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SYNOPSIS 

An investigation of the relationships between soil phos
phorus (P) levels, and foliar P levels and productivity of 40-
year-old radiata pine stands at Riverhead Forest showed that: 
(a) Productivity throughout the forest is limited by inade

quate available soil P. 
(b) Soil P extracted by some chemical soil tests is as closely 

related to productivity as is foliar P. 
(c) Soil chemical tests which remove readily exchangeable 

phosphate from the soil (Olsen, Bray No. 2 exchange 
resin) provide the best reflection of the soil P status for 
radiata pine. Tests for total P were suitable only when 
considered within groups of soils having similar proper
ties. 

INTRODUCTION 

The response of radiata pine (Pinus radiata, D. Don) to 
phosphatic fertilizers at Riverhead Forest is well documented 
(Weston, 1956, 1958; Conway, 1962; Will, 1965; Mead, 1968). 
A preliminary study on soil phosphorus (P) levels at River
head by Ballard (1969) showed that inadequate levels of ex
tractable inorganic phosphate in the topsoil appeared to be 
limiting the productivity of pine stands. This paper reports 
the results of an appraisal of different methods of estimating 
the P status of Riverhead soils. 

Plant tissue analysis and soil analysis are the two most com
mon methods of evaluating site nutrient status. In forestry, 
the emphasis has been on the use of tissue analysis, the 
diagnostic value of which has been reviewed and discussed 
in recent literature by Viro (1961), Tamm (1964), Qurestri 
and Srivastava (1966),, Raupach (1967) and Leaf (1968). The 
interpretation of tissue analysis results is based on the as
sumption that tissue concentrations reflect the soil nutrient 
status. However, luxury consumption, ion interaction, growth 
and translocation effects, and the varying influences of en
vironmental factors may invalidate such an assumption. Ley
ton and Armson (1955) suggest that difficulties of interpreta
tion resulting from luxury consumption and ion interaction 
could, to a certain extent, be avoided by extending the in-
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vestigation to cover a sufficiently wide range of conditions 
of growth to allow a statistical analysis of the relationship 
involved. Soil analysis has long been a standard procedure in 
agriculture, but a lack of proven techniques and standards 
for forestry work has discouraged forest soils researchers 
from using soil analysis diagnostically. The deep rooting habit 
of trees and their long rotation as crops introduce problems 
in selecting representative soil samples and devising tests 
which reflect the long-term supplying power of the soil. 

However, these problems are not insurmountable. 
Humphreys (1963) reported that P in the topsoil was the most 
important in meeting the P requirements of radiata pine. 
A preliminary study on the Riverhead soils gave a similar 
conclusion (Ballard, 1969). In Australia, Kessell and Stoate 
(1938), Young (1948), Hopkins (1960) and Humphreys (1964) 
have all reported total soil P levels as being suitable for 
delineating P-deficient areas for the growth of Pinus species, 
while in the U.S.A. Pawluk and Arneman (1961), Wilde et al. 
(1964a, b) , Pritchett and Llewellyn (1966) and Pritchett (1968) 
have found " available•" soil P levels to be suitable for this 
purpose. 

Details of Riverhead Forest locality data, soils, geology, and 
condition of the pine stands have been reported in previous 
publications (Weston, 1956, 1958; Ballard, 1969). 

METHODS 

General Approach 

The relationships among soil P levels (measured by a range 
of chemical extraction procedures), foliar P levels, and site 
productivity on 45 random assessment plots (1/lOth acre) 
growing 40-year-old radiata pine trees, were studied. Of these 
plots, 20 had been aerially topdressed with 5 cwt of super-
phospate in 1958-9 and 25 were unfertilized. 

Productivity Measurement 

Predominant mean height (p.m.h.) at 40 years of age was 
taken as the index of site productivity. This is defined as "the 
average of the heights to the green top of the tallest tree in 
each quarter of a tenth-acre plot". 

