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Three photographs showing the externally  v ie ib le  

e f fe c t  of s i lv e r  treatment in  tobacco seedbeds heavily  

infested  with Heterodera raarioni. ^eedlintrp o,

"White Stem Orinoco" two months old .  

p l o t s  1 and 4 : c o n t ro l s .
plot 3 : "PPOtArgol" 1 u n it ,  MnOB 1 u n it ,  M l  3 u n i t . .  

Plot 8 ; "protnrgol" 3 u n i t . ,  M N  3 u n i t . ,  M l  6 u n i t . .  

Plot in: 8 l i v e n - Inc oy .n lf l .  su .p .n . lo n :  5  un., M l  ’  u n .

m o t 19: S i lv e r —Inc oy .n lf l .  .u .p en .lo n : 3 un ., M l  ’ un.

Plot 21: S i lv e r — Inc cynnlde » u .pension: 3 u n ., M l  9 un.

Plot (om pnrl.on l LI quia onrbon blnulphld,: 3 uuncee.
(see  pags 10 ,? e t  seh*)



(H eterolera marl on j.)

BY M E A N S  OF  O L I G O D Y N A M I C  A C T I O N  

OF  S I L V E R  I O N S

—o—

INTRODUCTION The f i r s t  d iscovery of the p la n t-p a ra s ltlo  

nematode oauelng root knot was published In 

IS55 by M .J. Berkeley. Though no d e ta ile d  d escr ip tion  of the 

sp ec ies  was given by him, there seems tc- be no doubt that I t  

corresponds to the p a ra site  described Ly Carl MQller, In 

1834, as Heterodera ra d lc lo o la  'Qreef f ) M ailer*). This name 

was gen era lly  accepted u n t i l  1932  ’’hen Ooodey, c lear in g  up 

many d iscrep an cies, revised  the nomenclature and suggested  

the name Heterodera marlonl (Cornu, 16,9) Ooodey, 1932, which 

has now become esta b lish ed .

This p a ra site  not only has a vast geographical d i s t r i ­

bution (p r a c tic a lly  a l l  countries in  the southern heralsjahere 

(Marolnowskl, 1909), whereas In the northern hemisphere I t  I s  

even found as far north as the Fenno-Soandlnavlan area, 

fo llow ing  more or le s s  the 5° C year Isotherm as I ts  upper 

l im it;  o f .  oo f fa r t, 1934 b ) , but a lso  has a tremendous number 

of host p la n ts , and year a fte r  year new reoorus are added to  

those already l i s t e d  * * ).

Heterodera marlonl, therefore, 01 '' be considered as an

*) U nfortunately I had no access to the o r ig in a l papers
of Berkeley, O reeff and M iiller, but regarding th is  question  
we may w ell re ly  on the authority  of T. Ooodey, to whose 
paper ( I . e . )  I wish to refer  for further d e t a i l s .

**) Through own observations and from widely scattered
lite r a tu r e  I have w e ll over 1500 d if fe r e n t  species on 
record.
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In tern ation a l peet and I t  hae proved to be a menace to 

d if fe r e n t orope o f great economic Importance In various 

c o u n tr ie s . In Southern A frica e sp e c ia lly  the tobacco 

growers and potato farmers annually su ffe r  severe f in a n c ia l  

lo sse s  through low-grade crops as a r e su lt  o f root damage 

caused by th is  nematode. The urgency In th is  country of an 

economical means of co n tro l promoted me to  In v estig a te  Into  

the problem. The r e su lts  of th is  research I present In th is

paper.

At the onset of my work, which I began as entom ologist 

a t  the Tobacco Research S ta tion . Trelawney, Southern 

Rhodesia, and subsequently continued In a s im ila r  capacity a t  

the C entral "’obaooo Research S ta tio n , Kroondal, near Rueten- 

burg, Trersvaa1-, I became more and more convinced that the -  

one oould tay " c la ssica l"  -  means of eelwora con tro l so far  

practised  were very much lim ited  In th e ir  e f f e c t  (see  page 3 7 

e t  seq .) and for  that reason I tr ied  to  develop an en tire ly  

new lin e  In th is  r ie ld  of research.

I f e e l  grea tly  Indebted to Mr. D. van der Reyden, 

S t a t is t ic ia n  at the Onderstepoort Veterinary I n s t itu te ;  to  

Mr. J .S .  Kerrloh, Head of the Sub-Departmont of A ctuarial 

dolenoe and S t a t i s t ic s ,  U n iversity  o f the Wltwatererand, 

Johannesburg; and to  Mr. H .3 . S lo h el, S t a t is t ic ia n  to the 

Counsel for  S c ie n t i f ic  and In d u str ia l Recearoh, Johannesburg, 

for  thei.r c r it ic ism  and most generous a s s is ta n c e .

I a lso  wish to  express my gratitu d e to  Dr. L.E. Aoedlger, 

now Lecturer a t S tellen bosch  U n iversity , for  h is  very kind 

a ssis ta n ce  In mathematical problems; and to Dr. C.R. van der 

Merwe and h is  S ta ff , D iv is io n  of Chemical S erv ices , Pretoria , 

for  the preparation o f ohem loale•

— o  —



LIFE HISTORY OF THE PARASITE The f lr e t - e  tag6 larvae *)

are fr e e - l iv in g  and Inhabit 

the s o i l .  On account o f the tranoparanoy and minute s i t e  

o f th e ir  body **) they can not be seen In the s o i l  with the 

naked eye, but In root observation boxes (Dean, 1929;

Linford, 1939, 1940, 1942 b) th e ir  behaviour (a t  le a s t  under 

laboratory conditions) can e a s ily  be followed under the 

m icroscope. For simple laboratory routine cu ltu ra l media o f  

a transparent agar In P e tr i-d ish es  or te s t  tubes, In which 

seed lin gs are allowed to  develop, are very u s e fu l .  By means 

of a r t i f i c i a l  Inocu lation  (egg masses or free  larvae can be 

used) penetration  of the roots by the larvae may be Induced 

and th e ir  movements and o r ien ta tio n  observed with a low 

power d is s e c t in g  m icroscope. Byars (1914) f i r s t  Introduced 

th is  p r a c tic e , which was la te r  follow ed by many In v e s t i­

g a to rs .
In th is  in fe c t iv e  'ta g s  the larvae penetrate the growing 

t ip  or m erletem atlo t is s u e s  of young r o o t le ts , preferably  

Just behind the root cap (Byars, I . e . ;  Godfrey 4 O liveira , 

1932; C h r is t ie , 1935, 1936; Linford, 1939) ***), passing as 

a rule between the c e l l s  (C h r istie , 1936; sim ilar  observations 

were already made by N&mao, 1910)• C h r is tie , however, 

mentions occasional exceptions where larvae passed through 

the In ter io r  of the c e l l s  (o f . a ls o  Linford, 1941 b ) , but 

normally th e ir  penetration  causes only s l ig h t  Injury to  the

*) S t r ic t ly  speaking th is  Is  the second stage, as
(according to Nagakura, 1930, and C h rist ie  4 Cobb, 
19 4 1 ) the f i r s t  eodysie occurs in s id e  the egg s h e l l ,  
Just before hatching.

**) Measurements given by d i f f e r e n t  authors range frou
©•375 -  0.500 x 0.012 -  0.03 mm. External conditions
(such as temperature, food, host) are most l ik e ly  to
be the cause of variations (Goffart, 1934 b ) .

***) S te in er  (1934) observed Instances of non-terminal 
entrance of the parasites  In Eohlnoohloa o r u sg a l l i ,  a 
weed of American r ice  f i e l d s .



tlefluee (Treub, 1S87)•
The p o ss ib le  ro le  of ohemot&xle In d etec tin g  end 

penetrating the roots of th e ir  favou rite  host p lan ts by the 

terrloo lou e larvae was d iscussed  by S te in er  (1925) an^ la te r  

by Linford (1939). The experiments of these authors *) supply 

su b sta n tia l evidence of chemotaotlo a ttr a c tio n . In very 

strong support of th is  i s  the supposed function as chemical 

sense organs o f prominent anatomical stru ctu res, known as 

"amphlde11, which were described by Cobb (1924). Godfrey (1934) • 

on the other hand, s ta te s  that, In h is  observations on the 

behaviour o f Heterodera larvae, "there was not t s tr ik in g  

ohemotroplc * * )  response o f nematodes over a d istan ce  as 

great as 2 Inches. The movements o f the larvae In oola 

appeared to  be random rather than d ir e c tio n a l" . '

The topographical and h is to lo g ic a l  demonstration of larvae  

In the root t is s u e s  of the host p lan t Is la rg e ly  fa c i l i t a te d  

by sta in in g  as described by Godfrey (1935 4), Goodey (1937) 

and McEeth e t  a l .  (1941). Linford (1937 a, 1941 b ) , however, 

developed a technique of d ir e c t observation In l iv in g  t is su e s

submerged In cu ltu ra l media.

A fter penetrating the r o o tle ts  the larvae generally  

s e t t l e  between the endodermls and the perloyole w ith th e ir  head 

in  the plerome (which la te r  becomes the s te le  or centra c y lin ­

der) and th e ir  body In the perlblem (M olllard 1900; T lsch ler , 

1902; Godfrey, 1931; Godfrey & O live ira , 1932; C h r is tie , 1935. 

1936; and others) ****). Normally they are orientated

*) Freeh wounds appeared to  be sp ec ia l ly  a t tra c t iv e

( 1927 ) a lso  noticed that In swnet potatoes the "greatest 
Infection  of nematodes occurred on p h y sio log ica lly  
cracked areas".

**) The use o f  the word "ohemotroplc" In th is  case Is wrong
according to modern agreement -  since tropleme are the 
movements of s e s s i l e  organisms and "taxis" Is applied  
to mobile Indiv iduals .

***) See further remarks on page 35 e t  seQ.

****) Linford (1942 a) s ta te s ,  however, that "larvae are 
sometimes (but exceptionally ) found In the s t e l e ' .



t a i l  downwards (Byars, 1.914 ; S te in er , I9 3 4 ) . Apparently the 

larvae are unable to turn between the c e l l s  and t>o, in  the 

excep tiona l oases of non-term inal penetration  mentioned 

above, the orien ta tion  i s  Inverse when the larv_e migrate 

downwards in the root.

Linford (1941 b) observed th at r ight from the beginning 

o f  th e ir  invasion  the larvae o ta r t feed ing. A fter having 

secured Ihelr permanent s i t e  In the root t is s u e s  they become 

immobile and undergo three eodysos, gradually increasin g in  

s iz e .

The length  o f the d if fe r e n t  la rv a l stages and consequently  

o f the whole liCe cycle  *) seems to  depend e n tir e ly  on the 

temperature .reached inolde the root as shown by the experi­

ments o f Tyler (1933 '  0 ) and Townsend (1937) ( of .  a lso  

Godfrey, I 9 2 6 ) **) .  Tie minimum time required for the 

completion o f the l i f e  cy c le  o f fem ales has been determined 

to  be 25 days a t 27® C, Increasing to  87 days a t 1 6 .5* 0 (Tyler, 

1933 a ) .  Ustinov (1939) found a minimum of only 24 days for  

#;he female and 17 days for  the male.

The la s t  la rv a l stage of the male is  o f sp ec ia l In te r e s t .  

The larva stops feeding ( Nagakura, 193OJ S te in er , 1 . 3 .)  a fte r  

having reached a certa in  s iz e  and when the next eodyals takes 

place the adu lt i s  formed in the c y s t - lik e  skin of the 

fourth stage larva ( see foot note, page 3 ) • The full-grown  

males (measuring 1.0 -  1 .5  x 0.03 -  0 .04 ram; N&gakurn 

I . e . ) generally  remain in the roots o f th e ir  host plant,

*)  Townsend ( I . e . )  showed that a r ise  In average
temperature of O.fet® C increased the number of  
generations per year by one. In South Florida, II .3 .A., 
he s ta te s ,  where the mean s o i l  temperature i s  about 
25® 0 , 10 or 12 generations per year may develop.

**) Tyler (1933 a) and Townsend ( I . e . )  both find to a
large extent a fa ir ly  neat obedience of the thermal 
constant Daw. The d ev ia t io n s , however, of th e ir  
empirical data from the theoretloaD predictiona -  to ray 
mind -  are s ig n if ic a n t  enough to wane strongly against  
too r ig id  on application of th is  s im p lif ica t io n  (see  
also  Pierce, 1934).



but occasionally  thay wander out Into the s o i l  (Byare, 191%; 

Nagakura, 1930) and may penetrate a new r o o t le t  In search of  

a female. The males are usually  far In the m inority . In fa s t ,  

parthenogenesis (the probability  of whloh was already suggested  

by Byars, l . o . , and Gabriel, 192b b) seems to  be the normal 

way of reproduction as long as the parasite  l lv e e  under 

optimal or rather favourable conditions (Tyler, 1933 of* 

a lso  Nagakura, I . e . ,  and Steiner , 193%)• With a tendency to 

adverse conditions in th e ir  environment, however, males become 

move abundant *) and oan often be seen In c lo se  proximity to  

the females, suggesting the l ik elih ood  of f e r t i l i z a t io n  to take 

place (Bessey, 1911, and o th ers) .  Indeed, spermatozoa are saj.u 

to  have been detected In the oviduct of female Heterodera 

marlonl by ttklnson In 1889. Nagakura ( I . e . )  describes the 

amoeboid spermatozoa, whloh even In a so l in e  so lu tion  showed 

a c t iv e  movements, but In the l i t e r a tu r e  there Is  no unambiguous 

information as to whether actual copulation has ever t. en 

observed, although Nagakura ( l . o . )  w r ite s ; "Naoh der Begattung 

s t l r b t  das Mannohen bald und die  Lelohe kommt In der Nahe des 

ausgewaoheenen Welbohene oder im Elersack vor". He even 

remarks: "Die E lze llen  werden In der Samentasohe befruohtet und 

mit Schale versehen und wandem In den Uterus hlneln".

In th is  p a r a s ite , apparently, the sex Is not determined 

g e n e t ic a l ly ,  but p oss ib ly  by means of s . o .  "sex reallaatore"

( in  the sense used by F. von W ettsteln, 1920; see  Hartmann, 

19p3 ). the d is tr ib u t io n  of whloh might be dependent on external 

Influences * * ) .

*) Linford (19%1 a) confirms th is  from experiments,
s ta t in g  that "males are more abundant In places of 
poor n u tr it io n " •

•*) S te in er  (193%) suggests that, since the "metamorphosis"
of the male takes place during a period of starvation ,  
food shortage In general might Induce the f in a l  deter­
mination of the male sex . This Is In accordance with 
Nagakura's findings that sex d i f fe r e n t ia t io n  does not 
take place before the %th stage of the larva l period.



Modern views on the problen: of parthenogenesis are 

ex ten s ive ly  d iscussed by Whiting (1945) and, though the oase 

of Heterodera marlonl Is not mentioned, h is  a r t i c l e  o ffers  

suggestive  Information on th is  In teres t in g  question . Unless  

o y to lo g ic a l  data are obtained as to  the genotypes and the 

d is tr ib u t io n  of the chromosomes In male and female, however, 

c l a s s i f i c a t i o n  of Heterodera marlonl according to Whiting's 

system *111 not be p o s s ib le .

"he males are -  except for th e ir  s iz e  and the development 

o f  th< sexual organs -  much l ik e  the larvae In appearance. The 

foma'.es, on the other hand, change considerably a f t e r  every 

eodynls, gradually sw e llin g  u n t i l  they f in a l ly  obtain the  

shape o f a b o il in g  f la sk , or rather l ik e  an e le c t r ic  bulb 

deprived o f I ts  f i t t i n g .  Sometimes they appenr more l ik e  a 

reto rt ,  as they may become d is to r ted  by the t„"OWing root or 

through lack of space between the c e l l s .  They new measure 

1.0 -  1.9 x 0 . 5  -  0 .9  mm. (Nagakura, j-970) .

The eggs, averaging 0.092 x 0 .0 )2  mm la  s iz e ,  are u su a lly  

deposited In a Je lly  maef or ootheoa ’ ) ,  which enables them to 

withstand d es icca tion  for  a considerable length o f time **).  

the embryo then remaining dom ant.

The t o t a l  number of eggs la id  by a s in g le  female i s  gene­

r a l ly  estimated from )00  to 500, although Godfrey ft O liveira  

( 19) 2 ) s ta te  that "many egg masses were counted with between

*) S te in er  (19)4) reported on an exceptional oass observed
In Echlnochloa c ru eg a ll l  where no egg sac was found with 
the females In that host.

Chitwood (19)8) found the J e l ly  mass to be of a protein  
nature, presumably a mucoid.

**) According to S te in er  (19)7) IS months o f drought can be
survived; Thomson (1928) even claims to have kept v iable  
eggs In dried roots over two years on a s h e l f  over a 
Steam pipe; o f .  a lso  Godfrey ft Koehlno (1 9 ) ) ) ,  who 
showed graphically  the extent to  which protected eggs 
are more r e s is ta n t  than free  eggs. Eggs In roots, 
e sp e c ia l ly  In woody roots, are able to s u f fe r  s t i l l  
longer periods of A r id ity .



600 and 600 eggs. Aa many ae 1200 eggs were counted from a 

maes showing that new eggs were s t i l l  being deposited a t  the 

time the egg mass was removed". Godfrey (1931) counted up to  

IJOO eggs In one egg mass; Ustinov (1939) etateu that 1600 

eggs were la id  by one female and Tyler (1933 b) records I998  

eggs from one female. In I 938 she finds "counts o f  more than 

500  eggs to be common11 and even up to  2882 eggs from a s in g le  

female "which showed no signs of approaching exhaustion" 

wore recorded.

Attention was drawn by C h r is t ie  (1946) to an In terest in g  

h oet-p araslte  re la t ion sh ip  to the e f f e c t  that a d e f in i t iv e  

Influence on the egg production of the female p aras ites  Is  

exerted by the h o s t .  The wide var iation  In egg numbers 

counted from females In d if fe r e n t  hnats flnda ready explanation  

In h is  observations ( o f .  a lso  Smith & Taylor. 19^7)•

Byers (1914) finds the rate r'f egg-laying to  be one egg 

every 50 to bO minutes, which Is  mon or le s s  In accordance 

with the experiments by Ustinov ( I . e . ) .  who found that 1800 

eggs were la id  In bl days (averaging one egg per m in utes). 

Also T.vler (1933 a) confirmed these f igures  In th a t  eh* 

roughly computed the output a t  one eg; per hour a t  22° C, 

though a t the optliium temperature ( 2? to 28° C) she came to  

about 36  eggs per day (averaging one every 40 m inutes).

Godfrey & O liveira (1932), however, claim to have found a 

pronounced optimum In th e ir  egg-laying records. Though Tyler  

(1938) c r i t i c i s e s  th e ir  statements, she could show large 

variation s In the rate of egg-laying on d if fe r e n t  days, whloh, 

she w rites ,  "must be Influenced, primarily or secondarily  by

temperature11.
The egg-paokageo, when expelled c lo se ly  under the 

surface of the root, may be lib erated  Into the s o i l  by 

rupturing of the epidermis. Imbibition of water by the ootheoa 

often  causes I t  to  sw ell  to suoh an extent that the eggs burst  

o u t . E specia lly  In warm s o i l s  the females seem to  favour a 

s u p e r f ic ia l  position  In the roots (Godfrey, 1926, I93I; o f .  a lso



Q of fa r t ,  1 9 3  ̂ b ) . They may even emerge frcsr, the root t is su e s  

(as observed by S te in er , 1927, In Freesla; and by Qoffart, 

l . o . ,  in potatoes and I r i s ) ,  sim ulating the sugar beet

(potato) eelwonn, Heterodera sohaohtli ,  whj.oh I s  more a semi- 
end oparaslte  .

In decaying roots a l l  the egg masses contained w i l l ,  of 

course, be se t  free .  As the larvae hatch In th is  Je lly  mass, 

they w i l l  e i th e r  remain In the roots of the o r ig in a l  host  

plant or migrate Into the s o i l  in search of a new r o o t le t .  

Indeed, severa l generations of larvae can often be found In 

the t i s s u e s  of one root or tuber * ) ,  even in the same g a l l .

Hatching seems to depend e n t ir e ly  on temperature and 

humidity, though severa l authors claimed to  bo able to Induce 

or acce lera te  th is  process by moans of root ex tracts  or even 

synthetic  substances (Rensoh, 1924, I925  a , b, 0 ; Molz, 1923, 

1929’ 'l-offart, 1934 a; Smedley, I 9 3 6 ) In Heterodera

so h a o h t li . Whatever these "inductors" may be, I could never 

detect any delayed hatching of Heterodera marlonl eggs even 

In pure d i s t i l l e d  water a t  room temperature **).

There has been much argument about the function of the 

s t y l e t  (or "onchlum": Cobb, 1924), a hollow, spear-shaped, 

ohltlnous structure Inside the buccal cav ity  of the larva.

I t s  tiny canal leads d ir e c t ly  ln+o the oesophagus, as was 

observed by Nagakura (1930). This s t y l e t  can be protruded, 

which Is e a s i ly  watched under the microscope. Irresp ective  

of I t s  suggestive  structure, however, Ooodey ( I 9 3 5 ) stated  

that "there Is no evidence of puncturing the c e i l  wall by the 

s ty le t" ,  and C h ristie  (1936) s im ila r ly  writes that "the head 

o f  the p a ra s ite  l i e s  between the c e l l s  and there i s  no evidence 

that the s t y l e t  p ierces  adjacent walls".

*) Burk & Tennyson (1941) found evidence of 3 and 4

p e n .te s t in g  .■U00“ ,lT '  S '" "™ "'



-  10 -

Thle problem was  d e f in i t e ly  solved by Linford ( 1 9 3 7  a, b, 

1941 b, 1942 a) who made an Intensive study o f the feeding  

habits of Heterodera m a'lonl. He proved that the e t y le t  was 

used for  puncturing the c e l l s  In the neighbourhood o f the 

head o f the p arasite  * ) .  In l iv in g  root t i s s u e s  he observed 

under the microscope how the nematode swings I t s  head In a l l  

d irect io n s  over wide angles In order to  draw food from 

d if fe r e n t  c e l l s .  By means of e x c e l le n t  photomicrographs he 

shows the s t y l e t  Inside the nutrient c e l l s  and how the sa l iv a  

(from two w ell developed sa livary  glands) In poured out. 

Apparently pre-d igestion  occurs ex tern a lly , the l iq u e f ied  food 

being subsequently sucke up through the s t y l e t  by means of a 

pumping action  of the oe >phageal bulbue. The s t y l e t ,  accord­

ing to Linford, Is  a lso  u id for opening a passage way In the 

root when the larva enters a root and migrates to I t s  permanent 

lo ca t io n .

An In terestin g  discovery was made by Smith & Quirk (1926) 

who showed that the p arasite  Inside the root Is able to  adjust  

the pH o f the host t is su e s  to s u i t  I t s  needs, v i z .  by making 

an environment that Is too acid more a lk a l in e .  The tremendous 

adap tab ility  of Heterodera marlon1, which s tr ik e s  one on 

Inspection of the l i s t  of i t*  host p lan ts ,  may find some 

explanation In th is  observation.

ROOT DAMAGE As a r e s u lt  of the continual puncturing of the 

c e l l  w alls  and probably vndet* the Influence of  

the p a r a s i te 's  sa l iv a  (C hristie , 1935, 3-996; Llni'urd, 1937 a,

194.1 a; o f .  a lso  Goodey, 191^) the c e l l s  on which I t  feeds 

become qu ite  adnormal. In the plerome coalescence of d if fe re n t

*) Linford (1942 a) watched one larva continuously for 36
minutes as I t  thrust I ts  s t y l e t  very rapidly a t  approxi­
mately the following rates ( expressed In numbers per J O 
seconds): 52 while the larva slowly moved I t s  head over 
the c e l l s ;  81 with the head held securely In one place;
58 while again exploring and 107 Immediately before 
puncturing a c e l l .  He further s t a t e s : “By thrusting at  
such rates and s o m e t i m e s  for many minutes against a small 
area of a s ing le  c a l l ,  the nematode gradually weakens ttae 
the res is tan ce  of the wall".



oallfl and abnormal d iv is io n s  take p la c e .  The nematodes may 

break Into such c e l l s  ( Linford, 1941 b ) , but th is  must be 

considered as exceptional (G hrlotle , I 936 ) * ) .  Usually the  

h is to lo g ic a l  changes g ive  r ise  to  the formation of 'felant 

c e l l s " , which now serve the p arasite  as a permanent source 

of n u tr it io n .  These g ian t c a l l s ,  already described by e a r l i e r  

authors (Treub, 1887; Vulllemin & Legraln. 1394; Molllard,

1900: " c e l lu le s  nourrlolferee"; T lsoh ler, 1902; and e sp ec ia l ly  

N&neo, 1910; "neotarlal c e l l s " ) and more recently  in great 

d e t a i l  by C h r is t ie  (1935. 1936) are mainly formed In the 

v ic in ity  of the phloem v e ss e ls  **) and generally  cause ty p ica l  

sw ellings (g a l l s )  In p arasit ized  roots  ***); hence the name 

"root knot" or "root ga ll"  for the d isea se .

