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Questions relating to the relative contents of plant nutrients in 
a crop are, in various ways, closely connected with questions of 
fundamental importance concerning the fertilizing technique as, for 
instance, the relationship between applied and absorbed quantities 
of the plant nutrient in question, the relationship between the 
absorbed quanti ty of the plant nutrient and the production of 
dry matter,  and finally the relationship between the applied quan- 
t i ty  of the same plant nutrient and the production of dry matter. 

With a more comprehensive knowledge of these relationships, 
many problems associated with fertilizing may be solved in principle 
e.g. problems connected with the interpretation of chemical plant 
analyses. 

The use of plant analyses as a means of determining the nutrient 
status of plants is well known. During the last few decades, however, 
a great deal of work has been directed exclusively towards the 
application of chemical plant analyses as a means of diagnosing the 
nutrient requirements of plants and soils 1). 

I t  is not considered necessary to include in this paper, details as 
to (a) the rapid chemical methods used (b) the particular plant 
organs chosen for analysis and (c) the calculation of the analytical 
results etc. Such details may be obtained from the review by 
G o o d a l l  & G r e g o r y 1 ) .  

The interpretation or evaluation o/the analytical results, however, is 
of decisive importance in the application o/the chemical plant analysis. 
What for instance, does a certain percentage nutrient content 
in barley leaves mean ? Just as we m u s t  interpret the results of 
chemical soil analysis or the results of field trials, so must we 
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interpret the results of chemical plant analyses if these results 
are to throw an 3 , light on other special cases. 

In general three different methods have been used in the inter- 
pretation of chemical plant analyses, of which two are of particular 
importance. 

Interpretalion I: Figure 1") illustrates for a given crop (or 
part of the crop) the relationship between increase in yield (dry 
matter) after the application of a certain quanti ty of a plant nutri- 
ent, and the percentage content of this nutrient in the unfertilized 
crop. The evaluation of the analytical results may also be made as 

q) 

+ 

N u z ' r i e n z  ~ c o n t e n ¢  °/o 
Fig. 1. Interpretation I 

follows: standard values for the plant nutrients in the crop are 
found, these standard values (limiting or basic values) being de- 
termined for three or more levels e.g. high, medium and low content,  
due attention being paid to the time during the growing season at 
which the samples are taken i.e. the stage of development of the  
crop. 

Interpretation II: Figure 2 illustrates the relationship between the 
dry matter production (total yield or a particular fraction of the 
yield) and the percentage nutrient content of the dry matter (yield). 

*) Except for figure 4, the figures referred to in the text are all schematic. 
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It  will be observed that with increasing yield, the percentage 
nutrient content normally rises (full line). 

Thus in both methods of interpretation, the percentage nutrient 
content may be used for diagnosis. The question arises however - -  
on what principles or laws are such interpretations based ? Before 
enlarging upon this point it is necessary to bear in mind that there are 
four groups of factors which influence the nutrient content of a plant. ' 

These are : 
(1) Soil factors in the most comprehensive sense (including also 

the ability of the soil to supply the crop with water). 

,.% 

() 
U 

L ~ po/n~ of/nflexion/ 
Fig. 2. I n t e r p r e t a t i o n  I I  

(2) The nature of the crop. 
(3) Climatic conditions including factors like light and temper- 

ature. 
(4) The time during the growing season at which t he  plants are 

sampled i.e. the stage of development of the crop. 
According to interpretation I, variations occur from place to 

place and from one year to another, in (1) the soil factors and (3) 
the climatic conditions. On the other hand (2) the nature of the crop 
and often (4) the time of sampling (stage of development of the crop) 
are kept constant. 
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According to interpretation II, variations in (1) the soil factors, 
are reduced to a minimum (e.g. by  sampling from as small an area 
as possible) whilst the remaining factors grouped under (2), (3), and 
(4) are kept constant or as nearly so as possible. 

We can now discuss the basic principles underlying the inter- 
pretation of chemical plant analyses according to figures 1 and 2. 

For these interpretations to be valid, the presupposition is 
that  the law of diminishing returns holds in all cases concern- 
ed. The argument would be further simplified if the relationship 
between applied and absorbed quantities of a plant nutrient was 

A d d e d  D/~n~ n u t r i e n t  

Fig. 3a 

linear but  even if the line is not straight i.e. if the rate of absorption 
steadily decreases with increasing applications of the particular 
nutrient, this does not alter the fundamental considerations. 

From figures 3a and 3b it follows that normally, a high yield is 
associated with a high percentage content of the nutrient and with 
small increases in yield. 

