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SUMMARY 

P h o s p h o r u s  in soils f r om p l a n t a t i o n  of red  p ine  (Pinus resinosa Ait.)  was  
d e t e r m i n e d  us ing  six e x t r a c t a n t s :  0. 002N FI~SO4 (pH 3 . 0 ) ;  0. 025N HC1 + 
+ 0 . 0 3 N  N H 4 F ;  0 . 5 N  N a H C O a  (pH 8 .5 ) ;  N NH4OAc (pH 4 .8 ) ;  a n i o n  ex- 
c h a n g e  res in  (Dower - 2, C1- form) ; H20 .  Corre la t ions  of e x t r a c t a b l e  P w i t h  
A1- a n d  A1- + F e - P  i nd i ca t ed  t h a t  these  f rac t ions  are t he  d o m i n a n t  fo rms  of 
ino rgan ic  P in m o s t  of t h e  soils. 

U p t a k e  of P b y  corn  a n d  M o n t e r e y  p ine  seedlings g rown in g reenhouse  cul- 
t u r e  was co r re la t ed  w i t h  soil P e x t r a c t e d  b y  t h e  d i f fe ren t  me thods .  The  m o s t  
successful  of t he  e x t r a c t a n t s  for  p r ed i c t i ng  P u p t a k e  was res in  e x t r a c t a b l e  P ;  
t h e  s imple  co r re l a t ion  coeff ic ients  were 0 .811 a n d  0 .609  for p ine  a n d  corn  
respec t ive ly .  P u p t a k e  b y  p ine  cor re la ted  s ign i f i can t ly  w i t h  0. 002N I-I~SO4 P 
(r = 0 .679) ,  N NH4OAc P (r = 0.443) ,  H 2 0  P (r = 0 .549)  a n d  A1- + F e - P  
(r = 0 .532)  whi le  P u p t a k e  b y  corn  cor re la ted  w i t h  0 .002  N H2SO4 P 
(r = 0. 579), H 2 0  P (r = 0. 477) a n d  organic  P (r = 0. 460). Pe r  cen t  P in p ine  
seedl ing  tops  co r re l a t ed  s ign i f i can t ly  w i t h  0. 002N H2SO4, res in  a n d  N NH4 
OAc e x t r a c t a b l e  P. Mul t ip le  regress ions  w h i c h  inc luded  si l t  + c lay  a n d  orga-  
nic P i m p r o v e d  cor re la t ions  of some soil t e s t s  w i th  P u p t a k e  in co rn  a n d  p ine  
seedl ings  respec t ive ly .  

I N T R O D U C T I O N  

The different procedures for estimating available phosphorus have 
often been compared and their relative efficiency judged by the de- 
gree of correlation obtained with P uptake by plants in either green- 
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house or fields trials 1 7 28. The popularity of this approach is due to 
the fact that comparison of soil test values with analyses of plant 
grown on the soil offers a simple and rapid method of evaluating the 
soil tests under a wide variety of conditions, especially where data 
on response to fertilizer is limiting or lacking 20 

Chemical analyses for assessing potential productivity of forest 
soils have included determinations of 'available' or 'extractable' 
phosphorus 24. Extractable soil P has been correlated with the growth 
of red pine (Pinus resinosa Ait.) in Wisconsin 31, New YorkS, and 
Minnesota 1, with the uptake of P by pitch pine (Pinus rigida Mill.) 
in New Jersey ~9, and with growth of Ocala sand pine (Pinus 
clausa (Chapm.) Vasey) seedlings in greenhouse cultures 4. Limited 
consideration has been given to determination of the forms or frac- 
tions of soil P which are utilized by trees I 29 

The objectives of this study were to further evaluate methods of 
estimating soil P available to forest trees under greenhouse condi- 
tions by (i) Comparison of amounts of P extractants; (ii) correlation 
of extractable P with forms of P in soils; (iii) correlation of extract- 
able soil P with plant uptake of P. 