C a lls  are usually  seen on a l l  roots, e sp ec ia l ly  on the 

younger urd s o f t  ones, but an In terestin g  exception was 

reported by Mattress (1940) who observed that Inft .on of the 

oyster nut (T s l fa ir la  pedata) In Kenya is  r e s tr ic te d  to a 

s in g le  large g a l l  on the main root Just below s o i l  l e v e l .

In response to the p a r a s ite 's  disturbances, Increased 

d iv is io n  Is Induced in the per lcyo le  which r e su lt s  in the 

formation of la te r a l  roots (Molllard, I . e . ;  Warburton, I9 0 2 ;

*) In connection with mechanical injury Linford (1941 a)
makes the fo llow ing in tere st in g  remark; "Although Inter­
c e l lu la r  migration of these larvae through merletematlo  
t i s s u e  appears to  k i l l  very few c e l l s ,  the mere separation  
of c e l l s  probably would s u f f ic e  to  d isturb the coordination  
of t is su e  d if fe r e n t ia t io n " .

**) Much of the c e l l  material from which the giant c e l l s
or ig in ate  would normally have contributed to the formation 
of these v e sse ls  (C hristie , 1 9 3 5 ), 80 th at the roots, 
already a t  an early stage, are deprived of some most 
v i t a l  organs.

***) No g a l l  formation occurs In Cyclamen and Freesla
(S te in er , 1927) and p arasit ized  strawberry plants and 
I r i s  show l i t t l e  or no sw ellings on th e ir  roots (Tyler, 
1933 0 ) .  Such oases, however, are exceptional, at le a s t  
in ordinary roots, though tubers of various plants  
(p otatoes, D ah lia 's ,  e t c . )  very often lack external  
Dwellings that betray the Internal In fe s ta t io n .

On several p lants ( e .g .  Zea male) the g a l l s ,  though 
present, are often very Inconspicuous and may ea s i ly  
be overlooked by an untrained observer.



C h r is t ie ,  1935) 193&J and oth ers) , usually  Just above the 

g a l l .  I t  Is mainly these roots that enable the host plant to 

keep a l i v e , since the disorders In the vascular system caused 

by the g ia n t  c e l l s  hamper the normal flow of sap. In oases  

of severe s o i l  In fe s ta t io n ,  however, these newly fomed  

r o o t le ts  are Immediately Invaded again (Warburton, 1902), so 

that th e ir  b en efit  to the plant becomes rather problematic. 

Indeed, as a resu lt ,  many annual herbs succumb and d ie  o f f .  

Perennials and e sp ec ia l ly  plants with U g n lf le d  roots su ffe r  

l e s s ,  but the Influence of parasitism  w i l l  nearly always be 

conspicuous. The most s tr ik in g  symptoms In the overground 

parts of the olant are: lack of growth, "poor stand", ye llow ish  

colour and drooping of the leaves with a general tendency to  

w il t .

Consequent to the above primary Injuries are remarkable 

changes In plant-food Intake by the host plant, as was oncwn 

by Mnglstad A O liveira (193^)* In fected  pineapple plants  

absorbed 40 -  50 # le s s  nitrogen than clean p lan ts  and while 

the ap p lica tion  of f e r t i l i z e r  Increased the nitrogen convent 

of the p lan t, I t  did not Increase the growth of p arasit ized  

p la n ts . In addition to th is  the a v e n g e  t o t a l  length and the 

number of roots per plant were d e f in i t e ly  much reduced. Colllnn  

& Hagan (1932), to the contrary, did not find evidence of the 

root numbers being decreased by the presence of the nematodes.

Parris & Jehle (19^3) found in fes ted  p lants d e f ic ie n t  In 

phosphorus though th is  element was present In the s o i l  and 

normal p lan ts  were a lso  not d e f ic ie n t  In I t .

SECONDARY INFECTIONS Attendant detrimental e f f e c t s  often

occur In that le s io n s  In the root 

t i s s u e s ,  caused by the parasites ,  o f fer  easy access to t e r r l -  

oolous pathogenic fungi and bacteria  ( Linford, 19^2 a ), sapro­

phytic Protozoa, Nematoda, Tardigrada, Acarlna, Insect larvae, 

e t c . Secondary Infectlonr of th is  kind are common In co tton 

( Fuearlum vaslnfeotum: Orton, 1912$ Miles, 1939J Taylor e t  a ] . ,  

1939, 1940; Neal, 1940; Smith, 1941; Smith & Taylor, 1941),



tobaooo ( Rhlzoctonla batatloolaz Bmall, 1928 ), tomatoea 

( Aiearlum lyooperelc l:  Young, I939 b; Harrison & Young, 1941; 

Linford, 1942 a; and Colletotrlchum tablflcum: Mllea & Turner, 

1928), Antirrhinum, Oarnatlona, S ilky  Oak. Rose Aoole and 

Loquat (Fuearlum: Small, 1922), oowpeas (Fuearlua: Smith, 1941) 

and Is l ik e ly  to oocur In other crops as w e l l .

INFECTION OF OVLRC'ROUND PARTS The oomnion r e s tr ic t io n  of

Heterodera marlonl In fes­

ta tions to underground structures of the host p lants Is  

obligatory rather than p r e fe r e n t ia l .  Numerous Instances are 

known of larvae that some way or other got access to t is su e s  

other than roc s and seemed to thrive  equally w ell In these 

unusual surroundings. Gabriel ( 192b a) noticed "chez de nom- 

breusee Cuourbltao6ee des g a l le s  de raolnes produltes par 

Heterodera rad lo lco la  G reeff non seulement eur lee  raolnes, 

male encore sur 1 'axe hypocotyl6 ", and " . . .a u  volslnage de 

1 * Insertion  des raolnes l a t 6 r a le s 11.

S te in er  e t  a l .  (1934) record the occurrence of g a l le  18 

Inches to two fe e t  In diameter on the basal stems of Thunbergla 

l a u r l f o l la  *) and stem g a l l s  above the surface of the s o i l  In 

Rheum rhapontloum and Begonia. In r ice ,  nematodes were found 

111 the sheath and crown t i s s u e s ,  the subcoronal Internode and 

In the o o le p t l le  by T u l l ls  ( I 934 ) .  Cotyledons, stem, and 

leaves of beans g em in atin g  In heavily  Infested  a o i l  were 

severely attacked, causing death of the seed lin g s ,  as reported 

by Steiner  (1940) ( c f . a lso  Taylor, Proc. of the Root-knot 

Nemat. Conf. ,  1938). Sveehnlkova (1940) found the nematodes In 

the stem of Areca rubra seed lin gs, and "galls  on the hypooot>1 

of oowpea (Vlgna s in en s is  Endl.) and okra (Hibiscus (Abelmoeohue) 

eaoulentus L .) and both hypoooty1 and cotyledons of tomato 

(Lyooperslcum esculentum M i l l . ) resu lt in g  from entry

*) Goodey (1935) s ta te s  with reference to  these enomous 
g a l l s :  "It seems p oss ib le  . . .  that these are cases of the 
oonaraeltlsm of Heterodera marlonl and the "crown gall"  
organism, Bacterium tumefaclens". This, th erefore , might 
be another Instance of secondary In fe sta t io n .
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o f  nematodee during germination" are recorded by Linford 

(1941 a ) .

By meane of aome b ea u t ifu l  experiments, Linford (1939, 

1941 a) waa able to show that p r a c t ic a l ly  a l l  t i s s u e s  appear 

to be equally a t t r a c t l " , to Heterodera marlonl, provided that  

the texture of the epidermis permits easy penetration o f the 

In fec t iv e  larva l form. Larvae migrated, s e t t le d  and matured 

In leaves , rterns, f low ers, e tc .  and showed nr s igns of not 

f e e l in g  at home. Linford (1941 a) concludes that "the demon­

stra ted  a b i l i t y  of the root-knot nematode to develop to 

maturity In leaves and stems Indicates  that some factors other 

than n u tr it io n a l adaptation normally l im it  th is  root pathogen 

to subterranean parte . The problem appears to be one of 

In a b il ity  o f the larvae to  gain access to  a e r ia l  p rrts .  The 

extreme s e n s i t iv i t y  of Heterodera larvae to d esiccation  and 

to  Irrad iation  (o f .  Godfrey & H unlno, 1933J H.)  appearn most 

Important, fo r  I t  l im its  periods of larva l migration over 

exposed p lant syrfao .a  to periods of continuous wetness. In 

contrast, sh o o t - ln fe s t ln g  nematode species  generally  develop

stages to leran t of d e s icca t io n . ----  I t  I s  In te res t in g  to  note

that p a ra s ite s  of roots as a group are not nearly so slender  

as are severa l of the species  most su ccessfu l as parasites  

of a e r ia l  parts" .

\  very s tr ik in g  anomaly was published In 1894 by Vulllemln  

& Legrain, who observed a case of apparently true symbiosis 

between Heterodera marlonl and Beta vulgaris , Aplum graveolens, 

Solanum melongena, Lycopersloum esoulentum, Allium Cepa,

Dauoue Oarota and Brassloa Rapa In the dry s o i l s  o f  arae 

oases In the Sahara. The walls o f  the giant c e l l s  seem to  

l lg n l f y  to form large c a v i t ie s  that serve as water reservoirs  

for the p lants during the heat o f  the day. The w all of these  

c a v i t ie s ,  they write, "est fenetree  d'un grand nOmbre de 

punctuations, qul permettent aux u tr lou lee  de pulser I'eau aux 

valsseaux e t  de la oeder aux c e l lu le s  alt^rdem du vols lnage.



  A ootd doe etree gdndralemant in o f fe n e lfe ,  qul me demae-

quent, dane certa lnee  olrconetanoee, oanme de redoutablee 

agents pathogenes, oet example nous pcrmet de p lacer  une espeoe 

qul, sulvant le s  conditions du m ilieu  dans lequel e l l e  v l t ,  

dxeroe le s  plus graves oonsequenoee du parasitism s, ou prodult  

l e s  e f f e t e  lee  plus sa lu ta lr e s  de la  symblose".

BIONOMICS OF THE NON-PARA3ITIO PHASE Though the f r e e - l iv in g

stage -  e sp ec ia l ly  from 

the point o f  view of co n tro ll in g  the nematode -  I s  of much more 

Importance than the p a r a s it ic  phase, one fin ds, strangely  

enough, th a t  very l i t t l e  Is known about the behaviour of Hetero- 

dera marlonl In s o i l ,  and l i t t l e  or no experiments have been 

carried out to so lve  the various problems that obscure a 

proper In s ig h t  of the most e f f i c i e n t  way of a ttack  on th is  worn 

during a period of exposure In which I t  I s  extremely vulnerable,  

arented that the larva, under natural f i e l d  conditions -  

p r a c t ic a l ly  speaking -  dlrappeare in the s o i l ,  thus evading 

d ir e c t  observation, th is  does not necessar ily  Imply I ts  

complete escape from a l l  means of experimentation.

The a c t i ve movements of the larvae In the s o i l  have always 

been subject of much specu lation . Though various authors have 

given d i f f e r e n t  estim ates of p oss ib le  d istan ces  of migration 

in h or izon ta l and v e r t ic a l  d irec t io n  ’ ), no experimental work 

has ever been published In support of any of these  Individual 

opinions. In th is  connection the question a r is e s  ae to whether 

the movements of the larvae are random or d irected  by any 

stim ulus, physical or chemical. Experiments of Steiner ( 19<?5) 

and Linford (1959, 1941 a) d e f in i t e ly  Indicate a ttra c tio n  by 

chemical substances, whereas Godfrey (1936) found that no ohemo-

*) Watson & Goff (1937) estimate the migratory movements 
to be lim ited to about a foot per month (o f .  a lso  Taylor & 
MoBeth, 1Q41 b ) . This figure seems to be generally adopted, 
however, without experimental p roof .



ta o t io  response could be noted (see  page U). However, the one 

does not exclude the other . Most l ik e ly  the movements are 

random when d e f in i t e  chemical s t im u li  are absent or too weak 

to enable the larvae to  detect d if feren ces  In concentration.

But whenever a larva w i l l  come in t o  c lo se  contact with the roots 

of a host plant I t  might be ohemloally a ttracted  over a short 

distan ce . The degree of ohemotactlc response, then, may be 

expected to be proportional to the p o s s i b i l i t i e s  o f  migration, 

as otherwise too many larvae would d ie  of exhaustion before  

having reached a h ost .  Moreover, I t  should always be borne In 

mind that under natural conditions In the s o i l  -  I f  chemical 

stim uli would a t a l l  be perceivable over longer d istan ces  -  such 

stim uli would come from a l l  d ir e c t io n s ,  thus mutually can­

c e l l in g  out th e ir  Individual e f f e c t s  p a r t ia l ly  or wholly, which 

again would resu lt  In random movement. Too much s tr e s s ,  there­

fore , cannot be la id  on ohemotaxls over longer d is tan ces , which 

then a lso  excludes any d irected  migration. Random movement, 

on the other hand, should gradually tmd In a homogeneous 

d is tr ib u tio n  of uhe eelworms through the s o i l ,  In a way 

comparable with a process of d if fu s io n  aceirdlng to  the law 

of entropy. This would seem to be the most favourable d i s t r i ­

bution for the sp ecies ,  giving marlmim lik e lih ood  o f "success". 

But such homogene ity  In d i s t r ib u t ion has never been observed 1 

The nematodes appear to be concentrated in certa in  foc i of 

heavy In festa tion  with larger areas of thlnnei population In 

between. These fo o l or ig inate  from Infested  p lan ts ,  where 

larvae are continuously liberated from the roots , or ootheoae 

containing dormant eggs that s ta r t  hatching under favourable 

co n d it io n s .

I f  random movements are Indeed prevailing , then the fa c t  

that a homogeneous d is tr ib u tio n  Is never rea lised  would 

suggest that migrations are very much lim ited . The resu lts  

of my experiments described In th is  paper (see page 53 e t  seq .)  

seem to  support th is  view.



Temperature and humidity ( t . o  fa c to r ,  w ith  eeaeonal 

T arla tlon .)  are b e l le ,e d  to have sp e c ia l  Influence on the  

v e r t ic a l  m igration , of the worn, (dodfrey, W » )  • The point  

ln  question -  to my m i n d  -  l e  - o r ,  whether th e e ,  fa c to r ,  have 

eni, e f f e c t  on the d le tr lb u t lsn  o f  la rv a . In the s o i l  rather  

than on t h e ir  migratory movement,. With a view to the above 

considerations that the nematode, would only be able to tra v e l  

ever Shorter d i s t a n c e .  I t  1 .  obvious that In the top la y er ,  

or e o n  many nematodes w i l l  be •caught- by q u ie t  change. In 

temperature and m cletur. that have been proved to  h .  l e t h a l .

The re su lt  w i l l  be a thinning out of the population in  these 

s tra ta  ", which could mate the Impression o f  the larva , having 

migrated to greater depths wh.r. they would be sa fe .
Confusing th .e e  two p r in c ip les  ( v i e .  migration and d l s . r l -

butlon) w i l l  lead to erroneous conclusions.
S u m m a r i z i n g  I te n ta t iv e ly  would e u g g . .t  the following  

hyp othesis . * .  » r e s u lt  of random movement, of th .  larva,

th en , i s  a general tendency to homogeneous d l . t r lb u t lo n  . 

radla-ing from a focus of In fe s ta t io n ,  occasionally Interrupt,  

hy . h e . o t . c t l c  a ttrac tion  when the larva , com. Into c lo se  

p r o v l . l t ,  of a favourable root, l im ited  by the span of l i f e  o

Ph. nematode, and by adverse fac tors  In th .  a- -
. .u sed  by evtrem. con d it ion , of temp.ratur. and m ol.tu r .,  en 

further by th . s o i l  r e s i s t . . . . ,  oxygen supply and the b lo t lo  

res is tan ce  . t o .  A. an apparently necessary mean, of

c o u n t e r a c t i n g  these U m lt irg  factors  might b .  considered the 

tremendous numbers In which th is  p a r a . l t .  occur, ( s . .  page ' 

as w e l l  a .  th .  vast rang, of I t .  host p la n ts .

This could be ca lled  th . -d is tr ib u tio n  p r . s .u r . -  of 
the epee le e .

***) See under "Biological Control", page 35 at Beq



The e f f e c t s  of temperature on the a c t i v i t i e s  of the larvae  

In the s o i l  were studied by Godfrey ( 192b), Jones (1932) and 

Tyler (1933 a ) .  Godfrey found 13* C the approximate minimum 

temperature at which extensive In fec t io n  w i l l  take place  

(rare in fec t io n s  occurring a t 10 and 12* 0; Tyler a ls o  observed 

root penetrations a t  12° 0 ) .

Godfrey ( I . e . ) ,  Jones ( I . e . ) ,  Godfrey & Hoahlno (1933) and 

Godfrey e t  a l .  (1933) Investigated  the humidity fac tor  with 

respect to  larva l a c t i v i t i e s  and found 100 # moisture j be 

optimal which proves that water la a natural hab itat for  the  

larvae. Lower percentages of humidity were shown to  be 

d e f in i t e ly  le th a l ,  depending on the time of exposure. The 

logarithm of the percentage surv iva l,  according to these  

authors, showed a r e c t i l in e a r  re la t io n  with the exposure time 

( o f .  Bigelow, 1921), the slope o f the regression  l in e  becoming 

steeper with Increasing saturation d e f ic ie n c y .  Sim ilar curves 

ware found for the eggs of Hotorodera marlonl, except th at the 

rate  of k i l l i n g  for eggs Is much slower than for  larvae.

Linford (19^1 0 ) sowed tomatoes and oowpeas In Infested  

s o i l  and found that, when the moisture content of the s o i l  

was nearly low enough to cause w i l t in g  0 ue host p lan ts ,  

few larvae entered the roots . He observed that In festa t io n  

and Injury Increased greatly  when the moisture Increased  

s l ig h t ly  above the moisture equivalent of the s o i l  and 

decreased in  wetter s o i l .  The la t t e r  observation Is In agree­

ment with the general experience that In festa tion  Is always 

lower In s o i l  soaked with water, e sp ec ia lly  In waterlogged 

areas In the f i e l d .  This, a t  f i r s t  might, seems to be 

contradictory to the finding that water Is a natural habitat  

fo r  Heterodera marlonl larvae, but may find an explanation in  

oxygen defic iency  In such areas, s ince  both the eggs and 

larvae of th is  parasite  are very susceptib le  to such a 

condition . This I wap often able to observe In the laboratory 

when eggs and larvae were confined Into email, closed



Experiment showing the eff'cnt o'* f e r t i l i z e r  on eolwom In fee -  
t i t l o n  In Virginian tobacco. Spot treatment, equal to  200 Ibe 
o f  bloodmeal per acre, applied In a ltern ate  rows on 10 p lo t s ,  
planted ? x 3 f t ;  % treated, x ?   ̂ untreated, l o t s .

Percentages (p = 100n/N) were converted to degrees (p = s in '^  ) 
In order to  obtain an estimate of the standard deviation ( s) 
Independent of the mean (7) * ) .

xl , l N n P * f degr. *2 , 1 N n P * % degr.

=1 ,1 60 0 0 .0 0 0 .0 0 *2 ,1 65 5 7.69 16.10

*1 ,2 40 2 5 .0 0 12.92 =2 ,2 46 16 3 4 .7 8 36.14

=1,3 67 2 2.99 9 .9 6 =2,3 109 30 27.52 31.64

*1,4 17 0 0 .0 0 0 .0 0 *2,4 53 6 11.32 19 .66

=1,5 77 7 9 .0 9 17 .5 5 *2,5 84 29 34.52 3 5 .9 8

*1 ,6 31 2 6 .4 5 14 .7 1 *2 , 6 50 4 8 .0 0 16.43

=1,7 56 3 5 .3 6 13 .39 =2,7 95 31 32.63 34.84

*1,8 47 3 6 .3 8 14.63 *2,8 69 32 46.3d 42.93

=1,9 42 1 2 .38 8 .8 7 =2,9 71 11 1 8 . >9 23.18

*1 ,1 0 76 5 6 .5 8 14.87 *2,10 96  14 14.58 22.44

to t a l

mean
513 25

3 .4 5

106.90

IO.69

738 173

21.94

279.34

27.93

The variances were: s ^  a Total sum of squares:

p 8 ( x< — ) * ?6
Br,- m 90 . 22°

variance = 133.93
and the estimated standard deviations:  

b 1 m 6.15° -  1.15 f  

s 2 -  9.50° -  2 .72 #

Analysis of variance (according to Sau.derc, 1939J
fo r  m odifications ee 

source of variation

*e Appendix):

sum of squares d . f . variance F P

treatments re(St  -  -  

1486.00
1

1486.00 k47.23 <0 .001

rep lica t io n s tS (xr -  x^ 2 -  

370.54
9

56.73 3 .07

error 2 8 3 .1 2 9 31.46

*) see  B l is s  ( I 937 , 1938)J tab les  In Fisher & Yates ( I 9 4 3 ) 
and more d e ta iled  In Snedeoor (1946).



co n ta in ers . This s u s c e p t ib i l i t y  to oxygen d efic ien cy  was a ls o

mentioned by Godfrey (1926, I # ! ) .  Godfrey e t  a l .  ( I 933 ) shared

the views of Brown (1933) Baying that ''nematode larvae are not

drowned by submergence In water but supposedly eucoumb to

exhaustion Induced by th e ir  own a c t iv i t y  which Is Increased In 
water".

The pH of the s o i l ,  as determined by Godfrey & Hagan (1933), 

seems to be of l i t t l e  influence on the a c t i v i t i e s  of Heterodera 

marlonl, "although a s l ig h t  reduction In degree o f  In fe sta t io n  

of the host p lants appeared a t  pH values of 7 .6  -  g .o  as com­

pared with lower values". However, Anagnoetopouloe (see  Proo. 

of the Root-knot Nemat. Conf., * *  "  !«orlb»* absence of I n fe s ­

ta t ion  to  prevailing  pH valuei AnC above.

A st Iking e f f e c t  on root dt i s  exerted by certa in  

f e r t i l i z e r s .  Magistad & O liveira (193^) obseywrd that "the 

number o f g a l l s  on f e r t i l i z e d  versus non-.fert.tn Inoculated  

p U n ts  seems to Indicate  that f e r t i l i z e r ,  for • raamoi or 

other, has s l ig h t ly  retarded the entry 0 /  nematodes Into the 

roots ) .  The d if feren ce  In g a l l s  per plant i s  21 .27  + ig .yw .

In an experiment comparing the percentage o f tobacco p lants  

In fested  In untreated lo t s  with the percentage In fe sta t io n  In 

plan ts  grown In s o i l  f e r t i l i z e d  with 200 lbs of blood meal per  

acre, T obtained confirmatory evidence to the trend of the 

obsei a tlon s of these authors In that the treated plants showed 

an In festa t ion  of 3*^5 1 0 .1 2  # as against 2 1 . 9 b 1  0 .2 7  # in  

the untreated ones. These figures  are highly  s ig n if ic a n t  

s t a t i s t i c a l l y  and far more convincing than the resu lts  of 

M'igistad & O live ira . Table I ( opposite; shows d e ta i l s  of th is  
experiment.

As regards the t ,p e  of s o i l  as a factor  in nematode popu­

la tio n s  l i t t l e  or no experimental data are ava ila b le ,  but from

*) *. /  p oss ib le  explanation of the f e r t i l i z e r  e f f e c t  may be 
that the roots of f e r t i l i z e d  plants grow much more rapidly  

n nose of n o n -fe r t i l iz e d  p lants with the resu lt  that
H g n lf lo a t lo n  of the roots of the former prevents  

penetration of larvae at a much e a r l ie r  s tage .
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general experience I t  can be stated, that heavy clay  and loam 

s o i l s  are usually much le s s  In fested  than l ig h te r  sandy s o i l s  

(Godfrey, 1926 ) .  The assumption seems to be J u s t if ied  that 

the texture of the heavier s o i l s  o f fe r s  more res is tan ce  to  the 

movements of the larvae and causes I n a c c e s s ib i l i t y  of the 

oxygen necessary for th e ir  w e ll-b e in g . Linford (1939) found 

that p lant t is su e s  a lso  appeared more a t tr a c t iv e  In sandy s o i l s  

and suggested that th is  might be due e ith er  to  the freer  move­

ments of the nematodes in  such s o i l s  or to adsorption of the 

a t tr a c t iv e  substances by the s o i l  c o l lo id s  In the case of 

heavier types, reducing the In ten s ity  and extent of a t t r a c t io n ,  

in  South A frica the 0 . 0 . "turf" s o i l s  * ) , which must be 

grouped under the heavy s o i l  types, are seemingly an exception  

to  the above rule , since they are sometimes found to  be 

extremely heavily  In fested . But, s t i l l ,  the Impression i s  

obtained th at I t  takes rather long for  a population to be b u i l t  

up and become estab lished , e sp ec ia lly  in the s . o .  "black tu rf" .

D ifferen t methods of estim ating the nematode population of 

the s o i l  have been elaborated. Those, that w i l l  y ie ld  a 

r e la t iv e  nematode Index for p r a c t ic a l  f i e ld  experiments, w i l l  

be discussed la te r  (see  page % e t  s e q . ) .  For the moment we 

are only in terested  In the resu lts  o f  ca lcu la tion s  that g ive an 

impression of the absolute numbers o f  nematodes present in  the  

s o l i .  Jobert (IS 78 ) In B razil, basing h is  estim ations on the 

number of eggs per "kyste" (egg mass) and the number of 

oothecae In co ffee  tr e e s ,  arrived a t  a figure "trop fa ib le  

oertalnement e t  pourtant effrayant, de plus de J>0 m il lion s  

d'A ngulllu les  par o a ft lo r  11 • In a s im ilar  way Godfrey (1(31) 

comes to " p o te n t ia l i t ie s  for between 2 and 4 000 000 new 

In festations"  from the roots of a oowpea p lan t. Brown (1933) 

concludes from microscopic examinations of pe^t s o i l  that 

populations of between 8 and 000 000 per acre are l i k e l y .

