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1. INTRODUCTION 

The question of manganese toxicity of the soil as a practical 
problem in agriculture and horticulture was encountered quite 
accidentally. 

In a field of sandy soil of light texture adjacent to the Laborato- 
rium voor Microbiologie at Wageningen in 1922, a series of 40 perma- 
nent experimental plots of 42 m s were laid out. They are well sepa- 
rated by sunken cement plates. Since 1922 these plots have received 
various fertilizer treatments; each plot received a similar manurial 
treatment each year. Each plot has always been grown with the same 

*) Since 1948 this investigation has been carried out under the National Council for 
Agrieulttlral Research T.N.O. (Applied Scientific Research). 
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crops, which however, have been varied yearly. The plots which will 
be mentioned in the following account are a triplicate series of six, 
supplied with various amounts of limestone (0-5-10-15-30-60 kg) 
termed as I o, I5--I60, II0, IIs--II60, III  0, IIIs--III60 and two plots in 
duplicate which either have received chilean nitrate (Oh) or ammo- 
niumsulphate (AS) as a nitrogen fertilizer. Under war conditions, 
however, when chilean nitrate was unavailable, ammoniumsulphate 
had to be substituted for it. These various treatments have of course 
greatly influenced the pH of the plots. In Table I the data are 

T A B L E  I 

p H  of e x p e r i m e n t a l  p lo t s  

Series of 
l imed  I I I  I I I  

p lo t s  

D a t e  1946 1947 1948 1949 
24/7 20/5 29/5 6/5 

60 k g  t. 

30 ,, 
15 ,, 
10 ,, 

5 

0 ~, 

Ch. 1 
Ch. 2 
AS 1 

AS 2 

6.65 
5.75 
5.15 
4.92 
4.95 

4.42 

5.97 
6.65 
4.57 
4.55 

5.15 

5.0 
4.5 
4.32 
4.0 

3.8 

4.5 
4.9 
4.05 
4.1 

5.6 
5.2 
4.95 
4.45 
4.7 
4.15 

5.55 
5.15 
3,6 
4.85 

1949 1946 1947 1948 1949 1946 1947 1948 
6/5 24/7 20/5 29/5 6/5 24/7 20/5 29/5 

6.3 6.57 5.15 i 5.8 6.2 6.43 5.25 5.8 
6.1 5.85 4.95 5.7 5.95 5.85 4.9 5.3 
5.0 5.15 4.42 4.95 5.7 5.40 4.9 5.1 

5 5.00 4.3 4.95 5.0 5.75 ~.95 5.05 
5.1 4.8 4.55 4.85 5.4 5.00 4.45 4.75 
4.8 5.1 4.45 i 4.8 5.1 4.83 4.4 4.75 

5.8 
5 
5.15 
4.3 

5.8 
5.1 
4.9 
5 . 0 i  

4.6 
4.55 

recorded. Since the differences between the limed plots tended to 
decrease in spring 1949 a fresh addition of limestone in appropriate 
proportion was made to each of them. In May 1940 war conditions 
prevailed in the Netherlands and the raising of nutritional crops was 
the immediate need. Half of each plot was sown with Phaseolus v u l -  
garis (Var. b r u i n e b o o n), the seeds of which provide a food 
rich in protein, and the others halves of the plots were kept in pota- 
toes. Up till 1945 both these crops were grown alternately on the 
half plots. 

Early in the summer of 1940 in the more acid plots an injury to the 
foliage of the young bean plants was noted. In the leaves a marked 
marginal chlorosis extending into the intervenal areas occurred (Fig. 
1). When older, the leaves became somewhat crinkled and were 
spotted with small Yellowish and later whitish areas (Fig. 2. en 3). 
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Finally minute brown necrotic spots appeared (Fig. 4) and the petio- 
les of the seed leaves and of the first trifoliate leaves were speckled 
with small superficial purple-brownish spots. Severely injured plants 
remained stunted and produced hardly any flower or seed. Less in- 
jured plants were often seen to recover later in the season, when only 
traces of the initial injury still occurred in the older leaves. Owing to 
the injury in the young stage, the final yield was reduced. In all 
successive years the same symptoms could be noted. 

The literature then available did not furnish any description of 
this injury, so its cause was quite unknown. 

2. THE CAUSE OF THE INJURY IN BEAN'S (Phaseolus Vulgaris) 
a. Experimental induction. 
In 1943 some light was thrown on the cause of the damage. In 

a variety of bean ( v a n  T o l ' s  b r u i n e  b o o n )  on certain 
soils the occurrence of an internal necrosis in the seeds had been 
noted; a phenomenon very much like "marsh spots" in peas, 
caused by a deficiency of manganese. In order to establish, 
whether this injury could be ascribed to a Similar cause, solution 
cultures deficient in manganese were set up. At the same time 
a few vessels received a large supply of MnSO 4 (100 and 50 rag/l) 
in order to demonstrate the symptoms of manganese excess in beans. 
Quite unexpectedly the symptoms induced in the latter cultures 
appeared to be strikingly similar to those already noted in the field. 

In the meantime the same injury had been observed in agricul- 
tural fields on sandy soil in the neighbourhood of Wageningen. 
Under normal conditions such fairly acid fields would not have been 
grown with beans, but there also war conditions had favoured the 
raising of this crop. Frequently the injury could be recognized at a 
distance by the bright yellow colour of the leaves. I t  appeared then 
that  the French bean ( d u b b e l e  p r i n s e s s e b o o n ) ,  the pods 
of which are used as a vegetable, was remarkably susceptible and in 
later years " d n b b e l e  p r i n s e s s e b o o n "  has been chiefly 
grown as the experimental plant. 

b. The manganese content o/ the leaves. 
The first means of attack on the problem was the estimation of the 

amount of manganese in the foliage of healthy and of affected plants. 
The youngest fullgrown leaves were collected and comparable sam- 
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pies were analysed according to the me thod  of M a r s h a 11 14) 
amended by  S t e e n b j e r g 2 4 ) .  

A sample  of 0.5-0.05 g d r y  we igh t  is t r ans f e r r ed  to  a K j e 1 d a h 1 flask, 
a m i x t u r e  of 5 ml of HNOs  (5p) and  4 ml of H~SO 4 (6p) are a d d e d  and  
the  flask is h e a t e d  a t  f i rs t  on a low flame, which  is l a te r  increased,  unt i l  t he  
l iquid is colourless.  Af t e r  t he  add i t i on  of 15 ml. dist .  w a t e r  t he  so lu t ion  is 
r ende red  alkaline wi th  6 N NaOH.  Conc. H2SO 4 is t h e n  a d d e d  unt i l  i t  is 
j u s t  acid and  1 ml is t h e n  a d d e d  in excess.  The solut ion is f i l tered in to  a 100 
ml flask, 2 ml of 0.1 N AgNO3 are a d d e d  and  the  flask filled to  t he  m a r k  
with distilled water. After filtering into a beaker, 1 ml of 6 N HNOs, and a 
few nag of ammonium persulphate are added to the filtrate which is heated 
almost to the boil. After cooling the manganese as manganese permanganate 
is estimated i n a  P n l f r i c h  photometer. 

In the following account  the content  of manganese is always 
expressed as ppm of d ry  mat ter .  

In  the samples collected in 1943 a ve ry  marked  difference in con- 
ten t  appeared to exist between young hea l thy  foliage (100--500 
ppm) and injured foliage of the same age (1000--3000 ppm). (L ~ h- 
n i s 13). 

In 1944--45 no fur ther  progress was possible, bu t  since 1946 sam- 
ples of bean foliage (P r i n s e s s e b o o n) have been collected 
from the 28 plots under  investigation. The first samples were always 
taken  as soon as symptoms  of in jury  became conspicuous, generally 
during the deve lopment  of the first tr ifoliate leaf and all plots were 
sampled simultaneously.  In  Gr. 1 the results obta ined in 1946--48 
in series I and AS 1 are presented.  For  the sake of conciseness the da ta  
for the plots, in series I I  and I I I  and AS 2 which correspond well with 
those in Series I are not  given. Al though the amounts  recorded in the 
same plot in various years  m a y  va ry  widely, the t rend  in tile series 
of l imed plots was always similar. The  most  striking result  was, t ha t  
the threshold values above which the foliage was always visibly 
affected (marked by  a drawnout  line in the graphs) was hard ly  seen 
to va ry  in the successive years. These values were in 1946 1210; in 
1947 1211 ; in 1948 1167 and in 1949 1104. The values found in the 
hea l thy  leaves ranged from 40--904,  in injured leaves from 1104--  
4216. In  the AS plots the in jury  was always the most  severe and the 
corresponding content  of manganese ve ry  high. 

When the initial in jury  has not  been very  severe plants are apt  to 
recover and in fully developed plants traces of in jury  m a y  be no ted  
only in the oldest leaves. Will the upper  leaves of such plants  contain 
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Gr.  I .  C o n t e n t  of  m a n g a n e s e  in  t h e  fo l i age  of  b e a n  p l a n t s  f r o m  t h e  p l o t s  

of  Se r i e s  I a n d  A S  1. 
L o w e s t  l eve l  of  a f f e c t e d  p l a n t s .  

H i g h e s t  l eve l  o f  h e a l t h y  p l a n t s .  

amounts of manganese below the level which causes injury in young 
plants ? This frequently appeared not to be the case. In the tops of 
these healthy plants values might be found exceeding those recorded 
in young injured plants. These higher values ranged between 1296 
and 1681. Hence more mature plants appear to tolerate higher 
amounts of manganese. 

c. Solut ion cultures. 

