine amounts of ph osphorus required to maintain adequate phosphorus nutr i
tion of trees grown on variou s soils. Th e aa rockland substra te on which these
experiments were conducted probably represent s a minimum of phosphorus fixation.

Estimates of phosphorus requirements for trees of various sizes may be made
from the regression equat ions developed in the three exper iments reported here.
Table 37 shows estimates of requirements for maintain ing leaf phosphorus values
at 0.10 percent from 1 year to the next. Use of 0.10 percent provides for the
expectation that 95 percent or more three-tree plots will have March leaf phos
phorus values of 0.08 percent or above (figures 5 and 16 ) , a value above which
responses to additional phosphorus are unl ikely. Th ese estimates indicate that for
a period prio r to closure, when trees are about 4 inches in diameter, more phos
phorus is required per tree than later, after orchard closure is approached. Young
trees of Ikaika appear to requi re less phosphorus for maintenan ce than trees of
Keauhou. However, the estimates for Ikaika are based on extrapolation beyond
the limits of the observations. The estimates for the closed orchard, based on
results of Exper iment 2, indi cate relatively small amounts of phosphorus may be
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TA BL E 37 . Estimated qu anti tics of ph osph oru s required for maintenance of March leaf
ph osph oru s values at 0. 10 percent when trees are g rown on aa rockland and
spaced 25 feet X 25 feer

TREE SIZE

Di ameter Size
( inchcs) Ind ex

YOUNG TREES

Keauh ou 1 Ikaika"

AP PROACH ING
CLOSURE

Ikaika"

Pou nds P per tree per year

CLOS ED ORC HA RD

Keauh nu and Kakea'
4 Ib N 2 Ib N

I 6 0.2
2 25 0.9 0.7
3 57 2.0 1.6
4 102 2.9
5 159 1.2
6 229 1.2
7 312 1.2 1.9 0.4
H 408 1.9 0.4

1 A == 3.5 at Lc == n. I O, from total regression , tabl e 11.
2 A == 2.8 at Lc == 0 . 10, f rom total regression for 1<) ')<) through 19(11. table 3') ,
a From total reg ression eq uatio n, p . el2.
... From co mbined reg ressio n equat ion . table 26 .

required for maint enance when only 2 pounds of nitrogen are applied. It should
be emphasized, however, that the low nit rogen treatm ent in this experim ent was
confined to the high phosphorus level. Hence, the estimate of phosphorus requi red
at 2 pound s of nitrogen and a leaf phosphorus value of 0.100 percent is an extrap 
olation. Fur.her exper imentation will be requir ed to determine whether nitrogen
has this large an effect in the moderate phosphorus range. Nitrogen was not an
exper imental variable in the Ikaika expe riment, but it should be noted that nitr ogen
applications during the last 3 years of this experiment ranged between 1.52 and
2.10 pound s per tree per year. Yet the phosphorus requirement estimated for
these trees is 1.2 pound s per tree per year. Until more inform ation is available it
seems prudent to apply at least th is much phosphorus to all thre e varieties for
phosphorus maintenance in a closed orchard, even at low nit rogen rates.

Th e estimates of table 37 apply only to situations similar to Keaau Orchard
where aa rockland is the substra te and the spacing is 25 feet by 25 feet. Wi th
more space between trees it is to be expected that the amount of phosphorus re
qu ired will cont inue to increase in proportion to the area occupied until the trees
have reached a larger size and are approaching closure. However, it seems reason
able to expect that after closure is atta ined the amount of phosphorus required
per acre of orchard should be similar for various spacings.

Even for situa tions similar to Keaau Orchard the estimates of table 37 should
be used only as guidelines. For young, well-separated trees the regression coeffi
cients of tables 11 and 35 did not differ significantly from year to year in a statis
tical sense, bu t there were large enough differences among equations for separate
years to result in considerable variation in predictions made from them. Climatic
factors are doubtless involved in these variat ions, but these cannot be predicted
for any single year. T he recomm ended practice, th erefore, is use of table 37 in
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combination with annual leaf ph osph oru s analysis. Tru nk measurement s should be
made each year until closure is approached. From these data the best estimate of
the ph osphorus req uired can be made each year from the appropria te equations.

SUMMARY

Three phosphorus experiments are report ed involving three varieti es of maca
damia trees in various stages of orchard development on a subst rate of low fertility.
A leaf ph osphoru s index is established. The cr itica l range is similar for growth of
young trees and yield of bearing trees. All three var iet ies seem to have the same
critical range, one which is comparable to that for citrus and rung trees.

In young trees the rate of tru nk growth respond s to increment s of ph osphorus
supply. As trees reach the stage of significant production, ph osph oru s responses
are no longer reflected in tru nk growth, bur very large responses in nut production
are obt ain ed. Proliferation and growth of second ary branches are dependent upon
phosphorus nutriti on at all stages of development.

Leaf ph osphorus values are related to ph osphorus supply per uni t of cross
sectional trunk area up to the point where orch ard closure is approached. T here
after, trunk area loses sign ificance, bur previous ph osphoru s stat us assumes
import ance. Result s of one experiment indicate that ni trogen supply is also
important, since high rates of ni trogen applicat ion resul ted in reduced leaf ph os
phorus pe rcentages.

When ph osphorus nutr ition is adeq uate, yield has a linear relati onship to the
Trunk Size Index from stages of early bearin g until orchard closure is essentia lly
complete. At thi s po int it is sugges ted that ligh t becom es limiting with respect
to yield.

Hi gh rates of superphosphate app lication were found to increase concentra
tions of magnesium , and in some cases those of calcium in the leaves. Th ese effects
are discussed in rela tion to similar responses reported for citrus and avocado.

App lication of the resul ts to orchard practice is discussed.
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