*) For a d e ta iled  description  and analysis  of "turf" in
South Africa I r e fer  to the papers by Marchand (1921) 
and van der Merwe (1924, 1940) .
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(Godfrey, 1926). The assumption seems to bo J u s t if ie d  that 

the texture o f  the heavier s o i l s  o f fe r s  more res is tan ce  to  the 

movements of the larvae and causes I n a c c e s s ib i l i t y  of the 

oxygen necessary for th e ir  w e ll-b e in g . Linford (1939) found 

that plant t is s u e s  a ls o  appeared more a t t r a c t iv e  in sandy s o i l s  

and suggested that t h i s  might be due e ith e r  to  the freer  move­

ments of the nematodes In such s o i l s  or to  adsorption of the 

a t tr a c t iv e  substances by the s o i l  c o l lo id s  In the case of 

heavier types, reducing the in te n s ity  and extent of a t tr a c t io n .

in  South Africa the s . c  "turf" s o i l s  +), "hloh must be 

grouped under the heavy s o i l  types, are seemingly an exception  

to  the above rule , s ince  they are sometimes found to be 

extremely heavily  in fe s te d .  But, s t i l l ,  the Impression i s  

obtained th at I t  takes rather long for a population to be b u i l t  

up and become e s t a b l i s h e d ,  esp ec ia l ly  In the s . c .  "black turf" .

D ifferen t methods of estim ating the nematode population of 

the s o i l  have been elaborated. Those, that w i l l  y ie ld  a 

r e la t iv e  nematode Index for p r a c t ic a l  f i e l d  experiments, w i l l  

be discussed la te r  (see  page 43 e t  s e q . ) .  ?or the moment we 

are only Interested  in the resu lts  t f  ca lcu la t io n s  that g ive an 

impression of the absolute numbers of nemi- todes present in the 

s o i l .  Jobert (1878) in  Brazil, basing h is  estim ations on the 

number of eggs per "kyste" (egg mass) and the number of 

oothecae In co ffee  tr e e s ,  arrived a t  a figure "trop fa lb le  

oertainement e t  pourtant effrayant, de plus de 3 0  m in ion s  

d'A ngulllu lee  par ca fd ier  "• In a s im ilar  way Godfrey (19^1) 

comes to " p o te n t ia l i t ie s  for between 2 and 4 000 000 new 

in fes ta t io n s"  from the roots of a oowpea p lan t. Brown (1933) 

concludes from microscopic examinations of peat s o i l  that 

populations of between 8 and 45 000 000 per acre are l ik e ly .

♦) For a d e ta iled  description  and analysis  of "turf" in
South Africa I r e fer  to W.e papers by M a r c  hard (1924-) 
and van der Merwe (1924, 1940) .



These f igu res  are rather low as compared with the above 

obnervatlons of Godfrey and subsequent in v es t ig a t io n s  by the 

sqme author ( 19) 6 ) when he found th at in pineapples a t  le a s t  

100 larvae were necessary within an inch of a root t ip  to  

produce a terminal g a l l  in  that r o o t .  In t h i s  way he comes 

to  about 7 527 168 000 nematode larvae per aore/ foo t (or  

172 800 per cubic foot;  and he even finds a p o t e n t ia l i t y  of 

80  000  larvae from every inch of root in oowpeas, which amounts 

to  a re lease  of 1 600 000 larvae in to  le s s  than a cubic foot  

of s o i l  for  the en tire  root system of the p la n t .  For Heterodera 

sohaohtll Thorne (1939) finds "the t o t a l  of 14 79S 000 000 

( larvae) per acre not an unusualoy high number for  a severely

in fes ted  f i e ld " .
The great s im i la r i ty  in the biology of Heterodera oohaohtll

and Heterodera marloni J u s t i f i e s  the opl that such figures  

are applicable  to populations of the la t t e r  nematode as w e l l .

Though most Investigators  (admittedly for  p ra c t ica l  

reasons) r e s t r ic t  th e ir  estimates o f the s o i l  population to  the 

top foot or mo of the f i e ld ,  i t  stands to reason that -  in  

order to obta'.i, a proper ind ication  of the t o t a l  number of 

eelworme in  the s o i l  -  the depth d is tr ib u t io n  should be taken 

in to  consideration  as w e l l .  Many attempts have been made to  

letermlne th is  factor , but i t  seems impossible to lay down 

general r u le s .  Godfrey (1924) -  as far as I am aware -  ».ns the  

f i r s t  to  tack le  the r u c t i o n  from an experimental b a s is .  He 

took s o i l  from d if fe r e n t  depths and tested the nematode content 

in  pots with ind icator  plants and summarised as fo llow s:

"A considerable var ia tion  from one spot to another and 

from one month to another occurs in  the depths o f  the regions 

of maximum in fe s ta t io n .  Many factors  no doubt enter into t h is ,  

such as ( 1 ) d if feren ces  in depth penetration of Infested  roots *)

*) Which naturally varies  considerably with the d if fe re n t  
host p lants (H .)•



(2) the re la tion sh ip  o f time of taking s o i l  samples to a 

period of heavy r a in f a l l  (3) the height of the water table  

( 4.) the type o f the s o i l  and the su b so il* .  To these factors  

00UM be added the a v a i la b i l i t y  of oxygen, subterranean water 

currents ( o f .  Thorne, 1>42) and cap illary  flow . Godfrey found 

nematodes to a depth o f Inches. Krishna Ayyar (1933), *n 

South India, comes to  r e su lt s  in the same order of magnitude 

(3 0  inches) and finds a maximum of in fe s ta t io n  between 1 and 

l£  inches from the surface (o f .  a lso  S co tt  e t  a l . , 1939)•

Thorne e t  a l .  (1942) lik ew ise  observed great variations  

In the numbers of larvae at d i f fe r e n t  depths In f ie ld s  

planted to  cotton and a l f a l f a  (lucerne: Medloago sa tiva) and 

conclude that the d is tr ib u tio n  of the larvae appears to  be 

determinable by the lo ca tio n  of roots of these p la n ts .

Highest populations were found In varying v e r t ic a l  sec t ion s ,  

sometimes reaching down to  5 fe e t ,  which -  these authors 

remark -  "suggested the occurrence of larvae a t s t i l l  greater  

depths" * ) .  However, such tremendous depths can by no means

be taken as general examples.
I t  w i l l  be c lear  that the absolute nematode population of  

the s o i l  co n st itu te s  a largely  varying, rather Indeterminable  

magnitude, which can only be roughly estimated. Not to be 

confused with the nematode population of the s o i l  Is whet 

C h ris t ie  (1946) co rrectly  c a l l s  the "Inoculum potential"  o f  the 

s o l i ,  which, he remarks, "may be Influenced, no doubt, by many 

fa c to rs ,  but I t  I s  d ir e c t ly  dependent, i n i t i a l l y ,  on the egg

production of the p aras ites" .
The question of s o i l  population and d is tr ib u t io n  of the 

larvae, of course, Is  Intimately connected with the passive 

movements of the p a r a s ite s .  E specially  with respect to the 

control of eelworm i t  Is  of great importance to know how the

Boott ( 1943) reports on gu lled  peach tree  roots that  
were found as deep as 6 f e e t .



p arasites  and eggs are disseminated In order to be able to  

prevent contagion, to i s o la t e  fool of I n fe s ta t io n  or, f i n a l l y , 

to guard against r e ln fe s ta t lo n  of laboriously  d le fr feo ted  s o i l s .

There Is a large variety  of p o ss ib le  means o f spreading 

Inocula of Heterodera marlonl. F ir s t  of a l l  current ta te r  

should be mentioned. Where Irr ig a tio n  Is  practiced  or flood water 

i s  l ik e ly  to run from Infested  l o c a l i t i e s  to other areas, care 

should be taken to prevent dissem ination through th is  medium, 

bearing In mind the fa c t  that water has been proved to be a 

natural hab itat for  both eggs and larvae (Godfrey A Hoehlno,

1933J Brown, 1933; Godfrey e t  a l . ,  1933; Linford, 1941 0 ) .

Contour walls and d itch es  w i l l  here serve as u se fu l  precautions.

In regions where seedbeds are watered from small rivers and 

streams (as Is general practice  In the tobacco areas of  

Southern Rhodesia) the water supply may e a s i ly  be contaminated 

by means o f surface water fron adjacent In fested  f ie ld s  * ) .

I f  p aras lt lred  seed lings  are planted out (a s ,  say, in the 

case of tobacco) to unlnfeeted f i e l d s ,  the farmer him self w i l l  
be the d is tr ib u to r .

Another common source of eelworm in fe s ta t io n  Is compost,

Into which Infested  roots have been worked up with plant waste.

Owing to the minute s ize  o '  the eggc and larvae of Hetero­

dera marlonl there Is always a p o ten t ia l  danger of dissem ination  

through lumps of s o i l  from in fes ted  areas as may adhere to 

farm Implements, hoofs of horses and oxen or to  the shoes o f  

workmen. Seedlings, cu tt in gs , tubers, e tc .  from nurseries  

or other farms are lik ew ise  to be suspected.

In America the pooket-gopher, a burrowing rodent, was found 

to  be a carr ier  of nematode Inoculum (Young, I 940  b ) . This

) In the tobacco area of Trelawney, Southern Rhodesia, 1 
have observed a gradual down-stream spread of eelworm 
in fe s ta t io n  on farms bordering a small r iver , the water 
of which was used for the watering of tobacco seedbeds. 
Brnie o f  these farms, within a year's  time, became heavily  
In ested In a l l  the tobacco lands, where eelworm had 
nev^r been noticed prev iou sly .



animal la able to  atore plant m aterial In I t s  cheek pouohea 

and may In th la  way transmit p a ra s it ised  root fragnenta a l l  

over I ts  warren, p o ss ib ly  running Into ’in ln fested  land.

Kofold & White (1919), Sandground (1923), Keller (1935) 

and Baolgalupo (1936) reported on the occurrence of Heterodera 

eggs In human faeces . Apparently In fested  vegetable food 

( l ik e  carrots ,  potatoes) was the source . Kofold & White, who 

took thebe eggs for some unknown human p a r a s ite 's  ova, tr ie d  

In vain to hatch them. The negative resu lt  o f  th e ir  experi­

ments finds an explanation In the fo llow ing argument.

Although the egg s h e l l ,  being of a ohltlnoue nature 

(Chitwood, 193%), cannot be d igested  and mammalian body 

temperatures (37  -  3 ^*5° C) are below the minimum le th a l  

temperatures of eggs and larvae * ) ,  I t  Is  u n lik e ly  that v iable  

eggs would pass through the alimentary tract o f  any mammal as 

d ig e s t iv e  Juice# and other harmful substances may w ell d if fu se  

throu^i the egg sh e l l ;  moreover, the length o f the exposure 

time (In c a t t l e  the chymus may take as long as 3 i  days to  pass 

the alimentary tract: Ewing & Smith, 191?). lack of oxygen and 

the very small "safety margin" allowed by the body temperature 

of such an Intermediate host should a l l  be considered as of 

p oss ib le  detrimental in fluence  during the time the eggs pass 

through the I n te s t in e s .  Supposed danger of in fec t io n  by means 

of manure, therefore, must be excluded, e sp ec ia l ly  when the 

manure Is w e ll  fermented.

Direct Information on the longevity  of f r e e - l iv in g  larvae 

under natural conditions Is not a v a i la b le .  Brown (1933) found 

th at "some nematodes survived for 12 months In flooded so il"  

and Frank1In (1937) found s o i l  heavily  Infested  with Heterodera 

marlonl s t i l l  In fec tiv e  a f te r  16 months out-of-doors without 

any vegetation In I t .  There Is ,  however, no proof In these  

observations that I t  was not the eggs (which -  as we have

*) Hoehlno & Godfrey ( l c,33) determined the minimum le th a l  
temperature for eggs and larvae at 40 -  41° C. The 
experiments of Du rut (1917), who found 3 8 . 5* 0 to be le th a l ,  
are too crude to be taken as r e l ia b le .
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any vegetation In i t .  There i s ,  however, no proof In these 

observations that I t  was not the eggs (which -  as we have

*) Hoshlno & Godfrey (1933) determined the minimum le th a l  
temperature for eggs and larvae at 40 -  41* C. The 
experiments of Duruz (I9I 7 ) , who found 3 8 . 5 ® C to be le th a l  
are too crude to be taken as r e l ia b le .



seen -  remain v iab le  over very long perlofle) but the larvae 

that oaueed the "carry over" of In fe s ta t io n .

Regarding the above question another problem remains, v iz .  

whether or not the eelworme are ab le  to feed during th e ir  non­

paras I t lo  s ta g e .  I t  is  a s tr ik in g  fa c t  that the newly hatched 

larvae are r ich ly  supplied with a granular or globular form 

of nutriment In the meeenchym whloh Is gradually used up during 

th e ir  a c t i v i t i e s .  But th is  does not exclude the p o s s ib i l i t y  

of food Intake, e i th e r  by means of endosmosls through the 

Integument or via the mouth and alimentary t r a c t .  I t  seems 

unlikely  -  to my mind -  th at continuously a c t iv e  larvae would 

thrive  on th is  food reserve only fo r  periods of several months.

In the laboratory Heterodera larvae can ea s i ly  be kept a l iv e  

in  water cu ltu res  for two or three months on condition that the 

containers are put In the dark. Without the la t t e r  precaution  

th t cultures d ie  out in a couple o f  days. But whenerer an 

eelwonn culture was exterminated, a r ich  vegetation of Fungi, 

Bacteria, Protozoa, Algae and sometimes Tardigrada could always 

be observed and I thus obtained the Impression th:>t th is  over­

crowding of th e ir  natural habitat and, perhaps, parasitism  

(see  under "B iological Control1', page 35 seQ.) more than 

starvation or any other fac tor  was responsible for the death of  

the larvae. Plant d e tr itu s  and. humus may serve the larvae as 

nui.-lment so that the mesenohymatlo granules would be more of 

an au x il iary  function . In th is  connection I t  i s  of In teres t  what 

Nagakura (1930) remarks on observations made by S trubell In 

138.5 on Heterodera sohaohtll, w riting: "Strubell 1st ee 

gelungen, Larven, d ie  er In eln Oefasz mlt humuereloher Erde 

ohne Pflanzen braohte, g le lo h f a l l s  In Ihre spateren Stadien  

uberzuftihren; er fand In eolohen Zuohtapparaten sowohl Welbohen 

von v o l l lg  k u gellger  G esta lt , wle Mannohen, d ie ,  fa s t  dorartig  

nuegeblldet, In der flaeehenartlgen zwelten Larvenhiille e lnge-  

sohlossen lagen, und sc h l le e z t  daraus: 'das d ie  Elnwanderung 

nloht 1mmer alne notwenalge Bedlngung fur d ie  Entwloklung der



Larven l e t 1. Ee l e t  mogllch, daez d ie  Larven S tru belle  den 

Nahrungeetoff aue der 1m Humue ubrlg gebllebenen pflanzenwurzel 

saugten und no  eloh w elter  entwlokelten. Jedenr’a l lu  kann 

Hoterodera rad le loo la  ohne Nahmngeetoff von der Pflanzenwurzel 

Ihre Entwloklung nloht vollenden".

Tyler (1933 o) a leo  remarks that "the larvae do not feed  

except In 1'v ln g  plant tleaue" and henoe are unable to "grow 

and develop while free  In the s o i l" ,  though "they can survive  

for monthm without food I f  they are not tc-i a c t iv e " .  Thus far  

no experimental data are ava ilab le  to  nhow whether or not the 

f r e e - l iv in g  stage lc  merely a t r a n s i t i onal phase as I t  Is  

generally  believed to be. The p la n t-p a ra e lt lo  stage, however 

Important and necessary for  the propagation of the species  

(as I t  Includes the sexual phase), might be shown to  be rea lly  

of muoh l e s s  Importance than the terrlooloue part of the l i f e  

o y c lf .  Tt i s ,  therefore, not u n lik e ly  that e n t ir e ly  new l ig h t  

could be thrown on many present-day discrepancies on the 

In fsc t lv en ess  of s o i l  and water and the longevity o f  the larvae.

The or ig in  of Heterodera marlonl Is oonoelled In complete 

darkness since the p arasite  Is a ty p ica l  cosmopolitan. In 

Southern Rhodesia I t  was found In s . o .  "virgin* e o l l ,  though 

the w riter  has often been able to d e tec t  certa in  fo o l  of 

I n fe s ta t io n  In p laces with Indubitable traces of former native  

c u lt iv a t io n ,  which suggested the human element to  be a link  

In I t s  geographical d is tr ib u t io n .  However, th is  g ives  no clue  

ac to  the native country of th is  a g r icu ltu ra l p e s t .

CONTROL The economic Importance of Heterodera marlonl due 

to I ts  threatening expansion In agricu lture  and 

h orticu ltu re  read ily  explains the fact that eelwonn research  

has mainly been focussed on I ts  con tro l.  Two d if fe r e n t  l in e s  

can be followed In th is  respect: the one not necessarily  

s c i e n t i f i c ,  but under the s tr e s s  of dally  praxis, In search of 

quick, p r a c t ic a l  measures for at le a s t  reducing f in a n c ia l  

lo s s ,  the other s c i e n t i f i c a l ly  aiming at the Ideal method



that eneuree t o t a l  eradication of the p e s t .  E ither way has 

i t e  own m erits , the d if feren ce  being mainly a matter of 

approach. I t  I s ,  therefore , only In consequence of the scope 

of t h i s  paper as a study that I have stressed  the s c i e n t i f i c  

way of attack , without prejudice against other attempts.

One may d is t in g u ish  between "defensive" and "offensive"

contro l. Under defensive control I l i s t :
a) preventive measures aga inst spread of the d isease  which 

lo g ic a l ly  r e s u l t  from our knowledge of the p a r a s i te 's  means

of d is tr ib u t io n  and propagation;
b) s t e r l l l s a t l r  of seed lin gs, cu tt in g s ,  tubers, root­

stocks, e t c . ;
o) the study and p ra c t ic a l  ap p lica tion  of r es is ta n t  crop 

v a r ie t ie s .
Offensive control, on the other hand, Implies a l l  d ir e c t

means of s o i l  s t e r i l i z a t i o n ,  such as:
d) s . c .  "agricultural practices" l ik e :  d es icca tion  of the

a o l l  (bare fallow) with ploughing, harrowing and eradication  

of weeds, e sp ec ia l ly  of those that are known to  be host p lants;  

crop rotation , using Immune or high ly  r e s is ta n t  plants;

e) flooding;
f) s o i l  s t e r i l i z a t i o n  by means of heat: steam s t e r i l i ­

sation; d ir e c t  app lication  of heat from overground f ir e s ;  

e l e c t r i c a l  heating (hot-house p ra c t ice ) ;

g) freezing;

h) catch or trap cropping; 

l )  b io lo g ic a l  control;

J) chemical con tro l.
A c r i t i c a l  survey of these d i f fe r e n t  means of control w i l l  

g ive  an Impression of th e ir  p o s s i b i l i t i e s  and l im ita t io n s .

PRan&iTIVSjm S II M L M AlMT SPRE^_ 0 L T h e s e  are
more common

sense p ractices  which hardly need an experimental footing as 

e .g .  the construction of contour r ld g»s , w alls  and storm water



dltohes to prevent the contamination of unlnfeeted f ie ld s  by 

surface water from eelworm lands; the lay-out. of ir r ig a t io n  

schemes, such that I rr ig a t io n  water w i l l  never run frcm one 

land to another, un less  the top f i e l d  Is abso lu te ly  clean; the 

use only of uncontaminated I rr ig a t io n  water; removal of lumps 

of in le s te d  s o i l  on shoes of workmen, hoofs of animals, farm 

Implements, e t c . ;  prevention of In fested  p lant m aterial being  

worked up with compost.

3  f  5RT LI 7. AT IO N OF SKGDLINOS. CUTTINGS. TUBERS, ROOTSTOCKS, ETO .

I t  often  happens that p aras it ized  plants have to be 

transplanted or that nursery stock shows signs of In fe s ta t io n .

In such cases I t  i s  necessary to destroy the nematodes and 

eggs that are present In the m aterial without k i l l i n g  the h o s t .  

Hot water or steam 1 a usually  a p p lied , but general rules  

cannot be given for the combination of temperature and time of  

exposure, which has to  bring about the extermination o f the 

paras ites  without (or a t  lu M t with minimal) Injury to the 

plan ts , s ince  the optimal e f fe c t  Of the product temperature x 

exposure time varies considerably with the plant species  to 

be treated . Successfu l treatments for  d i f fe r e n t  kinds of  

plants were reported by Byars 4 G ilb ert (1920), Cobb (19^9), 

Brown (1934), Sherman (1935), Ooff:.rt (1936), Wade (Proo. o f  

the Root-knot Memat. Conf., 1936), Chester 4 Cress (1939) and 

Burk 4 Tennyson (1941). The a p p l ic a b i l i ty  o f  th is  method i s  

naturally  very much r e s tr ic ted ,  being mainly a la s t  resort  

for  garden•'•’t' and nursery men when valuable p lants are 

concerned, t i J i Justify  the time and costs  spent in th is  way. 

Moreover, absolute certa in ty  that a l l  nematode l i f e  is  destroyed  

can never be obtained with th is  treatment.

THE STUDY A”D_ PRACTICAL APPLICATI ON OF RESISTANT CROP VARIETIES .

A tremendous amount of experimental work has been done by 

various authors on the pr blem of breeding v a r ie t ie s  r e s is ta n t  

or Immune to eelworm attack . I t  Is  impossible to d iscuss  here



a l l  the olaltne of success that appear in  the l i t e r a tu r e ,  so  

th at I w i l l  r e s t r ic t  myself to  the outstanding featu res.

The problem Is more complicated than would appear at 

f i r s t  s igh t and i t  seems that many In vestigators  are not aware 

o f  a l l  I ts  I n tr ic a c ie s .  An Instance of a simple faot, so 

often neglected , but s t i l l  o f  fundamental Importance In 

se le c t io n  work for nematode res is ta n ce ,  i s  d iscussed  by Barrons 

(1940) as fo llows: "Insuring a uniform and severe epidemic

Is  a major problem In t e s t in g  p lants for  res is tan ce  to any 

d isea se ,  p a r ticu la r ly  In breeding work when making Individual  

plant s e le c t io n s " . The pr in c ip le  w i l l  be c lea r  I f  I t  Is  

rea lized  that the p lants from which unbiassed se le c t io n s  are 

to  be made have to be under exactly  the same circumstances, 

which means, In th is  way, that equal chances of In fe s ta t io n  

fo r  a l l  p lan ts  w i l l  only be offered by a uniform, homogeneous 

d is tr ib u t io n  o f the eelworme. Since th is  Is  never rea lized  

with natural i l  In fe s ta t io n s  (see  page 16 ), one has to  

resort  to a r t i f i c i a l  In fe s ta t io n , which -  even under most 

favourable conditions -  w i l l  only be an approximation to  the 

Idea’ . This should be w ell understood by the s e le c t io n  

breeder.
Another, Just as fundamental question la th is ;  do the 

ava ilab le  eelwomn themselves represent a homogeneous 

population? I f  not so, some 01 them .jay be expected to be 

b iassed . This leads us d ir e c t ly  to the much disputed problem 

o f b io lo g ic a l  s t r a in s . Considerable evidence has been 

accumulated leading to the assumption that b io lo g ic a l  s tra in s  

ooour in the species Meterodera marioni: T lsoh ler  (1902),

Watson (1924), Bosher & Newton (1933), Sherbakoff (1939), 

Barrons (1939), Thorne et a l .  (194-2) and e sp ec ia l ly  C h rist ie  

& Albln (lo44) and C h r is t ie  (1946), whereas negative Infor­

mation on th is  point ( Bensey, 19H> Mallooh, 1923> Fajardo & 

Palo, 1933) Is  far l e s s  convincing.