A close correlation between manganese content and the occur- 
rence of injury does not, however, furnish strict proof for an 
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actual  causal  relation. Sh i f t s  in the  manganese  content  m a y  
easily be conceived as mere ly  accessory phenomena ,  the  actual  

cause, however ,  lying elsewhere. Fu r the r  proof  b y  means  of solution 
culture was needed. 

As the greenhouse of the  L a b o r a t o r i u m  voor  Microbiologie had  
been des t royed  dur ing the  war,  exper iments  could only be  run  on a 
small  scale and  were dependent  on wea ther  conditions. 

Glass vessels of 1 1 capacity were used wrapped in corrugated cardboard. 
Tile lids were moulded from plaster of Paris and provided with holes. 

4 plants were grown in each vessel. Tap water was used for the solutions 
and added daily. Solutions were renewed according to the rate of develop- 
ment of the plants. Where not otherwise indicated experiments were ru in 
duplicate. 

The  cul ture  solutions used were v o n d e r C r o n e solution as 
modif ied b y  B r y a n *) or a modif ied solution of Z i n z a d z e 
(pH 5 .5- -6 .5  I')) called solution I I  in the  following account .  Minor 
e lements  were a lways  added.  When  5 or 7.5 m g  Mn/1 was added  
s y m p t o m s  similar  to those occurring in tile field were induced. 
(Fig. 5 - -7) .  

When  these exper iments  were run in late  s u m m e r  however ,  results  
were somet imes  errat ic  and  the suscept ibi l i ty  of the  p lan ts  appea red  
to be  less t h a n  in ear ly  summer .  

1949 prov ided  be t t e r  condit ions for such exper iments .  A small  
warehouse  had  been buil t  which was pu t  into use a t  the  end of May  
and  ear ly  in the  spring also cul tures were grown in the  p roper ly  
hea t ed  and  l ighted culture c o m p a r t m e n t s  of the  L a b o r a t o r i u m  voor  
Plantenphysio logisch  Onderzoek.  Cul tur ing under  these condit ions 
offered an exp lana t ion  of difficulties m e t  wi th  in fo rmer  years.  

On Febr.  27th cul tures in v o n d e r C r o n e solution p rov ided  
wi th  0.5, 5 and  10 mg  Mn/1 had  been set up. B y  March 8th  none of 
these p lan ts  had  shown a n y  signs of in jury,  a l though the doses of 5 
and  10 mg  were high enough to wa r r an t  the  expec ta t ion  of the  
occurrence of signs of damage.  On March 9th  the t e m p e r a t u r e  in the 
a f te rnoon rose so high t ha t  it was feared t h a t  the  p lants  migh t  wilt 
so t hey  were m o v e d  to a more  mode ra t e ly  hea t ed  c o m p a r t m e n t  of 

*) V o n  d e r  C r o n e  so lu t ion :  K N O  s 1 g;  CaSO4 0.2 g;  M g S O ~ . 7 H 2 0  0.2 g;  
Ca~(PO4)2 0. 2 g;  FePO4  0.2 g ;  pe r  1. t a p w a t e r .  Minor  e l emen t s  a d d e d  to  al l  so lu t ion  cul- 
t u r e s :  I-taBO3 0.5 m g ;  CuSO4 0.125 r ag ;  Z n S O 4 . 7 H 2 0  0.5 rag.  

t )  S o l u t i o n  I I :  K N O  3 0.5 g;  N H 4 N O s  0.2 g;  KC1 0.36 g;  Ca3(PO4)~ 0.5 g;  MgSOa.  7 H 2 0  
0.25 g;  Fe(NH,)~(SO4)4 .24H~O 0.175 g. 



2, Bean (Prinsesseboon), Llnlimed plot. 
4. Bean (Prinsesseboon), lAnlimed plot. 
6. Bean (Prinsesseboon), 7.5 nag Mn/l. 

3. Bean (Prinsesseboon), Llnlimed plot. 
5. Bean (Prinsesseboon), 10 mg Mn/l. 
7. Bean (Prinsesseboon), 7.5 mg Mn/1. 
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the greenhouse. On March 10th all those plants which had been 
supplied with 5 and 10 mg Mn/1 showed the characteristic injury all 
over their foliage. Hence at the former higher temperature manga- 
nese had apparently been taken up by the plants without the induc- 
tion of any visible signs of injury. 

On March 21 st a further comparative test was made with plants in 
v o n d e r C r o n e solution, provided with 10 mg Mn/1. 3 vessels 
were put in a warm compartment and 3 in a more moderately heated 
one. On April 8th all plants in the latter compartment were marked- 
ly injured. In the hot compartment plants in two of the vessels were 
quite healthy, but in the 3rd vessel the plants were injured. The 
foliage of all these plants was harvested and the content of manga- 
nese estimated. The following amounts were found: 

at moderate temperature injured 2938 ppm 
,, high ,, injured 2635 ppm 
. . . . . .  healthy 2635 ppm 
. . . . . .  healthy 1496 ppm. 

Hence at high temperature 8 plants had withstood without any 
visible injury, a content of manganese which under the usual temper- 
ature conditions of spring would have given rise to severe damage. 

From May 2nd--25th beans were again grown in v o n d e r 
C r o n e solution in the presence of 2.5, 5 and 7.5 mg Mn/1 in the 
heated compartment. None of these showed any signs of injury al- 
though the content of manganese in plants grown in the presence of 
7.5 mg Mn was estimated as 1780 ppm. From June 22th to July  17th 
the behaviour of bean plants in v o n d e r C r o n e solution sup- 
plied with 0.5, 7.5 and 10 mg MnSQ was compared when cultivated 
either in the well ventilated warehouse or in the heated compartment. 

The photograph (Fig. 8) of plants supplied with 7.5 rag/1 shows the 
very marked difference. This experiment will be referred to later. 

Although the exact conditions of temperature have not been stu- 
died it does appear that  temperature may act strongly on the occur- 
rence of visible injury, so that  comparative investigations of suscep- 
tibility must be run under controlled conditions. This influence of 
temperature may account for the conflicting results I obtained in 
former years during periods of great heat in summer. 

O t h e r  e x t e r n a l  c o n d i t i o n s  m a y  also p l a y  a pa r t .  A n  in f luence  of s h a d i n g  
on  t h e  occu r r ence  of m a n g a n e s e  i n j u r y  ha s  b e e n  r e c o r d e d  b y  ~ c C o o 1 is). 
I n  g r e e n h o u s e  e x p e r i m e n t s  a h e a v y  s h a d i n g  p r e v e n t e d  t h e  occur rence  of 
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a n y  v is ib le  i n j u r y  in b e a n s  a n d  tobacco .  I n  beans ,  however ,  t h e  s h a d e d  
p l a n t s  h a d  a m a r k e d l y  lower  c o n t e n t  of m a n g a n e s e  (1330 p p m )  t h a n  t h e  
u n s h a d e d  (2270 ppm) .  H o p k i n s e t  aL 10) sugges ted  t h a t  a g r e a t e r  expo-  
sure  to  l igh t  could  b r i n g  a b o u t  p a r t i c u l a r  s y m p t o m s  of m a n g a n e s e  t o x i c i t y  
in  p ineapples .  S h a d e d  leaves,  however ,  w i t h o u t  a n y  v is ib le  s y m p t o m  
h a d  h i g h  c o n t e n t s  of m a n g a n e s e  s imi la r  to  t h e  a f fec ted  ones in  t h e  l ight .  

When plants are grown in solutions varying in composition the 
susceptibility to excess of manganese may vary greatly. This had 
been noted in former years, but the need of comparing the degree of 
susceptibility under identical external conditions has only recently 
been established, and the evidence gathered is somewhat scanty. 

In solution Z i n z a d z e pH5 *) supplied with 10 mg Mn/1 in 3 
vessels kept at moderate temperature quite healthy plants were 
produced, and only the seed leaves showed the minute, superficial 
purplish speckling which indicates an excess of manganese. Seed 
leaves were harvested separately from the remaining foliage; the 
former contained 1318 ppm Mn, the latter 734. The pH in this solu- 
tion was measured as 4.8 and when checked with the initial culture 
solution all manganese was proved to be in solution. 

A further instance of the influence of the~composition of the cul- 
ture medium is furnished by the following experiments, run from 
March 21 th tilt April 8th. Two lots in triplicate, were set up, one with 
y o n  d e r  C r o n e  solution, the other with the Z i n z a d z e  
solution pH5, all supplied with 10 mg Mn/1. Whilst in the former 
solution all plants were markedly injured, the plants in the latter had 
remained healthy. In y o n  d e r  C r o n e  solution the foliage 
contained 2938 ppm, in Z i n z a d z e solution 591. In the latter 
medium all manganese when checked at the start proved to be in 
solution, whilst in  the v o n d e r C r o n e medium only 6.3 mg 
Mn/1 was in solution. 

The difference in plant behaviour cannot be explained by a dif- 
ference of solubility of manganese in the culture medium. The part 
played by antagonistic action of constituents of the culture solution 
will be discussed later. 

d. Soil cultures. 
The experiment, however, which furnishes the most convin- 

*) NH4NO ~0.334g;KNO 3 0.166 g; Ca3(PO4)~ 0.7 g; KC10.616g; MgSO4.7H.~O 0.5 g; 
CaSO4 0.5 g; Fe.(SO4)8 0.25 g. 1 1 tapwater. Minor elements as usual. 
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Fig. 1. Bean plant (Bruine boon) in an unlimed plot 
(Photo Plantenziektenkundige Diens~ Wa0eningen). 