MATERIALS AND METHODS 

Soils 

Soil samples  for th is  s t u d y  were collected in June  1972 f rom 30 red pine 
p l a n t a t i o n s  in Wisconsin .  The soils were selected to  r ep re sen t  a range  of lev- 
els of ana ly t ica l ly  d e t e r m i n e d  avai lable  phosphorus .  The p l an t a t ions  which  
var ied  in age were conf ined mos t ly  to  acid s a n d y  soils excep t  for a few which  
were on f ine - t ex tu red  soils. In  a s ta te -wide  survey,  W i l d e  et al. 31 have  docu-  
m e n t e d  in detai l  t he  chemical  and  physical  charac te r i s t ics  of these  soils and  
inc luded d a t a  on p l an t a t i on  g rowth  measu remen t s .  L a r s e n *  in a s imilar  
s ta te -wide  soil-site s t u d y  of red pine has  u p d a t e d  in fo rmat ion  on these  soils 
and  p lan ta t ions .  In  each p l an t a t i on  abou t  10 kg of compos i te  sample  were 
col lected f rom the  top  15 cm of soil a f te r  scraping off surface l i t ter  (0 hori- 
zons). Samples  were  air-dried,  t ho rough ly  mixed  and  passed  t h r o u g h  a 2 m m -  
sieve. Given in Table  1 are selected charac ter i s t ics  of t he  soils used in this  
s tudy .  

Chemical analyses 

All l abo ra to ry  analyses  were pe r fo rmed  in dupl ica te  on soils t h a t  had  been 
screened t h r o u g h  a 60 mesh  sieve. E x t r a c t a b l e  phosphorus  was de t e rmined  by  

* L a r s e n ,  R. L., Soil-site relationships of red pine in Wisconsin. M. S. Thesis, Univer- 
sity of Wisconsin-Madison (1972). 
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us ing  six procedures .  I n  all  cases p h o s p h o r u s  in t he  f i l tered soil e x t r a c t  was  
m e a s u r e d  co lo r imet r i ca l ly  b y  t he  m e t h o d  of M u r p h y  a n d  R i l e y l 7  as modi -  
f ied b y  J o h n  14 us ing  ascorbic  acid as r e d u c t a n t .  

The  p rocedures  were :  (1) 0.002 N H~SO4 buf fe red  to p H  3.0 w i t h  (NH4)2 
SO4 ( T r u o g 2 S ) .  (2) 0.0025 N HC1 a n d  0.03 N N H 4 F  ( B r a y  a n d  K u r t z 5 ) .  
(3) 0.5 N NaHCO3 a d j u s t e d  to  p H  8.5 w i t h  N a O H  ( O l s e n  et al.lS). (4) 1 N 
N H 4 O A c  a d j u s t e d  to p H  4.8 w i t h  acet ic  acid ( P r i t c h e t t  a n d  L l e w e l l y n 2 3 ) .  
(5) A n i o n - e x c h a n g e  res in  ( A m e r  et al.2). (6) H 2 0  ( V a n  d e r  P a a u w 1 9 ) .  

A n a l y t i c a l  p rocedures  for d e t e r m i n a t i o n  of to ta l ,  inorgan ic  a n d  organic  P 
were based  on  t he  m e t h o d  of S a u n d e r s  a n d  W i l l i a m s  25 as modi f ied  b y  
W a l k e r  a n d  A d a m s  30. A1- a n d  Fe-  b o u n d  P were d e t e r m i n e d  b y  t he  f rac-  
t i o n a t i o n  p rocedu re  of C h a n g  and  J a c k s o n  6 as modi f ied  b y  P e t e r s e n  a n d  
C o r e y  21. 

Greenhouse 

P h o s p h o r u s  u p t a k e  f rom soils b y  two  t e s t  crops,  corn  (Zea mays  L.) a n d  
M o n t e r e y  pine  (P inus  radiata D. Don.)  was  used  to  e v a l u a t e  t he  p h o s p h o r u s  
soil tes ts .  