D iscrepancies In th is  matter may be propitia ted  by the views 

o f  Steiner  (1925) "ho concluded from c r i t i c a l  analysis  that the



b io lo g ic a l  s tra in s  of Keterodera marlonl are no r ig id ly  lim ited  

groupe, but rather adaptlble ca teg o r lea .  "The s i tu a t io n  may be 

beat characterized ae follows", S te in er  w rites, "Although the 

species  of plant p a r a s it ic  nematodes attack and teed 

on a wide range of host p lan ts ,  a given population of one of  

these species  w i l l ,  i f  p o ss ib le ,  always f i r s t  a ttack  the kl, ' f  

host plant that I t s  parents and anoentors l ived  on. I f  th is  

plant is  not a v a ila b le ,  In not being present or being already  

highly p arasit ized , host plants of any kind o f near re la tionsh ip ,  

taxonomloal, chemical, e t c . ,  w i l l  be sought and attacked. I f  

the ancestors of a population of one of the mentioned nematode 

species  l iv ed  during many genera Slone on a number of d i f fe r e n t  

host p lants, a l l  these host p lants and th e ir  re la ted  forms w i l l  

be quite e a s i ly  attacked. The population w i l l  then u su a lly  be 

found to be of somewhat polyphagous in s t in c t .  But, i f  the 

ancestors of a population have l ived  for a number of generations  

on a s in g le  species  or even v a r le .y  o f host p lan t, th e ir  des­

cendants may not attack any other p lan t known to be a host; or,

I f  they do so, I t  w i l l  be only with d i f f i c u l t y  and then only in  

a small number. I t  might require generations before a. new host  

i s  again attacked In the same degree as the old one. But a 

good part of the population, apparently unable to accommodate 

i t s e l f  to the new conditions, starves to  death and in  an extra;e  

case only a few specimens, or even none, seem to have the 

a b i l i t y  to accustom themselves to the new host p lan t. Such 

nematode populations are monophagous, and because of th e ir  

s p e c ia l iza t io n  on one certa in  host p lant were named "strains"  

or " b io log ica l or p h y sio lo g ica l  races" In analogy to the w ell  

known b io lo g ic a l  or p h y sio lo g ica l races or s tra in s  of fungi, 

In sects ,  e t c .  I t  would, however, be necessary to  assume that  

even%he h igh est  sp ec ia l ized  population specimens of s t i l l  

Impure g en e t lo a l  co n stitu tion  are present, from which s tra in s  of 

any kind could be segregated, otherwise oases l ik e  "compelled 

change of host plant through lack o f  the preferred species  could 

not be understood*.



In l in e  with S te in er 's  views are those la te r  expressed by 

Quanjer ( 1928 ) who, regarding the p o s s ib i l i t y  of "bridging hoate" 

for Heterodera marlonl ( in  analogy with observed phenomena In 

Heterodera sch aoh tll  and Tylenohue d lp s a o l ) , remarked tliat 

" . . . I t  must be pnsaMi.i to a tt ir .o t  the o f f e r i n g  of a sp ec ia l ized  

nematode to a l l  the known host p lan ts  by changing the host for  

the succeeding generations in such a way that each following host  

w i l l  be o f the c lo s e s t  r e la t ion sh ip  to the foregoing one. I t  

w i l l  even be p oss ib le  by using the known h osts  as "bridges" to 

In fec t  p lan ts  not ye t  known as hosts" .

Considering the problem of res is tan ce  in  th is  l ig h t ,  S tein er  

continues; "Heretofore, I f  a plant was net found to  be Infested ,  

I t  was termed r e s is ta n t ,  regardless o f  the causes, which often  

were not a t  a l l  within the p la n t" (underlining by me, H.)

Tufte & Day (193^  who did extensive  work on nematode 

res is ta n ce  In various f r u i t  trees ,  a ls o  warn against antic ipated  

conclusions; "In experimental work on th is  problem one must 

consider the p o s s ib i l i t y  that in the absence o f susceptib le  host  

planus, nematodes may attack partly  r e s is ta n t  ones; further that  

in  the presence of very su scep tib le  v a r ie t ie s ,  those parasites  

may be attracted  from the part y r e s is ta n t  h o s ts" . Weinberger e t  

a l .  (19^3) observed e .g .  that peach seed lings which showed no 

g a l l s  in  the f i r s t  year becaww diseased  a f t e r  2 or 3 years In 

in fested  s o i l .

An I l lu s t r a t io n  of the fact That so ca lled  "resistance" Is  

not always p e r s is te n t  towards other nematode populations or under 

other circumstances of c u lt iv a t io n  Is  given by Watson ft Ooff 

( 1937) in that "corn, although u su a lly  highly r e s is ta n t  on w ell  

drained land, Is often rather heav ily  In fested  on poorly drained 

land1'. Personally I have found maize Infested with Heterodera 

marlonl in  Southern Rhodesia, even or well drained lands, whereas 

in  the Union o f South Africa th is  p lant i s  usually  Immune and 

widely used as a rotation  crop In ag r icu ltu ra l  schemes for the 

extermination of eelworms. (o f .  a ls o  Anonymus, ) .

S te in er  d istinguished  sharply (and In my opinion r igh tly )



between host res is tan ce  and host Immunity. Host r e s is ta n t ,  

aooordlng to S te in er 's  d e f in it io n ,  are plants w*.'oh actually  

r e s i s t  the entry o f  the larvae, whereas host Immunity *) w i l l  be 

the a b i l i t y  of cer ta in  p lants to show few s igns of su ffer in g  In 

sp ite  of the pr senco of root-knot g a l l s .

The question a r is e s ,  however, whether true resistance  (In the 

sense used by Stainer) does rea lly  e x i s t .  Barrens (1939) con­

cluded from d ir e c t  observations that "no concrete evidence that 

the larvae dc mot enter the roots of r e s is ta n t  v a r ie t ie s  has been 

presented" ( o f .  Clayton, 1940, and Clayton e t  a l . ,  1944). "No 

s ig n if ic a n t  A fferen oes were noted", he continues In d iscu ss in g  

h is  experiments, "between the rate o f  entry In the most r e s is ta n t  

and Insusceptib le  plants in the seedling  stage".

Thus, according to Barrens, whose observations are confirmed 

by Smith & Taylor (1947), s .o .  "resistance" would be "due to  

factors en t ir e ly  within the plant I t s e l f  that do not exclude the 

entrance o f larvae but e ith e r  k i l l  the nematode a f t e r  I t  enters  

or cause I t  to starve **) although It Is not Impossible that  

certa in  morphological root ch a r a c ter is t ic s  accomplish or co n tr i­

bute to res is ta n ce ,  i t  seemed more reasonable to  postu late  

res is tan ce  due to cer ta in  p h y sio lo g ica l factors" .

C h r is t ie  (1946) observed that "larvae do not enter the roots  

of son* p lan ts  as read ily  or In as large numbers as they do 

others and the ex isten ce  of plants Immune ( -  r e s is ta n t  according  

to S te in er 's  d e f in it io n ,  H.) to Invasion, a t  l e a s t  by some races, 

seems a l ik e ly  p o s s i b i l i t y ".

The above survey w i l l ,  no doubt, I l lu s tr a te  the complexity of 

res is tan ce  problem. Typical for a l l  p a r a s ito lo g ic a l  problems Is  

the refined  "lock and key" mechanism, which Is here presented.

*) "Tolerance" may be a more p r a c t ica l  word than "Immunity" 
(Barrens, 1939) whloh (though by no means ambiguous) appears 
misleading as I t  Is  usually wrongly Interpreted .

**) Linford ( IQ3 9 ) noted that "larvae o f Heterodera marlonl may 
f a i l  to d is t in g u ish  roots of su itab le  hosts from those that  
are e i th e r  d i f f i c u l t  to penetrate or Inhospitable a f te r  
penetration" (o f .  S te in er 's  "host preference". Whether the 
behaviour of the nematodes would be the same I f  they had the 
choice, Is not mentioned by L inford).



We therefore w i l l  be J u s t if ied  to conclude that, unless more 

unambiguous evidence Is produced, many question marks have to  

be placed behind a lleged  claims of " res is tan ce11 or "Immunity".

Additional draw-backs of eelwom control through p la n t-  

breeding for reoletanoe are: the taking up of considerable time 

(experiments of th is  kind may run over sever* 1 years); the 

occupation of much experimental space on the research s ta t io n ,  

and, la s t  but not l e a s t ,  possib ly  a ls o  the lo s s  o f  desirable  

q u a l i t ie s  In the crops under experimentation, I f  genetloa l  

factors  for  true res is tan ce  can be proved to e x i s t  a t  a l l .

AGRICULTURAL PRACTICES Among the e .o .  ag r icu ltu ra l  p ractices

should be mentioned some which -  

under o conditions -  w i l l  reduce the nematode population

o f  the s

Ve ' ,i.i ve work has been done by le  Roux & Stofberg  

( 1935 ) ' Jtalned best resu lts  with bare fa llow ing (monthly 

ploughing and hoeing with subsequent weeding) in  experiments 

running over eleven months. Clayton (I9*to) and Clayton e t  a l .

( 19# ) ,  applying the method of crop rotation and esp ec ia lly  

studying the question of s o i l  "carry over", showed that only 

few crops are able to starve out the nematodes. Clayton mentions 

l . a .  %ea Mays as an a lleged  r e s is ta n t  crop which is  s u f f i c ie n t ly  

p a ra s it iz ed  to  oarry over maximum nematode populations". A e  

mentioned before (page ^ l ) ,  my own experience confirmed these  

observations .

After several years of p ractice  In the contro l of eelwora 

I am firmly convinced that crop rotation , being en tire ly  depen­

dent on the res istance  of certa in  crops (and we have seen how 

questionable such "resistance" may b e l ) ,  Is a very unreliable  

means of control ( c f .  Clayton e t  a l . ,  I . e . ) .  I t  can only be 

recommended where much land Is a v a ilab le  and u s e fu l  crops can 

be planted in succession . Eradication of weeds, many of which 

are very susceptib le  nalural host p lan ts , w i l l ,  of course,



always be a necessary precaution, but bare fa llow ing ) Is  out 

of the question on farms where In tensive  c u lt iv a t io n  has to  be 

p r a c t ised . Moreover -  un less one goes to  extremes, so th at the 

p ro fita b len ess  becomes questionable -  these methods never resu lt  

In t o t a l  eradication of the eelworms (o f .  Godfrey & Hagan, 193^) 

and the s o i l  population Is too quickly b u i l t  up again ( o f .  King, 

1938; Thorne, 1939)-

FLOODING Flooding has often been suggested as a means of

contro l, but was never found to  be recommendable by 

those who Investigated  I t s  p o s s i b i l i t i e s  experim entally. From 

a survey of the l i t e r a tu r e  on th is  subject Drown (1933) con­

cluded th a t  previous experiments were not continued long enough 

to  determine the time necessary to secure .omplete control, whloh, 

he s ta ted , "would e n ta i l  the lo ss  of 2 years' crop". Hie own 

experiments showed that 4 and 6 m thr of flooding IL lle f  the 

larvae but not the eggs In the s o i l .  Even 12 ronths of flooding  

were eurvlveu by some nematodes and only 22& months exterminated 

a l l  forms of nematode l i f e .

Watson (1924), however, claimed that 4 - 5  months submer­

gence resu lted  In complete control, but even th is  he considered  

"too long to make the method of muc 1 p r a c t ic a l  benefit '1.

SOIL STERILIZATION tff MEANS OF HEAV A method applicable only

to glasshouses and seed­

beds Is s t e r i l i z a t i o n  of the e o i l  by me:.ns o f  heat. Usually  

steam Is recommended, but a lso  hot water, and, rarely, d irec t  

heat from f ir e s  on or under the s o l i .  Good r e su lt s  have been 

reported by R ussell & Petherbrldge ( I 9 1 3 ), Melohere (1919),

Byars & G ilb ert (1920), Godfrey (1923), Newhall (1930), Watson 

& Coff (1937) and Clayton et  a l .  (1941). There are, however, 

many objections aga inst th is  method, ch ie f ly  because o f  the 

d i f f i c u l t y  to obtain m f f lo le n t  penetration o f the heat; the

*) A method based on the very m eritorious work of Godfrey's 
Hawaiian school (see Godfrey & Morlta, 1929# Godfrey e t  a l .  
1933; Godfrey & Hoehlno, 1933, and Hoshlno & Godfrey, 1933)-



working expenses are high and adverse e f fe c t s  on s o l i  f e r t i l i t y  

have been noticed (Godfrey 4 Hcshlno, 1933). Newhall (1935) 

reported success w i t h  an e l e c t r ic a l  means of heating the s o l 1 

for  s t e r i l i z a t i o n  purposes ' .loh could find only very lim ited  

a p p lica t io n .

FREEZING Freezing never n mis to  h a v e  been ser iously  consider­

ed and remarks on I t s  a p p l ic a b i l i ty  have only been made In 

pass in g . T e c h n i c a l l y  the method i s  more expensive even than 

heat treatment and the resu lts  more qu estion ab le .

CATCH OR TRAP CROPPING The problem of eelwom control has

been approached from an en t ire ly  

d if fe r e n t  angle by making use of s . o .  catch or trap crops 

( "Fangpflanzen", "plantes p ieg es " ) ;  quick-growing, highly  

su scep tib le  crops, sp e c ia l ly  planted to  a ttra c t  the eelwoms  

present In the s o i l ,  to be subsequently destroyed before a new

generation m a k e s  I ts  appearance.

This method, I n it ia te d  and la rg e ly  advocated by Ju liu s  Ltthn 

In H alle, Germany, fo r  combating the sugar-beet eelworm, Hetero- 

dera sohaohtli ,  met with much le s s  enthusiasm amongst authors 

experimenting on the control o f  Heterodera marlonl.

The t r a p  crops a r e  usually  applied I n  crop rotation  schemes. 

An extensive  l i t e r a tu r e  s u r v e y  o n  the subject of trap cropping 

i s  given b y  G o d f r e y  & H a ga n  (193^) a n d  Godfrey 4 Hoehlno (1934) 

a n d  a thorough study o f  I t s  p o s s i b i l i t i e s  w as  made b y  these  

authors. T h o u g h  s e e m i n g l y  p r o m i s i n g  resu lts  w e r e  obtained, It  

a p p e a r e d  t i . a t  e v e n  1 6  p l a n t i n g s  c o u l d  n o t  t o t a l l y  e r a d i c a t e  the 

n e m a t o d e s .  A c o n s t a n t  d a n g e r  r e m a i n s  In  t h o s e  r o o t s  that a r e  

l e f t  b e h i n d  a s  r e s e r v o i r s  o f  new I n f e s t a t i o n s  a f t e r  u p r o o t i n g  

o f  t h e  t r a p  c r o p .  I f  n o t  p r o p e r l y  m a n i p u l a t e d ,  t h e s e  p l a n t s  may 

e v e n  I n c r e a s e  an  o r i g i n a l l y  m uch l o w e r  s o i l  p o p u l a t i o n  of e e l w o m s .

BIOLOGICAL CONTROL F i r s t  I n t r o d u c e d  b y  S t e i n e r  4  H e i n l y  ( 1 9 2 2 )

who d i s c o v e r e d  c e r t a i n  p r e d a t o r y  nematodes 

a m o n g s t  H e t e r o d e v a  p o p u l a t i o n s ,  t h e  m e t h o d  o f  b i o l o g i c a l  contro l  

g a i n e d  c o n s i d e r a b l e  i n t e r n e t  I n  l a b o r a t o r y  a n d  f i e l d  experiments.



The predate re p ierce the c u t ic le  of th e ir  victim  and devour 1*, 

by euoklng out I te  body contents. Linford ( I 937  b) and Linford 

& O liveira (1937) described severa l such predacious nematodes 

and studied th e ir  feeding hab its .

In 1933 Sherbakoff described a fungus predatory on ta r r l-  

ooloue nematodes (a s im ilar  fungus Is said to have been pictured  

by Wilhelm Zopf as early as 1888). By means o f " la sso ’s" the 

myoella of the fungus snare the eelworao which are then devoured 

by Ingrowing haustorla . These d iscover ies  were followed by 

s im ilar  observations by Dreeheler (1937) and oth ers . E specia lly  

the Hawaiian school of Linford contributed much to our present-  

day knowledge on b io lo g ic a l  co n tro l .  In 1938 Linford & O liveira  

described 5? enemies c f  Heterodera mnrlonl, vlr .. 11 nematode- 

trapping fungi, one egg parasite , b non-trapping p arasites ,  one 

eo to -p a ra s lt lc  protozoan, 24 predacious nomatodea, b mites and 

3 predacious tardlgrades. Laboratory experiments with the aim 

of I n i t ia t in g  p r a c t ic a l  app lica tion s  were carried ou. by Linford 

& Yap (1939), Deschlens (1941' and Deschlens e t  a l .  (1943); 

subsequent greenhouse and f ie ld  t e s t s  by Linford ( I 937 0 ),

L i n f o r d  & Yap (193®) a n d  L i n f o r d  e t  a l .  (1938) s h o w e d  t h a t  

I n c r e a s e d  a c t i v i t i e s  o f  b o t h  n e m a t o d e - t r a p p i n g  f u n g i  a n d  p r e ­

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

p i n g s  a n d  c o m p o s t  ( s e e  a l s o  S t e w a r t  e t  a l . ,  1 9 2 3 ,  e n d  W a t s o n ,  

1 9 4 3 ) .  T h o u g h  e e l w o n n  I n f e s t a t i o n s  o o u l d  b e  s i g n i f i c a n t l y  

r e d u c e d ,  t h e s e  a u t h o r s  a r e  w e l l  a w e r e  o f  t h e  l i m i t a t i o n s  o f  

b l o l o g l r a l  c o n t r o l .  T h r o u g h o u t  s u c h  e x p e r i m e n t s  o n e  s o o n  m e e t s  

w i t h  t h e  g e n e r a l  la w  o f  b i o t i c  e q u i l i b r i u m  w h i c h  r e s u l t s  fro m  

I n t e r f e r e n c e  c f  t h e  b i o t i c  p o t e n t i a l s  o f  b o t h  p r e y  a n d  p r e d a t o r  

o r  h o s t  a n d  p a r a s i t e .  T h i s  d y n a m ic  e q u i l i b r i u m  p u t s  a  d e a d  

s t o p  t o  t h e  e x t e n t  o f  c o n t r o l  o b t a i n e d  I n  t h i s  w a y .  N e v e r t h e l e s s ,  

a s  a n  a u x i l i a r y  m e a s u r e  I n  t h e  w h o l e  p r o g r a m  o f  e e lw o r m  e r a d i ­

c a t i o n ,  b i o l o g i c a l  c o n t r o l  may p l a y  a n  I m p o r t a n t  r o l e .  I t  i s  very 

l i k e l y  t h a t  t h e  f r e q u e n t l y  o b s e r v e d  a d v a n t a g e o u s  u s e  o f  oom por 6 

I n  a g r i c u l t u r a l  a n d  h o r t i c u l t u r a l  p r a c t i c e  I s  l a r g e l y  d u e  t o  I t s  

I n i t i a l  S u p p o r t  t o  t h e  b i o t i c  r e s i s t a n c e  o f  e e l w o n n  p o p u l a t i o n s .



CHP'ICAL CONTROL Of a l l  posajbla means of eelwonr. control

ohemloal app lica tion s  undoubtedly top the 

l i s t  fo r  e f fe c t iv e n e s s ,  p r o f i t a b i l i t y  and p r a c t ic a b i l i t y .  The 

id ea l compound should be highly to x ic  to eelworm, Innoxious to 

plants, animals or human beings, without adverse influence on 

the q u a l i t i e s  of the s o i l ,  easy to  apply, low in  price and, 

above a l l ,  while s a t is fy in g  these conditions, i t  should bring 

about t o t a l  eradication of the p a r a s i te s .

I t  Is not within the scope of th is  paper to endeavour in  

a complete survey of a l l  chemicals and mixtures, which, up to  

the present time, have been tr ied  out for  p o ss ib le  ve rale'..dal 

properties by various research workers a l l  over the world.

Their number Is  legion  and, I dare say, p r a c t ic a l ly  every 

d is in fec ta n t  or any substance with the le a s t  detrimental 

fa c u l t ie s  one could think o f has been put to the t e s t ,  e i th e r  

in  laboratory experiments or If not, greenhouse or f ie ld  t r ia l s

There Is no d i f f i c u l t y  In finding a compound that rapidly  

k i l l s  eelworme. But eelworm k i l l i n g  Is somewhat d if fe re n t  from 

control of eelworm In the s o i l .  Reducing the population of 

p la n t-p a ra s it ic  nematodes i s  one thing, tu t to obtain to ta l  

eradication Is a d if fe r e n t  story .

A fter  a c lo se r  study of the more premising means of  

chemical contro l discussed below, I t  appears that only a few 

are able  to  pass the examination s a t i s f a c t o r i ly ,  as some fa c to r  

or other usua lly  cancels out the general advantages.

N evertheless , at le a s t  some r e su lt s  have been obtained, 

which, under sp ec ia l  circumstances and on cer ta in  conditions  

su it  the demands of the p ra x is . But no present-day chemical 

allows for gen era liza tion  of I t s  a p p l ic a b i l i ty ,  so that we 

s t i l l  have to admit that the Ideal compound has not yet been 

found.

The g rea te s t  obstacle  on the way to  absolute control seems 

to be that, un less  a l l  Infested roots are t o t a l ly  decayed, no 

known chemical reaches a l l  the nematodes and eggs In Quantitlen  

s u f f i c ie n t  to k i l l  them. R elnfestatlon  from such r e se rv o ir s ,



CHEMICAL CONTROL Of a l l  p o ss ib le  means of eelwom contro l

ohemloal app lications undoubtedly top the 

l i s t  for  e f fe c t iv e n e s s ,  p r o f i t a b i l i t y  and p r a c t ic a b i l i t y .  The 

I l e a l  compound should be highly to x ic  to eelwom, Innoxious to 

plan ts , animals or human beings, without adverse Influence on 

the q u a l i t ie s  of the s o i l ,  easy to apply, low in  price and, 

above a l l ,  wnlle s a t i s fy in g  these conditions, i t  should bring 

about t o t a l  eradication of the p a r a s i t e s .

I t  Is  not within the scope of th is  paper to endeavour in 

a complete survey of a l l  chemicals and mixtures, which, up to  

the present time, have been tr ied  out for  p o ss ib le  v e m lo id a l  

properties by various research workers a l l  over the world.

Their number Is leg ion  and, I dare say , p r a c t ic a l ly  every 

d is in fe c ta n t  or any substance with the le a s t  detrimental 

f a c u l t ie s  one could think of has been put to the te s t ,  e ith e r  

In laboratory experiments or in  pot, greenhouse or f i e ld  t r i a l s .

There Is no d i f f i c u l t y  in finding a compound that rapidly  

k i l l s  eelwcrme. But eelwom k i l l i n g  i s  somewhat d if fe r e n t  from 

contro l of eelworm In the s o i l .  Reducing the population of 

p la n t-p a ra s lt io  nematodes Is one thing, tu t to obtain t o t a l  

eradication  Is  a d i f fe r e n t  s tory .

A fter  a c lo ser  study of the itort promising means o f  

ohemloal con tro l d iscussed bexow, i t  appear*, that only a few 

are able to  pass the examination s a t i s f a c t o r i ly ,  as some factor  

or other u su a lly  cancels out the general advantages.

Nevertheless, at le a s t  some r e s u lt s  have been obtained, 

which, under sp ec ia l circumstances and on cer ta in  conditions  

s u i t  the demands of the p ra x is . But no present-day ohemloal 

allows for gen era liza tion  of I t s  a p p l ic a b i l i ty ,  so that we 

s t i l l  have to  admit that the Ideal compound has not yet been 

found.

The g rea te s t  obstacle  on the way to absolute  control seems 

co be that, unless a l l  Infested roots are t o t a l ly  decayed, no 

known chemical reaches a l l  the nematodes and eggs in q u an tit ies  

s u f f i c ie n t  to k i l l  them. R eln festation  frcm suoh reservoirs ,



th em  fere, Is always l ik e ly  to ooour, sometimes even verjr 

rapidly (o f .  Thorne, 193 9) • In view o f  th is  faot one could  

p ostu late  another condition  for the Idea l means o f  control,  

v i z • I t  should be such, that I t  can be e a s i ly  and economically  

applied severa l times In succession . This very Important 

condition -  I am afraid  -  cannot be put up with any of the  

c la s s i c a l  means of chemical control where the vermloldal e f f e c t  

Is largely  dependent on th eir  being administered In bulk.

With a few examples I may I l lu s t r a t e  th is  p o in t.  I se lec ted  

from the l i ter a tu r e  on th is  subject only the most prominent 

achievements In eelworm control.

I t  should be rea lized  that meeting the requirements o f  a 

practicable  nematoclde Is  e a s ie s t  accomplished ',1th pot experi­

ments, more d i f f i c u l t  with hothouse work And m odbed t r i a l s ,  

whereas general f ie ld  practice  y ie ld s  moot of «he troubles for  

the p ra c t it io n er .  The Ideal nematoclde uld be equally w e ll  

su ited  for a l l  circumstances of a p p lica tion .

The cyanides NaCN, KCN and Ga'ON)2 have often been under 

In v est ig a t io n . They are a l l  read ily  so luble  s a l t s  and can be 

broadcast and ploughed In or otherwise be mixed with the s o l ]  

as the circumstances may Indicate .

Duruz (191?) recommends 200 lbs per acre of NaCN for  

greenhouse s o i l  treatment, Robson ( I 9 I9 ) applied 1000 lbs per  

acre of NaCN or KCN and ' l i e s  & Turner ( I928 ) claimed that  

Ca(CN) 2  at the rate of 75O -  2000 lbs per acre gave 90 # 

contro l, against which Young (1939 a) reports negative r e su lt s  

with 1200 lbs per acre o f  NaCN. These r e su lt s  are very contra­

d ictory  and the method seems to be hardly reoommendable as y e t .

More success could be expected from liquid  HON in jected  

Into the s o i l ,  but no p o s i t iv e  r e su lt s  were ever obtained. The 

gas i s  very v o la t i l e ,  Inflammable and extremely poisonous and 

for that reason alone not reoommendable in  i t s  pure form. A 

very much sa fer  way of l ib era tin g  HCN In the s o i l  Is by means of

a chemical reaction  between sodium or potassium cyanide and



a-omonlum su lph ate , (N'T^)gSC .̂ The tiro s a l t s  are su ccessive ly  

introduced Into the s o i l  by means of Irr iga tion  water so th at  

a gradual flow of the gas -fi secured ai She chemicals mix.