Fig. 8. Bean (Prinsesseboon), v. d. Crone solution, 7.5 mg Mn/l 
Left moderate, and right high temperature. 

Fig. 9, Bean (Prinsesseboon), ;1. unlimed soil, 2. CaCO~, 
3. CaCO3 ~ MnSO4. 

Fig. 11. Vicia satire, unlimed plot. 
(Photo Plantenziektenkundige Dienst Wageningen). 

Fig. i I, 



Fig. 12. Vicia sativa, 
Unlimed plot: and 60kg lime. 

Fig. 16. Red clover, 
Llnlimed plot and 60k 0 lime. 

Fig; 15,• Lucerne, 
Solution II, 

0.5 mg Mn/1 and 5 mg Mn/1. 
(Photo ]. Boekharti 

Fig. 18. Red clover, 
v, d, Crone solution, 

10mg Mn/l and 0.5rag Mn/l. 

Fig. 17. Red clover, 
Llnlimed plot. 
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cing proof that  manganese excess is the actual cause of the in- 
jury which occurs in the field is the following (L 5 h n i s  13). 
Bean plants were grown in glass dishes (N e u b a u e r dishes) 
provided with 400 g soil taken from plot I 0, giving rise to an 
affected crop (I). The soil in part  of the dishes was mixed with 0.8 g 
CaCO 3 (2) whilst to half of the number of the latter 0.25 g MnSO 4 wa ~. 
also supplied (3). In the untreated soil (1) young bean plants showed 
symptoms similar to those noted in the field, in (2) normal healthy 
plants developed, whilst in (3) symptoms developed exactly similar 
to those in (1) (Fig. 9). 

Here acidity as such has been eliminated as a possible causal agent 
and the injury is doubtless due to the manganese sulphate added. 

This test may  easily be carried out with large seeds. WNen seeds 
are small, however, it takes a longer interval of time before the plants 
have developed sufficiently to show symptoms of injury. In the 
meantime under more alkaline conditions the Mn + + may have been 
oxidised and as insoluble Mn02 will no longer be available to plants. 

3. SUSCEPTIBILITY OF OTI~IER CROPS 

a. Literature.  

The question of manganese toxicity has been studied in widely 
separated regions. The fact, that  most of these investigations 
have been carried out simultaneously with the present one and 
that  foreign literature has been unavailable during a long period, 
may explain that  the facts reported in literature came under my 
notice for the most part a long time after their publication. 

P a r b e r r y 20) r e p o r t s  on  " s c a l d "  in  b e a n s  occu r r i ng  on  c e r t a i n  soils in  
N e w  S o u t h  Wales .  T h e  a f f ec t ed  p l a n t s  h a v e  a h i g h e r  c o n t e n t  of m a n g a n e s e ,  
m o r e  espec ia l ly  t hose  w h i c h  a re  de f i c i en t  in  m a g n e s i u m .  As  t h e  s y m p t o m s  
are  n o t  de sc r ibed  in  de ta i l ,  i t  is n o t  c e r t a i n  t h a t  t h i s  p h e n o m e n o n  is i den t i ca l  
w i t h  t h e  above .  

W a l l a c e ,  H e w i t t  a n d  N i c h o l a s  25) a n d  H e w i t t  6~) in-  
d u c e d  t h e  s y m p t o m s  of m a n g a n e s e  t o x i c i t y  in  r u n n e r  b e a n s  a n d  caul i -  
f l o w e r b y  m e a n s  of s a n d  so lu t i on  cu l tu res .  T h e  s y m p t o m s  desc r ibed  in  b e a n s  
c o r r e s p o n d  c losely  w i t h  t h o s e  n o t e d  a t  ~T agen ingen  a n d  p e r s o n a l  d i scuss ion  
in  1947 c o r r o b o r a t e d  t h i s  m o r e  ful ly.  

H e w i t t ~) s), a i m i n g  a t  a r e s o l u t i o n  of t h e  f a c t o r s  i n  soil a c i d i t y  b y  
m e a n s  of s a n d  s o l u t i o n  c u l t u r e s  h a s  s t u d i e d  v e r y  t h o r o u g h l y  t h e  ef fec t  of 
m a n g a n e s e  excess  u p o n  a n u m b e r  of f a r m  a n d  m a r k e t  g a r d e n  crops.  

T h e  d e s c r i p t i o n  of t h e  s y m p t o m s ,  w h e r e  t h e  s a m e  c rops  h a v e  b e e n  s t u d i e d  
gene ra l ly  agrees  c losely  w i t h  t hose  I h a v e  no ted .  
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Tobacco  has been r epor t ed  by  J a c q b s o n  and S w a n b a c k 1 1 )  to 
be suscept ible  to manganese  excess which occurs i n  soils in Connect icut .  
A m o u n t s  recorded in damaged  plants  ranged  be tween  5250-11670 ppm.  
B o r t n e r 2) r epor t ed  t i le occurrence  of s imilar  i n ju ry  in Ken tucky .  

F r i e d  and P e e c h ~ )  repor t  t h a t  l iming  of t he  soil reduced  t h e M n  
con ten t  of the  leaves  of lucerne to } of t h a t  found  in the  control .  Added  
manganese  p roved  d i s t inc t ly  toxic.  

P e e c h and B r a d f i e 1 d ~1) po in t  to t he  pa r t  manganese  and a lumi-  
n u m  m a y  p lay  in exp la in ing  the  behav iour  of l ime-responsive 'crops .  

M o r r i s and P i e r r e 19) have  s tud ied  the  m i n i m u m  concen t ra t ion  of 
manganese  which is necessary  for in ju ry  in var ious  Leguminosae  in a g iven  
nu t r i en t  solution.  Ave rage  yields and charac te r i s t ic  s y m p t o m s  are described.  
The  p lants  differed g rea t ly  in the  am oun t s  of manganese  absorbed.  A t  least  
two  factors  affect  the  to lerance  of the  plant ,  viz. the  a m o u n t  of manganese  
absorbed and  the  r e l a t ive  ab i l i ty  to endure  large amoun t s  wi th in  the  plant .  

C. R. M i 11 i k a n 16) describes in excess manganese  cul tures  a charac-  
ter is t ic  t ype  of leaf necrosis in f lax (at concen t ra t ions  in the  solut ion 
of 25 p p m  or more).  Iden t ica l  s y m p t o m s  were also p roduced  in h igh ly  acid 
soils by  h e a v y  appl ica t ions  of manganese  sulphate .  W i t h  excess manganese  
(25-150 ppm),  the  add i t ion  of m o l y b d e n u m  (5, 10 and 15 ppm) r e t a rded  the  
da te  of appea rance  and reduced the  seve r i ty  of lower  leaf  necrosis. This  
effect  of Mo was conf i rmed in acid soils w i th  h e a v y  dressings of manganese  
sulphate .  

I n  1948 17) he r epor t ed  on an an t agon i sm be tween  manganese  and 
m o l y b d e n u m  for peas, cabbage  and  toma toes  in solut ion cultures.  

S h e r m a n and F n j i m o t o 21~) describe a disease of l e t tuce  in Hawai ,  
t e r m e d  "ye l low leaf  f r inge" ,  which  could be control led  by  t r e a t m e n t  of t he  
s o i l w i t h  mulch  or lime. The  manganese  con t en t  of p lants  f rom un t r ea t ed  
soil was 3800 p p m  while in h e a l t h y  p lan ts  i t  did no t  exceed 760. 

D u P 1 e s s i s 4) suggests  manganese  excess as the  cause of an  i n j u r y  
of unknown  origin in v ine  leaves.  

D a j i ~) Manganese  t ox i c i t y  is sugges ted  as a probable  cause of the  
band  disease of Areca  palm.  

b. Experimental results. 
N e i t h e r  p o t a t o e s  (va r .  E i g e n h e i m e r )  g r o w n  s ide  b y  

s ide  w i t h  t h e  b e a n s  n o r  s t r a w b e r r i e s ,  b o t h  c r o p s  g r o w n  fo r  o t h e r  

p u r p o s e s  o n  t h e s e  p l o t s ,  h a d  e v e r  s h o w n  a n y  s i g n s  o f  i n j u r y .  

S t a r t i n g  in  1947 v a r i o u s  c r o p s  w e r e  g r o w n  in  o r d e r  t o  a s c e r t a i n  

t h e i r  c o m p a r a t i v e  s u s c e p t i b i l i t y .  T h e s e  c r o p s  w e r e  c h o s e n  f r o m  

a m o n g  t h o s e  k n o w n  t o  be  l i m e r e s p o n s i v e  o r  f r o m  t h o s e  w h i c h  

w e r e  r e c o r d e d  as  u n s u s c e p t i b l e  t o  m a n g a n e s e  d e f i c i e n c y  ( g r e y -  

s p e c k  d i sease )  s u c h  as  Vicia sativa. 



F 14 

10. 17icia sativa, LInlimed plot. ~ 13. Vicia sativa, Soil culture, CaCOa and 
MnS04. 14. Lucerne, Unlimed plot. 
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Vicia saliva. 
F i e l d  t e s t .  When  grown in 1947 ve tch  showed ve ry  

str iking differences in deve lopment  in the various plots. In  plots 
I 0 and AS 1 a~a2 it was a complete  failure. In  the  highly l imed 
plots the plants  developed profusely.  A definite pa t t e rn  of in- 
j u ry  of the leaves occurred, viz. a chlorosis of the young leaves and a 
v e r y  marked  dark  purplish discoloration along the margins of the 
Iullgrown leaves. Sometimes small more orangered sunken spots 
occur  in the  leaf  margins and the upper  surface of the leaves m a y  be 
speckled wi th  minute  dark  spots. The whole plant  remained small 
and  spindly (Fig. 10, 11 and 12). 

