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SUMMARY" 

I n  c o t t o n  g rown in a m a n g a n e s e - r i c h  B u g a n d a  soil t h e  effect  of p h o s p h o r u s  
on  t h e  c o n c e n t r a t i o n  of m a n g a n e s e  ill t h e  p l a n t s  d e p e n d e d  on  t h e  r a t io  of 
Ca:  P in t h e  n u t r i e n t  so lu t ions  appl ied .  W i t h  mole  ra t ios  of Ca : P < 2 p l a n t  
m a n g a n e s e  c o n c e n t r a t i o n  inc reased  w i t h  al l  c o n c e n t r a t i o n s  of a d d e d  phos-  
phorus .  W h e n  t h e  Ca : P r a t i o  was  1 : 2 a n d  1 : 1, c o n c e n t r a t i o n  of m a n g a n e s e  
was g rea t e r  in  p l a n t s  g rown w i t h  t h e  smal l e s t  c o n c e n t r a t i o n  (0.2 mmol/1} 
of p h o s p h o r u s  in t h e  n u t r i e n t  so lu t ion  t h a n  in p l a n t s  w i t h o u t  a d d e d  phos -  
p h o r u s  or w i t h  more  P. W i t h  Ca: P > 1, m a n g a n e s e  c o n c e n t r a t i o n  ill t h e  
p l a n t s  d i m i n i s h e d  as t h e  c o n c e n t r a t i o n  of p h o s p h o r u s  ill t h e  n u t r i e n t  ill- 
c reased  f rom zero. 

Tile r e su l t s  i n d i c a t e d  t h a t  in  soils w i t h  m u c h  m a n g a n e s e  a s igmoida l  
cu rve  m a y  descr ibe  r e sponse  to  t r ip le  s u p e r p h o s p h a t e  because  i t s  Ca : P r a t i o  
is too  smal l  for  sma l l  dress ings  of t h e  fer t i l izer  to  s u p p l y  e n o u g h  ca lc ium to  
con t ro l  h a r m f u l  effects  of m a n g a n e s e .  

INTRODUCTION 

The first of this series of papers 7 reported that  monocalcium phos- 
phate and its hydrolysis derivatives increased the concentration of 
manganese in ryegrass grown in a soil from Namulonge, Uganda; 
the second paper s showed that in cotton plants grown with nutrient 
solutions the ratio of Ca:P controlled concentrations of manganese 
in the plants. This paper reports an experiment that  measured the 
effect of Ca:P on cotton grown in soil from Sendusu, Namulonge, 
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w i t h o u t  a d d e d  m a n g a n e s e ,  to i n v e s t i g a t e  t he  h y p o t h e s i s  t h a t  an  

u n s u i t a b l e  ra t io  of C a : P  caused  the  s igmoida l  response  cu rve  w h e n  

c o t t o n  was  g rown  w i t h  t r ip le  s u p e r p h o s p h a t e  in  the  f ield a t  N a m u -  

longe 4 

EXPERIMENTAL 

A description of Sendusu soil was given earlier 7. The experiment was in 
amber glass pots that  contained 220 g of soil lying between two layers of a 
mixture of soil and quartz chippings, as ill tile earlier experiment with rye- 
grass 7. Six delinted cotton seeds (Gossypium hirsutum var. BPA 68 from 
Uganda) were soaked in water overnight, then sown and covered with soil- 
quartz mixture. The pots were covered, placed ill saucers filled with deionized 
water, and put into controlled environment cabinets which were kept at 25°C 
during the 12 hour day and 20°C at night. When the seeds germinated the pots 
were uncovered; two days later the water in the saucers was replaced by nu- 
tr ient  solutions. The poorest seedlings in each pot were removed to leave four 
seedlings per pot. Nine days after germination temperatures in tile cabinets 
were increased to 28°C during the day and 23°C at night; corresponding relat- 
ive humidities were 66 per cent and 84 per cent. Light intensity was as ill tile 
previous experiment s. The experiment was harvested 49 days after sowing. 
The treatments, replicated four times, were all combinations of none and four 
concentrations of calcium with none and three concentrations of phosphorus 
so that  tile mole ratios of Ca : P varied from 1 : 8 to 4:1. The concentrations of 
Ca and P were: 

Calcium, mmol/l: 0, 0.1, 0.2, 0.4, 0.8 

Phosphorus, mmol/l: 0, 0.2, 0.4, 0.8. 