Krlsl \ . yyar (1933) I'tijr/Ort-. good r e su lt s  In pots with BOO 

Ibc o f  KON and 1000 . be o: (NHl+) 230^ per acre, but Byars (1919) 

obtained disappointing  r e su lt s  with q u an tit ies  as large as 

36OO lbs of NaCN and ^kOO lbs of (NHĵ .) 2®®̂  Per AOre (^elng 9 

t'.-nes the popularly recommended rates 1). Again Watson (1924) 

oo .a*' ered the method p r a c t ic a l  (applying only l£  times the 

"standard" dosage), though '’ery expensive. These resu lts  

obviously w i l l  not strengthen the fa i t h  In cyanides as vermicides

In s i l l .
Calcium oyanlmlde, although I t  i s  no cyanide, mav be 

mentioned In re la t io n  to  the cyanides. I t  has good q u a l i t ie s  as 

a f e r t i l i z e r  but as a nematoclde It  appeared u s e le s s  even In 

dosages up to 4000 lbs per acre (Taylor, in  Proo. of the Root- 

knot Nenat. Conf., 1937 and 193«i Young, 1939 a, 1940 a, b; 

Godfrey & Young, 1 94 )) .  S t i l l ,  Krishna Ayyar (1933) claims to 

have obtained complete control with 1000 lbs per acre l n _pots .

Two more s a l t s  should be considered, although tiiey seem 

to have found only l i t t l e  a tten tio n , v i z .  sodium n i t r i t e  

(NaNOp) and ethy l mercury iod id e . The former was used by 

Feldman & Shaw (1943) in greenhouses a t the rate of 3 ^ 0  1be 

per acre when absolute control was obtained, and by E l l i s  (1943) 

who applied i t  in f i e l d  experiments, g iv in g  98 .64  c o n t r o l  at  

the rate of 2420 lbs per acre. More Information would oe 

necessary for  proper Judgement, but the q u an tit ies  used arc 

rather highI Ethyl mercury Iodide (contained in  the strength  

of 5 $  in Du Bay 1155-HH, a proprietary 0 impound) was success­

f u l ly  used i n pots by Lammerts (1940) a t  the rate of 195 -  292 

lbs per acre ( 2 - 3  grams per square fo o t ) ,  who claimed to  

have obtained absolute con tro l.  These q u a n tit ie s  are admittedly 

low, but elaborate f i e ld  experiments should be carried out 

before th is  substance could be recommended.



With the above mentioned chemicals a l l  the s o l i d  oompou "'da 

that come. Into consideration have been d i s c u s s e d .

An e n t i r e l y  d i f f e r e n t  p r a c t i c e  has been evolved  w ith  

v o l a t i l e  l i q u i d s  which l i b e r a t e  t o x i c  fumes when i n j e c t e d  I n to  

th e  s o i l  ( s o i l  fum ig a tio n )  * ) .  The c l a s s i c a l  example o f  t h i s  

l a  carbon b i s u lp h id e  ( carbon d ) s u lp h id e ,  CSg) which i s  a p p l i e d  

e i t h e r  pu re  o r  as  a w atery  em u ls ion .  The em ulsion  was f i r s t  

In t ro d u c e d  by S o h a f f n l t  & Weber (1 9 2 9 ) .  I n  p o t  experim en ts ,  

Chapman & P a rk e r  (1929) o b ta in ed  t o t a l  c o n t r o l  w ith  43560 

g a l lo n s  p e r  a c re  o f  a 0 .7  % 0 3 ? em u ls ion .  Guba (1932) comes 

to  f i g u r e s  of 392 d o l l a r s  p e r  a c r e  f o r  9 5 .? 1 f  c o n t r o l  in  

g reenhouses  and c la im s  t o  have ach iev ed  com plete  e r a d i c a t i o n  

w ith  two such  a p p l i c a t i o n s .  C om para tive ly  good r e s u l t s  w ith  

C30 em uls ions  were a l s o  r e p o r te d  by T ay lo r  ( s e e  P roo . o f  the  

d o o t-k n o t  Netaat. C o n f . ,  1937 and 193*) • O th e r  i n v e s t i g a t o r s  

u sed  th e  pu re  chem ica l by v a r io u s  means o f  a p p l i c a t i o n ,  w ith  

o r  w i th o u t  g a s - t i g h t  co v e r in g  o r  w a te r  s e a l s  in  q u a n t i t i e s  

frcro 750 to  3000 lb s  p e r  a c re  ( Newhall, 1 9 3 Godfrey,  1935 a » 

T a y lo r ,  I . e . ;  Young, 1939 a, 19^0 a ,  b; Godfrey & Young, 19%3) 

ran g in g  In  e f f e c t i v e n e s s  from -  100 # c o n t r o l .  I t  w i l l  be 

c l e a r  t h a t  the  em ulsion form i s  much more econom ical than  th e  

p u re  ch em ica l ,  b u t  a d isa d v a n ta g e  I s  the  enormous q u a n t i t i e s  

o f  w a te r  r e q u i r e d .  D i r e c t  CS2 i n j e c t i o n ,  a p a r t  from being  

more expensive  on accoun t of the  l a r g e r  q u a n t i t i e s  of th e  

ch em ica l ,  r e q u i r e s  a l s o  very much tim e  and in v o lv e s  ( f o r  b e s t  

r e s u l t s )  e x t r a  c o s t s  o f  I n j e c t o r s  and s u r fa c e  co v ers  For 

f i e l d  work, t h e r e f o r e ,  t h i s  ch em ica l  Is  d e f i n i t e l y  uneconom ica l.  

Moreover, I t  i s  d i f f i c u l t  to  han d le  and dangerous in  be ing  

very  v o l a t i l e  and l i a b l e  to  exp lode .

*) Liquid HON, mentioned above with the cyan ides  because
of the  chemical re la t ion sh ip , should actually  be 0 - ass. -  
f led  under the s o i l  fumigants.



in  analogy .1 t h  HCH, 0S2 may a l . o  be l ib era ted  In the e o l l  

by means of chemical reaction . Potassium yanthat. (K S ^ O C ^)  

e . g . changes In acid medium Into nanthlo .o l d  .h lo h  gradually  

deoompoee. Into 0 3 2 and a lcohol ( a .  Ong, l , - o ) .  1'alr r e s u lt s  

. . r e  obtained by de Ong 4 Tyler (1928), though, according to  

th ee , author., •erad ication  cannot be e r e c t e d ,  only vaw lng  

degrees of contro l for  one or w o  years" (see  a l . o  Godfrey,

1 9 3 5 a ) .
Por . a n ,  year , the mo.t out.tending . o i l  fumigant ha. been 

liq u id  ohloroplorlr. (CCl^MOp, sometime, ca lled  "tear gas" ) / .

Thl. gas IS undoubtedly a very e f f e c t iv e  nem .tocld . (John.on 4 

oodfrey, 1932; Godfrey e t  a l . ,  1934; Godfrey, 1935 «; 1

M il ,o n ,  1935; Newton et  a l . ,  1937; Taylor, . . .  Proc. of the 

Root-knot Nemat. Conf., 1937; Young, 1939 a, 1940 a, b; Taylor 

4 MOBeth, 1941 b; N.whall 4 Stark, 1942; Taylor, 1943) »ut has 

many disadvantages a .  w e l l .  I t  1 .  d l f f l o u l t  to handle, being a 

very v o la t i l e  liq u id  that l ib e r a te ,  pol.onou. fume.; It 1. 

i r r i t a t in g  to the skin end la  gaseous fo m  strongly laohnr- 

matoiy • o a .  meek, have to  be worn while operating with oh loro-  

plorln  and g a . - t ig h t  cover , have to  be applied d ir e c t ly  a f t e r  

introducing the chemical Into . o i l  (Godfrey, 1934 b ) . 

Ohioroplcrin ha, the advantage c f  being not l n f l M» » b l .  or 

exp losive , but 1 .  again very tox ic  to  f o l ia g e .  "  1 . *  no m.aue 

cheap and h a . ,  In oommon with OS,, a l l  the troub le , of . o i l

In jec t io n .
3OTe economising In the u.c C  ohioroplcrin  may be n o b le , ,  

by mixing I t  with ethylene d lch lor ld e , C H ^ H p C l,  (Chitwood, 

icko, 1 9 4 1 ; fay lo r  4 g cB .tr ,  I . e . ;  N.whall 4 Stark, I . e . ) .  

sthyiene d lch lorld e  alone, strangely on.mgh, eeem. to be rot,her

u s e l e s s  aC 'Ordlng to  Taylor 4 MoBeth ( I . e . )  )• ! ver l t

la  qu ite  ex p e- .lv e  (N.whall 4 Stark, I . e . )  -ld highly tox le

" ordinary tear gae, however, 1 . o h lo r c a c .to p h .n o n e ,  
C^H^OOHgCl.

* * )  aodirey & Young (19^3) estimate i t e  le th a l  doeage 
between 1 0 0 0  -  2 0 0 0  lbs p e r  acre . i



aa a gam, whloh Imp Hem the neoeemlty of gam masks to be worn

when handling I t ,
Promising resu lts  are reported from methyl bromide, CH-jBr, 

whloh is  a ls o  contained In "Dowfume Br 10", a proprietary  

compound, in a 10 % concentration. I t  should be applied under 

g a s -t ig h t  cover (Taylor & MoBeth, 1940, 1941 a) or water s e a l  

(Gingrich a Haeneeler, 1941 * ) ) .  I t  Is  tox ic  to human beings,  

so that the wearing of gas masks i s  in d ica ted . An advantage of 

methyl bromide seems to  be I t s  a b i l i t y  to penetrate undecayed 

roots (Stark e t  a l . ,  1944), but only data from greenhouse

experiments are a v a i la b le .

In recent years much a tten tion  has been drawn In the United  

S ta tes  to  a mixture of 1, 3-diohloropropylene and 1, 2 -d loh loro-  

propane, be«t knowr under the trade name of D-D Mixture. I t  Is 

reported as the 34ual c f  ehloroplorln in e f fe c t iv e n e s s  but with 

the advantages of being cheaper and easier  to  handle. This 

compound was Introduced by Carter (1943, 1945)* Good r e su lt s  

were obtained by Stark e t  a l .  (1944) In greenhouses, by Parris  

( 1945) In f ie ld  experiments with surface wetting; MoFarlane A 

Mateuura (194?) tho claimed that no s o i l  covering i s  necessary, 

and f in a l ly  by Smith & Taylor (19^7) who obtained 100 < contro l

with 512 lbs per acre.
D-D Mixture Is a l iq u id  and has to  be In jected  Into tho s o i l

This i s  a draw-back fo r  app lication  In the f i e l d ,  though fanning 

caohlnery has been constructed that may overcome th is  d i f f i c u l t y .  

In South A frica  experiments are carried out with thin chemical 

that seem to give promising r e s u l t s . However, before general  

recom m endations can be made, more data should be obtained and 

the costs  should be considerably reduced.

S o l i  fumigation appears to  have certain  advantages for small

* )  These authors, carrying cut greenhouse experimento,
determined the doeage-tlme curve for complete control as

that fa ir ly  small dosages should be e f f e c t iv e  on condition  
that the fumes can be s u f f ic ie n t ly  long retained in the s o u .



areae l ik e  greenhouses or seedbeds. For la rg e -sca le  contro l I t  

in d e f in i t e ly  unpraotloable and too  co s t ly  * ) .  i t  i s  s i g n i f i ­

cant that the app lication  ,.f s o i l  fumigants i s  most widely 

practised  In the United S ta tes, a highly In d u str ia lized  country, 

where the production co sts  of the necessary chemicals (often  

e a s i ly  a v a ila b le  waste or by-products of some chemical productlor 

factory), as well as th e ir  transport, are comparatively low, a.iu 

furthermore Intensive  cu lt iv a t io n  of h igh-priced crops i s  another 

factor making moll fumigation p r o f ita b le  even a t  fa ir ly  Algh 

c o s t s ,  I f  necessary. In a country l ik e  South Africa, whore 

large areas are to be d is in fec te d ,  where chemicals are d i f f i c u l t  

to  obtain and very expensive, fuml%*lon w i l l  never be a gener­

a l ly  p r o f ita b le  means of eelworm contro.

THOSATPPE^NDEX With a l l  p r a c t ic a l  wor. i  eelwom

oontr'i be I t  by way of pot, greenhouse, 

seedbed or f i e ld  experiments, one In faced with the problem of 

f ind ing  a r e l ia b le  means of evaluating the number of eelwoms 

that o r ig in a l ly  Infested the s o i l ,  as w ell as the number of  

eelwom s k i l l e d  by the agent(s) under In v est ig a tio n .

Carrying out laboratory t e s t s  one deals with a certain  

number of larvae which are d ir e c t ly  seen under the binocular  

microscope and the number k i l le d  can be accurately  counted.

n the s o i l ,  to the contrary, eelwoms are not v i s ib le ,  so 

that counting Is out of the q- .ertlor . Moreover, th eir  numbers 

are far too l ir g e  and a l l  toat Is p o ss ib le ,  Is  to  estimate  the 

population as accurately as circumstances oerm lt.

Cobb (19IS) elaborated a method of estim ating the nematode 

population o f  s o i l  by means of d ir e c t  sampling. A number of 

"representative" s o i l  samples was se lec ted  from over the area 

under In vestigation  and thoroughly mixed afterwards. Out o f th is  

composite sample a liq uot sub-samples were taken, from which the

 ̂ u - i " flnot  treatments'' may reduce the costs  oonclder- 
«bly (Tayior & MoBeth, I9HI b ) , th is  naturally y ie lds  no

* u i  « h “ k ^



nematodes were extracted, Id e n tif ied  and counted. In th is  way 

only a mean density  of population can be estimated, so that 

information on the ac tu a l population i s  very much r e s tr ic te d .  

More information can be obtained i f  the procedure i s  s l ig h t ly  

a ltered  to the e f f e c t  that random samples can be taken over the 

in fes ted  area and the nematodes counted in  each sample, The 

smaller the samples w i l l  be and the larger  in number too, the 

more accurate w i l l  be the estim ation . However, for  obtaining  

data on the d is tr ib u t io n  of the d e n s i t ie s  of population a very 

large number of samples would be necessary which makes the 

method ab so lu te ly  impracticable, except, perhaps, for  very small 

p l o t s . Moreover, heterogeneity of d e n s it ie s  causes the estimate  

to  be largely  dependent on the un it of volume chosen, and til ls  

i s  a verj weak point in the p ro cess .

The method f in a l ly  came in to  d is c r e d i t  as a r esu lt  of I t s  

being far too laborious for ordinary routine wo^k, a lso  because 

of the danger i t  implies of considerable sampling errors and 

the fa c t  that only a s k i l l e d  eye i s  able to id e n t i fy  the 

d if fe r e n t  sp ec ies  (o f .  a lso  Godfrey, 193^ a ) .

Knowing the p r a c t ic a l  Im possib ility  o f  dir e c t  sampling as 

a means of estim ating Heterodera populations in a u l l ,  the 

majority of in v es t ig a to rs  took refuge to measurements of damage 

caused by the p a r a s i t e s  i n  th e ir  host p lan ts .  In th is  way, 

however, the re la t ion  between the rea l e f f e c t  of the toxic  agent 

and what i s  a c t u a l l y  e s t i m a t e d  becomes r a t h e r  vague.

T h i s  g a p  i n  o u r  k n o w l e d g e  o n  t h e  I n f e s t a t i o n  p r o b l e m  m u s t  

h a v e  b e e n  r e a l i z e d  b y  t h e  e m i n e n t  H a w a i i a n  s c h o o l  o f  n e m a t o d e  

r e s e a r c h  w o r k e r s ,  who t r i e d  t o  o v e r c o m e  t h e  d i f f i c u l t y  by  

c o r r e l a t i n g  g a l l  counts on t h e  r o o t s  o f  i n d i c a t o r  p l a n t s ,  t h e  

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

i n f e s t e d  ( G o d f r e y ,  I . e . ) ,  a s  w e l l  a s  t h e  nu m b er  o f  t e r r i o o l o u s  

l a r v a e  in c l o s e  p r o x i m i t y  t o  t h e  r o o t s  o f  t h e  h o s t  p l a n t  a n d  

t h e  number of g a l l s  p e r  p l a n t  ( G o d f r e y ,  1936) . N e v e r t h e l e s s  

a  remarkable t a s t i n e s s  on t h i s  p o i n t  i s  c h a r a c t e r i s t i c  o f  t h e



l i t e r a t u r e  e  l e e r / h e  r e  a n d  t h e  a c t u a l  p r o b l e m  o f  t h e  m l e e l n g  

l i n k  h a e  n e v e r  b e e n  e x p l i c i t l y  s t a t e d  o r  s u f f i c i e n t l y  a n a l y s e d  

t h e o r e t i c a l l y  a n d  s t a t i s t i c a l l y .  T h e  c o r r e c t n e s s  o f  m e a s u r i n g  

p l a n t  I n j u r y  I n s t e a d  o f  d i r e c t l y  d e t e r m i n i n g  t h e  a c t u a l  s o i l  

I n f e s t a t i o n  I s  u s u a l l y  t a k e n  f o r  g r a n t e d

I n  a n  e f f o  t  t o  o b t a i n  a  r e l a t i v e  n a n a t o d e  I n d e x  I  w o r k e d  

on a  s y s t e m  o f  c l a s s i f i c a t i o n  o r  g r a d i n g  o f  r o o t  da m a g e  ( H o v y ,  

1939), p r o c e e d i n g  aa f o l l o w s .  An e s t i m a t e  w a s  m a d e  o f  t h e  

p e r c e n t a g e  o f  r o o t s  i n f e s t e d  I n  e a c h  p l a n t  a n d  t h e  p l a n t s  t h u s  

g r a d e d  w e r e  g r o u p e d  I n  c l a s s e s  o f  10 #  I n t e r v a l .  The  n u m b e r  o f  

p l a n t s  I n  e a c h  c l a s s  w a s  t h e n  m u l t i p l i e d  b y  t h e  c l a s s  w e i g h t  

( t h e  m i d p o i n t  o f  t h e  I n t e r v a l )  a n d  t h e  f i g u r e s  o b t a i n e d  I n  t h i s  

way w e r e  summed a n d  d i v i d e d  b y  t h e  n u m b e r  o f  I n f e s t e d  p l a n t s .

One t h u s  a r r i v e s  a t  a  f i g u r e ,  w h i c h  -  f o r  s a k e  o f  s i m p l i c i t y  -  

f rom  now on w i l l  b e  r e p r e s e n t e d  b y  # 9  l e t t e r  A .  I t  d e n o t e s  t h e  

a v e r a g e  ( I n d i v i d u a l )  I n f e s t a t i o n  o f  t h e  p a r a s i t i z e d  p l a n t s ,  

e x p r e s s e d  I n  p e r c e n t a g e  o f  r o o t s  I n f e s t e d .  I f  f u r t h e r  t h e  

p r o p o r t i o n  o f  p l a n t s  I n f e s t e d  I s  d e n o t e d  by  B,  o n e  o b t a i n s  

a f t e r  m u l t i p l i c a t i o n  c l  A by B a  f i g u r e  e x p r e s s i n g  t h e  a v e r a g e  

i n f e s t a t i o n  p e r  p l a n t .

C h i t w o o d  ( 1 ^ 4 1 )  a p p l i e d  t h i s  m e t h o d  I n  a s i m i l a r  way,  b u t  

u s e d  5 c l a s s e s  I n s t e a d  o f  1 0 .  The " r o o t  k n r t  I n d e x "  w h i c h  h e  

e v a l u a t e d  was d e r i f e d  by c a k i n g  " t  • t o t a l  s c o r e  o f  t h e  p l a n t s  

d i v i d e d  b y  t h e  number o f  c l a n  r e " .

S m i t h  & T a y l o r  1947) N S t d  o n l y  4 c l a s s e s  ( i n t e r v a l s  o f  

25 r o o t  i n f e s t a t l o r  ) a n d  w o r k e d  o u t  t h e i r  " d i s e a s e  i n d e x "  by  

a p p l y i n g  w h a t  I s  c a l l e d  by  the m t h e  "McKinney  f o r a u l a  a s  m o d i ­

f i e d  b y  H o r e f a l l  & H e u b e r g e r  (1942)" w h i c h  t h e y  r e p r e s e n t  a s

a ! , . . . .  a n a . ,  .  * 100

The  b e s t  g e n e r a l  a p p e a r a n c e  f o r  t h i s  f o r a u l a  w o u l d  b e  

I  -
N

I n  w h i c h  I  « t h e  n e m a t o d e  I n d e x ;  f ,  *  f r e q u e n c y  i n  e a c h  

c l a s s ;  *1 -  t b s  c l a m s  w e i g h t  »  + m ^ _ ^ ) lO Q /r  when I s



t h e  o l a e e  n u m b e r  a n d  r  t h e  n u m b e r  o f  o l a r e e a j  N ■ t h e  t o t a l  

n u m b e r  o f  p l a n t s .

I f  now n d e n o t e s  t h e  n u m b e r  o f  p l a n t s  I n f e s t e d ,  I t  w i l l  b e  

s e e n  t h a t  I n  t h e  a b o v e  n o t a t i o n  t h e  w r i t e r ' s  e x p r e s s i o n s  

b e c o m e :

A = S ( f . w 1 ) / n  a n d  B = rV N o r  AB = S ( f i w1 ) / N

S m i t h  & T a y l o r  d o  n o t  q u o t e  t h e  e a r l i e r  l l t e r a t u . d  ( H o v y ,  

1 9 3 9 ;  C h i t w o o d ,  1 9 4 1 ) ,  s o  t h a t  I t  s e e m s  l i k e l y  t h a t  t h e  I d e a  

o f  e v a l u a t i n g  a  n e m a t o d e  I n d e x  I n  t h i s  way w a s  a r r i v e d  a t  

I n d e p e n d e n t l y  by t h e  d i f f e r e n t  a u t h o r s .  M c K i n n e y ' s  p a p « , r  

a p p e a r e d  I n  1 9 2 3  ( J o u r n a l  o f  A g r l c ,  R e s e a r c h  ( U . S . ) ,  2 b ,  1 9 5  -  

2 1 ? )  b u t  w a s  u n k n o w n  t o  m e .

The  r e a s o n i n g  on w h l o h  t h i s  m e t h o d  i s  b a s e d  I s  a s  f o l l o w s .  

S u p p o s e  we  w o u l d  h a v e  t w o  p l o t s  X a n d  Y w i t h  1 0 0  p l a n t s  e a c h ,  

h a v i n g  2 0  ^ a n d  8 0  4  o f  t h e i r  p l a n t s  I n f e s t e d  r e s p e c t i v e l y ,  

s o  t h a t  B x  = 0 . 2 0  a n d  By = 0 . 8 0 .  C o m p a r i n g  t h e  t w o  v a l u e s  o f

B ,  o n e  w o u l d  t a k e  Y t o  b e  h e a v i e r  I n f e s t e d  t h a n  X. B u t  t h e  SO %

o f  t h e  p l a n t s  I n f e s t e d  on p l o t  Y may b e  s l i g h t l y  p a r a s i t i z e d  

a n d  t h e  2 0  #  on p l o t  X h e a v i l y  a t t a c k e d ,  s o  m u c h  s o ,  t h a t  t h e  

n u m b e r  o f  n e m a t o d e s  w h l o h  I n v a d e d  t h e  p l a n t s  o f  p l o t  X m i g h t  

b e  much l a r g e r  t h a n  Z h a t  o f  p l o t  Y .  D i r e c t  c o m p a r i s o n  o f  t h e  

f a c t o r s  B (as  l a  u s u a l l y  d o n e  by m o s t  I n v e s t i g a t o r s ) ,  „ . . e r e f o r e ,  

c a n n o t  b e  J u s t i f i e d ;  n e i t h e r  w o u l d ,  o b v i o u s l y ,  c o m p a r i s o n  o f  

t h e  f a c t o r s  A be p e r m i s s i b l e .  By t a k i n g  t h e  p r o d u c t  AB,  h o w e v e r  

we h a v e  a  f i g u r e  I n d i c a t i n g  w h a t  t h e  I n f e s t a t i o n  p e r  p l a n t  

w o u l d  b e ,  I f  a l l  t h e  nema t o d e s  a v a i l a b l e  I n  t h e  s o i l  o f  a  g i v e n  

2 l o t  w o u l d  be equal l y  d i s t r i b u t e d  o v e r  a l l  t h e  p l a n t s  g r o w n  o n

t h a t jpl o t ;  t h u s  reprenentu t h e  m e a n  I n f e s t a t i o n .

Thin,  a t  f i r s t  e i g h t ,  seems to  be a r e a so n a b le  c r i t e r i o n ,  

though up t o  the p r e s e n t  t ime no p r o o f  has e v e r  been g iven  o f  

I t s  c o r r e c t n e s s .

To t h i s  e f f e c t  I  t r i e d  f i r s t  o f  a l l  t o  o b t a in  a c l e a r e r  

I n s i g h t  o f  th e  phenomena concerned w i th  root  damage In order  to  

s o l v e  t h i s  problem o f  fundamental Importance In e e lw o m  c o n t r o l .