Fo r  g r o w t h  of t ree  seedlings,  soils were p laced  in glazed po t s  p rev ious ly  
w a s h e d  w i t h  acid so lu t ion  a n d  r insed  w i t h  dis t i l led  water .  E q u a l  vo lumes  of 
soil were m e a s u r e d  in to  each  pot .  The  we igh t s  of soil used va r i ed  b e t w e e n  1.5 
a n d  2.2 kg d e p e n d i n g  on t h e  v o l u m e  we igh t  of each  soil. The  pre fe rence  for 
t h i s  a p p r o a c h  was  based  on  t h e  concep t  t h a t  p l a n t s  genera l ly  explore  soil for 
n u t r i e n t s  on  v o l u m e  r a t h e r  t h a n  on  we igh t  basis .  Corn seedl ings were g rown  
in smal le r  p las t i c  c o n t a i n e r s  w h i c h  were filled w i t h  equa l  vo lumes  of soils; t h e  
we igh t s  of soil va r i ed  b e t w e e n  860 a n d  1200 g. E a c h  p lan t - so i l  c o m b i n a t i o n  
was  r ep l i ca t ed  twice.  

Soils were w e t t e d  to  field c a p a c i t y  w i t h  smal l  po r t i ons  of w a t e r  a t  a t i m e  to 
o b t a i n  a u n i f o r m  m o i s t u r e  d i s t r i bu t i on .  Seeds of t e s t  p l a n t s  were sown d i rec t -  
ly in  t h e  pots .  Af te r  a pe r iod  of g rowth ,  t h e  corn  seedl ings  were t h i n n e d  to  4 
u n i f o r m  seedl ings  pe r  p o t  a n d  pine  in i t i a l ly  to  10 a n d  l a t e r  to  6 seedl ings pe r  
po t  owing to  loss of some seedl ings due  to  dam p ing -o f f  disease*. To reduce  t h e  
s e v e r i t y  of d a m p i n g - o f f  and  p r e v e n t  f u r t h e r  loss of seedlings,  t he  p ine  cu l tu res  
were twice  t r e a t e d  acco rd ing  to m a n u f a c t u r e r ' s  p re sc r ip t ion  w i t h  C a p t a n  50- 
W P .  

To ensu re  a d e q u a c y  of n u t r i e n t s  o t h e r  t h a n  P each  po t  rece ived  a t o t a l  of 
100 ml  of phosp ho r us - f r ee  n u t r i e n t  so lu t ion  d u r i n g  t he  g r o w t h  per iod  (I y e r*). 
P o t s  were a r r a n g e d  on  g reenhouse  benches  in a c o m p l e t e l y  r a n d o m i z e d  de-  
sign, w a t e r e d  to  field c a p a c i t y  da i ly  a n d  per iodica l ly  r o t a t e d  as to  pos i t ion  to 
reduce  v a r i a b i l i t y  in l igh t  i n t ens i t y .  D a y  l eng th s  were increased  to  16 hou r s  
b y  ar t i f ic ia l  l igh t ing .  I n  s u m m e r ,  t e m p e r a t u r e  in t h e  g reenhouse  r anged  be-  
t w e e n  17 a n d  37~ in t h e  w i n t e r  m o n t h s  t he  t e m p e r a t u r e  va r i ed  b e t w e e n  16 
a n d  27~ 

* I yer ,  J. G., Trace elements (Mn, B, Cu and Mo) ; their effect on the growth of trees, 
particularly Pinus resinosa, Robinia pseudoacacia, and Alnus glutinosa. M. S. Thesis, 
University of Wisconsin-Madison 11963). 
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T h e  a b o v e - g r o u n d  p a r t s  of  t h e  c o r n  a n d  p i n e  s e e d l i n g s  w e r e  h a i v e s t e d  a f t e r  

6 a n d  23 w e e k s  of  g r o w t h  r e s p e c t i v e l y .  T i s s u e s  w e r e  o v e n - d r i e d  a t  5 0 - 6 0 ~  

w e i g h e d  a n d  g r o u n d  in  p r e p a r a t i o n  for  c h e m i c a l  a n a l y s e s .  T i s s u e  s a m p l e s  w e r e  

a n a l y s e d  for  t o t a l  P b y  t h e  W i s c o n s i n  S t a t e  So i l  T e s t i n g  L a b o r a t o r y .  T h e  

p r o c e d u r e  i n v o l v e d  a s h i n g  �89 g of t i s s u e  a t  500~  fo r  2 h o u r s .  P h o s p h o r u s  c o n -  

t e n t  of a s h  w a s  c o l o r i m e t r i c a l l y  d e t e r m i n e d  b y  t h e  v a n a d o - m o l y b d o p h o s p h o -  

r i c  y e l l o w  c o l o u r  m e t h o d  18. 