Purple margins may also be induced by potassium deficiency. Whilst 
excess manganese, however, induces this iniury in the leaves of very 
young plants, the symptoms of potassium deficiency occur in more mature 
plants and on the lower leaves, These symptoms could be noted sometimes in 
large plants on the highly limed plots. 

In  1948 June  1 l th  young leaves were sampled in all plots. Gr. I I  
gives the da ta  for the manganese  contents  in Series I and AS 1. In 
1949 on June  17th plants  were cut  at  soil level (4 in each plot) and 
weighed. Fresh  weight per plant  and manganese content  are given in 
Gr; II .  A marked  negat ive  correlat ion can be noted.  The  min imum 
con ten t  of affected plants  was 1117. 

S o l u t i o n  c u l t u r e s .  The  symptoms  caused by  manga-  
nese excess were exac t ly  reproduced  in solution cultures.  In  v o n 
d e r C r o n e solution a dose as low as 2.5 mg Mn/1 induced slight 
in jury ,  The  leaves of such plants  conta ined 1021 ppm. 5 mg Mn/1 in- 
duced marked  in iury  and in the  leaves a content  of 1524 ppm was 
es t imated.  

Soil cultures also such as described on p. 201 furnished ve ry  clear- 
cu t  results. The  in ju ry  in plants  in the un t r ea t ed  soil agreed ve ry  
closely with t ha t  in the  soil t r ea t ed  with CaCO 3 and MnSO 4 (Fig. 13). 

Medica~o saliva. 
F i e l d  t e s t .  Lucerne,  known as a l ime-responsive crop 

was grown in 1948 and I949. A ve ry  marked  delay in develop- 
ment  in the more acid plots was noted.  In this stage definite 
:signs of in jury  occur in the leaves:  for instance the leaflets are 
b r igh t ly  yellow often with brown necrot ic  spots, and a nar row yellow 
margin  extends  towards  the base. In  older leaflets a browning and 
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scorching of the margins occur (Fig. 14). Sometimes sunken dis- 
coloured spots occur in the marginal zone of the leaflets, reminiscent 
of symptoms of potassium deficiency. But here again these spots occur 
on the younger leaves of young plants. Many plants die off. Those 
that  can stand the initial damage catch up with healthy plants so 
that  when mature they show hardly any signs of injury. The symp- 
toms described by H e w i t t s) correspond closely with these. 

The manganese of young leaves was estimated in 1948 and 1949. 
On June 20th 1949 representative samples of young plants were 
collected and weighed. In Gr. II  the data are presented; a high con- 
tent of manganese is correlated with low weight. The minimum 
content of manganese in affected plants was at a much higher level 
(1083) in 1949 than in 1948 (477). 

S o 1 u t i o n c u 1 t u r e s. Here again it was possible to repro- 
duce the field symptoms. 2.5 mg Mn/1 in v o n d e r C r o n e solu- 
tion induced slight injury, in solution II the marginal discoloration 
occurred in the first leaves only. When 5 mg Mn/1 was supplied 
the leaves of the plants in both solutions were much smaller and very 
chlorotic (Fig. 15). The content of manganese of these plants was 
estimated and corresponded with the degree of visible injury. 

Cul tu re  so lu t ion  mg/Mn/1  Mn p p m  

v o n d e r  C r o n e  2.5 1022 
,, 5 2243 

S o l u t i o n  II  2.5 588 
,, 5 2115 

Tri/olium pratense. 
F i e l d  t e s t .  Red clover was only grown in 1949. As 

the spring was exceptionally dry, the germination was very 
irregular and a valid comparison of the development in the 
various plots could not be made. Young plants (June t0th) in the 
acid plots were small (Fig. 16) and the leaflets showed narrow 
greenish chlorotic margins. In course of time the plant s recovered 
in all but the AS plots which bore hardly any plants. In the most 
acid plots the outer (oldest) leaves of the mature plants sometimes 
still showed chlorotic margins with a dark necrotic outer edge, and 
indeed the chlorotic areas might extend up to the main rib and the 
leaf area might be crinkled (Fig. 17). Such plants, however, flowered 
normally .and quite normal younger leaves developed. 

The symptoms correspond with those described by H e w i t  t 7). 
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Samples were taken at a time when the differences in development 
were still conspicuous. In Gr. II the very marked influence of the 
degree of liming on the content of manganese can be seen. 

S o l u t i o n  c u l t u r e s .  In y o n  d e r  C r o n e  solution 
supplied with 5 mg Mn/1 set up on May 23rd plants showed on June 
8th small necrotic light green spots in the marginal zone. These plants 
were somewhat smaller than the controls. Later these plants became 
quite healthy. Plants supplied with 10 mg Mn/1 were quite small on 
June 8th and the leaves bore many chlorotic and necrotic spots. Fig. 
18 taken June 22nd shows them still lagging far behind the controls 
in development, although the younger leaves were healthy and of 
the same size as those of the controls, On July 9th they had caught 
up with the latter. 

In Solution II  the same amounts of MnSo 4 affected the plants in a 
lesser degree. A second series of solution II, set up in triplicate (July 
12th--.Sept. 9th) with amounts of 0.5, 10 and 15 mg Mn/1, showed on 
August 5th chlorotic margins in the presence of either 10 and 15 mg 
Mn/L On September 9th the development in the 10 mg Mn and in 
two of the 15 mg Mn vessels was profuse, but in one of the latter it 
was weak; Controls and plants in a 10 mg Mn vessel had been in- 
fested by grasshoppers. The following contents of manganese were 

mg Mn/1  number fresh weight Mn ppm 
of plants  per p lant  g 

10 4 9.5 1318 
10 4 9.1 I253 

15 3 t l  ~ 1631 
15 3 11.3 
15 3 3.7 2208 

recorded: 

Hence more mature plants can stand a high content of man- 
ganese without damage. Both field trials and solution cultures 
show that  older plants are markedly more tolerant for manganese 
than young plants. 

Tri/olium rep~s. 
F i e l d  t e s t .  White clover was only grown in 1949 and 

here again weather conditions acted very unfavorably on ger- 
mination. Young plants in the acid plots lagged greatly in develop- 
ment; actual symptoms of injury, however, were not .recorded. 
Later these plants caught up with the others and finally plants in the 
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acid plots could not be distinguished from the initially healthy ones. 
Samples taken on August  8th in the field show the influence of the 
liming on the manganese content (Gr. II). 

S o l u t i o n s  C u l t u r e s .  In y o n  d e r  C r o n e  solution 
(July 15th--August  16th) very young plants did show in the presence 
of 2.5 and 5 mg Mn/1 some minute necrotic spots, but  at an early date 
these could no longer be seen. Plants supplied with 5 mg Mn/1, when 
young, produced small leaves and lagged in development. Fig. 19 
taken on August 16th, however, shows that by  then the latter plants 
had started to grow better, the young leaves were then of a same size 
as those of.the control plants. The content of manganese in ppm, in 
the foliage of these plants was 813 as against 164 in  the controls. 

In an experiment in solution II (August 12th--October 4th) the 
final difference between cultures supplied with 5 and 0.5 mg Mn/1 
was very slight; in the presence of 10 mg Mn/1 foliage and roots were 
smaller (Fig. 20). The content of manganese in the foliage of these 
plants was 160 (0.5 mg), 726 (5 mg) and 1140 (10 mg) ppm. 

lVI a n g o l d .  
F i e l d  t e s t .  Mangolds (var. G r o e n k r a a g )  were grown 

in 1949. On June 29th the young plants in the acid plots were 
markedly depressed in growth (Fig. 21). During further develop- 
ment no visual signs of injury were noted, the depression of growth 
was, however, maintained. In the AS plots the crop failed almost 
completely. When in the early days of November roots were dug 
their weight corresponded with the foliar development. In Gr II the 
weight of the roots and the manganese content of the foliage, as far 
as this has been estimated, is recorded for series I and AS 1. 

The contents of Mn increase inversely with the degree of liming, but  
do not nearly reach the high values recorded in the other crops. The 
maximum found in all the plots was 947. Although doubtless some 
adverse action is exercised in the more acid plots, it remains to be 
proved that excess of manganese is the actual cause. 

H e w i t t 7) r epo r t s  t h a t  sugar  bee t  is r e m a r k a b l y  t o l e r an t  of h igh  con- 
c e n t r a t i o n s  of m a n g a n e s e  in spi te  of i ts  l iabi l i ty  to  fail on m o d e r a t e l y  acid 
soils. 

S o l u t i o n  c u l t u r e s .  P lants in  y o n  d e r  C r o n e  solu- 
tion in the presence of 5 mg Mn/1, which induced a content of 1424 
ppm in the foliage, actually exceeded in fresh weight of the foliage 
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(84 gr 12 pl.) the controls the fresh weight of which was 77 g (12 pl.), 
whilst containing 249 Mm ppm. In the presence of 10 mg Mn/1 a 
slight depression in growth could be observed, viz. 59 g (in 10 plants, 
two plants having succombed in the course of the experiments). 
These ten plants contained 1650 ppm. As this growth depression 
together with a high content of manganese was so much slighter than 
the depression noted in the field along with a much lower content, 
the latter could not presumably be ascribed to manganese toxicity. 
This experiment will be referred to in alater paragraph. These cultures 
showed in addition an unfamiliar symptom. In the presence of 5 and 
10 mg Mn/1 some of the leaves were of an uniform yellowish or nearly 
white shade, whilst after the supply of 15 mg Mn/1 all of the leaves 
were narrow and white. When areas of such discolored leaves were 
painted over with ¼% FeSO 4 solution they became a bright green 
after two days. Thus an iron deficiency was confirmed. This pheno- 
menon will be discussed later. 