I t  t h e n  hr.fi t o  be i n v e s t i g a t e d ,  p r i m a r i l y :  w h e t h e r  t h e  a b o v e  

I n d e :  (AB) I v e s  n r e l i a b l e  e n t l m n t e  o f  t h e  p o p u l a t i o n  m e a n ,  

m i  s e c o n d l y ;  i n  how f a r  I p  an e e l w o r m  p o p u l a t i o n  I n  t h e  s o i l  

d e t e r m i n e d  by  i t s  m e a n ,  I n  o t h e r  o r d e :  I s  t h e  m e a n  l e  s o l e  

o h a m o t e r l s t l o a l  o a r a r r e t e r  o f  t h e  p o p u l a t i o n ?

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

l t s  " H f t r i b u t l o n " . H e r e  t h e  wo r d  d i s t r i b u t i o n  h a s  a  v e r y  

s p e c i f i c  m e a n i n g  t h a t  h a s  no  r e f p - e n o e  t o  t h e  p r o p a g a t i o n  o r  

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

d e n o t e s  t h e  s p r e a d  o f  n " s p e c t r u m ” o f  o r o b a b l l l t l e s  * )  m  w h l o h  

t h e  c o n s t a n t  p a r a m e t e r s  o f  t h e  p o p u l a t i o n  a p p e a r  I n  a  c h a r a c t e r -  

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

S i n c e  p r e v i o u s l y  we h a d  t o  a d m i t  t h e  u n c e r t a i n t y  p r i n c i p l e  

i n  d e t e c t i n g  t h e  e e l w o r m  i n  s o i l  a n d  r e c o u r s e  h a d  t o  b e  t a k m  

t o  s o m e  I n d i r e c t  I n f o r m a t i o n  on t h e i r  p r e s e n c e  ( I n  c a e u :  t h e  

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

p l a n t s  1 I t  s h o u l d  b e  w o r t h  w h i l e  I n v e s t i g a t i n g  w h e t h e r  a  p r o ­

b a b i l i t y  l a w  c o u l d  s e r v e  a s  a u s e f u l  s u b s t i t u t e  f o r  d i r e c t  

o b s e r v a t i o n ,  " ' h i s  m e a n s  t h a t ,  I f  s o m e  d i s t r i b u t i o n  l a w  w o u l d  

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

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

a b l e  e v i d e n c e  o f  t h e  p a r a s i t e s '  p r e s e n c e ,  t h e  p r o b l e m  o f  

d e r i v i n g  a  r e l i a b l e  n e m a t o d e  I n d e x  w o u l d  b e  s o l v e d .

A M g S I B Or_THE PROBLEM P i t t i n g  a  d i s t r i b u t i o n  1-w t o

e m p i r i c a l  d a t a  I s  a f a s c i n a t i n g  b u t  

somewhat  h a z a r d o u s  ,]ob. The  d a n g e r  l i e s  i n  t h e  f a c t  t h a t  one  

c a n  e a s i l y  b e  m i s l e d  I f  i t  i s  n o t  r e a l i z e d  t h a t  a  "good f i t "  

d o e s  n o t  g i v e  a n y  p r o o f  a t  a l l  o f  .e c o r r e c t n e s s  o f  t h e  

a s s u m p t i o n  t h a t  t h a t  p a r t i c u l a r  la w  o f  d i s t r i b u t i o n  i s  t h e  o n l y  

v a l i d  e x p l a n a t i o n  o f  t h e  " b e h a v i o u r "  o f  o u r  d a t a .  I t s  f o r m u l a

*)  R e g a r d i n g  t h e  m a t h e m a t i c a l  c o n c e p t  o f  " p r o b a b i l i t y "  T
w i s h  t o  r e f e r  t o  K e r r l o h  ( 1 9 4 1 ) .
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p r o v i d e s  a  d e s c r i p t i o n ,  n o t h i n g  m o r e ,  o n e  t h a t  may o r  may n o t  

s a t i s f y  t h e  e x p e r i m e n t e r .  G r a n t e d  t h a t  c e r t a i n  g e n e r a l l y  

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

a m o u n t  o f  s u b j e c t i v i t y  n e v e r t h e l e s s  a d h e r  ^  t o  t h e  a s s u m e d  l a w :  

f i r s t  o f  a l l ,  because a n o t h e r  p r o b a b i l i t y  d i s t r i b u t i o n  may b e  

f o u n d  to  be Just  as wt» 11 d e s c r i p t i v e  o f  t h e  s a m e  d a t a ;  s e c o n d l y  

a s  a  r e s u l t  o f  t h e  e x p l a n a t i o n  o f  t h e  p a r a m e t e r s ,  w h l o h  -  I f  

p o s s i b l e  a t  a l l  -  Is o f t e n  r a t t i e r  s p e c u l a t i v e ;  a n d  f i n a l l y  

s i n c e  a  " g o o d  f i t "  i s  n o  w a r r a n t y  t h a t  t h e  l a w  w i l l  h o l d  u n d e r  

a l l  c i r c u m s t a n c e s .

The  p o i n t ,  t h e r e f o r e ,  a t  w h i c h  t h e  I n v e s t i g a t o r  s h o u l d  b e  

s a t i s f i e d ,  i s  r » t h » r  a r b i t r a r y ,  a n d  o n e  s o o n  a p p e a r s  t o  b e  

i n v o l v e d  I n  a n  e n d l e s s  t a s k .

To I l l u s t r a t e  t h i s ,  l e t  u s  c o n s i d e r  t h e  d a t a  o f  an  e x p e r i ­

m e n t  t h a t  s u p p l i e s  a  v a r i e d  a m o u n t  o f  I n f o r m a t i o n  o n  r o o t  

d a m a g e  c a u s e d  b y  t h e  l a r v a e  o f  H e t e r o d e r a  m a r l o n l .

A p i e c e  o f  g r o u n d ,  known ( f r o m  p r e v i o u s  t e s t  c r o p s ) t o  b e  

w e l l  i n f e s t e d  w i t h  e e l w o r m s ,  r a s  d i v i d e d  i n t o  J O  p l o t s  m e a s u r ­

i n g  3 x  1 5  f e e t  a n d  s e p a r a t e d  by  s t r i p s  1 f o o t  w i d e .  T h e s e  s e e d  

b a d e  w e r e  s o w n  w i t h  a  V i r g i n i a n  t y p e  o f  t o b a c c o  ( A m a r e l l o )  a n d  

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

v . n o o n t a m l n a t e d  s o u r c e . S i x  d i f f e r e n t  t r f  t m c n t e  w e r e  g i v e n  t o  

t h e  s o i l ,  e a c h  o n e  w i t h  f i v e  r e p l i c a t i o n s  : n  a  r a n d o m i z e d  b l o c k  

s y s t e m . T h e  n a t u r e  o f  t h e  t r e a t m e n t s ,  f o r  t h e  p r e s e n t  m o m e n t ,  

s h o u l d  b e  I m m a t e r i a l  t o  u s .

A f t e r  a b o u t  f o u r  m o n t h s '  g r o w i n g ,  t h e  s e e d  b e d s  w e r e  s o a k e d  

w i t h  w a t e r  and t h e  r o o t  s y s t e m  o f  e a c h  s e e d l i n g  c a r e f u l l y  w as h ed  

from t h e  mud I n  o r d e r  t o  p r e v e n t  l o s e  o f  g a l l e d  r o o t s  a s  f a r  a s  

p o s s i b l e .  The p l a n t s  w ere  t h e n  t a k e n  t o  t h e  l a b o r a t o r y  and  

i n d i v i d u a l l y  I n s p e c t e d  w i t h  t h e  r o o t s  f l o a t i n g  In c l e a r  w a t e r  

c o n t a i n e d  In  a g l a s s  d i s h  and g r a d e d  a c c o r d i n g  t o  t h e  m e t h o d  

d e s c r i b e d  on p a g e  4 5 .

T a b l e  I I  ( j p p o e l t e )  shows t h e  d a t a  o b t a i n e d  I n  t h i n  w a y .

I n  t h i s  e x p e r i m e n t  an e x t r a  c l a s s  o f  r o o t  I n f e s t a t i o n  w a s  a d d e d



asi many p l a n t s  s h o w e d  very s l i g h t  a t t a c k  w h i c h  e n a b l e d  a I n o r  

d i s t i n c t i o n  t o  b e  m a d e  b e t w e e n  n o n - l n f e e t e d  a n d  t h e  f i r s t  1 0  

I n t e r v a l .  T h e  o l a e s  n u m b e r s  t h u s  c om e  t o  d e n o t e :  1 * 0 - 5  

p e r c e n t  r o o t  i n f e s t a t i o n ;  ? *  5 -  *> 3   ̂ 1 K “  25 e t c . ,

s o  t h a t  t h e  m i d p o i n t s  o r  o l a e s  w e i g h t s  b e c o m e :  2 . 5  t ' <  1 0  2 0

e t o . ,  up  t o  SO <  ( h i g h e r  I n f e s t a t i o n s  d i d  n o t  o c c u r ) .

T h e  d a t a  o f  t a b l e  I X  sh ow u o  now ? o  d i f f e r e n t  f r e q u e n c y  

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

b e  f i t t e d .  T h e  n a t u r e  o f  t n y e e  d i s t r i b u t i o n s  i s  c o n t i n u o u s , 

w h i c h  r e s t r i c t s  u s  I n  o u r  c h o i c e  o f  p r o b a b i l i t y  l a w  I n  t h a t  t h e  

d i s c o n t i n u o u s  t y p e s , s u c h  a s  t h e  b i n o m i a l  a n d  P o l s s o n  s e r i e s ,  

t h e  n e g a t i v e  p o i n t  b i n o m i a l  ( P r e e n w o o d  t e  f u l e , 1 9 2 0 )  o r  t h e  

c o n t a g i o u s  d i s t r i b u t i o n  ( N e y m a n , 1939 ) an<  ̂ t h e  l i k e  a r e  s t r a i g h t  

a w a y  e x c l u d e d .  P e a r s o n ' s  f a m i l y  o f  d i s t r i b u t i o n s ,  h o w e v e r ,  

c o u l d  p o s s i b l y  o f f e r  % s u i t a b l e  p r o b a b i l i t y  l a w ,  s o  t h a t  I 

s t a r t e d  t o  c o m p u t e  uhe c r i t e r i a  ( s e e  E l d e r t o n ,  l 0 .?^) w h i c h  

1 r c e l y  f a c i l i t a t e  a s e a r c h  f o r  t h e  b e s t  f l t t l a g  o u i v e  a n d  s o

o b v i a t e  m uc h  u n n e c e s s a r y  w o r k .

E v a l u a t i o n  o f  t h e s e  c r i t e r i a  ( k )  I m p l i e s  t h e  c a l c u l a t i o n  

o f  t h e  f i r s t  f o u r  m o m e n t s  fm^ -  m^) a n d  t h e  f i r s t  t w o  s e m I n v a ­

r i a n t s  b^ a n d  b^,.

As  an e x a m p l e  I  g i v e  h e r e  t h e  c a l c u l a t i o n s  f o r  t h e  5 r e p l i ­

c a t i o n s  o f  t r e a t m e n t  V I .  The  s y m b o l s  d e n o t e :  Xj t h e  c l a s s  m i d ­

p o i n t s  ( w e i g h t s ) ;  f 1 t h e  c o r r e s p o n d i n g  f r e q u e n c i e s  a s  o b s e r v e d ;  

m p  mp, m y  m^ t h e  f i r s t  f o u r  m o m e n t s  a b o u t  t h e  o r i g i n ;  m^ t h e  

m e a n  and t h e  v a r i a n c e ;  a n d  t h e  t h i r d  a n d  f o u r t h

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

I n  t s M e  I I I  t h e  t o t a l s  o f  c o l u m n  a 6,  7 ,  « ,  9  d i v i d e d  b y  n 

( t h e  n u m b e r  o f  p l a n t s  I n f e s t e d )  g i v e  u s  t h e  f i r s t  f o u r  m o m e n t s  

a b o u t  t h e  o r i g i n  o f  t h e  c u r v e  f o r  r o o t  d a m a g e . T he  m o m e n t s  a b o u t

t h e  mean a r e  f o u n d  b y  t h e  f o l l o w i n g  f o r m u l a e :

m2-  mg -  (m|)2; -  m̂  -  + 2(m|)7 ; m4 -  m4 -  9 m ^  +
I . O I

+ 6(m^)hBg -  3 (mi ) lt

The sem I n v a r ia n t s  ar e  b ^  » ‘V  mo- and bg * m^m^ 2 *



I n  o r d e r  t o  o b v i a t e  u n d u l y  l a r g e  f i g u r e s  t h e  x 1 h a v e  b e e n  

d i v i d e d  b y  1 0 .  T h i s  i s  p e r a l e s i b l e  a e  I t  d o e s  n o t  o a u e e  a n y  

d i f f e r e n c e  I n  t h e  f i n a l  r e s u l t s .  M o r e o v e r ,  I t  ham t h e  a d v a n t a g e  

t h a t  a  v e r y  s i m p l e  c h e c k  on t h e  a r i t h m e t i c  c a n  e a s i l y  b e  p e r f o r m e d .  

I f  e . g .  0 . 1*1  »  a n d  ( -  1 )  *  y 1(  t h e  1 0 t h  c o l u m n  o f  t a b l e  I I I  

g i v e s  t h e  v a l u e s  o f  f i ^ V  S u m m a t i o n  o f  t h e s e  v a l u e s  g i v e s  

a n d  on e x p a n d i n g  t h i s  we h a v e :

3 f i ( y / )  ,  -  l ) k  * lS f i ( E i4 ) -  ^ S f^ r ,^ )  +

+ 63f i(z i^)  -  H8f^(ei) + 18fj.

I n  o t h e r  w o r d s :  i f  r/e m u l t i p l y  t h e  su m s  o f  t h e  c o l u m n s  5 ,

6 ,  7 , 8 a n d  9 r e s p e c t i v e l y  b y  t h e  f a c t o r s  + 1 ,  + 6 , - 4  a n d

+ 1 , t h e  sum o f  t h e s e  p r o d u c t s  s h o u l d  c h e c k  u p  a g a i n s t  t h e  sum

o f  c o l u m n  1 0 .
F o r  t r e a t m e n t  V I ,  b l o c k  1 ,  we  h a v e  now,  t a b l e  I I I :

*1 1 El 2 . 1’ - i 4 f l f l ( * l > f j U i 2 ) f l < z l 3 ) f i U i 4 ) c h e c k

0 . 2 5 0 . 0 6 0 .0 2 0 . 0 0 4 22 5 .5 0 1 .38 0 . 3 4 0 .0 9 6 .96

1 .0 0 1 .0 0 1 .0 0 1 .0 0 4 1 4 1 . 0 0 4 1 . 0 0 4 1 . 0 0 4 1 . 0 0 0 .00

2 .0 0 4 . 0 0 8 .0 0 16 .0 0 1 4 2 8 .0 0 5 6 .0 0 112 .00 2 2 4 . 0 0 1 4 . 0 0

3 .0 0 9 -0 0 2 7 .0 0 8 1 . 0 0 10 3 0 .0 0 9 0 .0 0 270 .00 8 1 0 . 0 0 160 .00

4 . 0 0 1 6 .0 0 6 4 . 0 0 256 .0 0 3 1 2 .0 0 4 8 . 0 0 192 .00 7 6 8 .0 0 2 4 3 . 0 0

5 . 0 0 2 5 .0 0 125 .00 6 2 5 .0 0 X 5 .0 0 2 5 .0 0 125 .00 6 2 5 .0 0 2 56 .0 0

b .00 3 6 .0 0 2 1 6 . 0 0 1296 .00 1 6 .0 0 3 6 .OO 2 1 6 . 0 0 1 2 9 6 .0 0 6 25 .0 0
‘ ------ -—

92 1 2 7 . 5 2 9 7 . 3 8 [ 9 5 6 . 3 % 3 7 6 4 . 0 9 1 3 0 4 . 9 6

c h e c k :  9 Z' - RIO . 0 + 1 7 8 4 . 2 5 - 3 8 2 5 . 3 8 + 3 7 6 4 . 0 9 - 1 3 0 4 . 9 6  

F o r  t h e  m o m e n t s  a b o u t  t h e  o r i g i n  a n d  t h o s e  a b o u t  t h e  m e a n  we

t h e n  f i n d :
(mg ) 2  -  2 ,2 6



r -

m:

— —

a n d  f o r  t h e  n e m l n v a r l a n t e :  =  2 .? 0  s

The c r i t e r i o n  l e  e v a l u a t e d  a s

b ! (b 2 + 3)2

5.50

-  1 . 4 5
4 (  2b g  -  3 b \  -  b ) ( 4 b g  -  3 b i )

S i m i l a r l y  t h e  n e c e s s a r y  p a r a m e t e r s  f o r  t r e a t m e n t  V I ,  b l o c k  2 ,  

a r e  f o u n d  t o  b e :

s
"3

(«y)Z

- I 5 8 1 . 2 7

a * 1 . 6 2

(m ^ )3 2 . 0 6

(m.| ) 2 .6 2

“ 2
2 . 2 3

m2
0 . 6 4

( » 2 )2 0 . 4 1

<“ 2 ) ' 0 .2 6

m,

- 5 .16

6 . 7 1

4 5 .  C l

1 4 . 6 4

2 . 4 1

3 . 7 4

IV

at

T r e a t m e n t  VI ,  b lo c k  3 , y i e l d s :

ml
(n;>2

(m|)3 

(m ^

4

” 2
(mg)2

(« 2)3

ml
(m'j*

( * : ) )

( . y

m 2
(Mg)?

1 .4 7
t

"3 -  11.93

2 .1 7 =3
™ 2.67

3-14 (my)

“ 4

2 .  7.10

4 .7 0 n 51A

3 .54 m4 a 13 .20

1-37 b l -  2.74

1.89 b2 -  6.99

2.59 k =■—'15 «02

n, b l o c k  4, a g a i n :

1.73
1

h3
-  21.63

3 .15 m3
= 5*62

m 5-59 2 « 31.63

B 9.93 ■i =nis .32

5.11 ml4. -  31.49

a 1.96 b l = 4 .23

3 .32 b2 ■ 8.2?

7 .'48 k -  -2 .97

F i n a l l y  we o b t a i n  f o r  t r e a t m e n t  V I ,  b l o c k  , ,  t h e  f o l l o w i n g  

c o n s t a n t s :

6- V'*



El

1
ml = 1.44 1m̂  = b.70

(m{)9 = 2 . OS m7 = 0.41

■ 2.99 ( )  ° = 0.17

(m{) U 4 .3 1 1ml4_ = 17 .86
1

m 2 SS 2.84 = I .69

m2 s 0 . 7 6 bl  = O.38

(m2 )2 O.5S b ,  „ 2.91
(m2 )7 0.44 k = -0 .2 4

Judging by the valuee of k, I t  w i l l  be obnerved that the 

frequency d is tr ib u tio n s  of VI^, VI^ and VI^ would suggest the 

f i t t i n g  of a type I d is tr ib u tio n , while for VI0 a Pearson type 

VI would be Indicated and for VI? a type III  curve.

At th is  stage I t  I s  hardly necessary to say that further  

p ersu lt  of th is  l in e  would be t o t a l ly  f r u i t le s s  as even 

within the ma e treatment no un iversa l d is tr ib u t io n  law can 

be detec ted . Moreover, the Pearson d is tr ib u tio n s  require a 

rather large number of parameters which In too many oases  

would Imperil the process of f i t t i n g  (ace page J } ) .  Besides, 

tne method of moments Is not a very a'curate means of curve 

f i t t i n g ,  so that, for  our purpose, the Pearson types of  

frequency d is tr ib u tio n  have to be t o t a l ly  discarded.

After many other unsuccessful attempts I came to  the 

general conclusion that tackling th is  problem by means of  

haphazard curve f i t t i n g  Is abso lu te ly  u s e le s s .  I t  Is ,  

a ctu a lly ,  a star tin g  from the end. But owing to lack of a 

p r io r i  knowledge regarding the behaviour of the larvae In n o i l  

uhere seemed to be no way out.

Only one opening remained, v iz .  a t r ia l  through Inductive 

reasoning.

Inspired by Prof. J .  Neyman's (IP^A) b r i l l ia n t  mathematical 

attack on some entomological and b a c te r io lo g ic a l  problems 

which resulted  In h is  formulation of a new c la ss  of "contagious"



diFtr' ’Jution, I embarked on an experiment In mind ( "Gednnk- 

enekBperlinent") .

Let us consider a certa in  volume of s o i l  (V) In which a

number ( e) o f  ootheoae la d is tr ib u ted  at random. In a given

time (t)  an average number ( 1 ) o f larvae w i l l  have hatched

from each egg mass, so that at th a t  time V w i l l  contain e l

larvae . We assume that, as the larvae hatch, they s ta r t  

crawling about In the s o l i  a t  random. In the time c ( reckoned 

from the beginning of hatching) the eelwoms w i l l  have been 

able to tra v e l  a maximum distance (a) away from the o r ig in a l  

egg mass. Since not a l l  the eggs hatched at the same time, 

there resu lted  a gradual release  of 1 eelworms frcm each p a c k a g e  

during the time t .  These 1 larvae , therefore, w i l l  occupy the 

volume of s o i l  contained in a sphere of radius a around eaoh 

one of the egg masses. As thn spheres of nearby egg massee may 

In tersec t  there w i l l  be an uneven d is tr ib u t io n  of eelworms In 

the volume of s o i l  under consideration (V).

Two questions a r ise  now: 1° what kind of d is tr ib u t io n  of  

the larvae w i l l  re su lt ;  and 2® how can th is  d is tr ib u t io n  be 

expressed in su itab le  terns?

To s ta r t  with the second question , I t  would be best f l  * 

to  arrive ac a p r a c t ica l  expression of eelwom density (or  

concentration) and then to see how the d e n s i t ie s  are d is tr ib u ted  

To divide V Into l i t t l e  cubes of standard un its  of volume w i l l  

be meaningless, since In that case the d e n s i t ie s  w i l l  be 

dependent on that (arbitrary) u n it  and vary with I t s  s i z e .  

Moreover, one would l ik e  to comm to  an idea of eelwom concen­

tra tion  In every point, throughout the volume V.

As the eelworms move about and a i s  very small, we may take 

the concentration in  each sphere to be homogeneous throughout

now most conveniently be taken as u n it ,  so that, when In a 

cer ta in  point, we find an In tersect ion  of 2 spheres, we have a 

density  of 2 ; I f  3 or more spheres are In tersect in g , the density  

WlH be accordingly. In other words, we w i l l  be able to express

the volume V a n d  of the order This density can 
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the eelworm denelty  in every point of the volume V in  whole

numbers or m ultip les  of the u n it  value or -  which i s4 7r a
s t i l l  simpler -  in terms of the number of ootheoae found in a 

sphere with radius a around the point in  question .

Figure 1 showj a two-dimensional s im p li f ic a t io n  of the 

above argument and may be considered as an i l lu s t r a t io n  of a 

cross sec t io n  through V. The red dots, Jotted down a t  random, 

represent egg masses, the c ir c le s  with radius a are drawn around 

the po in ts  o f  which the density i s  required and by counting the 

number of red dots in each of th ese  c ir c le s ,  we find the density  

as ind icated  in  th e ir  centre p o in ts .  I t  should be rea lised  that  

these f igu res  denote d e n s it ie s  in  these spots only and not of 

the whole area of the corresponding c ir c le s ,  s ince density

naturally  var ies  from point to  po in t throughout the square X.OD 

I f  now (as shown in  table IV) a frequency d is tr ib u t io n  i s  

drawn up of the points considered in f i g . l ,  we observe a very 

good f i t  with the Polsson ser ie s  (P -  0 .68 , which i s  nighly  

s ig n i f ic a n t )  .

T l

x i
oba.

f l
exp.

*1 d i f f .

0 1 2 .9 6 I .96

1 10 9 . 8 0 0 . 2 0

2 21 1 6 .2 2 4.78

3 18 1 7 .8 8 0 .1 2

4 11 14.80 3.80

5 9 9 . 8 0 0.80

6 7

7 2 9 ! 54 1.46

a 1

9 1

*i a density f i

Table IV.

oontrib.
to'X2

d if f?
e x p .f i

3 .84

0.04
9:85

0 .01
I T M  
14.1_ .44
n m

0.64
9785

2.1

frequency

T heoretica lly  a Polsson d is tr ib u tio n  might have been 

expected n p r io r i ,  but here i s  at le a s t  some evidence of th ic

- fs' fES: - r:ag

0.00

■



Though a in dependent on the unknown t  and 1 Is Indeter­

minate I t  should be borne In mind that, the d e n s i t ie s  expressed  
3 1 ,

In un ite  T r r  a are only r e la t iv e  f igu res , Independent of the 

true value of the u n it , so that the advantage of th is  concept 

( > remains In the fa c t  that we now deal with natural u n its  

and not with arbitrary, a r t i f i c i a l  ones as would be the case  

when actu a l numbers of eelwoms had to be re la ted  to other  

units of volume. Furthermore, when remembering that accurate  

counts of eolworm larvae In the s o i l  were im possible, th is  

appears to be a quite p r a c t ic a l  u n it  as w i l l  be seen p resen tly .

Returning to our u n it  of s o i l  (V), one may ask what wouM 

happen when a number of growing root t ip s  tr a v e l  through I t .