TABLE 1 

Selected soil characterist ics 

Soil pH Org. Silt + 
number (H~O) mat te r  clay 

% % 

E xch. cations meq[ 100 g soil 

Ca Mg K 

1 4.8 1.6 8 0.36 0.27 0.04 
2 4.9 2.4 53 5.63 2.50 0.25 
3 4.8 2.1 6 0.73 0.37 0.05 
4 6.6 3.4 70 8.93 3.33 0.25 
5 6.3 2.5 48 4.86 2.83 O. 13 
6 6.1 3.3 44 6.36 4.12 0,23 
7 6.3 4.5 52 7.95 3.37 0,28 
8 7.0 3.1 72 8.84 5.40 0,25 
9 6.4 3.2 11 2.34 2.54 0,07 

10 5.2 2,8 10 1.10 0,62 0,06 
11 5.2 1.7 9 0.50 0.29 0.08 
12 5.5 1.8 6 0.63 0.25 0.06 
13 5,3 1.9 7 0.25 0.10 0.04 
14 5,3 4.0 10 1.38 0.48 0.07 
15 5,2 3.1 11 1.00 0.21 0.05 
16 5.4 1.4 28 1.00 0.40 0,09 
17 5.4 2.5 35 1.00 0.27 O. l 0 
18 5.6 1.7 17 1.50 0.19 0.06 
19 5.1 2.1 13 0.75 0.17 0.08 
20 5.4 1.9 24 0.75 0.27 0.09 
21 5.4 1.8 16 0.28 0.15 0.08 
22 5,4 2.7 38 3.25 0.27 O. 13 
23 5.1 1.9 25 1.25 0.33 O. 13 
24 5.3 1.2 40 2.13 0.46 O, 15 
25 5.4 2.5 39 2.00 0.48 O. 15 
26 5.4 2.2 25 2.13 0.33 O. 13 
27 5.3 1.8 8 0.13 0.04 0.06 
28 5.0 1.2 10 0.25 0.31 O. 10 
29 4.8 1.4 13 1.25 0.31 O. 10 
30 4.8 1.3 13 1.13 0.37 0.23 
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R E S U L T S  A N D  D I S C U S S I O N  

Soil  analyses 

The mean and range of P extracted by  different soil test methods, 
organic P, A1- and Fe-bound P content of the soils are given in 
Table 2. Among the soil test methods for readily extractable P, 
Bray extracted the highest amount of P, except in some of the fine- 
textured soils having a pH above 6. The O l s e n  method, too, ex- 
tracted relatively less P from these soils. These results agree with 
investigations of soil inorganic P by  P r a t t  and Garber22.  They 
found that heavy-textured soils are apt to decrease the efficiency of 
these reagents as P extractants because the reagents tend to react 
with clay minerals as well as with phosphate. Since hydrochloric 
acid can dissolve Ca-P, and fluoride in acid can complex A1- and Fe- 
P efficiently, B r a y ' s  method tends to extract high amounts of P. 

The T r u o g  extractant removed generally less P than B r a y ' s  and 
extracted more P from the soils with high exchangeable Ca. S u s u k i  
et al. 27 reported that  Truog's method removed portions of Ca-P and 
A1-P. Other extractants removed comparatively smaller amounts 
of P which would be mainly saloid bound and water soluble P 10. 