H e w i t t 7) m e n t i o n s  t h a t  m a n g o l d  cu l tu res ,  w h i c h  h a v e  been  p r o v i d e d  
with a large amount of manganese, produced young leaves abnormally 
narrow, with paling margins, followed by a yellow cblorosis, probably due 
to iron deficiency. 

In solution II  10 and 15 mg Mn/1 produced no such symptoms, 
only a slight depression in growth. 

F l a x .  
F i e l d  t e s t .  Flax (Var. C o n c u r r e n t )  grown in 1949 

showed no difference in development or any sign of injury in any of 
tile unlimed plots. Only in the AS plots the plants were very small 
and the lower leaves yellow with dry brown tips (Fig. 22). On June 
17th 10 representative stems cut at the level of the cotyledons were 
gathered from each plot and the fresh weight determined. In Gr. II  
the weights of plants and the manganese content of the leaves are 
recorded. Whilst it shows clearly that  the increase in manganese 
content runs the familiar course, reaching maximally 2137 ppm, 
no correlation with the yield of young plants could be ascertained. 
Only in the AS plots could a very marked growth depression along 
with a high content of manganese (2134 ppm) be noted. Hence field 
experiments point to a marked tolerance. 

H e w i t t 7) too did not observe any action of manganese excess. 
This is however not in accordance with data furnished by M i 11 i- 
k a n 16), who claims to have induced a "lower leaf scorch" by excess 



Fig. 19. Tri[olium repens, 
v. d. Crone solution, 

5 mg Mn/l and 0.5 mg Mn/1. 

Fig. 20. Tri[olium repens, 
SoIution II, 

10rag Mn/l, 5mg Mn/l and 0.5rag Mn/1. 

Fig. 21. Mangold, 
Unlimed plot and 60kg lime. 



Fig. 24. Bean (Prinsesseboon), 
7.5 mg Mn]l, showing iron deficiency, and 0.5 mg Mn/l.  

Fi 9. 25. Bean (Prinsesseboon), 
7.5 m 9 Mn/l  and iron omitted, 

both treated with FeSO4. 

Fi 9. 23. Flax, 
v. d. Crone solution (I) and soIution II, 

5 m 9 Mn/l.  



MANGANESE TOXICITY IN F I E L D  AND MARKET GARDEN CROPS 2 0 9  

of manganese, which could be reduced by application of molybde- 
num. It  has not been ascertained, whether the field symptoms 
observed in AS plots, and which might be described as "lower-leaf 
scorch" do respond to a supply of molybdenum. 

S o l u t i o n  c u l t u r e s .  In y o n  d e r  C r o n e  solution 
with 0.5 mg Mn/1 very healthy plants were grown. A supply with 0.5 
or 1.0 mg sodium molybdate did not influence the development. In 
the presence of 5 and t 0 mg Mn/1 with or without molybdenum the 
plants remainded very short and the foliage was a very pale green or 
quite white. Painting these leaves with either ¼~o FeS04 or 
0.0025% Na2MoO4.2H20 was ineffective. The contents of the leaves 
were 1211 (5 mg Mn/1) and 1261 (10 mg Mn/1). These symptoms did 
not correspond with those noted in AS plots or those described by 
M i 11 i k a n as "lower-leaf scorch". 

In solution II with 5 mg Mn/1 the largest plants grew (Fig. 23). The 
manganese Content of these plants was 940 ppm. Even in 10 mg 
Mn/1 one plant reached a height of t7 cm (content 1232 ppm), but 
4 were much smaller and strongly chlorotic (content 1816 ppm). 
Here again was a supply of molybdenum ineffective. 

Since these results with flax are conflicting, the behaviour in solu- 
tion cultures needs further investigation. 

P o t a t o e s .  
F i e l d  t e s t .  In potatoes (Var. R o d e  E i g e n h e i -  

m e r) in none of the plots could any injury be noted. In 1946 
young leaves were sampled in some of the plots. The highest 
values recorded were in Plot II  0 1620, I I I  0 1717, AS 1 2225, AS 2 1771. 

Potatoes which are known to thrive well on moderately acid soils 
appear to tolerate fairly high contents of manganese without injury. 
H e w i t t 7), however, describes a characteristic injury induced by 
a moderate level of manganese, stem specklings or lesions being the 
most frequent symptoms. I t  may be conceived ~:hat the tolerance 
might vary in different varieties and further investigation is planned. 

T o b a c c o .  
F i e l d  t e s t .  When grown in 1947 no symptoms of injury 

could be noted. A close correlation, however, could be establish- 
ed between the manganese content of the young leaves and 
the amount of liming of the plot (Gr. II). High contents of manga- 
nese were recorded (max. 2936 ppm), so that  tobacco appeared to be 
highly tolerant. The amounts recorded by J a c o b s o n and 

Plant  and Soil I I I  14 
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S w a n b a c k in affected plants, which varied between 5250 and 
11670 ppm, greatly exceed the amounts recorded here. 

M u s t a r d .  
F i e 1 d t e s t. In 1948 mustard was grown. In none of the 

plots did any difference in growth occur and all plants were 
unaffected. Samples of young leaves were taken o n  June 9th 
before flowering began. In Gr. II  t he  contents of manganese are 
recorded. Although the amounts of manganese increase along with a 
decrease in liming (max. 598 ppm, in AS 901) all amounts remain 
very much below the level reached by  other crops. This insensitive- 
ness of mustard is doubtless due to a low intake of manganese. The 
behaviour of mustard in solution cultures and the level tolerated 
therein has not been tested, H e w i t t 7) reports the occurrence of 
symptoms of injury in mustard. 

O a t s .  
In acid plots magnesium may be washed out from the soil so 

causing disorder in crop plants. As oats are most susceptible to 
magnesium deficiency, they were grown in 1944 in some of the plots 
in order to establish whether symptoms o~ magnesium deficiency 
might occur. In none of the plots were the oats affected. The amounts 
of manganese recorded in the young leaves were : 

k g  l ime 0 60 

Series I 314  p p m  87.2 p p m  

, ,  I I  30I  p p m  
,, I I I  370 p p m  89 p p m  

The amounts of manganese absorbed by  oats are much below the 
level of other plants. This may explain their susceptibility to manga- 
nese deficiency in more alkaline soils. (S t e e n b j e r g ~4). 

S t r a w b e r r y .  
In none of the plots did any of the plants appear affected. 

Plants seemed to thrive even better  in more acid soils. In 1946 
some samples were analyzed; the highest amounts found were 
in the three unlimed plots, viz. 1264, 1641 and 1220 and in an 
AS plot 1328. 

P e a s .  
F i e l d  t e s t .  The very dry spring 1949 made the growth 

of peas in the experimental plots a failure. 
S o l u t i o n  c u l t u r e s .  In y o n  d e r  C r o n e  solution 
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peas th rove  well in the presence of 10 and 15 mg Mn/1; i.e. amounts  
tha t  would severely affect  o ther  crop plants.  All plants  were har- 
ves ted at  the budding  stage. The  amounts  of manganese in the foliage 
were:  

in the presence of 10 mg Mn/1 783 and 837 
. . . . . . . .  1 5  . . . .  897 , ,  1282. 

Peas had  apparen t ly  t aken  up  little manganese under  these condi- 
t ions and a susceptibi l i ty is ha rd ly  likely. 

The  field test  is to be repeated.  
B r o a d  b e a n s .  
F i e 1 d t e s t. The  field crop in 1949 did not  yield any  clear- 

cut  results as a severe infestat ion by  black aphis resulted in a 
ve ry  irregular stand. 

S o l u t i o n  c u l t u r e s .  An exper iment  in y o n  d e r  
C r o n e solution gave the following results:  

[ mgMn  p 5 I 10 15 I 

E ]Fresh weight g 63 (7 pl.) 65 (7 pl.) 74 (8 pl.) 
]Ma ppm in yield of vessel 787 641 1489 1766 1645 1795 

Plants  th rove  uni formly  well in all the vessels and indeed the fresh 
weight of plants  grown in the presence of 15 mg Mn/1 was highest.  
The  fact  t ha t  a content  of 1795 ppm did not  affect the plants,  points  
to tolerance.  

H e w i t t 7) s) considers b road  beans unsusceptible.  
L e t t u c e .  
S h e r m a n and F u j i m o t o 21a) claim tha t  in jury  of 

le t tuce consisting in a yellowing of the leaves ("yellow leaf fringe") 
is due to manganese excess. Since in the cul ture of le t tuce  an 
in jury  known as " t i p b u r n "  ( A n  d e r s e n 7) (in the Nether lands  
called " randjes" )  is known, the cause of which has been  uncer ta in  
up to now, I p repared  some solution cultures (1 plant  per vessel) 
in order  to get acquain ted  with such damage as manganese excess 
might  induce. The le t tuce throve  ve ry  well in these cul ture solutions 
and headed normally.  