Sampling and Analysis of Foliage 

Foliage samples were collectd from two dominant and two 
co-dominant trees in each assessment plot (one from each 
quarter of the plot). Sampling was done in December, using 
the standard method of the Forest Research Institute, Rotorua 
(Will, 1965), to minimize variations in the mineral content 
arising from age and crown positional differences. Equal 
weights of the four foliage samples from each plot were 
bulked prior to analysis for P by the method outlined by 
Will (1957). 
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Sampling and Analysis of Soils 

Assessment plots were sampled at the 0 to 4 in. level using 
a 1 in. diameter, closed cylinder soil auger. Twenty cores 
were collected randomly from each plot and were bulked 
in the field. All soils were air-dried and passed through a 
2 mm sieve prior to analysis for "available" phosphate. Total 
P was determined on samples ground to pass through an 80 
mesh sieve. 

"Available" phosphate levels were determined by the Bray 
No. 2 method (Bray and Kurtz, 1945) as modified by Hanley 
(1965), the Truog method (Truog, 1930) as modified by Peech 
et al (1947), the Olsen method (Olsen et al, 1954), 2.5% v/v 
acetic acid (Williams et al, 1953), and Permuttit De-acidite 
F.F. anion exchange resin (Saunder and Metelerkamp, 1962). 
In addition, modified procedures for the Olsen and Truog 
methods were included to provide some measure of organic 
P, which may constitute a considerable portion of the poten
tially available P for perennial crops (Russell, 1961). The 
modified Truog procedure involved ignition of the soil at 
550° C for one hour, to convert organic P to inorganic phos
phate, prior to extraction by the standard Truog reagent. The 
modified Olsen procedure involved hypobromite oxidation 
of the organic P fraction extracted by the alkaline Olsen 
reagent (Van Diest and Black, 1959). Total P was extracted 
by Na2C03 fusion (Jackson, 1958). Phosphate in solution was 
determined colorimetrically by the ascorbic acid method 
(Watanabe and Olsen, 1965). Fluoride interference in the Bray 
No. 2 extracts was eliminated by use of boric acid (Kurtz, 
1942). 

RESULTS AND DISCUSSION 

Relationships between Site Productivity and Foliar P Levels 

There are highly significant statistical relationships between 
site productivity (p.m.h, at 40 years of age), and the P content 
of the foliage for both aerially fertilized (r = 0.87) and un
fertilized (r = 0.85) assessment plots (Fig. 1). Foliar P levels 
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FIG. 1: Relationship between site productivity and foliar phosphorus levels. 
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corresponding to an average growth at Riverhead (120 ft at 
40 years) are 0.10% and 0.12% for unfertilized and fertilized 
plots, respectively. The value for the unfertilized plots is in 
accord with the results obtained for radiata pine by other 
workers (Will, 1961, 1965; Raupach, 1967). It is interesting 
to note that in very few of the fertilized plots do the foliar 
levels equal or exceed the 0.10% level established as necessary 
for normal growth. This suggests that on most sites the ap
plication of 5 cwt of superphosphate is insufficient to main
tain an adequate supply of phosphate over a nine-year period. 
The ineffectiveness of similar phosphate dressings over a long 
term at Riverhead has been reported by Will (1965) and Mead 
(1968). 

It is reasonable to assume from these significant relation
ships that P is a limiting nutrient in the soils at Riverhead. 
However, such evidence does not constitute irrefutable proof 
of a soil deficiency as the relationship between site produc
tivity and foliar P levels may be due wholly, or in part, to 
their common relationship to one or more other factors. Ley
ton (1956) reported such an example, where the significant 
correlation between foliar P levels and productivity could be 
attributed to the relationship of both to foliar nitrogen levels. 
If soil P levels are limiting to growth, one would expect to 
find a significant relationship between soil P levels and both 
foliar P levels and site productivity, provided the soil extrac
tion method adequately reflects the nature of the soil P sup
ply to the tree. 

Relationships between Site Productivity and Soil P Levels 

Correlations between site productivity and soil P levels ex
tracted by the various soil tests are shown in Table 1. 