T A B L E  2 

A m o u n t  of P f o r m s  e x t r a c t e d  a n d  coef f ic ien t s  of d e t e r m i n a t i o n  of P u p t a k e  (mg /po t )  a n d  
P e x t r a c t e d  

Coeff ic ien t  of 
F o r m  of P A m o u n t  of P e x t r a c t e d ,  p p n l  d e t e r m i n a t i o n ,  r z 

R a n g e  M e a n  Corn  P ine  
- -  ( n  = 2 9 )  ( n  ~ 25) 

0 . 0 0 2 N  H2SO4 5 . 0 - 3 6 . 0  19.7 0.366** 0 .461"*  
0 . 0 2 5 N  HCI + 0 . 0 3 N  N H 4 F  6 . 0 - 1 2 0 . 0  34.1 - -  0 .046 0 .078 
1N N H 4 O A c  1 .3 -9 .7  4.7 0 .006 0 .196"  
0 . 5 N  N a H C 0 3  2 . 0 - 3 7 . 0  14.3 0 .012  0 .114  
Res in  1 .0 -11 .4  5.3 0 .372** 0.658** 
H 2 0  0 . 3 - 5 . 6  1.9 0 .228* 0 .298** 
A l - P  16 -194  60 0.011 0 .241"  
AI- 4- F e - P  5 6 - 2 9 7  135 0 .022  0 .283** 
Org .  P 4 0 - 4 2 0  166 0 .212"  0 .037 

** S i g n i f i c a n t  a t  1% level  
* S i g n i f i c a n t  a t  5 %  level  
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In P fractionation procedures, the soils were analysed only for 
A1- and Fe-bound P as these were assumed to be the dominant forms 
of inorganic P, particularly in the acid sandy soils. In soils 2, 4, 5, 6, 
7 and 8 which were all fine-textured and high in exchangeable Ca 
(Table 1), the levels of A1-P and Fe-P as well as their sum were rela- 
tively low and accounted for less than 50% of total inorganic P. It is 
likely that  Ca-P might predominate in these soils; this conclusion is 
supported by the observation that  Truog values in these soils were 
higher than the corresponding Bray values. Among the individual 
forms of soil P, organic P constituted the highest amount. Its level 
in these soil varied according to texture and organic matter content. 

Correlations between soil test data and P /orms  

Comparisons were made between the soil test values and P forms 
by means of linear regression analysis. The simple linear correla- 
tions coefficients between soil P fractions and P extracted by soil 
test methods are shown in Table 3. Most of the extractants correlated 
highly with A1-P, except H20-P and resin-P. Similar correlations 
were made between tile sum of A1-P and Fe-P and soil test values. 
It appears that  most of the methods used extracted some propor- 
tions of A1-P and Fe-P and to some extent other forms of P. 

The correlation coefficients (Table 3) showed that, although the 
amount of P extracted by the different methods varied, many of the 
results were well correlated. It is probably that  the same form or 
forms of P were being extracted by two tests which were closely 

T A B L E  3 

S imp le  c o r r e l a t i o n  coef f ic ien t s  r e l a t i n g  P e x t r a c t e d  b y  soil t e s t  m e t h o d s  a n d  P f r a c t i o n s  

B r a y  P N H 4 O A c  Olsen  P Res in  P H 2 0  P AI-P  AI- + 
P F e - P  

T r u o g  0.462* 0.806** 0.652** 0.637** 0.506** 0 .781"*  0.763** 
B r a y  P 0.627** 0.792** 0 .331ns  0 .030ns  0 .777** 0.704** 
N H 4 O A e  P 0.722** 0.433** 0.375** 0.680** 0.587** 
Olsen P 0.402* 0 .297ns  0.646** 0.578** 
Res in  P 0.493** 0 .340ns  0 . 4 1 6 "  
H 2 0  P 0 . 3 3 9 n s  0 .273ns  
AI -P  0 .935** 

** S ign i f i c an t  a t  1% level  
* S i g n i f i c a n t  a t  5 %  level 
ns  n o t  s i g n i f i c a n t  a t  5 %  level  
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correlated. However, this does not imply in all cases that  the same 
or a proportional amount of P was being removed from each inor- 
ganic source by any two methods. 

It has been reported7 that  correlations between soil tests and P 
forms depend on which form of P is dominant in a soil. The highly 
significant and positive correlation between P extracted by four of 
the soil test methods and A1-P and sum of A1-P and Fe-P may well 
provide evidence in support of the assumption that  these were per- 
haps the dominant forms of inorganic P in most of the soils. 