In the va r ie ty  , , W o n d e r  v a n  V o o r b u r g "  12 .5mgMn/1  
in v o n d e r C r o n e solution induced a content  in the foliage of 
2023 ppm, . in  solut ion I I  25 mg Mn/1 1766. The  only  slight in ju ry  
tha t  could be no ted  consisted of a paling of the outer  margins along 
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with a darkening of the veins, more or less reminiscent  of bacter ial  
injury.  The pa t t e rn  of " t i p b u r n "  in jury  was not  reproduced.  Nor was 
this the case in the va r ie ty  "New York"  in solution II, where a dose 
of 12.5 mg Mnf l induced  a content  of 1638 in the foliage and 0nly a 
slight paling of the margins. Even  in the presence of 25 mg Mn/1 
plants  were hard ly  affected. 

Hence it seems unlikely tha t  manganese excess plays a par t  in 
the causation of " t i pbu rn" .  

H e w i t t s) de sc r ibes  a m a n g a n e s e  i n d u c e d  i n j u r y  in w h i c h  t h e  fo l iage  

is pale and dull yellow around the leaf margin. 

V i n e .  
D u P 1 e s s i s ~) suggests tha t  a mot t l ing  of vine leaves m a y  

be due to manganese excess. This led me to t r y  to determine 
whether  manganese excess might  affect the var ie ty  "Black  Alicante"  
in the same manner .  

Cutt ings were made  to root  and grow in large flower pots filled 
with soil t aken  f rom the plots I0, I60, AS 1 and Ch 1. The  plants  were 
grown from April 14 th -Sep t .  3rd in a greenhouse. In  none of the 
plants could any  in jury  in the foliage be noted.  The  leaves were 
gathered and the following da ta  were recorded. 

Soil from 
Mn ppm in leaves per pot 

plot 

I o 395 482 

16o 273 182 
ASt 477 
Chl 224 214 157 

In  all the foliage the content  of manganese was low, so tha t  any  
risk of in jury  due to manganese excess was hard ly  probable.  

In  addition, cutt ings were grown in v o n d e r C r o n e solution, 
one cut t ing per vessel, all having been rooted  in the presence of 0.5 
mg Mn/1. The  amounts  recorded in the leaves were: 

Mg Mn/1 0.5 12.5 20 I 50 
Mn ppm 222 388 553 I 342 

per cutting 620 i 865 

The  foliage of all the  cut t ings was unaffected and here again the 
content  in the presence of much  manganese was low. Hence these 
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experiments do not point to the probability that the injury is in any 
way due to manganese excess. 

As the cuttings have not been grown into adult vines these data 
are not considered to furnish a definite answer. 

c. Disce~ssio,z.. 

When the data gathered from all the plots (partly presented 
in Gr. I and II) are compared, it appears that a tolerance for 
manganese may be due: 

1. to a weak absorption of manganese, preventing any risk of in- 
jury through an excess. This could be noted in oats, mustard, man- 
gold and perhaps white clover and vine. 

2. To a strong tolerance within the plant, such as appears to be 
true for tobacco, flax, strawberry, potatoe and probably broad bean. 
No investigation has been made of the way in which this excess of 
manganese is distributed within the plant. 

The lowest manganese content which appeared to induce visible 
injury and the highest content still allowing a healthy development 
of the various young crops are recorded in Table II and are indicated 
by horizontal lines in Gr. I and II. The actual threshold value will 
occur between these levels. Whilst for beans the upper level was as 
already shown, very constant in successive years (Gr. I), the levels 
for vetch and lucerne were much lower in 1948 than in 1949. For 
these crops no definite value could be decided upon. For the other 
crops data are available for one year only. 

T A B L E  II 
Lowest content of manganese ii1 young affected plants and highest in young 

healthy plants 
Content of manganese 1 : 1 000,000 dry weight'in 

Crop plant 1946 I 1947 I 1948 ! 1949 

aff. 

Bea~boon)(Prinse~e 

B e a n  ( B r u i  
b o o n )  
Vetch 
Lucerne 
Red Clover 

1210 

healthy I aff. ]healthy] aff. 

,536 1211 

1589 

642 1167 

1142 1092 
496 
477 

healthy I aff, 

670 1104 

1036 922 

363 1177 
452 1083 

1300 

healthy 

904 

8,55 
975 
648 
910 

The maxima reached in all the liming series by the various crop 
plants are recorded in Table III. When the content in the AS plots 
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exceeded this amount, this figure is added in parenthesis. Since in 
the later years all crops in these plots were somewhat depressed in 
growth, even when they showed no visible signs of injury, it is 
possible that  other factors acting together with manganese excess 
may have affected tile crops; hence these figures are less valid than 
the others. 

TABLE I I I  

Maximum content of manganese in young plants in the series of limed plots (AS 
plots in parenthesis) 

Content of man anese 1 : 1 000.000 dry weight in 
Crop plant 

Bean P r i n s e s s e -  
b o o n  

Boon B r u i n e  b o o E  
Vetch 
Lucerne 
Red clover 
Tobacco 
Potato E i g e n h e i - "  

m e r  
Flax 
Marigold 
Mustard 
Strawberry 
Oats 

1944 

3 5 1 0  
2 0 5 2  2290 

896 

1641 
370 

1946 

(2981) 

1717 (2225) 

1947 I 1948 

6 6 5  
670 
709 

936 

2702 (4216) 
3 0 4 7  
1552 
1047 (1152) 

598 (901) 

1949 

1709 
2236 (2535) 
2 6 7 8  (3276) 
1225 (2429) 
1905 

2137 
947 

When tile data for the various crops are compared, it appears that  
the highest manganese content occurred in Phaseolus in four of the 
years. Presumably the great susceptibility of this species may be 
connected with the ease by which manganese is absorbed. 

When the data furnished by the solution cultures are compared, it 
is seen that  the tolerance for manganese of the various plants was 
generally less in v o n d e r C r o n e solution than in solution II. 
No definite conclusion can be drawn, however, since the experi- 
mental data are not sufficient in number and temperature conditions 
may have playe d a part because comparative experiments were not 
always ~un simultaneously. 

When the contents of plants grown in v o n d e r C r o n e solu- 
tion in the presence of a similar supply of MnSO 4 are compared the 
amounts may vary greatly (Table IV). 
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TABLE IV 

Manganese content of foliage in solution cultures 

Mg Mn/1 5 mg 10 mg 

Lucerne 
Vetch ~ 
Mangold 
Flax 
White clover 
Broad beans 
Pea 
French bean 
Lettuce 

2243 A 
1524 A 

1424 
1261 

813 
787, 641 

392 

1650 

1489, 1766 
783, 837 
2938 A 
2036 SA 

A ~ affected; SA = slightly affected. 

These da ta  corroborate  the results of field exper iments  in as much  
as to lerant  plants  m a y  be recognized as such by  means  of solution 
cultures.  T h e y  do not  allow a conclusion as to the actual  cause of this 
tolerance in the field, when, as in the case of broad  bean,  bo th  a low 
up take  in the presence of 5 mg and a fair ly h igh one in the presence 
of 10 mg occurs. 

4. THE ANTAGONISTICS OF MANGANESE 

Consti tuents  of the cul ture solution m a y  influence the amount  
of manganese ac tual ly  absorbed. 

a. L i t e r a t u r e .  

P a r b e r r y s0) noted an increased absorption of manganese, when 
m a g n e s i u m  was def icient .  H e w i  t t ~) has  desc r ibed  r educed  t o x i c i t y  
of m a n g a n e s e  in t h e  presence  of calcium. M o r r i s  and  P i e r r e 1 8 )  
failed to  co r robora t e  these  resul ts  for Lespedeza. M i 1 1 i k a n 1~) descr ibed  
an  an t agon i s t i c  ac t ion  of m o l y b d e n u m  on m a n g a n e s e  t o x i t y  in f lax and  
(I 948) in pea,  cabbage  and  po ta to .  

The antagonis t ic  act ion of iron has, however,  been s tudied more 
closely bu t  with conflicting conclusions. 

The  f i rs t  i n s t ance  of i n ju ry  caused  by  excess  of m a g n a n e s e  in t he  soil was 
r e p o r t e d  in H a w a L  where  p ineapp les  suf fered  i n j u ry  on mangan i f e rous  soils. 

J o h n s o n 11~) p r o v e d  t h a t  excess  of m a n g a n e s e  m a d e  iron unava i -  
lable, l i e  a sc r ibed  t h e  effect  to  t he  oxidis ing  ac t ion  of MnO 2, t he  maiI1 fo rm 
in w h i c h  m a n g a n e s e  occurs  in H a w a i a n  soil. The  i d e n t i t y  of t h e  m a n g a n e s e  
induced  i n ju ry  wi th  i ron def ic iency  for p ineapp les  has  been  well s u b s t an -  
t i a ted .  

S o m e r s  a n d  S h i v e ~ )  in an  ex t ens ive  s t u d y  of soy beans  in 
s t r e a m i n g  so lu t ion  cu l tures  were  able to  e s t ab l i sh  a d i s t i nc t  rec iprocal  a n t a -  
gon i sm b e t w e e n  iron and  manganese .  T h e y  a r r ived  a t  t he  conclus ion t h a t  
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it is the ratio of soluble Fe/Mn in the plant  (optimum about 2) which deter- 
mines the occurrence of the injury,  not the absolute level of either element. 
In  their opinion the symptoms caused by high soluble manganese and low 
iron are identical with those due to iron deficiency and conversely, low 
manganese will induce symptoms of iron excess. The manganese induced 
injury as described by them is, however, not  identical with the in jury  
M o r r i s and P i e r r e 19) induced in soy beans by excess of manganese. 
The latter scientists noted a clear difference between manganese-induced 
and iron-deficiency symptoms in soy beans. 