TABLE 1: CORRELATIONS BETWEEN SOIL PHOSPHORUS LEVELS 
AND SITE PRODUCTIVITY 

Soil Test 

Bray No. 2 
Olsen (OJ 
Olsen modified 
02-0! 
Truog (Ti) 
Truog modified 
TrTi 
Acetic acid 
Exchange resin 
Total P 

(C) 

(T2) 

Correlations 
Fertilized Plots 

0.836** 
0.703** 
0.727** 
0.620** 
0.352 
0.524* 
0.509* 
0.516* 
0.679** 
0.699** 

Unfertilized Plots 

0.773** 
0.804** 
0.764** 
0.500* 
0.480* 
0.693** 
0.690** 
0.470* 
0.646** 
0.087 

** Significant at the 1% level 
* Significant at the 5% level 
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The significance of the correlations between site produc
tivity and soil P extracted by most of the tests employed pro
vides strong evidence that the soil P supply determines growth 
of trees at Riverhead and also indicates that the soil P supply 
to radiata pine is adequately reflected by some soil chemical 
tests. 

Site productivity is significantly related to the total P levels 
of fertilized, but not unfertilized plots. A more detailed 
examination of the relationships (Fig. 2) provides an ex
planation for the very low correlation value obtained for the 
unfertilized plots; there are two distinct groups of plots, dis
tinguished by the presence or absence of podzolization; they 
are so distributed that the correlation coefficient for the com-
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FIG. 2: Relationship between site productivity and total soil phosphorus. 

bined data is virtually zero. Taken separately, however, the 
correlation coefficients for the two groups are significant. 
Plots on podzolized soils are more productive per unit of 
total P present than plots on non-podzolized soils. If soil P 
is the factor limiting productivity on these soils, then these 
results suggest that some fraction of the total soil P, rather 
than total^soil P per se, is the critical factor which determines 
productivity. Assuming, then, that "available'' phosphate levels 
determine productivity, one can expect a significant relation
ship between site productivity and total soil P levels only for 
those soils where a reasonably constant relationship exists 
between total P and available phosphate levels. In the soils 
of this study, the properties determining the relationship be
tween total P and available phosphate are apparently those 
associated with the presence or absence of podzolization. In 
the fertilized plots, the dominance of non-podzolized soils 
accounts for the significant correlation between total P and 
productivity (Fig. 2). 

The significant relationships between site productivity and 
total P levels reported by several Australian workers (Kes
sell and Stoate, 1938; Young, 1948; Hopkins, 1960; Humphreys, 
1964), can be attributed to these relationships having been 
derived from forests planted on the relatively homogeneous 
soils derived from sandy coastal olains and massive sand-
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stone deposits. Baur (1959) found an erratic relationship 
when more heterogeneous sites were involved. Humphreys 
(1964) reported that, although inter-forest variations in pro
ductivity were adequately accounted for by variations in the 
total P content of the soil, intra-forest variations were not. The 
findings of this present study agree with shortcomings re
ported for this method by the latter two authors. 

To delineate P-sufficient and P-deficient areas, particularly 
where a range of soil types is involved, soil chemical tests 
which provide some measure of "available" phosphate appear 
to be superior to tests that measure total P. The Olsen and 
Bray No. 2 tests are the most suitable for Riverhead soils. The 
quantity of Bray-extracted phosphate corresponding to the 
"average" height growth of 120 ft at 40 years of age on unfer
tilized plots is approximately 5 ppm P (Fig. 3). Pritchett 
(1968) reported that slash pine failed to respond to phos
phatic fertilizers where grown on soils containing more than 
10 ppm of Bray No. 2 extractable phosphate. However, slash 
pine is less demanding in its phosphate requirements than 
is radiata pine (Jackson, 1965) and there is no' indication that 
radiata pine stands, growing on soils containing 5 ppm of 
Bray No. 2 extractable phosphate or higher, will not respond 
to phosphatic fertilizer. The Olsen extracted value correspond-

OLSEN P. (p.p.m) 

FIG. 3: Relationships between site productivity and soil phosphate levels 
extracted by the Bray and Olsen extractants. 
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ing to average growth on unfertilized Riverhead plots is ap
proximately 3.5 ppm P. 