Corrdations o /P  uptake with soil tests 

The purpose of the greenhouse trial was to measure seedling P up- 
take and use these to evaluate the various soil tests. Dry-matter  
yields, per cent tissue P and P uptake were determined for the test 
plants but only values of P uptake were used in final correlation and 
regression analyses because of weak or insignificant correlation of 
other parameters with soil tests. I t  was not po~sible to obtain plant 
growth indexes for pine on soils 4, 5, 7, 8 and 29 because of seedling 
death caused by damping-off disease. 

Phosphorus extracted by Truog, resin, H20 and NH4OAc tests 
and A1-P and sum of A1-P and Fe-P correlated with P uptake in pine; 
only P extracted by Truog ,  resin and H20 methods correlated with 
P uptake in corn (Table 2). 

B r a y  and Olsen  P did not correlate significantly with P uptake 
by any of the 2 test plants. Some workers have reported poor corre- 
lation between B r a y  P and P uptake in barley tops 27. The poor cor- 
relation observed between P uptake and B r a y  and Olsen  tests 
might be related partly to the effect of texture on the extractants. 
It is likely, too, that  these methods extracted proportions of soil 
inorganic P that  might give a better evaluation of long-term avail- 
ability of P rather than short-term availability that  are more rele- 
vant in greenhouse studies. 

The same explanation might suffice for the lack of correlation of 
A1-P and Fe-P with P uptake in corn. Where textural variability was 
limited, as in the soils in which pine seedlings survived and grew, 
there was significant correlation between these P fractions and P up- 
take. Mutual correlations might have concealed some other wise 
significant correlations. For example, silt + clay content was nega- 
tively correlated with A1-P (r ~- --0.467) but positively and signi- 



292 O. KADEBA AND J.  R. BOYLE 

ficantly correlated with P uptake by corn. T r u o g  P showed the best 
correlation with A1-P and sum of A1-P and Fe-P (Table 3) and it was 
also highly correlated with P uptake by the test plants (Table 2). 
I t  appears that  the Truog method met the requirement of extracting 
proportions of A1-P and Fe-P that  were related to P uptake by the 
plants. 

Resin extractable P correlated highly with P uptake of the test 
plants and in all cases was superior to any other single measurement 
for predicting P uptake. Advantages of the resin method are that  it 
is not significantly influenced by soil characteristics such as texture 
and it does simulate the mode of P uptake by plants 2. Considering 
the shaking period of 2 hours adopted in this study for resin extrac- 
tion, it is thought that  kinetic exchange of P by the resin would be 
from soil solution as well as from readily exchangeable P from mine- 
ral surfaces. This then implies that  resin extractable P is a composite 
value that  should reflect both quanti ty and intensity factors involv- 
ed in P uptake by plants. This is supported by the fact that  both 
water extractable P and the sum of A1-P and Fe-P were significantly 
correlated with resin extractable P. The suggestion that  resin ex- 
tractable P was a composite parameter agrees with other findings 3 9 

Phosphorus uptake in relation to other soil properties 

Soil properties other than the forms of P influence the amount of 
P absorbed from soil by a plant. In order to examine some of these 
and determine the merit of their inclusion in soil tests for routine 
evaluation of P availability, pH, organic matter, organic P and silt 
q- clay content were tested as additional independent variables. 
Multiple linear correlations of P uptake on each of the soil tests plus 
additional variables were computed in the combinations shown in 
Tables 4 and 5. 

Among soil properties considered, silt + clay content increased 
significantly the correlation of P uptake with some of the soil tests. 
In most cases, when taken in combination with other variables only 
the effect of texture was significant. For example, in the multiple 
regression of P uptake by corn on Truog P, organic P, pH, and silt 
+ clay content, only the effect of silt + clay was significant in addi- 
tion to Truog P judging from the F value (not shown). Based on the 
F values of the soil parameters, the results of multiple regression 
analyses could be summarized as follows : 1. Addition of organic mat- 
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T A B L E  4 