Appropriate amounts of stock solutions that  contained Ca(H2PO4)2.2H~O, 
Ca(NOa)2.4H20, Nt-I4H2PO4 and NH4NO6 were mixed to make the twenty 
solutions that  were applied as treatments. All t reatment  solutions contained, 
mmol/1, 2.8N, 1.5K, 0.45Mg, 0.2S; and, ~xmol/1, 2.3B, 0.016 Cu, 3.8 Zn, 0.013 
Mo. Details of the formulations were reported elsewhere 6. Each treatment  
solution was adjusted to the pH of the soil (5.75) with 0.1 N NaOH or 0.1 N 
H,SO4. The saucers were filled with t reatment  solutions when necessary to 
maintain a constant supply of solution to the plants througilout the experi- 
ment. 

RESULTS 

The  resu l t s  of the  e x p e r i m e n t  are in  F igu res  1 to 4. D r y  m a t t e r  

a n d  chemica l  c o n s t i t u e n t s  of the  p l a n t s  are p l o t t e d  aga ins t  concen -  

t r a t i o n  of p h o s p h o r u s  in  the  n u t r i e n t  s o l u t i o n ;  po in t s  a t  each ra t io  

of C a : P  are j o i n e d  so t h a t  effects of p h o s p h o r u s  a t  d i f fe ren t  ra t ios  
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c a n  b e  c o m p a r e d  eas i ly .  A t  each  c o n c e n t r a t i o n  of p h o s p h o r u s  t h e  

v e r t i c a l  d i s t a n c e s  b e t w e e n  p o i n t s  s h o w  t h e  ef fec ts  of c a l c i u m .  

Dry matter 

Y i e l d s  of t o t a l  d r y  m a t t e r  a re  in  F ig .  1. W i t h o u t  a d d e d  p h o s p h o -  

rus  y i e ld s  were  sma l l ,  a b o u t  3 g / p o t ;  t h e  s m a l l e s t  c o n c e n t r a t i o n  of 

p h o s p h o r u s  i n c r e a s e d  m e a n  y i e l d  to  10.4 g b u t  w i t h  m o r e  p h o s p h o -  

rus  t h e  i n c r e m e n t  of y i e l d  was  sma l l .  Ti le  e f fec ts  of c a l c i u m  were  

sma l l .  
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Fig. 1. The effect of phosphorus applied without  added calcium and at  six 
mole ratios of Ca : P in solution, on to ta l  dry  mat ter  of cotton grown in Sendu- 
su soil. o, without added Ca. Mole ratios of Ca : P --  0, 4 : 1 ; v, 2:1 ; [~, 1 : 1 ; 
A, 1:2; × ,  1:4; + ,  1:8. O, Ca applied without  P, retool/l: a, 0.1; b, 0.2; 

c, 0.4; d, 0.8. 
The vertical bar  represents the s tandard  error of a difference between two 

points. 

Plant manganese 

C o n c e n t r a t i o n s  of m a n g a n e s e  in  t h e  p l a n t s  d e c r e a s e d  in t h e  o r d e r  

l e a v e s  > r o o t s  > s t e m s ,  b u t  t h e  p a t t e r n  of t h e  c u r v e s  r e l a t i n g  t h e  

c o n c e n t r a t i o n  of m a n g a n e s e  to  p h o s p h o r u s  in  t h e  n u t r i e n t  s o l u t i o n  

was  t h e  s a m e  for e ach  p a r t ,  so o n l y  c u r v e s  for  l e aves  a re  s h o w n  in 
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Fig. 2. The effect of phosphorus applied without added calcium and at six 
mole ratios of Ca : P in solution, on concentration of manganese in dry matter 
of cotton leaves, o, without added Ca. Mole ratios of Ca : P -- <>, 4:1 ; v, 2:1 ; 
D, 1:1; /,, 1:2; X, 1:4; +, 1:8. O, Ca applied without P, mmol/: a, 0.1; 

b, 0.2; c, 0.4; d, 0.8. 
The vertical bar represents the standard error of a difference between two 

points. 