At d if fe r e n t  points In V these r o o t le ts  w i l l  meet with varying 

eelwonn concentrations so that (a f t e r  penetration o f the larvae  

Into the roots) g a l l s  w i l l  be formed that contain correspondingly 

varying numbers of eelworms. Allowing for a contain amount of 

ohomotaxls, but r e a l i s in g  that Invasion does not tt,k* place in  

every point of V (so  that a number of larvae -  while lim ited  

In th e ir  range of tr a v e l l in g  -  may not find the host) we oome 

to the nonoluslon that a root system, developing in V, w i l l  

take a random sample (In the form of root knots) of the eelwonn 

population In V, according to the d is tr ib u t io n  of I t s  d e n s i t i e s .  

In other words: the d is tr ib u tio n  of eelworms In the g a l l s  of  

that root system w i l l  represent a true p icture of the eelwonn 

population of V which we should be able to estim ate from I t .

I f ,  therefore, the d is tr ib u tio n  of eelwonn d e n s it ie s  Is  

a Poisson se r ie s ,  the d is tr ib u t io n  o f eelworms in  the g a l l s  

should a lso  be a poisson. This one might ver ify  experimentally  

I f  we had a n otion of the meaning of "galls  w ith zero larvae11. 

The expression between uarenthesee sounds nonsensical and 

aopearn as a contrad lo tlo  In termlnxe, since g a l l s  are only 

formed as a re su lt  of eelwonn invasion . But actu a lly  the 

concept Is not so s i l l y  as i t  seems at f i r s t  s ig h t  If one 

considers the fo llo w in g .



Let m be the number  of true g a l l s  on the roots of a hoot 

plant ( t h e  root s y s t e m  of which occupies V) In fested  with the 

c la sse s  o f  g a l l s ,  g^ ( I . e .  1 = 0 ,  1 ,  2 ,  3» • • • •  eelwoms per 

‘' g a l l 1'), then we w i l l  have

s nf .  ( i )m 1*1 1

In which the f^ are the frequencies. I f  further M denotes the 

t o t a l  number of "galls" (or rather ro o t .u n i t s  that could 

possib ly  be In fec ted ), we find

™ -  i = o f i  ,2>

Subetractlion of (1) from ( 2 , y ie ld s  then

M -  m » f Q ^  ^

Let now q be thr mean of the assumed polsson d is tr ib u tio n ,

then we define

q = j f c o V l  (M
M

and the probab ility  d is tr ib u tion  o f g  ̂ would be
1

-q Q , c .
?(«,) - • s IT 151l i o l l

The f r e q u e n c y  d i s t r i b u t i o n  Is  th e n

q1
P(g l ) = Me £ qT I ( 6 )

”0 th"t  f 0 .  M.-S (7)

S u b s t i t u t i n g  ( 7 )  I n t o  ( 3 )  g i v e s :

M -  m = Me~q or ?  «- (1 -  e” ^ )

The q u o t i e n t  I  I s  t h e  p r o p o r t i o n  o f  r o o t  u n i t s  I n f e s t e d  

an d t h i s  I s  a m a g n i t u d e  t h a t  can b e  e s t i m a t e d  when e x p r e s s e d  

I n  t e r m s  o f  r o o t  dam ag e .

From ( 8 ) we d e r i v e

q * - l n (  1 -  m/M) O )

S l n o e  we as su med  F t g ^ )  t o  be  r e p r e s e n t a t i v e  o f  t h e  e e l w o m  

d i s t r i b u t i o n ,  q s h o u l d  g i v e  u s  an e s t i m a t e  o f  t h e  mean o f  t h e

e e l w o r a  p o p u l a t i o n  In V. Equat i o n  J'1 ^ r e ^

primary re lat ion  b @ t w e ^ n _ e ( # o r m , P 1 on and rpojLdamage.



When le  the obBerved root damage, two probleme remain 

to be solved , In order to  arrive a t  a lav of d is tr ib u t io n  fo r  

root damage.

In answering the f i r s t  question we have to admit that the 
m m

re la t io n  between m and x Is rather vague, as in p ractice  M Is

not measured but e s t imated . This Implies the Introduction of

a persons! fa c to r  of judgement as w ell as some e la t io n  between

factu a l phenomena and sensory Impression. However, In the law

of Weber-Feohner we fin d  an expression o f such re la t io n ,  so

that, when we put

q = axb (10)

we have

log q = log a 4 blog x (11)

and f in a l ly  by virtue o f  (9)

e -a*b = 1 -  b/M (12)

In equation (11) which may be considered as the second­

ary r e la t io n  between eelwonn population and root damage, more 

s p e c i f ic a l ly  estimated root damage -  the regression coef­

f i c i e n t ,  b, w i l l  represent the "personal factor  of Judgement" 

and log a the "threshhold of sensory stim ulation or Impression" 

(= the minimum Infection  d e tec ta b le ) .

Regarding q (the mean of the Poleecn d is tr ib u t io n  of larvae  

In the g a l l s  o f  a s in g le  p lant), we have to r e a l iz e  that q, 

being d ir e c t ly  correlated  with the to t a l  capacity of the root 

system o f the host and therefore In d irectly  with the volume of  

s o i l  (V) occupied by th a t  root system, w i l l  Increase or decrease  

with V. In other words: taking e l l  the plants of a seedbed 

together, «e must expect the eelwonn d is tr ib u tio n  In the g a l l s  

of th is  assoc ia t io n  of plants to be of a d if fe r e n t  type than 

the d is tr ib u t io n  of eelworme In the root hnote of a s ing le  

plant, as a r e s u lt  of the d is tr ib u tion  of q. Instances of th is  

kind have been extensively  Investigated and very often the 

observed f r e q u e n c i e s  coincide duly with the expected values from 

a negative point binomial (Greenwood & Yule, 1920). This



p r o b a b i l i t y  d i s t r i b u t i o n  in  b a e t f  on th e  annum ptlon t h a t  th e  

d i s t r i b u t i o n  of th e  meane of th e  d i f f e r e n t  c o n s t i t u t i n g  P o isson  

s e r i e s  In  th e  I n d iv id u a l s  o f  th e  a s s o c i a t i o n  fo l lo w s  a Pearson

type I I I  o r  gamnia d i s t r i b u t i o n  ) •

Thus the  p resum ption  o f  a  s i m i l a r  d i s t r i b u t i o n  of q In  th e  

c a s e  a t  hand seemed p r o f i t a b l e .  O m it t in g  th e  I n t r o d u c t io n  of 

u n n ece ssa ry  new and unknown p a ra m e te rs ,  I c o n s id e re d  the  Pearson 

type  X, o r  e x p o n e n t ia l  d i s t r i b u t i o n ,  which a c t u a l l y  I s  a s p e c i a l

c a s e  o f  th e  type III  •
C o n tem p la tin g  now th e  I n t e g r a l

P(q) -  k j "  ( e )

, 1 1 1  have to a n a ly s e  th e  d e n o ta t io n  o f  k. I t  s i l l  be Been 

f r o .  ( 1 3 ) t h a t  when q ie  t e r o  p (q )  -  k, whloh shows t h a t  k has 

no p h y s lo a l  meaning, b u t  may be d e f in e d  a s  th e  p r o b a b i l i t y  o f  

„  b e ing  i n f i n i t e s i m a l .  O bviously  to o ,  k I s  th e  r e o lp r o o a l  o f

th e  mean of (1?) *

From e x p re s s io n  (10) we d e r iv e

dq .  a b x ^ d x  (14)

which on s u b s t i t u t i o n  I n t o  ( 1 3 ) y i e l d s  the  p r o b a b i l i t y

P,T1' * k i .
and f i n a l l y  th e  frequency  d i s t r i b u t i o n  of observed  ro o t  damage 

in  r  | th e  number of p l a n t s  i n f e s t e d )  w i l l  be

F (x 1 ) -  n J  kabxb" 1e - kaxbdx ( l b)

S im p l i fy in g  by p u t t i n g  ka « o, e q u a t io n  (16) w in  tak e

th e  f 0 n “ F (x1 ) .  n ^ c b x - e ^ ^ x  d 7 )

d is tr ib u t io n  of x - * ( 1 5 )

lu s t lfy In g  th is  assumption".
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with the understanding that, when x le  expressed In percentage 

of root damage
f o b x b ~ l e - c x b d X £  o b x ^ e ^ ^ d x  ( 18 )

This r e s u lt  (13) appeared promising s l n c |  Mr. H.3. S lch e l,  

to whom I previously showed the data of an extensive  f i e ld  

experiment, em pirically  f i t t e d  the ogive of my observations to  

the expected values of
y . n e - P * V q C 9)

which on appropriate rearrangement of the constants la  Id en ti­

ca l  to the integrated formula (1 7 ) .  I therefore adopted In the 

fo llowing t e s t s  an adequate method of ogive f i t t i n g ,  as shown 

by Mr. S loh el,  based on the p r in c ip le  of h is  "method of fr e ­

quency maments" (S lch e l ,  W ) ,  which Is explicated  In the

appendix•
For the seedbed experiment tab les  V to XXXIV below give  

(together  with the X2 t e s t  of s ig n if ica n ce )  a comparison 

between the observed frequencies of tab le  II  and the expected

v a lu e s  from the ogive
( 20 )ne,-ox1-

Table V: treatment 1%

?1

0 .0  367

0 . 5  751 .1

1 .5  370.5

2 . 5  I R l . l  

3 -5  30.3

o n lc . obe. di_ff?
f t f 1 d l f f . e x p .f i

m e  

m b

11 5 .9  102 

3 8 0 .b 392 

2U-6.4 257 

93.8 91

13.9

11.4

10 .6

2 .8
847.

22.451

contr lb .
to X 2

1.67

0.34

0.M6

0 . 0 3
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Table VI:  t r e a t m e n t  I g

c a lo . obe.
X1 ?1 f l f l d l f f .

0 .0 242
697 1 .6 2.6

0 . 5 170.4
106 0.3106.3

1 . 5 64.1
454 3 .5 1.5

2 . 5 20.6
14.7

•
19 •

3 . 5 5-9
4.3 2 1

4 . 5 1.6 •
1 .2 0 1.4

5 . 5 0 .4 •
0.3 1 •

6 . 5 0 . 1 •
0 . 1 0 •

7 . 5 0 .0 ■ —

24-2.0 24-2

d l f f ? c o n t r l b .

b.?6rrrt
0.09  

T 5 F T  
2.2c

o.9b

0 . 0 9  

o .00 

0 . 0 5

o . i o

X! 0 .24  P = 0 .64

Table V I I : t r e a t m e n t  I-j 

calc • oba.
x i y i f i f l d l f f .

0 . 0 199
65 1 . 563*5

0 . 5 135*5
7 8 .5 76 2 .5

1 , 5 5 7 .0
3 4 . 2 32 2.2

2 . 5 22 .8
13*9 18 4.1

3.5 8.9
5.5

•
7 *

4.5 3 .4 •
2.1 0 •

5 . 5 1*3 0.8 0 0*9
6 . 5 0 . 5

0.3
•

0 •
7 . 5 0 . 2 •

0 . 1 1 •
8.5 o . l •

0 . 1 0 •
9 . 5 0 .0

d l f f ?  c o n t r l b  
d l f f .  expT ?^ t o  \

199-0 199

16.81

0 .8 1
s'.T ' 0 . 0 9

1 .5 6  p 0.4?
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Table V III : treatment l^

oalo . obe.

0 .0 245

177 .4
6 7 .6 570 . 5

1.0 2 .9 125
1 . 5 7 4 . 5

46.9 ;U
2 . 5 27.6 CXJ

rH

17
11

3-5 9 .4
f  ,4

4 . 5 3 .0
2.1 3

5 . 5 0 . 9
0 .6 1

6 . 5 0.3
0 .2 0

7 . 5 0 .1
0 .1 0

8 . 5 0.0

d l f f ?
d l f f . exp .fj

-------------

10.6
112.36W»ir
486.41

22 .1 To a l l
252.31

15.9 %  T"
A .44

1 .2

oontrlb .  
to X5

1.66

4.75

5-39
0.03

5.6 3-34

245.0 245 xi 15 .2 2  p < 0 . 0 0 1

Table ix:

o a lo . obe
xi yi  f l f l

0 . 0 24c
1 1 1 .2 121

0 . 5 128.8
99.1 82

1 3 29.7
23.6 37

2 . 5 6 . 1
4.9 0

3 .5 1 . 2
1 . 0 0

4 . 5 0 . 2
0 . 2 0

5.5 0 . 0 _____

240.0 240

dlff? 
d l f f .  expTf^

oontrlb .
to

9.6

17.1

7 J

292.41
0.36

1.79

\ q -  5 .60  no cr iter io n
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Table X: treatment I I ]_

e a lo . obe.
*1 4 f l d l f f .

0 .0 40
0.910 .9 10

0 . 5 29.1
1 4 .5 16 1.5

1 . 5 14.6
7 .5 9 1.5

2 . 5 7-1 •
3 .7 2 •

3 . 5 3 .4 »
1 . 8 2 •

4 . 5 1.6 •
0 . 8 0 2.1

5 . 5 0.8 *
o .4 0 •

6.5 0 .4 •
0 . 2 0 •

7 . 3 0 .2 *
0 . 1 1 •

8 .5 0 . 1 •
0 . 1 0 •

9 . 5 0.0

40 .0 40

d l f f  ?

0.81
1979"

2 . 2 f

contrlb .  
to \ 2

0 . 0 7

0 . 1 6

0O 0

4.41
T T - 0 . 6 2

<1 1.15

Table XI: treatment IT 0

*1
o a lo .

n  f i
obe.

f i d l f f .

0 .0
^  3 0 . 5 28 2.5

0 .5
9:,‘ K 50 .3 54 3-7

1.5 42.2
2R.2 24 1.2

2 .5 17.0
10.7 12 1.3

3 . 5 6.3 , •
4 .1 2 *

4 .5 2.2
1-5 1 1*3

5 . 5 O

c <J1 0 .
6.5 0 .2 *

0 .1 2 »
M 0 . 1 •

0 . 1 0 *
8 . 5 0 .0

1 2 3 .0 123

b.2i

T 57T

i f

0 . 2 0

0 .2 7

0 .5 7

0 .16

0.27

0.29

d l f f  V oontr^b. 
exp .7^ to \

Xj = 1 .4 f  P = 0.49
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Table XII: treatment 1 1 -̂

I f  -

?!
c a l c .

f .
obe.

d l f f .
dl f f ?
9;.p.

0 . 0 120
27-6 29

0 . 5 92.4
4d51.9

1 . 5 40.5
25.9 22

2 . 5 14.6
10 .0 18

3 . 5 4 .6
3-3 3

4 . 5 1.3
1.0 0

5 . 5 0.3
0 .2 0

5 .5 0 .1
0 . 1 0

7 . 5 0.0

1 2 0 .0  120

Table XIII: treatment I I 4

xi f i
o a lo . 

' l
obe. 

f l d l f f .

0 . 0 88
29.7 29 0.7

0 . 5 V-fl.3
44.0 44 0 .0

1 . 5 l't .3 ,

2 . 3 2.3
1 2 .0 12

: ■
2 .0 3 0 .7

3 .5 0 .3 •
0.3 0 •

4 . 5 0 . 0

8 8 .0 88

Table XIV: treatment

oalo . obe.
x i ? ! f l f l d l f f .

0 . 0 27
5 .4 4 1.4

0 . 5 21 .6
1 2 .6 15 2.4

1 . 5 9 . 0 .
6 .4 6 .

2 . 5 2 . 6 .
2 .0 1 1.0

3 .5 0.6 .
0 .5 0 •

4 . 5 0 . 1 .
0 ,.'. l ♦

5*5 0 . 0

. ■ •"

'

40.96
14:6

d lf f^ con tr lb .

0 .00

\   ̂ « 0 .05 no cr iter io n

d l f f? oontrlb  
to %%

0.11

0-93  no c r iter io n

■ -

-■
x  -
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Table XV: treatment I I I ]_

d l f f ?

0 .0  100 

0 . 5  65 ,0

-

c a l c . obe.
X1 y i f i f l d l f f .

0 .0 15
7 . 7 8 0.3

0 . 5 7 .3 •
6 .6 6 .

1 . 5 0.7 .
0 .7 1 0.3

2 . 5 0 .0  ___ —
1 5 .0 15

Table xvi: treatment

c a l c . obe .
% ?1 f l f l d l f f .

0 .0 158
46.3 43 3.S

0 . 5 111.2
90.3 95 4.7

1 . 5 20.9 .
1 9 .2 15 •

2 . 5 1-7 •
1.6 4 0 .9

3 . 5 0 . 1 .
0 . 1 1 •

4 . 5 0 .0

t i  oontrlb .
r?! to x 2

0 . 0
0 . 0 1

0 . 0

X 2 = 0 .02  no c r iter io n  x0

d l f f ?
e x o T T ,

oontrlb .
to

m m

14.44
?&T3-
22.09

0 . 3 1

0.24

0 .31
7 0 . T 0.04

153.0 153 X q ■ 0 .59  no cr iter io n
r

-  •V

Table 

c a l c .
f l

XVII: 

obe.
f l

treatment III-j

d l f f ?  
d l f f .  exp.f^

oontrlb .
to  X

k? 43 0.0
0.64

0.00

46.2 49 0.8 4K.5" 0 . 0 1

13.2 8 • 0.64
2.9 7 0.3 T5VS" 0 .04

0 .6 l •

0.1 0 *

108.0 108 \ o 0 0 .05  no

' V

t



Table XVIII: treatment I I I ^

0 .0 

0 .5

1 .5

2 .5

3 .5

4 .5

5 .5

0.0

0 . 5

1 . 5

2 . 5

3 - 5

k.5

c a l o . o b e .
* i y i d i f f .

d l f f ?  c o n t r l b .  
exp .7  ̂ t o  X<2

114

66.3
4 7 .7 50

5 1 .2 52
1 5 .1

12.1 7
3 . 0

2 .4 2
0 .6

0 .5 2
0 .1

0 .1 1
0 .0

114.0 114

2-3

0.3
6 ,6 4

3IT T

0 . 1 1

0 . 0 1

0 .64

O.76 no c r i t e r i o n

T a b l e  XIX: t r e a t m e n t  I I I

c e l o .  o b e .
d l f f .

5

exp.f^
d l f f ? o o n t r l b .

to

32
7 .9 8

24.1
16.1 15

8 . 0
6.3 9

1-7
1 .4 0

0.3
0.3 0

0 .0 -----

3 2 . 0 32

0.1

1.1

1.0

0 .0 1T-T
1.21

i& r r

1 .0 0
%:5-

0 .0 0

0.08

0 .1 3

\ q m 0 .21  no c r i t e r i o n
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Table XX: trea tm ent  IVi

— ___ .

L ;

c a l o . o b e .
X1 y i f l f l

0 .0 347
616 5 .8

0 . 5 281.2
143137.0

1 . 5 144.2
81 .3 68

2 . 5 62 .9
54

24.6
38.3

3 . 5
I 5 .8

5.3

12
4 . 5 8 .8

5
5 . 5 3 .0

2.7 2
6 . 5 0 .9

0 .6 3
7 . 5 0 . -

3 . 5 0 . 2
0 .1

0.1 0
9 . 5 0 .1

0.1 0
1 0 . 5 0 .0

d i f f .
d l f f ?
i x p ^

contr^b,

4.8

6.0

13-3
I 5 .7

3-3

23.04

39

O.35

0 .2 6

2.18

6.44

0 . 9 I

3 4 7 . 0  347

Table XXI: treatment  IV?

o a l o . obe .

0.0

381.7

130.9
104.0

5 0 7 .O

0.04
FTS" 0.01

X I
10.15 0 . 0 2

d i f f ?
d l f f .  expTf1

o o n t r l b
to

8 6 . 
T55".;
1 2 5 .4 4  
23-3 .3-  

16.00 
losr .o -  

fa. 25y&r

0 . 0 1

\ 2  " I '?? 0.46
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Table XXII: treatment IV.

o a lo . obe.
? !

d l f f ?  
d l f f .  exp.T^

1

oontrlb .
to

311.9

129.2

10 3 .1  97

182.7 201 

76 

30 

9 

5 

2 

0 

0

420.0 420

1 1 .1  t B t t -

18 .3  m ; f
68.89

8.3  w f r r
1 .0 0

1 .0  3 r.1T

4.41

-  4 .14  ? .  0 .13

Table XXIII: treatment IVj4

X1 71

0 . 0 271

0 . 5 2 1 2 .6

1 , 5 100 .9

2 . 5 40.7

3 5 14.7

4 .6 4.9

5 . 5 1.5

6 . 5 0 .4

7 . 5 0 . 1

3 . 5 0 . 0

oalo . obe.

I 1

53.4 46

111.7 135 

6 0 .2  33

d l f f .
d l f f ?
exp .l^

oontrlb .
to

2 6 .0

9 .8

3 .4

1.1

0-3
0.1

34

3

9
1

0

0

12.4

23.3 tHTT2  
492.84  

2 2 .2  6 0 . 2 ' 
64.00  

8 . 0  26 .0

f
3 . 3

).S9
c r

10.8  
I4‘

2 .6 3

4 .8 6

8 . 1 9

2.46

0 .74

271.0 271 X 22 18.88 P < 0 .001
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Tablfl XXIV; t r e a t m e n t  I V E

X1 *1
o p 'j .

f l
obe. 

f l d i f f .
d l f f ? con fcrl: 

to i ?

0 .0 425 36.00
154.0 146 6 .0 i t r i c r 0.23

0 . 5 27 1 .0 112 .30
207.4 218 1 0 .6 2 0 7 .4 0 .54

1 . 5 6 3 . 6 07 .2 4
53.2 45 8 . 2 3̂ . 2 1 .2 6

2.5 10 .4. •
9-1 9

3 .5 1.3 , 1 2 .9 6
1 . 2 3 3 .6 15.4 1.25

4 .5 0 . 1
0 . 1 2 ,

5-5 0 . 0

425.0 425 X I -  3-28

b.

0.07

Table XXV: treatment V^

o a lc . obe,
X1 ? ! f . d l f f .

d i f f  ? 
e^p"7f1

oontrJ,b. 
to \ -

0 . 0 702

0 . 5 621 .2

i j 36 9 .3

2 . 5 174 .9

3 . 5 69 .6

^ . 5 24.0

5 . 5 7 .2

b .5 2 . 2

7 . 5 0 .5

8 . 5 0 . 1

9 . 5 0 . 0

80.8 73 7 . 8
60.84
I d .8 0.75

251.9 258 6 . 1 0 . 1 5

194.4 210 1 5 .6 1.25

IO5.3 97 8 .3
68.89

O.65

45 .6 37 8.6
1 L1I 6

1 .6 2

16.8 18 1.2 0.09

5.0 4 •

1.7 2 3 .2 4 0.45

0 .4 3
1.8 7 . 2

0 .1 0 •

7 0 2 .0 702 4.96 0.29

• %
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Table XXVI: treatment V

o a lo . obe

2

<3.1 f fy  oontrlb .
d l f f .  exp to \ L

X
. l'JT.

0 .0 79
22 .6 20

0 . 5 56.4
35.1 4o

1 . 5 21.3
14.6 10

2 .5 6.7
4.8 7

3 . 5 1-9
1.4 1

4 . 5 0 .5
0 .4 0

5 .5 0 .1
0.1 1

6 .5 0 .0

79.0 79

Table xxvi i :

o a lo . obe.
X1 ?! f l f l

0 .0 699
200.1 191

0 . 5 496.9
305.3 317

1 . 5 193. b
129.6 126

2 . 5 64.0
<4!.9 48

3 . 5 19.1
I3 . 8 10

4 . 5 5 0
3*9 2

5 .5 1.4
1.1 4

6 . 5 0.3
0 .2 1

7 . 5 0 .1
0.1 0

8 . 5 0 .0  _

699.0 699

2.6

4.9

4 .6

2-3

24.01

i f . r

0 . 3 0

0 .68

1.417

0 . 7 9

x? 3*22 P ™ 0 .08

treatment V-,

d l f f .
d l f f ?  oontrlb  
expVfj  ̂ to

9 .1
82.81

0.41

11.7 0 .45

3 .6 i M # o . l o

3 .1 0.21
14.44

3 . 8 1378- 1 .0 5

l ib 0.48

x | - = 2.70



T a b l e  XXVIIT: tr e a tm e n t ,

1 .5 169 • 5

0 . 0  251 

0 .5  209.1 

1 .5  111.3

calo • obe. d l f f ? oontrlb .  
to \ 2

f l f l d i r f .

iui.7 41 3.7 0.31

1 4 3 .8 147 3-2
10.24

T43-.3- 0.07

1 0 1 .8 92 9 . 8
96.04  

l o l . #  ‘ 0.94

46.4 60 1 3 .6
184.Q6
HKT.lT 3-99

15.9 13 2 .9
8.41

w . r 0.53

4 .3

0 . 9

3
2 0 .4

0.16
0.03

0.2 0 •

358.0 358 M -  5.37

Table XXIX: treatment ’'5

oalo. obe. d l f f ? oontrlb

f l f l d l f f . e x p . f i to V

62.41
41.9 34 7-9 4 I- .T 1.49

97.* 110 12.2
148.84

1.52

62.0 57 5.0 0.40

3 0 . 1 30 0.1
0 . 0 1

y o .i
0 . 2 5

0.00

12.5 12 0.5 T5.3 0.02

4.5

1 .6

5

3
0.25

0 .4

0 .2

251.0

0

0

251 x| ■ 3 * 68

0 . 1 2

0.30

■
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Tm.ble XXX: t r e a t m e n t  VI ^

o a lo . obe
yi f l f l

92

6 7 .9
24.1 22

3 0 . 7
37-2 41

12 .5
18.2 14

4.8
7.7 10

1*7
3 .1 3

0 . 6
1 .1 1

0 . 2
0.4 1

0 . 1
0 . 1 0

0 . 0
0 . 1 0

o od l f f ?  _____
d l f f .  e )5 7 f1 to \

ntr^b.