R 2 va lues  for  m u l t i p l e  l inea r  c o r r e l a t i o n s  of P u p t a k e  (mg /po t )  b y  c o r n  o n  e a c h  of the  soil t e s t s  a n d  o t h e r  soil 

p r o p e r t i e s  

Soil Soil t e s t s  

p r o p e r t i e s  
T r u o g  P B r a y  P N H 4 O A c  Olsen  Res in  H z O  P A I - P  A I - +  

p P F e - P  

OM 0 .401"  0 .089 0 .136 - -  0 .376** 0 .241"  0 .116 0 .118 
Org .  P 0.489** 0 .215"  - -  0 .257* 0.402** 0.336** 0.249* 0 .237* 
p H  0 .415"*  0 .194"  0 .243 0 .267* 0.398** 0.247* 0.247* 0 .223* 
SC 0.548** 0.244** 0.334** 0.285* 0.448** 0.342** 0.356* 0.335* 
OM + p H  0.420** - - +  0 .243 0.278* 0.399** 0.275* 0 .229 0 .226 
OM + p H  + SC 0.564** --  0.341 0.345* 0.449** 0.342* 0.367* 0.342* 
Org .  P + p H  0.494** --  0 .322* 0.358* 0 .415"*  0.346* 0.320* 0.304* 
Org .  P + p H  + SC 0.584** --  0 .373* 0.386* 0 .415"*  0.377* 0.402* 0.368* 

OM = o r g a n i c  m a t t e r  ** s i g n i f i c a n t  a t  1% level 
SC = silt  + c l a y  * s i g n i f i c a n t  a t  5 %  level 
+ Va lues  n o t  c a l c u l a t e d  

ter to correlations including soil tests did not significantly improve 
R 2 values of P uptake with any soil test. 2. Inclusion of organic P 
with the soil test values significantly improved the prediction of P 
uptake by pine from only T r u o g  P, but improved predictions from 
all the soil tests for corn except Olsen  - and resin-P. 3. Inclusion of 
pH with the soil tests improved the prediction of P uptake for corn 
from Bray- ,  NHaOAc-, Olsen-,  and A1-P as well as A1-P + Fe-P, 
but had no significant effect on prediction of P uptake by pine ex- 
cept for NH4OAc-P. 4. Inclusion of silt + clay with the soil test va- 
lues improved predictions of P uptake by corn from all the soil tests 
but had no significant effect on prediction for pine. 

Organic P significantly correlated with P uptake in corn (Table 2). 
As shown above, inclusion of organic P with all the soil tests improv- 
ed the prediction of P uptake by pine from only Truog P and from 
more of the soil tests in the case of corn. Results in Table 4 showed 
that  silt + clay provided larger increase in R 2 for all soil tests than 
organic P. Since organic P and silt + clay were significantly corre- 
lated it could be that  the improvement from including organic P was 
a reflection of the effect of silt -k clay on the ot ~2anic P. 

The effect of pH on P uptake could result hom the dependence on 
pH of the distribution of different inorga:Sc P fractions in the soil 
and their relative solubility in the extra_rants. It is thought that  the 
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T A B L E  5 

R 2 va lues  for  m u l t i p l e  l inea r  c o r r e l a t i o n s  of P u p t a k e  ( rag /po t )  b y  p ine  on  e a c h  of the  soil t e s t s  a n d  o t h e r  sol 

p r o p e r t i e s  

Soil 
p r o p e r t i e s  

Soil t es t s  

T r u o g  P B r a y  P N H 4 O A c  Olsen  Res in  P I-f20 P A1-P  A I - +  
P P F e - I  

OM 0 .491"*  0 .120 0 .214 -- 0 .661"*  0.298* 0.258* 0.290 

Org.  P 0.555** 0 .176"  0 . - -  1.201 0.658** 0.354** 0 .312"  0.319 '  
p H  0.486** 0 .140 0.283** 0 .205 0.664** 0.304* 0.262* 0 .288 ~ 
SC 0 .501"*  0 .097 0 .219 0 .122  0 .661"*  0.300* 0.246* 0 .283 ~ 
OM + p H  0.499** - -  0 .283 0 .224 0.664** 0 .306 0 .267 0.291 
OM + p H  + SC 0 .531"*  - -  0.301 0 .237 0.669** 0 .210 0.269 0.291 
Org .  P + p H  0.560** - -  0 .368 0.261 0.664** 0 .354 0 .317"  0 .320 
Org .  P + p H  + SC 0.566** - - +  0.371 0 .312  0.670** 0 .380 0 .320 0 .328 

OM = o r g a n i c  m a t t e r  
SC = sil t  + c l ay  

+ V a I u e s  n o t  c a l c u l a t e d  

** s ign i f i c an t  a t  1% level 
* s i g n i f i c a n t  a t  5 %  level 

lack of any measurable effect of pH on pine P uptake arose solely 
because of the narrow pH range (5.0-5.5) of the pine soils. 