Fig. 2. Wi thou t  added calcium, phosphorus increased the concentra-  
tion of manganese from 0.024 to 0.103 per cent. Wi th  calcium the 

concentra t ion of manganese in leaves was smaller, but  when ratios 

of C a : P  were 1:8 and 1:4, at  which there were only one and two 

t rea tments  respectively, phosphorus increased manganese  concen- 

tration.  At all concentrat ions of phosphorus there were t rea tments  

with 1 : 2 and 1 : 1 ratios of Ca: P;  at each of these ratios the smallest 

concentra t ion of phosphorus increased concentra t ion of manganese  

in the leaves, but  more phosphorus  lessened manganese  concentra-  

t ion so tha t  in plants given most  phosphorus the concentra t ion of 

manganese  was less than  in plants grown without  added phosphorus 
or calcium. When  C a : P  was.2:1  and 4:1 all concentrat ions of nu- 

tr ient  phosphorus diminished manganese in the leaves. Wi thou t  add- 
ed phosphorus  calcium decreased the concentra t ion of manganese,  
bu t  the effects were small. 

Nutrient ratios in plants 

C a l c i u m : m a n g a n e s e .  The size of the ratio of ca lc ium:manga-  
nese in the plant  parts  diminished in the order stems > leaves > 
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Fig. 3. The effect of phosphorus applied without added calcium and at six 
mole ratios of Ca : P in solution, on the ratio of Ca : Mn in dry matter of cotton 
leaves, o, without added Ca. Mole ratios of Ca : P -- 0, 4: 1 ; v', 2 : 1 ; m, 1 : 1 ; 
a, 1:2; ×, 1:4; + ,  1:8. O, Ca applied without P. mmol/l: a, 0.1; b, 0.2; 

c, 0.4; d, 0.8. 

roots  but ,  as wi th  manganese  concent ra t ion  in the plants ,  the pa t -  
te rn  of curves was the  same in each par t .  In  leaves (Fig. 3), w i thou t  
added  phosphorus  or calc ium the Ca : Mn rat io  was 90; calcium alone 

increased the rat io  to 190 bu t  phosphorus  wi thou t  calc ium diminish- 
ed the  ra t io  to 10. Wi th  the smallest  concent ra t ion  of phosphorus  
the  Ca :Mn  rat io  was abou t  40 wi thou t  added  calcium, and  when 

C a : P  rat io  in the  nu t r i en t  was 1:2 and  1 : 1. More calcium increased 
the  Ca :Mn  rat io  in the leaves to 85 and  130 when C a : P  in solution 

was 2: 1 and  4:1 respect ively.  
The  results  for leaves of p lan ts  grown wi th  solutions t ha t  contain-  

ed C a : P  wi th  rat ios 1:2 and  1:1 were especial ly i m p o r t a n t  because 
these rat ios  occur in c o m m o n  fertilizers, and  because the curves had  
m i n i m a  at  the  smallest  concent ra t ion  of phosphorus  in the  nu t r i en t  
solution. Wi thou t  added  calc ium and  phosphorus  the ra t io  of Ca: 
Mn was abou t  90; at  bo th  rat ios the smallest  phosphorus  concent ra -  
t ion diminished Ca: Mn in leaves to abou t  40; more  calcium and  
phosphorus  at  1:2 ra t io  increased the  Ca :Mn rat io  in leaves ve ry  

litt le bu t  solutions wi th  Ca: P = 1 : 1 increased Ca: Mn to 140. 
P h o s p h o r u s  :m a n g a n e s e  r a t i o s .  The  rat ios of P : M n  in leaves 

are shown in Fig. 4. Wi thou t  phosphorus  and  calc ium in the  
nu t r i en t  solution P : M n  in the leaves was 5; in s tems  and  roots  it 
was a lit t le bigger. Calcium, wi thou t  phosphorus ,  affected the  ra t io  
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Fig. 4. The effect of phosphorus applied without added calcium and at six 
mole ratios of Ca : P in solution, on the ratio of P: Mn in dry matter of cotton 
leaves, o, without added Ca. Mole ratios of Ca : P -- O, 4 : 1 ; v, 2:1 ; D, 1 : 1 ; 

