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SUMMARY 

Progress  t owards  t he  i n t r o d u c t i o n  of crop- logging as a m a n a g e m e n t  tool  
is i l l u s t r a t ed  b y  t he  d e v e l o p m e n t  of mu l t i p l e  regress ion equa t i ons  r e l a t i ng  
basa l  a rea  i n c r e m e n t  to  va r ious  s t a n d  p a r a m e t e r s  inc lud ing  fol iar  p h o s p h o r u s  
levels.  Mixed  mode  regress ion  ana lys i s  was  used, r e m o v i n g  fol iar  P va r i ab le s  
f i r s t  a n d  a d d i n g  o the r  va r i ab l e s  s tepwise.  The  mode l  wh ich  bes t  descr ibed  t h e  
r e l a t i onsh ips  s o u g h t  was  of t he  fo rm:  

B A . S I  SI  
l o g B  = a l p  + a2P 2 + a s - X ~ g  e + a 4 B A . A g e  

where  B = ave rage  a n n u a l  basa l  a rea  i n c r e m e n t  for t h e  t h r e e - y e a r  pe r iod  
p reced ing  or s u b s e q u e n t  to  fol iar  s a m p l i n g ;  P = p e r c e n t a g e  p h o s p h o r u s  in  
fol iage;  B A  = basa l  a rea  s t a n d i n g  a t  t he  t i m e  of s amp l ing ;  SI  = s i te  index,  
def ined  as p r e d o m i n a n t  h e i g h t  (predic ted  or ac tual )  in  fee t  a t  age 25 yea r s ;  
a n d  Age = age of p l a n t a t i o n  in  years  a t  t i m e  of sampl ing .  

Us ing  th i s  equa t ion ,  t he  cr i t ica l  level  of p h o s p h o r u s  in  s lash p ine  (Pinus 
elliottii Engelm.)  is set  a t  0 .075-0.080 pe r  cen t  a n d  in loblol ly  p ine  (P. taeda L.) 
a t  0.095-0.  105 pe r  cent .  Cri t ical  level  is here  def ined  as t h e  fol iar  P concen-  
t r a t i o n  assoc ia ted  w i t h  90 per  cen t  of m a x i m u m  basa l  a rea  i nc remen t .  Over  
t he  r ange  of p a r a m e t e r s  examined ,  t he  cr i t ica l  levels  so d e t e r m i n e d  are, for 
all  p r ac t i c a l  purposes ,  i n d e p e n d e n t  of age, s i te  index  a n d  s t a n d  dens i ty .  

U t i l i za t ion  of cr i t ica l  fol iar  n u t r i e n t  levels  in  crop- logging requi res  a know-  
ledge of fer t i l izer  - soil - p l a n t  i n t e r ac t i ons  wh ich  can  be  der ived  in p a r t  f rom 
the  fer t i l izer  t r ia l s  used to  e s t ab l i sh  cr i t ica l  levels in t h e  f i rs t  ins tance .  

INTRODUCTION 

Following a survey of the literature, a method has been proposed 10 
to utilize foliar diagnosis as a basis for crop-logging in pine planta- 
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t ions .  The  p r e sen t  pape r  descr ibes  how this  m e t h o d  was  used  to 

es tab l i sh  cr i t ica l  fol iar  p h o s p h o r u s  c o n c e n t r a t i o n s  in  P i n u s  taeda L .  

( loblol ly  pine)  a n d  P .  d l io t t i i  E n g e l m .  (slash pine)  a n d  gives t en -  

t a t i v e  r e c o m m e n d a t i o n s  for the  i m p l e m e n t a t i o n  of c rop- logging  in  

p l a n t a t i o n  m a n a g e m e n t .  F i e ld  t r ia l s  i n s t a l l e d  a n d  m a i n t a i n e d  b y  

the  Q u e e n s l a n d  F o r e s t  Service p r o v i d e d  the  d a t a  for th i s  i n v e s t i g a -  

t ion .  The  ex i s t ence  of these  e x p e r i m e n t s ,  des igned  to tes t  i n c r e m e n t -  

al dress ings  of p h o s p h a t e  fert i l izers,  c o m b i n e d  wi th  the  know l e dge  

t h a t  p h o s p h o r u s  was  the  o n l y  l i m i t i n g  n u t r i e n t  in  the  p l a n t a t i o n s  

concerned ,  m e a n t  t h a t  the  source  m a t e r i a l  was  well  su i t ed  to  the  

d e t e r m i n a t i o n  of c r i t ica l  fol iar  p h o s p h o r u s  levels.  