H o p k i n s e t  a110), showed clearly by means of experiments with beans 
that  iron could act as an antidote to manganese toxicity. Normal growth 
was observed in media containing high Fe/Mn ratios and no symptoms due 
to excess of iron could be found. Since these workers did not show whether 
iron deficiency could lead to symptoms similar to those produced in high 
manganese cultures their conclusion as to its induction ill the latter 
cultures is not convincing. 

H e w i t t 7) reported that  manganese-induced injury in beans does 
not respond to a "pa in t ing"  with ferric citrate. In  9) he furnished argu- 
ments against the existence of a reciprocal action of iron and manganese. 

M o r r i s and P i e r r e is) working with Lespedeza established that  the 
iron-manganese ratio in solutions was not a pr imary factor in the growth of 
the plant. Good growth was obtained over a wide range of iron-manganese 
ratios. The beneficial effect of iron in reducing manganese toxicity was due 
to a decrease in the manganese absorbed by the plant  rather than  to an 
increase in iron absorption. Iron deficiency symptoms were clearly different 
from those induced by manganese excess. 

b. E x p e r i m e n t a l  results.  

W h i l s t  the  va r ious  i nves t i ga to r s  a r r ive  a t  s imi la r  resu l t s  in  one 

respect ,  viz  the  a n t i d o t i c  effect of i ron  on  the  t o x i c i t y  of m a n g a n e s e ,  

in  o the r  respects  t he i r  conc lus ions  are conf l ic t ing .  N e i t h e r  the  

tox ic  affect  of large doses of i ron  no r  the  i d e n t i t y  of the  m a n g a n e s e -  

i n d u c e d  i n j u r y  w i t h  i ron  def ic iency  as c l a imed  b y  S o m  e r s 

a n d  S h i v e could  be c o r r o b o r a t e d  b y  o the r  i nves t iga t ions .  

W h e n  I s t a r t e d  these  i n v e s t i g a t i o n s  in  1943 1 set  u p  some obse rva -  

t i o n a l  so lu t i on  cu l tu re s  w i t h  beans ,  o m i t t i n g  i ron.  B y  th is  m e a n s  a 

chlorosis  M1 over  the  leaves  was  i nduced ,  wh ich  g r a d u a l l y  t u r n e d  a 

pape rwh i t e ,  the  ve ins  o n l y  r e m a i n i n g  green.  Th i s  i n j u r y  differed 

s h a r p l y  f rom the  i n j u r y  i n d u c e d  b y  m a n g a n e s e  excess. 

I n c i d e n t a l l y ,  however ,  I m a d e  o b s e r v a t i o n s  wh ich  m a y  t h r o w  

some l igh t  on  the  ex i s t i ng  c o n t r o v e r s y .  

B e a n s  g rown  in  a g reenhouse  in  s u m m e r  ( June  2 2 t h - J u l y  21 th  

1949) in  v o n d e r C r o n e so lu t i on  p r o v i d e d  w i t h  7.5 a n d  10 m g  

Mn/1 showed  s y m p t o m s  di f fer ing f rom those  w i t h  wh ich  I was fa int -  
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liar; the leaves were of a much more even white than usual. Areas of 
these leaves were painted with a ~°/o FeS04 solution and after two 
days these areas had responded with a bright green colour. Apparent- 
ly manganese excess had here induced an injury, differing from the 
uspal one and identical with the iron deficiency injury noted by  
S 6 m e r  and S h i v e .  

On August 8th a fresh series of bean plants was se t  up in v o n 
d e r C r o n e solution with varying amounts of MnSO 4 in an un- 
heated warehouse. When the first leaves developed a period of great 
heat set in and again in several vessels with 5-15 mg Mn/i the iron 
deficiency symptoms occurred (Fig. 24) which could be cured by  
means of FeSO 4 (Fig. 25). In some plants both types of injury could 
be noted. 

These are merely preliminary observations and the actual condi- 
tions causing this phenomenon have not yet been worked out. Per- 
haps in former years it n~ay have occurred sporadically in bean cul- 
tures during periods of great heat, but  was then overlooked. 

in the experimental field, however, where plants are mature be- 
fore the hot Weather begins, it has never been observed. It: is possible 
that  the  fact that  research on plant nutrition is usually Carried out 
under greenhouse conditions may have caused the existing contro- 
versy. 

As has already been mentioned symptoms of iron deficiency have 
been induced in mangold cultures by  manganese excess. Since these 
plants were grown side by  side with the beans in the experiment of 
August 8th-September 7th external conditions might have played 
their part here as well. 

5. MANGANESE IN THE SOIL. 

Another question which requires discussion is the effect Of 
soil variation upon the availability of manganese. It  is well known 
that the pH of the soil and its oxido-reduction status determine 
the form in which manganese will occur. Manganese may exist in 
varying degrees of oxidation; in neutral or alkaline soils the soluble 
bivalent manganous salts undergo rapid oxidation to form the 
insoluble MnO 2 and other higher oxides. Doubtless microorganisms 
also play a part in this pr0ces. 

The injury from which plants are found to suffer in acid soils may 
be due to various causes. In the Netherlands the main cause has 
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Gr. I I I .  Exchangeable manganese est imated in  soil  f rom the plots in  
Series I and ASp 

been recognized as magnesium deficiency (Sm i t and M u 1 d e r 
1942). Nevertheless, in some soils excess of manganese appears to 
cause damage to susceptible crops. The question is therefore posed 
as to, whether it might be possible to measure the manganese avail- 
able to tt{e plant directly in the soil. The very extensive literature on 
this subject, which concern chiefly the methods suitable for deter- 
mining manganese deficiency in soil, will be passed over. A simple 
method has been applied by  H e i n t z  e 6) in Rothamsted to the 
estimation of excess of manganese and by  it I have estimated the 
exchangeable manganese in soil. 

5 g soil t a k e n  u p  in  100 m l  ½ m o l a r  Ca{NO3) 2 so lu t i on  is s h a k e n  for  one 
h o u r  a n d  t h e n  f i l tered.  I n  t h e  f i l t r a t e  m a n g a n e s e  is e s t i m a t e d .  T h e  soil 
t e s t e d  ha s  n e v e r  been  s to red  for more  t h a n  3 days .  
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When the investigation of the soil was started in 1946 a correlation 
seemed to exist. When, however, soil samples were gathered under 
greatly varying weather conditions in later years, amounts esti- 
matedin  a same plot appeared to vary widely. In Gr. I I I  the amounts 
estimated in three successive summers in plots I 0, I60 and AS 1 show 
striking differences. For instance in 1947, in an exceedingly dry 
summer, the amounts were very high whilst  in the very rainy 
summer of 1948 low amounts were recorded, because the manganese 
fraction estimated in the filtrate had apparently been washed out. 
In  Table V the contents of exchangeable manganese in limed and 

T ABL E  V 

Amounts  of exchangeable manganese  in soil compared with the content  of 
manganese  in the bean plants in ppm. 

Plot I 0 kg I I60 kg AS 

Soil ' Plant  Soil Plant  ] Soil Plant  
filtrate foliage filtrate foliage I filtrate foliage 

Year Mn ] date Mn I date Mn [ date Mn [da te  I Mn [da te  I Mn~ [ date 

1946 49 20/6 3510 27/6 14.6 20/6 277 27/6 39 20/6 2846 27/6 
1947 13 20/5 3081 6/6 33,3 20/5 518 6/6 49.6 29/5 3394 6/6 

51.4 15/7 84 20/7 78 15/6 2702 9/7 
1948 36 .3  29/5 - -  .-- 17,7 29/5 

34 24/6 2442 16/6 13.5 24/6 113 16/6' 19.9 24/6 4216 16/6 

unlimed plots are recorded along with the contents of the bean 
plants grown on them. 

Whilst in 1947 in plot 160 the exchangeable manganese exceeds the 
quant i ty  in I 0 1946, the plants in the former plot were quite healthy 
and even contained the lowest amount of manganese recorded. 

For a reliable detection of an injurious amount of available man- 
ganese in the soil this method proves of small value. 

A culture test in soil, such as has been described on page 200 with 
"'P r i n s e s s e b o o n" as an indicator plant, will furnish a more 
reliable answer: within a few weeks young plants cultivated in a soil 
sample will, whenever available manganese is present in excess, 
present tile characteristic pattern of injury. 

Testing acid soils by these means might prove of practical im- 
portance and might help to disentangle the intricate complex termed 
as "soil acidity". 

I am indebted to Professor Dr. J. S m i t for granting me the 
opportunity of carrying out this investigation in the Laboratorium 
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v o o r  Mic rob io log ie ,  to  Dr .  K . T .  W i e r i n g a for  g o o d  a d v i c e  a n d  

i n t e r e s t  in  t h e  p r o b l e m ,  to  t h e  T e c h n i c a l  s t a f f  of t h e  L a b o r a t o r y  fo r  

t h e i r  he lp fu lnes s ,  t o  P r o f e s s o r  E .  C. W a s s i n k for  t h e  o p p o r t u n i -  

t y  of c u l t i v a t i n g  p l a n t s  in  t h e  g r e e n h o u s e  of t h e  L a b o r a t o r i u m  v o o r  

P l a n t e n p h y s i o l o g i s c h  O n d e r z o e k  a n d  to  t h e  O r g a n i s a t i o n  T . N . O .  

( A p p l i e d  Sc ien t i f i c  R e s e a r c h )  for  p r o v i d i n g  m e  w i t h  a w a r e h o u s e .  