A ,  1 : 2; ×, 1 : 4; +,  1 : 8. O, Ca applied without P. 

in leaves and roots ve ry  little, bu t  it increased the ratio in stems to 
18. Phosphorus  wi thout  calcium increased the  rat io in roots to 20, 
but  it had  no effect in stems and leaves. When  phosphorus was given 
with calcium, the P:  Mn ratio in all par ts  of the plant  increased as the 
Ca: P rat io in the nu t r ien t  solution increased. Wi th  each Ca: P rat io 
in solution, P : M n  in the plants  increased as more phosphorus and 
calcium were given. In leaves and roots the largest rat io was near ly  
40; in stems it was 75. 

S o i l  p H .  Three  t imes during the exper iment  p H  was measured  
in the soil of each pot  by  pu t t ing  a glass electrode into the layer  of 
soil in the middle of the pot.  Soil pH  changed ve ry  little during the 
exper iment ;  35 days after  sowing the mean p H  was 5.63 and the larg- 
est difference between t rea tments  was 0.27. Because soil pH  varied 
little it is not  likely tha t  soil chemical  processes affected the amounts  
of manganese available to plants with different t rea tments .  The  ef- 
fects of calcium and phosphorus on plant  manganese were therefore  
associated with mechanisms in the plants tha t  control led the a- 
moun t  of manganese taken  up. This conclusion is suppor ted  by  the 
results'  of the previous exper iment  s in which similar effects of cal- 
cium and phosphorus occurred in cot ton plants  grown wi thout  soil. 

D I S C U S S I O N  

The  exper iment  was designed to test  the hypothesis  t ha t  when 
calcium and phosphorus were added to soil from Namulonge,  Ugan- 
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da, the Ca: P ratio controlled manganese in cotton plants, as part of 
an investigation of the cause of the sigmoidal response of seed cotton 
and plant dry matter  to triple superphosphate in the field 4. 

Cotton plants were grown for seven weeks. The curve relating yield 
of total dry matter to phosphorus in solution was not sigmoidal: all 
concentrations of added phosphorus, in all combinations with cal- 
cium, increased yield. This effect of phosphorus was similar to the 
effect of triple superphosphate on young plants in the field where 
six weeks after germination the response curve for dry matter was 
normal; but at harvest the curves for yields of seed cotton and total 
dry matter were sigmoidal. 

However, although the response of dry matter in the pots was not 
sigmoidal, the results showed that  the ratio of calcium to phospho- 
rus in the nutrient solution controlled the effect of phosphorus on 
plant manganese; with some ratios this effect was sigmoidal. When 
the ratio was less than 1 : 2, concentration of manganese in the plants 
increased with all concentrations of phosphorus. But in solutions 
with 1:2 and 1 : 1 ratios of Ca:P, a small concentration of phospho- 
rus increased manganese in the plants and more phosphorus dimi- 
nished it. 

The ratio of Ca:Mn in the plants was also controlled by Ca:P in 
the nutrient solution. In plants given more than the smallest con- 
centration of phosphorus the critical Ca:P ratio was 1:2; with it 
Ca: Mn in the plants was small but where Ca: P was 1 : 1 the ratio of 
Ca:Mn in the plants increased greatly as more phosphorus and cal- 
cium were given. 