E X P E R I M E N T A L  

The study was based on six slash pine and six loblolly pine fertilizer trials 
established using routine plantat ion techniques on 13eerwah and Beerburrum 
State Forests in southeast Queensland. Sampling was carried out over a pe- 
riod of years, and one trial was sampled on three occasions,* giving a small 
measure of control over year-to-year variation in nutr ient  concentration and 
change in growth rate as the stands aged. A total of 70 data sets from 70plots 
were used for slash pine, and 67 data sets from 45 plots for loblollypine. All 
plot data for each species were pooled for separate multiple regression ana- 
lyses on an IBM 1620 computer. 

The data collected for each plot at every sampling date were: age, basal 
area per acre, site index, periodic mean annual  increment in basal area (mean 
of 3 years' increment of 2 years' if data of three years were not available) for 
the period prior to sampling (BAIa) and following sampling (BAIb). In addi- 
tion, each plot was allocated to a 'site type' based on Great Soil Group in 
relation to topography; five such site types were recognized. I t  quickly be- 
came apparent, however, that  this factor accounted for little of the varation 
in the data that  could not adequately be removed by site index. Consequent- 
ly, site type was deleted as a variable during subsequent testing of the models. 
The distribution of the basic data according to the stand parameters examin- 
ed is given in Table t. 

Sampling of foliage was carried out by a standard procedure ; winter samp- 
ling (late May-early August) was the rule with the exception of one midsum- 
mer sampling in one slash pine trial. Foliage samples comprised 50 terminal 
(i.e. recently matured) fascicles taken from a branch on the northern (sunny) 
side of the two-year old spring whorl. All sample trees were codominants of 
close to average diameter for the plot concerned. Between 3 and 9 trees were 

* Actual dates (month/year) of sampling for the slash pine experiments were: Exp. 
268, 280, 339 - 7/63; Exp. 211 - 12/63; Exp. 256 - 7/65; Exp. 364 - 5/66. For the loblolly 
pine trials, sampling dates were: Exp. 210 - 6/59, 6/62, 8/64; Exp. 145, 197, 198, 227 - 8/ 
65; Exp. 131 - 6/66. 
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T A B L E  1 

Frequency distr ibution of sets of source da ta  

161 

Age (years) 
Species 

1-10 11-20 21-30 31-40 Total  

Slash 42 16 12 70 
LobloUy 25 21 21 67 

Site index (predom h t  at 25 years, ft) 

41-50 51-60 61-70 71-80 81-90 

Slash 5 13 12 34 6 70 
Loblolly 3 3 29 25 7 67 

Stand  basal area (sq I t /at)  

26-50 51-75 76-100 101-125 126-150 151-175 

Slash 20 13 33 4 70 
Loblolly 13 17 17 14 5 1 67 

Foliar phosphorus  (%) 

.041-.060 .061-.080 .081-.100 .101-.120 .121-.140 .141-.160 

Slash 5 27 33 5 70 
Loblolly 1 20 29 13 3 1 67 

s a m p l e d  i n  e a c h  p l o t  ( a v e r a g e  s a m p l i n g  i n t e n s i t y ,  68 p e r  acre)  a n d  t h e  n e e d -  

les  c o m b i n e d  t o  p r o d u ' c e  a c o m p o s i t e  s a m p l e  p r e s u m e d  r e p r e s e n t a t i v e  of  t h e  

p o p u l a t i o n .  T h e  s a m p l e s  we re  d r i e d  a t  70°C in  a m e c h a n i c a l  c o n v e c t i o n  o v e n ,  

g r o u n d  t o  p a s s  a 1 m m  s ieve ,  w e t  a s h e d  in  t e r n a r y  ac id ,  a n d  p h o s p h o r u s  

e s t i m a t e d  b y  t h e  a r s e n o - m o l y b d a t e  b l u e  m e t h o d .  

ANALYSIS  OF T HE  R E S P ONSE CURVE 

Since basal area increment was chosen as the dependent variable, 
it was necessary to take into account the effect of other stand vari- 
ables on this parameter, viz. stand density, site index and age. 
This was done by utilizing modifications of a relationship previously 
established 1 for slash pine between basal area increment and other 
factors, i.e. BAI = f (BA. SI/Age, BA/Age, BA~/Age). The basic 
model used for determining the nature of the relationship between 
basal area increment and foliar P levels was that  described else- 
where 9 for relating height increment to N and P concentrations in 
Araucaria cunninghamii, i.e. A H  = f (N, log N, I/N, P, pg, N/P). 
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TABLE 2 

Basic models tested during prel iminary analysis 

Model Equat ion 

Coeff. of 
Determinat ion (R 2) 