Where, however, the law of diminishing returns does not apply, 
serious errors may arise in the interpretation unless the utmost 
care is taken; cf. figures 3c and 3d. In figure 3d, the relationship 
between dry matter  production and quanti ty of nutrient absorbed is 
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expressed by an S-shaped curve i.e. with first increasing then 
decreasing returns. This means that  the relationship between dry 
matter  production and quanti ty of nutrient applied must also be 
represented by an S-shaped curve, irrespective of whether the rate 
of absorption is constant or steadily decreases with increasing 
applications of that nutrient (fig. 3c). The relationship between dry 
matter  production (yield) and percentage nutrient content must 
therefore be expressed by a curve of the form given in figure 2 
(dotted line + full line). 

In other words we may find that a high percentage content of a 

A b s o r b e d  p/ctnt nufr ient-  
Fig. 3b 

particular nutrient is associated with a low production of dry matter,  
in which case there is still the possibility of a large increase in yield 
(cf. cross in fig. 1). This would mean serious errors in the inter- 
pretation according to both methods I and II (see dotted parts of the 
curves given in figs. 2 and 3d). 

Therefore, in order to be able to use chemical plant analyses 
successfully it is important to know as much as possible about the 
influence exerted by the  group of yield factors mentioned above 
(1, 2, 3 and 4) on the shape of the yield curve, its flexibility and 
its position in the coordinate system. 
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A d d e d  p l a n t  n u t r i e n ~  

Fig. 3c 

p o i n t  o f  i n f / e~ ion  

/ 
/ 

/ 
#fJ 

Absorbed p lant  nutrient 

Fig. 3d 
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Before commenting further on the value of such increased 
knowledge of the form of the yield curve, it would be appropriate 
to give a concrete example in which one can go into further detail 
about the points arising out of the discussion on fundamentals. This 
will be done first by  describing some of our typical experimental 
results and then by  discussing their interpretation (method II). 

Over a period of 3 years (1939-41) pot experiments were carried 
out with the same soil to which had been added increasing quantities 
of various copper fertilizers. These, applied in the first year, were 
as follows : 

1. Copper pyrites or chalcopyrite, CuFeS 2 
2. Purple copper ore or bornite, Cu3FeS 3 or CusFeS 4 
2a. Copper glance or chalcocite, Cu2S 
3. Malachite, CuCOa.Cu(OH)2 
4. Red copper ore or cuprite, Cu20 
5. Copper sulphate, CuSQ.5H20.  
Each of these minerals was applied in two degrees of fineness. 

The soil in all pots was otherwise treated alike and heavily fertilized 
with nitrogen, phosphorus and potassium. Check analyses showed 
that the pH values varied between 6 and 7 approximately (in- 
creasing slightly with time) whilst the contents of phosphorus and 
potassium in the soil were high and fairly constant in all treatments. 
The water supply was maintained at a constant level during all 
three years. Total contents of nitrogen, phosphorus, potassium, 
copper and manganese were determined in the ripe crops (barley); 
(cf. tables Ia, Ib, Ic). 

In the treatments without copper, symptoms of copper deficiency 
were typical and very severe; the severity of the symptoms gradually 
decreased with increasing yields (and increasing copper appli- 
cations) disappearing at a dry matter  production of about 80 g per 
pot. The amount of copper applied varied greatly, causing a con- 
siderable variation in production of dry matter  (cf. abcissa values, 
fig. 4). The fully drawn curves show, for all three years, the average 
relationship between relative copper content and production of dry 
matter  per pot, for grain, straw and grain + straw. For the indi-  
vidual years, the main course of the curves is the same as that for 
the average curves. 

The curves obtained after the application of greatly varying 
quantities of copper sulphate were also found to follow the same 
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T A B L E  I a  

C o p p e r  a d d i t i o n s  a n d  p e r c e n t a g e  c o n t e n t s  of v a r i o u s  p l a n t  n u t r i e n t s ,  a v e r a g e  1939-41 
G r a i n  

I n  d r y  m a t t e r  

C o p p e r  a d d e d  in  g:  

No  t r e a t m e n t  
C h a l e o p y r i t e  I *) 0.56 

I 2.79 

Cha lc0c i t e  a n d  
b o r n i t e  I I  t )  0 .52 

Cha lcoc i t e  a n d  
b o r n i t e  I I  2.59 

Cha lcoe i te  a n d  
b o r n i t e  I 0 . 52  

Cha lcoc i t e  a n d  
b o r n i t e  I 2.58 

M a l a c h i t e  I I  2.50 

,, I 0 .47 
I 2.34 

CuSO,j. 5 H 2 0  0.03 
0.13 

7, ,, 1.02 

%N 

2.90 
3.57 
2.58 

3.00 

2.21 

3.55 
2.13 

2.03 
3 . 7 7  

2.76 
2.14 

% p  

0 . 5 3  

0.54 

0252 

0.43 

0.60 
0.40 

0.39 
0 .62 

0.49 
0.42 

% K  

0.60 
0.67 
0.77 

0.72 

0.60 
0.78 
0.60 

0.57 
0.77 
0.64 

0.56 

p . p . m .  
Mn 

33 
31 

30 

29 

30 
25 

19 
38 
23 
26 

p . p . m .  
Cu 

3 . 2  ' 