Where nutrient ratios were 1:2 and 1 : 1 the curves relating con- 
centration of manganese in the plants to added phosphorus were 
the inverse of the response curves to triple superphosphate in the 
field at Namulonge, so they were consistent with the hypothesis 
that  excess of manganese diminished yields of crops with small dress- 
ings of triple superphosphate. Where the ratio of Ca:P was 1:2, the 
curve relating the ratio of Ca:Mn in leaves to P applied was similar 
to the field response curve, suggesting that  yields at Namulonge 
were diminished by small dressings of triple superphosphate, which 
has mole ratio of Ca:P = 1:2, because they decreased the ratio of 
Ca:Mn in the crops. Thus, the crops may have taken up too much 
manganese, and had too little calcium in relation to available phos- 
phorus to control the concentration of active manganese in tile plants. 
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Optimum ratios of Ca: Mn in cotton are not known but in the leav- 
es the ratio was 50 or less where the mole ratio of Ca:P in the nu- 
trient was 1 • 2; the ratio of Ca: Mn increased to a maximum of t 50 
where more calcium was given. However, the ratio of calcium to total 
manganese in plants may be misleading if it includes manganese 
precipitated ill plant tissue, as described in the second of these 
papers 8; then concentration of mobile manganese may be more in- 
structive than total manganese. 

Ratios of P : Mn in the plants were related to the Ca: P ratio in the 
nutrient. With calcium in the nutrient solution, giving more phos- 
phorus increased the P : Mn ratio; but without added calcium, phos- 
phorus did not affect the ratio of P : Mn. These results indicate that  
without calcium, phosphorus and manganese were taken up together. 
It seems possible that  crop failures associated with large concentra- 
tions of phosphorus in plants, sometimes attributed to toxicity of 
phosphorus 9 10 18, may be caused by excess of a harmful cation 
taken up with phosphorus; then a phosphate fertilizer with large 
Ca 'P  ratio may prevent crop failure. 

Sigmoidal yield curves and phosphate fixation 
There are few experimental data that  show the cause of a sigmoi- 

dal yield curve with phosphatic fertilizer, but hypothetical causes 
based on fixation of phosphate l! and on the geometrical distribu- 
tion of granules and the phosphate that  moves from them have been 
proposed 1 2. All the hypotheses assumed that  the cause of a sigmoi- 
dal curve was primarily a reaction of phosphate in soil; interactions 
with other nutrients in plants were secondary or ignored. K e l l o g g  
and 0 r v e d a 1 a stated that  the response curve to phosphatic fertilizer 
is commonly sigmoidal, rather than parabolic, and that  unless ade- 
quate amount of phosphatic fertilizer for the local kind of soil is 
used, the response to small applications is uneconomic. K e l l o g g  
and O r v e d a l ,  and W i l s o n  14, considered that  fixation of phospho- 
rus in soil was the cause of poor responses to phosphatic fertilizers, 
and cited the experiments at Namulonge. 

Although the Namulonge experiments showed that  within two 
years added phosphate was converted to very slightly soluble com- 
pounds 5, my results indicated that  the intensity of phosphate in the 
soil solution was not small enough to cause the diminished yields 
with small dressings of triple superphosphate 4. Yields of the final 
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crop were l inearly re la ted to in tens i ty  of phosphate  in the soil so- 
lut ion measured  as pH2PO4-,  in plots wi thout  fertilizer and with all 
except  the smallest dressings of Iertilizer; with these yield was less 
t han  predic ted  from the values of pl l~PO4-.  This result was ve ry  
impor t an t :  it  indicated tha t  soil phosphorus  in tens i ty  with small 
dressings of fertilizer was adequate  for a bigger yield and hence the 
cause of the sigmoidal yield curve was not  f ixat ion of phosphate .  I 
suggested tha t  wi th  small dressings the crops could not  absorb 
enough phosphate ,  or t ha t  adequa te  phosphate  was not  t r anspor ted  
in the plants,  because the concent ra t ion  of ano ther  e lement  was too 
large. The  results of the pot  exper iments  repor ted  in this and the pre- 
vious paper  suppor ted  tha t  speculat ion by  showing tha t  the rat io 
of C a : P  in triple superphosphate  was too small to control  the con- 
cent ra t ion  of manganese in cot ton.  This exper imenta l  demons t ra t ion  
of the cause of a sigmoidal curve shows tha t  despite react ions be- 
tween phosphate  and  soil const i tuents ,  it m a y  be more impor t an t  
to consider bo th  ions and their  rat io in a fertilizer in relat ion to o ther  
nut r ients  in the soil, to unders tand  anomalous responses of crops to 
phosphate .  
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