Slash Loblolly 

BAIa BAIb BAIa BAIb 

A log BAI = a l P + a s P S + a s B A . S I / A g e + a a B A / A g e  .818 .934 .891 .914 
+ asBA2/Age + asST + a~P.SI + as 
P/Age + a9 P.ST 

B log BAI ~ a lP+a s PS+a ~ logBA .SI /A ge +a 4 /BA.  ,844 .967 .889 .917 
Age + a5BA/Age + a6ST + aTP.SI 
+ asP/Age + asP.ST 

C BAI = a l l o g P + a s / P + a 3 P + a 4 B A . S I / A g e + a 5  .744 .955 .932 .928 
BA/Age + asBAS/Age + avST + asP.SI 

+ asP/Age + al0P.ST 
D BAI = a l l o g P + a s / P + a s P + a 4 1 o g B A . S I / A g e  .735 .955 .925 .928 

+ as/BA.Age + asBA/Age + aTST + asP.SI 

+ asP/Age + al0P.ST 

Leger~d: BAI ~ Basal area increment;  P = foliar P percentage; BA = basal area per 
acre; SI = site index;  ST = site type 

Following graphical analysis a of the data from selected individual 
experiments a logarithmic parabola was found appropriate for 
describing the phosphorus response curve, and the basic model was 
therefore modified accordingly. The most satisfactory relationships 
for individual fertilizer trails of slash and loblolly pines were, res- 
pectively, as follows: 

log BAIa = 11.981 -¢- 2 9 2 . 1 3 P - -  1279.6P 2 R 2 -~ .604*** 

log BAIb = 2.8407 + 97 .632P- -464 .95P  2 R 2 = .725*** 

These sub-models were subsequently built into more complex mo- 
dels which took account of the other stand variables recorded (mo- 
dels A and B, Table 2). 

In addition to a logarthmic parabola, a form of logistic curve 
was also tested (models C and D, Table 2). Both kinds of model per- 
mitted analysis of the data by multiple linear regression techniques 
after logarthmic transformation of the appropriate variables. A 
combination of straight forward and stepwise regression, known as 
mixed mode regression analysis 12, was employed. A similar approach 
has been used in the analysis of Douglas fir growth patterns. 4 Since 
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our experimental data showed phosphorus to be limiting nutrient, 
foliar P variables were removed first, the remaining components 
(including interaction terms between foliar P and other variables) 
being removed stepwise. After each iteration, the significance of the 
multiple correlation coefficient was tested, and the process repeated 
until none of the remaining variables made a significant contribu/ 
tion to the variance as measured by an F-test. The four basic equa- 
tions evaluated are shown in Table 2, together with the coefficients 
of cletermination (R 2) obtained during the initial runs. All the models 
accounted for a high degree of the variation in basal area increment. 
The results for BAIa were not quite as satisfying as those for BAIb, 
which is not surprising since it seemslogical to expect a closer causal 
relationship between foliar P and growth just subsequent to samp- 
ling than growth immediately prior to sampling. 

One of the major difficulties with multiple linear regression ana- 
lysis is the problem of intercorrelations among the independent 
variables so that it becomes difficult to determine what fraction of 
the total variance is accounted for by each of the components. Since 
the total variance is determined not only by the variances of the in- 
dividual determining variables but  also by  their covariances 7, 
some measure of interaction among the independent variables is 
desirable. The latter was achieved by  treating the interactions be- 
tween pairs of independent variables as if they were additional in- 
dependent variables, the former (i.e. covariance)was not measured. 
Certain interactions were excluded as having little if any biological 
significance, and the only interaction tested which involved site 
type was that with phosphorus (P. ST). Because of intercorrelation, 
several components were found to be equally efficient at accounting 
for the same proportion of the total variance. Thus site type IST), 
the phosphorus × site index interaction (P.SI) and the phosphorus 
× site type interaction (P.ST) contributed little to the overall 
variance once the effects of phosphorus and site index had been re- 
moved. 