The Truog and acetic acid extractants provide the poorest 
indication of ''tree-available" phosphate. The failure of the 
Truog extractant can be attributed to the resorption of dis
solved phosphate during the extraction. Williams and Knight 
(1963) found that extractants which allowed resorption of 
some of the initially dissolved phosphate were the most suit
able for predicting the fertilizer requirements of crops, as 
they reflect the retention capacity of the soil. However, Dur
ing (1968) reported that extractants which prevented resorp
tion during extraction were the most suitable for determin
ing the phosphate status of the soil as they reflect the natural 
stratification of the indigenous phosphate which determines 
the availability. The results from this present study appear 
to substantiate the findings of During, as extractants which 
largely prevent resorption, such as the Olsen, Bray and resin 
extractants, provide the best indication of the phosphate status 
of the Riverhead soils. The very weak acetic acid extractant 
is obviously unsuitable for determining the soil phosphate 
status for perennial crops growing on these depleted soils. 

According to Will (1964) the contribution of organic P to 
the phosphate requirements of mature radiata pine stands is 
considerable. Site productivity of the fertilized plots is closely 
related to the levels of organic P extracted by the alkaline 
Olsen extractant (02-Oj), while that of the unfertilized plots 
is more closely related to organic P levels extracted by the 
modified Truog procedure OVI1!). The interpretation of 
organic P results is difficult, for not only is the contribution 
of organic P to tree nutrition indirect via mineralization, but 
the large number of interacting factors which affect the rate 
of mineralization make it virtually impossible to apportion 
variations in the relationship between productivity and organic 
P to any particular conditions. The interpretation is further 
restricted by our inadequate knowledge of those forms of 
organic P that are being extracted and the rate at which they 
are mineralized. Improved relationships may have been ob
tained had the laboratory mineralization discriminated against 
the less readily mineralizable forms of organic P, thereby pro
viding conditions more analogous to these in the field. How
ever, it is noteworthy that the 02-Oj values for the fertilized 
plots and the T2-Tj values for the unfertilized plots are both 
closely related to the inorganic P levels extracted from these 
plots by the standard Olsen procedure (r = 0.76 and 0.78, 
respectively). Thus it appears that, while organic P does con
tribute to the phosphate nutrition of the trees, this contribu
tion is more subtly reflected in the easily extractable inorganic 
phosphate levels to which they contribute prior to utilization 
by the tree, rather than a direct measurement of organic P. 

Relationships between Foliar P and Soil P Tests 

The correlations between foliar P and soil P levels are shown 
in Table 2. 
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TABLE 2: CORRELATIONS BETWEEN SOIL AND FOLIAR 
PHOSPHORUS LEVELS 

Soil Test 
Correlations 

Fertilized Plots Unfertilized Plots 

Bray No. 2 
Olsen (OO 
Olsen modified 
02-Oi 
Truog (TO 
Truog modified 
TrTi 
Acetic iacid 
Exchange resin 
Total P 

(OO 

(TO 

0.836** 
0.785** 
0.824** 
0.730** 
0.432 
0.540* 
0.534* 
0.558* 
0.708** 
0.587** 

0.742** 
0.790** 
0.777** 
0.527** 
0.474* 
0.701** 
0.722** 
0.573** 
0.688** 
0.146 

**Significant at the %1 level 
* Significant at the 5% level 

Detailed relationships between foliar P levels and soil P 
levels extracted by the Olsen and Bray extractants, the two 
most successful tests, are shown in Fig. 4. The significance of 
most relationships between "available" phosphate levels and 
foliar P levels suggests that the foliar P levels of radiata pine 
at Riverhead are determined by the levels of available phos
phate in the soil and not by the influence of some other factor 

UNFERTILISED PLOTS UNFERTILISED PLOTS 

0 1 2 3 4 0 1 2 3 4 5 
BRAY NO. 2 P. (p.p.m) OLSEN P. ( p.p rn ) 

FIG. 4: Relationship between foliar and soil phosphorus levels {Bray and 
Olsen extractants). 
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on their uptake. These results provide statistical verification 
of Will's (1965) suggestion that the foliar P content is a good 
indicator of the soil P supply at Riverhead. 