SUMMARY 

1. In  Unlimed or Sparsely limed exper imenta l  plots Phaseolus vulgaris 
appeared  seriously affected. Young leaves showed a characteris t ic  pa t t e rn  
of injury and might  completely fail. Less injured p lants  might  recover. These 
symptoms  could be reproduced in solution cultures supplied with excess of 
MnSO 4. 

2. During several years the manganese content  of beans growing in these 
plots has been est imated.  In  hea l thy  young leaves the value ranged from 
40-940 Mn ppm, in affected leaves from 1104-4261. The lowest level of 
injured leaves var ied  in 1946-1949 between 1211-1104 ppm. 

3. In  solution cuItures ( y o n  d e r  C r o n e )  5 m g  Mn/1 induced the' 
symptoms.  At  high tempera ture  bean plants  appeared to tolerate  a high 
content  in the  foliage without  visible injury.  

4. The composit ion of the culture solution acts great ly  on the amount  of 
manganese taken  up by  the plant.  A difference in the propor t ion  of the  
manganese supplied which remains in solution cannot  explain this action. 

5. Str ict  proof of the injury being due to manganese excess was furnished 
by  the s imilar i ty  of symptoms  induced in beans, when cultured in a vesse~ 
with "s ick"  soil and in the same soil provided with CaCO 3 and MnSO 4 
Acid i ty  was here el iminated as causal agent. 

6. In  exper imental  plots Vicia sativa and Medicago sativa appeared very 
susceptible and showed characteris t ic  signs of injury.  Tri/olium pratense 
showed slight symptoms  and a final recovery. Tri]olium repens mere ly  
lagged in init ial  development.  Solution cultures corroborated the field tests.  

7. Mangold was depressed ill growth in more acid plots. Solution cultures, 
did not corroborate the field tests. 

8. Flax, potatoes, tobacco, mustard, oats and strawberry appeared tole- 
rant in the field tests. 

9. Peas, Vicia ]aba and vine appeared insensitive in solution cultures. 
Lettuce showed a slight injury in the presence of a large dose of MnSO 4. 

10. When the contents of manganese in the foliage are compared, tole- 
rance for manganese appears either to be due to a weak absorption or to a 
strong tolerance within the plant. The high sensitiveness of beans may be 

due to a very strong absorption. 
I I. Manganese induced symptoms of beans in the field are not identical 

with those induced by iron deficiency. 
In solution cultures, however, at high temperature manganese excess was 

seen to induce iron deficiency. 
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12. T h e  a m o u n t  of  e x c h a n g e a b l e  m a n g a n e s e  i n  so i l  a p p e a r e d  t o  v a r y  

w i d e l y  i n  p l o t s  i n v e s t i g a t e d  o v e r  a n u m b e r  of  y e a r s .  N o  c o r r e l a t i o n  w a s  

f o u n d  b e t w e e n  t h e s e  v a l u e s  a n d  t h e  c o n t e n t  of m a n g a n e s e  i n  t h e  f o l i a g e  of  

b e a n s .  

13. As  a s o i l  t e s t  for  m a n g a n e s e  e x c e s s  Phaseolus  vulgaris  m a y  p r o v e  of  

v a l u e  a s  a t e s t  o r g a n i s m .  

Received April 1950. 

R E F E R E N C E S  

1) A n d e r s e n, E. M., Tipburn of lettuce, Effect of matur i ty ,  air and soil temper- 
atures and soil moisture tensions. Corn. Un. Agr. Exp. St. I thaca  N.Y. Bull. 829 
(1946). 

2) B o r t n e r, C. E., Toxicity of manganese to turkish tobacco in acid Kentucky soils. 
Soil Sci. 39, 15-33 (1935). 

3) D a j i~. J. A., Manganese toxici ty  as a probable cause of the band disease of Areca 
palm. Curr. So. 17, 259-260 (I948); R.A.M.28, 124 (1949). 

4) D u P ! e  s s i s ,  S. J., Wingerdsiektes in Suid-Afrika Un. of Stellenbosch 1948, 
22I p. 

5) F r i e d ,  M. and P e e c h ,  M. ,The  comparative effects of lime and gypsum upon 
plants  grown in acid soils. J. Am. Soc. Agron. 38, 614-623 (1946). 

6) t t e  i n t z e, S. G., Readily soluble manganese of soils aud marsh spot of peas. 
J. Agr. Sci. 28, 175-185 (1938). 

6~) H e w i t t, E. J., The resolution of the factors in soil acidify. Progr. Rep. I. Aun. 
Rep. Long Ashton Res. Sta. 1945, 51-59. 

7) H e w i t t, E. J., The resolution of the factors in soil acidity. Some effects of manga- 
nese toxicity. Ann. Rep. Long Ashton Res. Sfa. I946, 50-61. 

8) H e w i t t, E . J . ,  Resolution of the factor in soil acidity:  The relat ive effects of 
a luminum and manganese toxieities in farm and marke t  garden crops. Ann. Rep. 
Long Ashton Res. Sta. 1948, 88-65. 

9) H e w i t t, E. J., Exper iments  on iron metabolism in plants.  Some effects of metal- 
induced iron deficiency. Ann. Rep. Laug Ashton Res. Sta., 1948, 66-80. 

10) H o p k i n s ,  E. F., P a g f i n ,  V. and R u m u r e z  S i l v a ,  F. J., Iron and 
manganese in relation to plant  growth and its importance in Puerto Rico. J. Agric. 
Un. Puerto Rico, 28, 43-99 (1944). 

11) J a c o b s o n ,  H. G. M. and S w a n b a c k ,  T. R., Manganese content of certain 
Connecticut soils and its relation to the growth of tobacco. J. Am. Soc. Agron. ~4, 
327-245 (1932). 

l la) J o h  n s on ,  M. O., Manganese chlorosis of pineapples: I ts  cause and Control. 
Hawaii  Sta. Bul. 52 (1924). 

12) L 6 h n i s, M. P., Een voedingsziekte in bonen (Phaseolus) (Summ. A nutr i t ional  
disease in beans. Prel iminary Rep.). Tijdschr. Plantenziekten ~, 157-160 (1946). 

13) L 6 h n i s, M. P., In ju ry  through excess of manganese. Trace elements in plant  
physiology. L o t s y a. 8, 63-76 (1950). 

14) 2 v l a r s h a l l ,  H., Abstracts  J. Chem. Soc. 80 I I  350 (I901). 
15) M c C o o I, M. M., Effect of l ight in tensi ty  on the manganese content of plants. 

Boyce Thompson Inst.  Contr. 7, 427-437 (1935). 
16) M i 11 i k a n, C. R., Effect of molybdenum on the severi ty of toxici ty symptoms in 

f lax induced by an excess of either manganese, zinc, copper, nickel or cobalt in the 
nutr ient  solution. J. Austral ian Inst.  Agr. Sci. i 3 ,  180-I86 (1947). 



222 M A N G A N E S E  T O X I C I T Y  I N  F I E L D  A N D ' M A R K E T  G A R D E N  CROPS 

17) M i 11 i k a n, C. R., A n t a g o n i s m  between m o l y b d e n u m  and cer ta in  h e a v y  me ta l s  in  
p l a n t  nu t r i t ion .  Na tu re  1t}1, 528 (1948). 

18) M o r r i s, H. D. and  P i e r r e, W. H.,  The  effects of ca lc ium,  phosphorus  and  i ron 
on the  tolerai ,  ce of Lespedeza to m a n g a n e s e  t o x i c i t y  in  cu l tu re  solut ions .  Soil. Sci. 
Soc. Am. Proe. 12,  382-386 (1948). 

19) M o r r i s ,  H. D. a n d  P i e r r e ,  W. H.,  M i n i m u m  copcen t r a t ion  of manganese  
necessa ry  for i n ju ry  to var ious  Legumes  in cu l tu re  solut ion.  Agron J.  4 1 , 1 0 7 - 1 1 3  
(1949). 

20) P a r b e r r y, H. N., The  excess ive  u p t a k e  of manganese  by  beans  showing  scald 
and  m a g n e s i u m  deficiency,  I t s  r egu la t ion  b y  l iming.  Agr. Gaz. N. S. Wa ie s  54,  54 

(1943). 
21) P e e c h, M. and  B r a d f i e 1 d, R., Chemica l  me thods  for e s t i m a t i n g  l ime needs  

of soils. Soil Sei. 65,  35 (1948). 
21a) S h e r m a n, G. D. and  F u j i m o t o, C. K., The  effect of the  use of l ime,  soil  

~umigants  and  mu lch  on the  so lub i l i ty  of manganese  in  H a w a i i a n  soils. Proc. 
Amer.  Soe. S0il Sci. 11. 206 (1946). 

22) S m i t ,  J .  and  M u l d e r ,  E. G., Magnes ium def ic iency as the cause of i n ju ry  in 
cereals.  Mededeel.  Landbouwhogesehool ,  Wagen ingen ,  46,  3 (1942). 

23) S o m e r s ,  S . I .  and  S h i r e ,  J .  W.,  The  i ron manganese  re la t ion  in p l a n t  me ta -  
bol ism.  P l a n t  Physiol . ,  17, 582-602 (1942). 

24) S t e e n b j e r g, F.,  The  manganese  con ten t  of Dan i sh  soils. I E x c h a n g e a b l e  manga -  
nese, Tids.  P l a n t e a v l  39,  401-436 (1938). 

25) W a l l a c e ,  T., H e w i t t ,  E . J .  and  N i c h o l a s ,  D . J . D . , D e t e r m i n a t i o n o f  
/ ac tors  in ju r ious  to p l an t s  in acid soils. N a t u r e  156,  778-782 (1945). 