5 .4 
3.2 

0.7 

6.9 

3.0 

4.5 
4.2 
4.4 
5.4 
4.3 

2.5 
4.7 

g d r y  

m a t t e r  
pe r  p o t  

0.1 
4.6 

48.4  

0.1 

0.3 

29.3 

50.7 
6.8 

51.5 

53.2 
2.4 

34.7 
54.4 

*) I re fers  to  v e r y  f ine ly  r o u n d  m i n e r a l  (see 3)). 
t )  I I  re fers  to  c o a r s e l y  g r o u n d  m i n e r a l  (see 3)). 

T A B L E  Ib  

C o p p e r  a d d i t i o n s  a n d  p e r c e n t a g e  c o n t e n t s  of v a r i o u s  p l a n t  n u t r i e n t s ,  a v e r a g e  1939-41 
S t r a w  

In  d r y  m a t t e r  
Coppe r  a d d e d  in g:  

No t r e a t m e n t  
C h a l e o p y r i t e  I *) 0.56 

I 2.79 
Cha leoe i te  a n d  

b o r n i t e  I I  t )  0 .52 
Cha lcoe i t e  a n d  

b o r n i t e  I I  2.59 
Cha lcoc i t e  a n d .  

b o r n i t e  I 0 .52 
Chaleoe i te  a n d  

b o r n i t e  I 2.58 
M a l a c h i t e  I I  2.50 

7, I 0 .47 
I 2.34 

C u S O 4 . 5 H 2 0  0.03 
0.13 

,, ,, 1.02 

%N 

2.93 
2.07 
0.81 

2;59 

2.83 

1 .22  

0.85 
1 .90  
0.77 

0.79 
2.04 
1.23 
0.78 

% P  

0.33 
0.37 
0.09 

0.49 

0.54 

0.19 

0.07 
0.37 
0.07 
0.07 
0.39 
0.19 
0.08 

% K p . p . m .  
Mn 

0.60 189 
1.52 129 
1 .50  98 

1.16 225 

1.57 163 

1.46  85 

1.51 87 
1.5I 102 
1.33  93 
1.30 81 
1.49 118 
1.46  99 
1.46 91 

p . p . m .  
Cu 

16.6 
8.5 

12.5 

1 4 . 4  

11.0 

9.4 

13.1 
8.3 

11.0 
13.4 
9.6 
9.3 

10.9 

g d r y  
m a t t e r  
per  po t  

8.3 
47.8 
49.5 

10.4 

24.1 

50.6 

45.9 
51.6 
47.3 

50.0 
42.8 
49.7 
47.3 

*) I refers to very finely ground mineral (see ~)). 
t) II refers to coarsely ground mineral (see 3)). 
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T A B L E  Ic  

Copper  add i t ions  and  pe rcen tage  con ten t s  of var ious  p l a n t  nu t r i en t s ,  ave rage  1939-4 I 
Grain + straw 

In  d r y  m a t t e r  
Copper  added  in  g: 

No t r e a t m e n t  
Cha leopyr i t e  I *) 0.56 

I 2.79 
Chaleoci te  and  

born i t e  I I  t )  0.52 
Chalcoci te  and  

born i t e  I I  2.59 
Chalcoci te  and  

born i t e  I 0.52 
Chaleoci te  and  

born i t e  I 2.58 
Malach i te  I I  2.50 

,, I 0.47 

I 2.34 
C u S ; ~ .  5H~0 0.03 

,, ,, 0.13 
,, ,, 1.02 

%N 

2.95 
2.16 
1.66 

2.59 

2.83 

1.78 

1.56 

2.02 

1.49 
1.44 
2.09 
1.78 
1.51 

%P 

0.33 
0.38 
0.31 

0.49 

0.54 

0.29 

0.26 
0.39 
0.25 
0.23 
0.40 
0.30 
0.26 

% K p.p.m.  
Mn 

0.60 187 
1.47 123 
1.15 66 

1.16 225 

1.57 163 

1.23 68 

57 
97 
57 
48 

116 
7I 
56 

1.03 
1.46 

0.94 
0.92 
1.47 

1.16 
0.98 

*) I refers  to v e r y  f ine ly  round  mine ra l  (see 3)). 
t )  I I  re le rs  to  coarse ly  round  mine ra l  (see 3)). 