A comparison between Tables 1 and 2 shows that the suc
cess of the various extractants in reflecting productivity and 
foliar P levels is almost identical. Assuming productivity is 
determined by the long-term supply of P and foliar P levels 
by the current supply of P, it may be justifiably stated that 
the nature of the long-term and current supplies are similar. 
However, there are slight differences between the two; tests 
which remove organic P from the soil and the weak acetic 
acid test are more successful at reflecting the current supply 
while the opposite holds for the total P tests. Thus, the cur
rent supply appears to be slightly less dependent on an in
tense removal from the soil by the tree than the long-term 
supply. The existence of only a slight difference between the 
nature of the two supplies may be attributed to* the age of 
the tree studied and the characteristics of the nutrient sup
ply in commercial stands of radiata pine. Will (1964) reported 
that after the first ten years of growth the nutrient require
ments of radiata pine were met largely through the action of 
the organic cycle, prior to which they were met by a net with
drawal from the soil. Thus for 40-year-old trees, the nature of 
three-quarters of the long-term supply will have been identi
cal with the nature of the current supply. Had this study been 
carried out on younger trees, the difference between the nature 
of the two supplies would probably have been more pro
nounced. 

CONCLUSIONS 
The highly significant relationships obtained between site 

productivity, foliar P levels and soil P levels show that a de
ficiency of soil P is the primary growth-limiting factor through
out Riverhead Forest. Soil extractants which remove the 
available fraction of soil P, as distinct from total P, provide 
the best index of the soil P supply at Riverhead where a range 
of soil types exists. Those extractants which remove the readily 
exchangeable phosphate (Olsen, Bray No. 2, Anion Exchange 
Resin) from the soil appear to be the most suitable. There 
is evidence to suggest this may be because these methods 
reflect the availability of organic P once it has been mineral
ized. 

The use of soil analysis as a means of delineating P-deficient 
areas appears to offer an attractive alternative to the use of 
foliar analysis. Not only are the levels of soil P extracted by 
the most successful methods as closely related to productivity 
as are foliar levels, but soil analysis also has certain practical 
advantages over foliar analysis. The major advantages are: 
(a) Soil samples are easier to collect. 
(b) Soil samples, unlike foliar samples, can be collected at 

any time of the year. 
(c) Soil analysis can be used to detect P-deficient sites prior 

to planting, thus enabling corrective measures to be taken 
before the deficiency influences growth. 
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However, since they relate to conditions in a mature stand, 
the relationships between productivity and soil P levels ob
tained in this study cannot be employed for the detection of 
a P-deficient site prior to planting. For this purpose a rela
tionship between soil test levels prior to planting and subse
quent growth must be established. 

The presence of a linear relationship between site produc
tivity and soil P levels over all the random plots studied sug
gests that the productivity of both poor sites and those at 
present regarded as satisfactory may benefit from the applica
tion of phosphatic fertilizers. 

The soil and foliar analysis results each suggest that super
phosphate applied at 5 cwt per acre is inadequate to maintain 
the P status of most soils at a desirable level for any length 
of time. Obviously there is a need for larger or more frequent 
application of phosphate to most sites at Riverhead Forest. 

Of particular interest from the long-term point of view is 
that podzolized soils, although at present possessing relatively 
high levels of available phosphate which usually maintain ade
quate growth, have only low soil P reserves as shown by their 
low total P content. Thus the development of a P deficiency 
on these soils is inevitable if successive crops, with their re
moval of P from the site, are to be grown. The application 
of maintenance phosphate dressings to these soils would be 
justified. 

It must be emphasized that the findings reached in this 
study apply only to Riverhead Forest and thus have no general 
application. Further research is required to ascertain the value 
of soil testing techniques over a wider range of soil and 
climatic conditions. 
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