Models B and D were chosen for further analysis, and after sim- 
ulating basal area increment for various values of the X variables in 
order to examine the shape of the derived response curves, model B 
was ultimately selected for concentrated modification. The final 
model was of the general form: 
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BA.SI 
log BAI = atP + a2P 2 Jr- aa + a4 - -  

Age 

SI 

BA.Age 

The stepwise build-up.of this model for both BAIa and BAIb is 
illustrated in Table 3. The regression coefficients shown for P and p2 
differ from those given earlier for individual fertilizer trials because 
they were calculated from the pooled data sets. The final model 
accounted for more than 80 per cent of the total variation in the ori- 
ginal data and while this is not as high as that explained by the 
initial models, the final equation is simpler and quite amenable to 
biological interpretation. The ultimate choice of X-variables, while 
guided largely by the degree to which they contributed to a reduc- 
tion in the total variance, was done subjectively as being the most 
likely to describe adequately the relationships sought. This approach 

TABLE 3 

Regression coefficients derived during stepwise buildup of model: Log Y 
BA.SI/Age, SI/BA.Age) 

= f (P, P~, 

Y Constant  P p2 BA.SI/Age SI/BA.Age n R 2 

Slash pine 

BAIa .63770 18.895~ 
-1.6482 77.484 -364.11 

-.37420 28.911 -103.71 .001970 
-1.1449 57.6926 -288.626 .001506 -.055986 

BAIb .74190 16.186# 
-3.8020 132.476 -723.796 
-2.5560 84.9676 -469.116 ,001936 
-3.1893# 108.61v -621.04v .001546 -.046006 

Loblol~ pine 
BAIa .22390 17.6586 

-2.72966 74.500~ -257.0306 
-1.5967# 45,8786 -164.86~ .001816 

-.72660 26.588# -101.81# .002446 1.86356 

BAIb ,23590 17.4986 
-2.84136 76.7216 -267.796 
-2.28996 62.7916 -222.946 .00088fl 
-1.1942# 38.499v -143.546 .001436 2.34676 

70 .171 
70 .183 
70 .769 
70 .888 

70 .124 
70 .174 
70 .733 
70 .813 

67 
67 
67 
67 

67 
67 
67 
67 

.378 

.571 

.740 

.815 

.422 

.659 

.705 

.840 

Significant at 5% level 
fl Significant at 1% level 

Significant at 0.1% level 
Significant at 0.01% level 
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is admittedly liable to operator bias, and such an analysis 'can only 
yield a quantitative expression of a preconceived qualitative as- 
sessment of the growth pattern, based on a sound knowledge of the 
silvicultural characteristics of the species'. 1 

Having decided upon a satisfactory growth model, the next step 
was to establish the critical foliar P level. First the P concentration 
corresponding to maximum basal area increment (Ymax) was ob- 
tained by  differentiation of the equation to the model, using the 
coefficients from Table 3 and solving for dy/dP = 0. This 'optimum 
P level' was then used to calculate Ymax for a given stand density, 
site index and age. In turn, the foliar P concentration corresponding 
to 90 per cent of Ymax was calculated for the selected values of the 
other variables, and this figure accepted as the critical level. Table 
4 shows critical P levels for both species and both increment periods 
together with the corresponding optimum P levels. For management 
purposes a critical level of .075-.080 per cent is proposed for slash 
pine and .095-. 105 for loblolly pine. The lower values for slash com- 
pared to loblolly reflect the greater tolerance of the former species to 
lesser availability of soil phosphorus. This is also reflected in a com- 
parison of the models, where during the stepwise build-up phase 
(Table 3), the simple logarithmic parabola involving only foliar P 
accounted for just 17-18 per cent of the variability in the slash 
pine data but  57-66 per cent of that  in the loblolly data. 

DISCUSSION 

There is little published information on foliar phosphorus levels 
in slash and loblolly pines, and virtually none on critical percentages. 
P r i t  c h e t t s, using data from field trials in Florida, considered that 
the critical P level for slash was slightly above 0.09 per cent. The 
critical level as he defined it corresponds to the optimum P concen- 
tration in the sense used in this paper, hence the two findings are 
in good agreement. Pritchett  also assembled data published on 
foliar P levels in both slash and loblolly pines before and after ferti- 
lizing, and in general these too fit the values derived in the present 
study. 

The earliest published report on foliar nutrient levels in these 
Southern pines was that  of Y o u n g  13, based on a fertilizer trial in 
Beerwah State Forest. We did not use Young's data in our analysis 
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because his foliage sampling techniques were somewhat different 
(Young sampled 2 to 4 trees per plot, taking the terminal needles oi 
a branch arising at a stem diameter of two inches). The trial was a 
5 × 5 latin square planted mainly to loblolly pine but with a num- 
ber of slash pines present also, which enabled the growth of both 
species to be related to their respective needle phosphorus concen- 
trations. Young's results show both diameter and height increment 
of 11 year-old trees, over the seven year period prior to sampling, 
approaching a maximum with the addition of 818 l b/ac of super- 
phosphate, and corresponding foliar P levels of .098 per cent for 
slash and . 129 per cent for loblolly. These values agree very well 
with the optimum levels found in the current study for the pre-sam- 
ling increment period (Table 4). 