p .p .m.  
Cu 

16.6 
8.3 
7.8 

14,3 

10.9 

7.1 

8.6 
7.9 
7.6 
9.3 
9.2 
6.4 
7.2 

g d r y  
m a t t e r  
per  po t  

8.4 
52.4 
97.9 

10.5 

24.4 

79.9 

96.6 

! 58.4 
98.8 

I 103.2 
45.2 

84.4 
101.7 

course both for the average values as well as for individual years. 
The three dotted curves at the bottom of figure 4 (all curves are 

drawn freehand) show the average relationship between percentage 
content of nitrogen in grain in straw and in grain -}- straw, and the 
corresponding production of dry matter  per pot. This relationship 
was repeatable for each of the three years. When grain formation 
sets in, the yield of straw is slightly reduced and at the same time 
the percentage nitrogen content in the straw is reduced. The same 
is found for phosphorus, both for the average and for individual 
years, but not so in the case of potassium or manganese. The relative 
content of these elements both in the total yield and the particular 
fractions of the yield gradually decreases with increasing yield for 
each of the three years. 

For grain, as well as for straw and grain + straw, it will be seen 
that  the relative copper content may be the same for very different 
yield values. If, in this case therefore, only a single sample was taken 
from a copper" deficient crop and its relative copper content de- 
termined, a very high copper content might be found. If two samples 
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were taken, one from a small copper deficient crop, the other from 
a somewhat bigger crop where the copper deficiency is not so 
marked, there would be a possibility of finding the lat ter  crop 
having the lowest copper content. 

If samples of such crops are handed in for chemical analysis, the 

• pp.m 
Cu 

%N 

15 

I I I I 

& o [] grG/n+straw 
I~ ~ A s t raw 

• e grain 
Ca 

J A 

/X 

[] 

I 

0 j , , 
50 

®-® . . . .  % ~  

I I 

¢00 
dr~j matter, g per pot 

Fig. 4. Dry matter  and the relative content  of plant  nutrients.  
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information on yield and the appearance of deficiency symptoms 
may be lacking or inaccurate - -  hence it may be necessary to 
analyse the crop not only for copper but also for a number of other 
plant nutrients. 

If as in the present case, the total crop, the straw and the grain, 
were analysed for copper, nitrogen, phosphorus, potassium and 
manganese and if three crop samples were received - -  one from a 
crop with a very small dry matter production, another from a crop 
of about 80 g dry matter and the third from a crop of about 105 g 
dry matter per pot - -  the percentage contents as far as potassium 
and manganese were concerned would be found to decrease steadily 
from the smallest to the biggest crop. This, however, would not be the 
case for copper where we Should find first a decrease and then an 
increase in its relative content as the yield of grain, straw or grain + 
straw increased. For nitrogen and phosphorus the results, as stated 
above, would be slightly different but only so far as the straw is 
concerned, where, for the same value of crop yield, slightly differing 
percentage contents may be found (see figure 4). 

These results indicate that :  
(1) If a series of results were obtained in which the relative 

nutrient content in the above-ground parts of the crop first de- 
creased and then increased with increasing yield then according to 
interpretation II  this would indicate severe deficiency in the parti- 
cular plant nutrient concerned where the dry matter production is 
lowest. When the other plant nutrients (in this case N, P, K and 
Mn) are applied in sufficient and constant quantities, their percen- 
tage contents will on the whole progressively decrease with increas- 
ing yields. (The samples are taken close to each other in the field). 

(2) A heavily declining percentage copper content with increasing 
yield and slightly decreasing percentage contents of nitrogen, phos- 
phorus, potassium and manganese indicate a severe copper de- 
ficiency in the crop where the plants are smallest (lowest dry matter  
production). Other presuppositions as under (1). 

(3) A greatly increasing percentage copper content with increas- 
ing yield and slightly decreasing percentage contents of nitrogen, 
phosphorus, potassium and manganese, indicate a copper deficiency 
in the crop where the plants are smallest (lowest dry matter pro- 
duction). Other presuppositions as under (1). 