Linear correlation analyses showed that  silt + clay content did 
not correlate positively and significantly with P uptake in pine pre- 
sumably because of little textural variability in the pine soils. Inclu- 
sion of silt + clay values with each of the soil tests improved predic- 
tion of P uptake by corn (Table 4). However, it should be recognised 
that  the effect of silt + clay may well be an omnibus of several fac- 
tors, of which available soil water, mechanism of nutrient supply, 
textural effects on extractants and nature of the test plants are un- 
doubtedly important. For example, as noted elsewhere in this study, 
pine seedlings were very vulnerable to root rot on heavy-textured 
soils and this had caused some seedling deaths. 

A factor that  can become limiting in the supply of P to plants is 
the rate of diffusion of P from the solid phase to the root surface. 
Among other factors, the rate of P diffusion will depend on water 
content of the soil. Fine-textured soils would permit faster diffusion 
of P than coarse-textured soils at equivalent soil water potential. 
Hence, the positive effect of silt + clay on P uptake in this study 
could be attributed partly to its effect on the mechanism of P supply. 
The work of M a h t a bet  al. 15 provides further evidence. They found 
that  P uptake in grain sorghum as well as P diffusion coefficients 
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increased with clay content of four Texas soils. W i l d e  et al.~l found 
that  both texture and soil P were significant factors in predicting 
site index of red pine in Wisconsin. 

On the basis of R 2 values (Tables 4 and 5) not all the variability 
in P uptake of the test plants were explained by the soil variables 
tested. Other factors not evaluated in this s tudy may be undoubted- 
ly important. It is known, for example, that  AI and Ca interaction 
can be involved in P uptake of eucalyptus seedlings Is; A1 affected P 
uptake by P .  radiata  12 and Ca apparently reduced P uptake in pitch 
pine 29. 

Further analysis of the pine data showed that  0.002 N H2S04, IN 
NH4OAc (pH 4.8), and resin extractable P were significantly corre- 
lated with per cent P in pine seedling tops; the correlation coeffi- 
cients, r, were 0.414, 0.507 and 0.517 respectively. This is consistent 
with an earlier work in Wisconsin in which W i l d e  et al. 31 found that  
0.002 N H2SO4 extractable P was significantly related to site index 
of red pine. 

However, the results of this s tudy showed good agreement with 
similar work done on forest soils in parts of the U.S. where most co- 
nifers either because of site requirements or limitation in available 
land are usually confined to marginal acid sandy soils. I t  it becoming 
increasingly clear that  extractants, such as 0.002 N H~.SOa, 1N NH4- 
OAc or resin, which remove small amounts of P are more relevant 
for predicting fertilizer response of forest species 1 4 11 ~3 29 

CONCLUSIONS 

High dependence of P extracted by the soil tests on A1-P and Fe-P 
as established by linear correlations suggest the likelihood of A1-P 
and Fe-P as the dominant forms of inorganic P in the soils studied, 
particularly the acid sandy soils. The correlations of these fractions 
with P uptake by pine seedlings relate to their importance as sour- 
ces of available P to the test plants. 

Resin extractable P was superior to any other soil test method for 
predicting P uptake by the test plants. 0.002 N Hg.SO, extractable 
P was second in rank. Inclusion of silt + clay values with 0.002 N 
H2SO4 extractable P and with other soil tests in a multiple regres- 
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sion analysis improved prediction of uptake, especially when soils of 
different textures are involved. 

The results support the general observation that extractants 
which remove small amounts of P are more useful in evaluating 
short-term P availability in forest soils. 

Received 15 February 1977 
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