To what extent do the critical levels established meet the require- 
ments that  they should apply throughout the life of the crop and 
over a wide range of environments ? Our analysis is based on pooled 
data derived from samples collected over a seven year period, but 
not every trial was sampled each year. In fact, only one stand was 
sampled more than once, and that  only at intervals of two or three 
years. Further sampling is desirable, at more frequent intervals, to 
ensure that  the range of year-to-year variation in foliar P concen- 
tration is adequately covered. The model also needs to be tested over 
a wider range of soils and climates, and work along these lines is in 
progress. The present study was restricted to one climatic region in 
the subtropical coastal lowlands of Queensland, and to a small 
range of soils within one or two Great Soil Groups. There was con- 
siderable variation in soil type however, from shallow, poorly drain- 
ed gleys to deep, well drained yellow and red podzolics. 

Since no interaction terms between foliar P and other variables 
are included in the model, the optimum level of P is independent of 
age site index and stand density. Furthermore, the effect of other 
stand variables on the slope of the response curve at 90 per cent of 
maximum increment is very slight, so that  for all practical purposes 
the critical level is also independent of these other factors. This is 
not to say that  the criticallevel does not vary with age, for example, 
but only means that  the variance due to any such change is ac- 
counted for by the interaction terms between age, site index and 
stand density. The extent to which the internal nutrient require- 
ments of forest trees alter with age, if at all, is unknown. T a m m  11 
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TABLE 4 

Critical and opt imum levels of phosphorus in foliage of slash and loblolly pines 
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Species Critical level (%) Optimum level (%) 

(a) (b) (a) (b) 

Slash pine .081 .075 .100 .087 
Loblolly pine .098 .107 .131 .137 

(a) Pre-sampling increment period 
(b) Post-sampling increment period 

expressed doubt that  this question could ever be resolved satisfac- 
torily by field trials, because the environmental conditions with 
saplings and mature trees experience are never quite the same, ir- 
respective of whether they are grown in even-aged or all-aged stands. 
If this is so, then a pragmatic approach to the problem is justified, 
and the finding that  the same critical levels apply to stands ranging 
in age from under ten to over thir ty years greatly simplifies the use of 
foliar analysis in plantation management. The fact that  the source 
data came from stands which were, except for the experimentally 
applied fertilizer treatments, subject to standard management 
procedures Js also of practical significance. 

While the model will doubtless be refined after further testing 
over a longer period of years and a wider range of environments, it is 
unlikely that  the critical levels already established will be altered 
appreciably. There may be situations, such as where high foliar 
aluminium levels increase the internal demand for phosphorus a 6, 
which will complicate the interpretation of foliar analysis, so that  
experience is essential if crop-logging is to be implemented success- 
fully. We envisage the use of crop-logging as a tool in pine planta- 
tions as follows. Assuming that all nutrient deficiencies have been 
properly diagnosed, and this is a~ esse~ctial prerequisite, field trials 
involving the deficient element(s) should provide a sound basis for 
designing a fertilizing schedule which will permit satsifactory estab- 
lishment and early development of the plantation. The need for 
subsequent fertilizing can then be assessed by crop-logging. Critical 
foliar nutrient levels, however, are no real guide to the magnitude 
of fertilizer response, and the amount of fertilizer necessary will be 
determined by the interactions between tile fertilizer, the soil and the 
stand; this can only be gauged from the response obtained in con- 
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vential fertilizer trials on similar sites. Such field experiments (which 
may include those installed at time of planting) are normally avail- 
able and, as in the present instance, are often identical with those 
trials used for establishing the critical level. They should provide the 
data required to determine how much fertilizer needs to be added on 
a given soil type to raise the nutrient status of the stand to the 
optimum level, or above, as desired. This brief description is, of 
course, an oversimplification, and continuing research into fertilizer- 
soil-plant interactions is essential for the proper implementation of 
crop-logging procedures. The technique has been used successfully 
on a pilot scale in plantations from the s tudy area. 

How frequently the nutrient status of the crop need be determined 
has yet to be decided. For orchards, Cain  2 recommended sampling 
every second or third year for tile life of the crop, and suggested that  
sampling of forest trees should be no less intensive. We propose at 
present to sample every five years, in association with routine 
remeasurement of sample plots used for yield prediction; selected 
plots could be sampled more frequently just as they are for men- 
surational purposes. The number of trees which must be sampled in 
order to obtain a precise estimate of the nutrient status of each 
stand is one point that requires early clarification. The sampling 
intensity used to establish critical levels in this s tudy (about 68 
trees per acre) might prove too costly in practice and no doubt 
could be reduced considerably without unduly sacrificing precision. 
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