In previous works 3), 4) these problems have been dealt with 
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for  p l an t  nu t r i en t s  o the r  t h a n  coppe r  (see also P o u 1 s e n 2). The  

f o r m  of the  cu rve  r ep resen t ing  the  re la t ive  n u t r i e n t  c o n t e n t  of the  

p lants ,  as has  been  obse rved  for  coppe r  (fig. 4), m a y  be exp la ined  
b y  the  fac t  t h a t  t he  p r o d u c t i o n  of s u p p o r t i n g  t issue a n d  s t a r ch  

b y  the  p lants ,  especial ly  b y  grasses,  increases  more  r a p i d l y  t h a n  the  
a b s o r p t i o n  of nu t r i en t s  du r ing  the  initiM s tages  of u p t a k e  of c o p p e r  

f r o m  the  soil unt i l  t he .po in t  of inf lexion is r eached  (cf. fig. 3d). F r o m  
this  po in t  the  f o r m a t i o n  Of s u p p o r t i n g  t issue and~ s t a r ch  c a n n o t  

keep  pace  w i t h  the  abso rp t i on  of coppe r  as the  r a t e  of app l i ca t ion  
of this  e lement  is increased.  The  po in t  of inf lexion in fig. 3d cor-  
responds  wi th  the  th ree  m i n i m a  for  re la t ive  coppe r  c o n t e n t  shown 

in fig. 4 (one for  grain,  one for  s t r aw  and  one for  gra in  + s t raw).  

SUMMARY AND CONCLUSIONS 

According to experience gained in this laboratory, the observation of the 
S-shaped yield curve (fig. 3d) appears to depend upon the severity of the 
absolute deficiency of the nutrient in question, in this case copper. In  those 
soils where this deficiency is not so pronounced, only that  part  of the curve 
to the right of the point of inflexion will presumably be observed which 
means that  we shall find increasing relative nutrient contents with increase 
in dry matter  production lincreasing applications of the particular nutrient ). 

I t  is however possible tha t  the observation of the S-shaped curve is 
influenced by other factors. A crop which has a high capacity for absorbing 
copper, evei1 from soils deficient in this element, will, in such investigations, 
give the impression that  we have a soil relatively rich in copper i.e. we shall 
only observe that  part  of the curve to the right of the point of inflexion 
(fig. 3d). Finally it is also possible that  heavy and uniform applications of 
other plant nutrients (and water) might in some cases contribute towards 
the production oI an S-shaped curve (relative deficiency of Cu). 

Our knowledge of such problems is Still incomplete. The present investi- 
gation indicates tha t  in order to make the fullest use of chemical plant 
analyses for diagnostic purposes, these problems must  be thoroughly 
investigated. To this end pot experiments carried out in the first instance 
according to a simple factorial plans, should prove useful. The proper 
design of such experiments, however, is of great importance. 

As mentioned in the beginning, investigations of this kind will increase 
our knowledge of important  fundamental  problems relating to fertilizing 
techniques. The aim of these investigations should not be the establishment 
of new yield equations. These have always been of secondary importance 
being merely of an empirically descriptive nature, though it must  be 
admitted they may not be without interest from the point of view of 
fertilizing technique. 
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T h e  e s s e n t i a l  p o i n t  is a n  i n c r e a s e d  k n o w l e d g e  of  t h e  f l e x i b i l i t y  a n d  

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

c o n d i t i o n s ,  t h e  c o n d i t i o n s  h e r e  b e i n g  c l a s s e d  u n d e r  f o u r  m a i n  g r o u p s  o f  
f a c t o r s .  I n  p r a c t i c e  i t  b e c o m e s  a q u e s t i o n  o f  d e t e r m i n i n g  i n t e r a c t i o n s  

b e t w e e n  f a c t o r s  a f f e c t i n g  d r y  m a t t e r  p r o d u c t i o n  o r  t h e  f l e x i b i l i t y  of  t h e  
y i e l d  c u r v e s  u n d e r  d i f f e r e n t  g r o w t h  c o n d i t i o n s .  F r o m  t h e  p o i n t  o f  v i e w  of  
f e r t i l i z i n g  t e c h n i q u e ,  i t  is e x t r e m e l y  i m p o r t a n t  t o  e l u c i d a t e  m o r e  t h o r o u g h l y  

t h e s e  i n t e r a c t i o n s  o r  t h i s  f l e x i b i l i t y  n o t  o n l y  w i t h  r e g a r d  t o  t h e  i n t e r -  
p r e t a t i o n  of  c h e m i c a l  p l a n t  a n a l y s e s  b u t  a l so  w i t h  r e g a r d  t o  t h e  i n t e r -  

p r e t a t i o n  o f  c h e m i c a l  soi l  a n a l y s e s  a n d  fo r  i n s t a n c e  t h e  d i s t r i b u t i o n  o f  
f e r t i l i z e r s  t o  t h e  c r o p s  e tc .  

Received Ju ly  22, 1950. 
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