4.41
2 . 1 FT.T' 0.18

14.44
3-8 37V2- 0.39
4.2

17.64
i r . 2_ 0.97

2.5
b.25

T 57T 0 .5 0

92.0 92 \ l  -  2 . 0 4  P -  0 .1 6

T a b l e  XX XI: t r e a t m e n t  v i r .

o a lo . obe.
*1 y l f l f l d l f f .

0 . 0 608

492.4
H 5 .6 95 21 . wO.t)

1 . 5 186 .7
305.7 333 27.3
142.8 133 9 .6

2.5 43 .9
3 6 . 8 4o 3 . 2

3 .5 7.1
6.3 54.5 0 . 8
0 .7 1 0 . 1

5-5 0 . 1
0 . 1 1

0 . 5 0 . 0

6 0 6 .0  606

m
96.04

w r r *
10.24
Tb.TT

0 .0 1
TTT

2
2

oo n tr lb .  
to \ 2

3 .67

2.44

0. 6?
0 .26

0.00

* 7*06 0 .03



—  72 —

T a b l e  XXXII i t r e a t m e n t  V I ,

o a lo . obe
H ? ! f l f l

0 . 0 228
52.1 %3

109
0 . 5 175.9

92.1
1 . 5 8 3 . 8

48.8 35
2 . 5 35 .0

21.6 25

12
3 .5 13.4

8 .6
4 . 5 4.8

3-1 3
5 . 5 1.7

1.2 0
b . 5 0 .5

0.3
0.2

0
7 .5 0 .2

1
8 .5 0 .0

228 .0 228

d l f f .

9 .1
I 6 .9

1 3 .6

3 .4

2.6

d l f f ?
expT?^

8 2 .81
5 2 r r

285.61
"l2*.T-
190.44
"tgVV-

11.56
?I7b

b . 7 6
T v . r

oontrlb .  
to \ 2

I .5 9

3 .1 0

3 .9 0

0 . 5 4

O.5 0

9 .6 3  P <  0 .01

T a b l e  X X X I I I : treatment V I ^

o a lo . obe. d l f f ? oontrlb  
to \ 2xi *1 f l f l d l f f . exp.?i

0 .0 329
51.0 32 19.0 7*08

0 .5 278.0 876.16

158.6
119.% 149 29 .6 n9'.1 | 7.34

1 .5 16.00
81.0 85 4.0 m r . T 0.20

2.5 77.6 108.16
43.lt 33 10.4 "43-.Tr 2.49

3 .5 3 4 .2 53-2220.3 13 7-3 2013 2.48
4 .5 13.9

8.7 6 2.7 I f 0.84
5 .5 5 .2
6 . 5

3 .3 5 ,
1.9 .

7 .5 0 .6
1-3 2

5!s 6.47
0 .4 4 .

8 .5 0 .2
0.2 0

.
9 .5 0 .0 ___

2 6 .9 0  P <0 .001329.0 329

__



Tflble XXXIV: trea tm en t VI^

c a l c . obs. d i f f  v contrib

*1 ?! f l f l d i f f . exp . ? i to \ ‘~

0 .0 297 44.5 48 3 -5 0 .28
0 .5 252.5

134.0 122 12 .0
144.00
I 3T .0” 1.07

1 .5 118.5
80.6 92 11.4 1 .61

2 .5 37 .9
29*0 30 1 .0

1 .0 0
^ . 0 ' 0.03

3 »5 8.9 •

4 . 5 1 . 6
7.3

1.4
5
0 3 *9 2.08

5 . 5 0 . 2 •
0 . 2 0 «

6 .5 0 . 0 —

297-0 297 l i -  5.07

In the c r i t e r ia  above the aubeorlpt to \ 2 Cenrtoe the 

degrees of freedom for  entry In a tabl? of X2 . In a l l  oaeee 

3 degrees of freedom had to  be eubetraoted from the number of 

comparable c la s s e s ,  as three con stra in ts  are imposed by the 

parameters of the d is tr ib u t io n ,  v ie .  one for adding up to n 

o f  the expected frequencies and one for  each of the constants  

computed, in oaeu o and b r e sp e c t iv e ly .  The l im it  of s i g n i f i ­

cance has been conventionally taken a t  the 5 # level of P, i . e .  

a t  lower le v e l s  of P our hypothesis i s  rejected , at higher ones 

accepted as s ig n if ic a n t ly  in agreement with the experience.

in s p e c t io n  o f  ta b les  V -  XXXIV shows th at  out of )0  

d i s t r ib u t io n s ,  8 l e f t  no u r iter lo n  by means o f  V ,  namely I 5 ,

I I 4, I I 5 H I l ,  I I I 2' m 3- n I  ̂ and i n 5J thOUgh U  1,1:1 be 
seen that a t  l e a s t  I l 4, I I I p  H Ig ,  H I ,  and 111% gave ,1 very 

good f i t .  Nevertheless we w i l l  disregard a l l  e ig h t of them

in  the d iscu ssion  below.
Of the remaining 2? d is tr ib u t io n s ,  then, another b ( I 4, 

IV1, IV4, VI2, '7I3 and VI4 ) had to be discarded on account of  

the values of \ 2 , so th a t ,  eventually , in 16 oases the 

observed frequencies were s ig n i f i c a n t ly  coincident with the 

expected values from our d is tr ib u t io n  law for  root damage.

This resu lt  i s  very sa t is fa c to r y ,  e sp ec ia lly  on



c o n s i d e r a t i o n  o f  t h e  n o r t  o f  t h e  \  c r i t e r i o n .  One f iho i i1

r e a l i z e  t h a t  t h e  f o l l o w i n g  f a c t o r s  a r e  o f  I n f l u e n c e  on t h e

g o o d n e s s  o f  f i t :  a )  " c h a n c e "  ( P ) ;  b )  a n r o l l r . -• a n d  o ) h y p o t h c o l o .

A o r l o r l  5 ( »  1 . 1  o u t  o f  ? 2 )  o f  t h e  f i t s  may b e  e x p e c t e d

"bad" n s  n r e s u l t  o f  " c h a n c e " . S i n c e  m o r e  t h a n  t h e s e  w e r e  

f o u n c  t o  b e  r e J e n  t a b l e ,  o n e  may a r g u e  w h e t h e r  t h i s  I s  d u e  t o  

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

o o n c e ^ p f l , ! T n f o r t u n ' ’ t e l y  t h e r e  i s  n o  s t a t i s t i c a l  m e a n s  o f  

J u d g e m e n t  on t h i s  p o i n t ,  b u t  a  p l a u s i b l e  d e c i s i o n  w i l l  s o o n

e m a n a t e  f r o m  I n s p e c t i o n  o f  t h e  d a t a .

I f  t h e  l a s t  c o l u m n s  o f  t a b l e  V I I I ,  XX, X X I I I ,  XXXI, XXXII  

a n d  X X X II I  A r e  s c r u t i n i z e d , t h e  c l a u s e s  w h i c h  y i e l d  r a t h e r  h i g h  

c o n t r i b u t i o n s  t o  X " ° * n e a s l l * *  d e t e c t e d  and I t  w] 11 t h u o  b e

s e e n  t h a t  n o  d o u b t  I s  l e f t  s' i n g  t h e  r e s u l t  t o  bad

samp H r .  . O b v i o u s l y  n o  pr o b & b  ... 'aw w i l l  f i t  t h e  s h a r p  p e a k s

I n  t h e  e m p i r i c a l  d i s t r i b u t i o n s  h e ^ p  a t  - a n d .

One s h o u l d  n o t  w o n d e r  a t  t h e  h i g h  *0"* a *.3 o f  b a d

s a m p l i n g  w h e n  I t  i s  r e m e m b e r e d  t h a t  t h e  g*  c n o t  o a r o d

on m e a s u r e m e n t  b u t  on l ud s - em e nt  o r  e s t i m a t e s ,  a n d  t ' -- t h l e  

p o i n t  o n l y  t h e  e x p e r i e n c e d  f i e l d  w o r k e r  on rern <t c o n t r o l  

w i l l  ^ u l l y  a p p r e c i a t e  t h e  d i f f i c u l t i e s  e n c o u n t e r e d  I n  p r a c t i c e .

I n  f a c t ,  - r o od  d e a l  o f  s k i l l  u s e  t o  b e  a o  ; u l r e d  b e f o r e  

s u c c e s s f u l  g r a d i n g  c a n  b e  p e r f o r m e d .

H a v i n g  o b t a i n e d  s u f f i c i e n t  c o n f i d e n c e  I n  t h e  v a l i d i t y  o f  

o u r  h y p o t h e s i s ,  we may now r e t u r n  t o  t h e  q u e s t i o n  o f  n e m a t o d e

i n d i c e s .

A c c o r d i n g  t o  t h e  a b o v e  a n a l y s i s ,  t h e  o r d e r  o f  m a g n i t u d e  o f  

a n  e e l w o n n  p o p u l a t i o n  ( E )  I s  e v i d e n t l y  f o u n d  a s  n x  ( o r  n 

t l i e s  t h l  m e a n ) , s o  t h a t , In  t e r m s  o f  t h e  i n t e g r a l  ( 1? ) ,  we 

h a v e

E = n f  0b x % - ° y b d x  =. ( 21 )
V b "

w h i c h ,  i n  t t e h e l ' r  n o t e t l o r ,  I s  e q u a l  t o  t h e  f i r s t  f r e q u e n c y  

m o m e n t ,  o f  t h e  o g i v e  y  = n e ”07  ( s e e  A p p e n d i x ) .



A nsmatode Index, ae we have seen  b e fo r e ,  Im p llee  no more 

than a r e l a t i v e  f i g u r e , which, n a t u r a l l y ,  should be r e l i a b l e  

and a p p l i c a b le  under a l l  olrcumBtanoee o f  comMarieon in  the  

a n a l y s i s  o f  c o n t r o l  e x p e r im e n ts .

In  t h i s  r e s p e c t ,  a p p a ren t ly ,  o f f e r s  the c o r r e c t  ex ­

p r e s s i o n .  Though t h e o r e t i c a l l y  sound, however, o b j e c t io n s  may 

be r a is e d  a g a in s t  as a nematode in d e x .  F i r s t  o f  a l l ,  i t s  

com putation i s  r a th e r  cumbersome (as i t  r e q u ir e s  l . a .  an adequate  

quadrature formula f o r  the d e r iv a t i o n  o f  the n e c e ssa r y  w e ig h ts )  

and i s  based on g ra d in g ,  which -  as ev ery  f i e l d  worker knows -  

i s  an ex trem ely  t im e - t h i e v i n g  p r a c t i c e .  Moreover, i t  in tr o d u c e s  

a l l  the  hazards o f  s u b j e c t i v i t y  and I n c o n s is t e n c y  o f  Judgement, 

even w ith  one and the same p erson , p a r t i c u l a r l y  a t  d i f f e r e n t  

t im e s .

Led by th e s e  c c . i s l u e r a t l o n s , I was not c om p le te ly  s a t i s f i e d  

w ith  th e  r e s u l t s  so f a r  o b ta in e d .

R eco n s lu er ln g  th e  problem, i t  s tr u c k  me t h a t  one oonsequence  

had not y e t  been drawn from the b a s i c  assum ption ( th e  random 

movement o f  the eelworm la r v a e ,  sp rea d in g  from f o o l  o f  I n f e s ­

t a t i o n  which ag a in  -  a t  l e a s t  in w e l l  c u l t i v a t e d  s o i l s  -  are  

found in  random d i s t r i b u t i o n )  when my a t t e n t io n  was drawn to  a 

p ip e r  on the  theory  o f  h o e t - p a r a s l t e  r e la t io n s h ip s  by W.R.

Thompson (1 9 2 4 ) ,  in  which the a u th o r  d e r iv e d  a s im p le  m athem ati­

c a l  e x p r e ss io n  fo r  the occurrence  o f  i n f e c t io n  in  a p o p u la t io n  

o f  h o s t s  as  a r e s u l t  o f  random s e a r ch by the members o f  a 

p a r a s i t i c  p o p u la t io n  in  the same b io o o e n o s i s .

Thompson nrrues a s  fo l lo w s :  "Admettone que l e  nombre t o t a l

d 'h& tes d l s p o n l b le s  s o i t  => N, e t  que l e  nombre d 'h o t e s  p a r a s i t e s

apres  la  d e p o s i t i o n  d ' x  oeufs  s o i t  « y .

Si l e  p a r a s i t e  s a l t  o h o i s l r  e n tre  l e e  h o tes  p a r a s l t d s  e t  

l e e  h o te s  non p a r a e l t 4 e ,  e t  ne dep ose  se e  oeufs  que dans l e e  

in d iv ld u s  indemnes, nous aurons oonetamment

y -  *

Male e l  l e  p a r a s i t e  ne s a l t  pas d l s t l n g u e r  l e e  h o te s  d 6 ja



p « m 8 lt6 n  de ceux qui ne sont pae p a r a e lt6 e ,  la  rap ld ltS  

d'aoorolficement dana la  population  d 'hote*  p a ra F lte s .  par  ̂

rapport au nombre d 'o e u f ,  dApoa*,, va d lm lnu.r , au fur  e t  & 

maaure quo l e  nombre d 'o eu fs  dfipcsAB augmente, o ' e a t - a - d lr e ,  an 

fu r  e t  a meeure que la  proportion d 'h o t e ,  non paraaltAa diminue.

P r A c i B o n e .  Loreque, x oeufa ayant 8tA dAponAe, le  nombre 

( inoonnu) d'hotee paraeltAn eet y, H  reete  N -  > hoteP Indennea 

Pla,on,_noum dan* le  oa" l e ,  nombre, N e t  x mont tr te  grand, 

e t  imaglnone que x prenne un aooroieeement a x , grand lu i  auesi,  

maim t e l  qu* 1" rapport 4 f  , o l t  tr&, p e t i t .  Dan, oe , oou- 

d l t io n , ,  le e  Ax nouvexux oeufa se repartlront de_fa<ion a^noible 

ment homogtne entre lea y dAjk paraeltA, e t  1 . ,  N -  Y

h&te, i n t a c t , .  L 'anoroleam entAy de y qui correspond & 

l.aocro leeem en tA x de x a era 5 one donnAe par la  fo m u le  trW

aoproohAe
Ay AJ-—

qui c o m u lt ,  en tr , 1 , .  ^ J s g n t U l l M  d ,  dy k 1 .  

dy *

0 . . „ t  un , equation d l f M r . n t l . i l .  dul d d t .m l n . r ,  y .n

fonotlon de x.
On en t i r e  immAdiatement

dx
T

o»e,t-Jk-dire, puieque y dolt *'annular aveo x *)

at, enfin

loge (N -  y ) * ” +

H - y -  <•

pour 1 . nombre d 'h o te .  Indmn.e aprle la  ponta d .  x oonfe; 1,

nombre d'hotna paramltAm -"•et 
y ,  N(1 -  e - X/ ;I)

and f-| x we have when y = 0 and x - 0: ln(N - 0) 
fT ’
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E
p lo t

no. -Nln( 1-771)

: i 1558.83

1 2 262.52

236.48

x4 316.94

I 5
257.%2

: : i
4 1 .3 2

n 2 1 3 0 .1 6

TI3
1 3 1 .0 1

97.80

115 33 .04

I T I l 15 .1 0

i n  9 1 9 6 .1 0

m 3
1 1 5 .6 2

i n  4 122.38

H I  5 3 3 . 0 8

Table XXXV

3547.80

-N ln ( l -7 t ! )
531.08530.711287.72

bb4.l4?6b.60
530.73235.65

380.40383.25-99.17
485.13177.85

1273.131215.295 8 . 2%

163.81
800.59854.33
580.79618.56

7 7 -?3 r ' 4
3H.?9 v 401.65In4. 67

120.68

992.2.8136 .65
3 1 9 . 5I255.15
5 7 3 .8 0509.3288.07
421.90

7709.048260.133118.99

10828.03

360 .93

The T^reeeion o o e f f lo le n t  of x2 on x1 i s  given by

9(x^Xo) -  * l p (Xg)

11807.97
393.60

8 ( Xo *• Xp) ** p
0.0332

-  \2 9 (x i  -  X]_)

o ttv.t n l u o l i l  l i m i t ,  v.n ba »et (a .  t 0t05 for <’ - f -  * ’ ’
0 , g 7 l  .  8 . o W  ,  0 . 0 3 3 2  -  0 . 9 0 6  r.n» 1 2 -  0 . S 7 -  + 0 . 0 6 9  .  0 . 5 b2

Wut&tie Bintandls bg =» l . i ' 1' -  "

Jl  = "*2x1 " -  x^Mxi)

and I ts  mtandard d ev ia t ion

(2



Lee v a l e u r e  de  y e t  d e  (N -  y )  d onnA ee  p a r  o e t t e  f o m u l e  ne  

o o r o n t  e x a e t e n  Q u '\  c o n d i t i o n  qua X e t  _ N ^ o i^ n  t r A j ^ r a n d a .

En d ' n u t r e B  te r m e n ,  poif  ^ e a v o lr  e i ,  d a n s  un c a s  donnd l a  

d i s t r i b u t i o n  d e s  p n r a e l t e n  d e p e n d  u n iq u e m e n t  du h a f la rd ,  11  

f a u d r a  e x a m in e r  un nombre o o n e l d d r a b l e  d ' h o t e e " .

"11 » flt  6 v l d e n t  q u e  lm o o u r o e n t a g e  d e  p a r a s i t i s m s  ne ddpend  

p a s  de l a  v a l e u r  nura6rique a b s o l u e  de x e t  de  N, m a le  e e u l e m e n t

du r a p p o r t  e n t r e  o e s  d e u x  v a l e u r e " .

In  a l a t e r  p a p e r  (1939) Thompson expanded h i s  theo ry  and 

p roved,  t h a t  no d i f f e r e n c e  ensues  w he the r  the p a r a s i t e s  a r e  ab l e  

t o  s e a r c h  th e  e n t i r e  t e r r i t o r y  o f  the  h o s t  p o p u l a t i o n  or ,  when 

l i m i t e d  in  t h e i r  ivnge ,  s e a rc h  In  s m a l l e r  a r e a s  I f  th e se  a r e a s  

a r e  them se lves  d i s t r i b u t e d  a t  random amongst t h e  h o s t s .

I t  s h o u l d  be w o r th  w h i l e ,  t h e r e f o r e ,  In  c o n s e q u e n c e  of  

T h o m p so n 's  f o m u l a  ( l a s t  e q u a t i o n  e b o v e )  t o  e s t i m a t e  t h e  r e l a t i v e  

v a l u e s  o f  e e l w o r a  p o p u l a t i o n s  (E ) from t h e  e q u a t i o n  

E ■ -  N ln (  1 -  n/N) 

a n d  t o  co m p a re  t h e  r e s u l t s  w i t h  t h e  c o r r e s p o n d i n g  v a l u e s  o f  

a s  a r r a n g e d  In  t a b l e  XXXV o p p o s i t e .

S i n c e  t h e  f i g u r e s  f o r  x% (= E) and  x 2 (= J j ,)  p u r e  

n u m b ers ,  t h e y  a r e  d i r e c t l y  c o m p a r a b l e .  But l a c k i n g  a m a th e ­

m a t i c a l  r e l a t i o n  b e tw e e n  t h e  tw o ,  we car. n o t  d e r i v e  th e  o n e  from  

t h e  o t h e r ,  n o r  oar. any p r e f e r e n c e  be  g i v e n  s t a t i s t i c a l l y  w i t h  

r e s p e c t  t o  t h e  r e l i a b i l i t y  o f  e i t h e r  o f  them, u n l e s s  we o b t a i n  

m ore i n f o r m a t i o n  a b o u t  t h e  on e  o r  t h e  o t h e r  ( s e e  p a g e  7 9 ) .  A l l  

wa know a b o u t  %1 and Xg s o  f a r  i s  t h a t  t h e i r  e v a l u a t i o n  r e s u l t s  

from  t h e  sam e p r i n c i p l e  a s su m e d ,  s o  t h a t ,  I f  o u r  a s s u m p t io n  and  

t h e  d e d u c t i o n s  made from I t  a r e  c o n s i s t e n t ,  J 1 and  E s h o u l d  be

h i g h l y  c o r r e l a t e d .

The r e g r e s s i o n  o f  Xg on x^ was fo u n d  t o  bo

b ,  = 0.874 t  0 . 0 6 8

r 'I



rogresol

through which the c o e f f ic ie n t  of corre la tion  1.  determined a»

r * b*?tj I  bit1i ? -  0.031

Fiducia l I to l t e  ( I j  and I j )  can be eet  to  the value of r  
by app lication  of the formula *)

1% = z -  tBp,

= z + ts ,

2where r. ,  ^ In ^ -t-Z j. and bJ -z -  n"T~J being the number o f p a lm  

compared) with t  at P -  0 .01 .

In thle way we obtain

^1 * < r = 0 .981  < l r) = 0 .9 9 2

The corre la tion  between x^nd x2 appears to be so high, that

with confidence we may consider S to be Id en tica l  with J3 . One

oould a lso  may that xx and x2 correspond in 98^ o f  th e ir

c h a m o t e r ls t lc a l  fa c to rs .  Naturally a certa in  percentage la

s a c r if ic e d  to sampling error, but evidently  th is  percentage la 
very sm all.

I t  w i l l  be observed -  on Inspection of table XXXV -  that 

in  many cases considerable d if feren ces  e x i s t  between the values  

o J1 and r.. his becomes e sp ec ia l ly  apparent when the standard 

deviation  o '  the d if feren ces  Is determined, which Is ea s i ly  
done by the fom u la  *)

<1

y ie ld in g

a l  > s °  -  Pre s 
*1 *2 x2

S d  re 1 0 9 1 . 8 3

mhiB i s  an extraordinary high figure which tends to upset  
our fa i th  In the comparison.

Let. us, therefore, analyse th is  point a l i t t l e  further. The 

experiment showed that, though ^  was comparable with S f f ^ )  

i a high percentage of oases (16 out o f 2 2 , cr nearly 73#) on 

th evidence of which our confidence in J1 was based, there

) See Snedeoor (19*4-6).
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s t i l l  remained Fane '7 ’ of came*, that a c tu a lly  rejected  the 

h yp oth es is , hut ye t  were brought Into consideration In the cor­

re la t io n  ta b le .  Moreover, the 8 discarded d le tr lb u t io n s  that  

offered no c r ite r io n ,  were introduced as w e l l .  When further i t  

I p remembered that both and E are approximations to  the true 

magnitude of the eelworm population, the outcome should not 

create  a s t i r .  But s t i l l ,  one may ask the question whether i t  

i s  e ith er  or both of these two estim ates (J x and 5) that is  

u n r e l ia b le .
in reply I am inc lin ed  to  ascribe the d iscrepan cies  to the  

inconsistency of J , ,  s ince  the theory requires fo r  the app li­

c a b i l i t y  of equation (g f l  that N be large, and in  praxis th is  has 

been observed throughout. Jx, on the other hand, i s  based on 

grading with which over- or underestimation i s  e a s i ly  introduced. 

On the average J1 may be a u se fu l s t a t i s t i c  (explaining the  

high corre la tion  between J l  and E ), but in p a r t icu la r  instance*  

i t  may be a rather misleading approximation.

More information on the v a l id i ty  of E could be obtained 

from f ig u res  published by Godfrey (193^ a ) .  Studying h is  data I 

p lo tted  a graph of the percentage of plants (oowpeas) in fes ted  

( n/N) aga inst the average number of g a l l s  per p lant observed by 

him. This graph ( f i g .  2 o) showed a s tr ik in g  s im ila r ity  with 

my own data ( f i g .  2 b) when n/N was p lo tted  aga inst 3 ( f 1x1VN. 

Both curves betrayed a logarlthm loal nature which required c lo se r

in so e c t lo n .
Assuming now that the average number of g a l l s  per plant,  

afl observed by Godfrey, i s  lust s.,other way of expressing the 

value of E/N (taking for  the moment: g a l l  count = f(El to be a 

r e c t i l in e a r  r e la t io n sh ip ) ,  both curves w i l l  express the trend of 

the s t a t i s t i c  A (the estimated average in d iv id u a l in fes ta t io n  of 

the p a ra s it ised  p la n ts ) .  Fig. 2 h give* for  comparison the

exoeoted curve: A «* "/ n — l n( l  -  V N) •
Let us examine Godfrey's g a l l  count as a function of H.
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Table XXX7I

actual average g a l l  counts of p lo ts variancemean

4.0

116.9

The regression c o e f f ic ie n t  of Xp on

1 bv — = 0.0886 — 0 .017X XpXl

and the regression c o e f f ic ie n t  of on

b .  = bv _ « 10.524 + 1.988 
1 2

( for the fomu lae applied In the com nutations  

see table  XXXV opposite page 77)

Data from Qoafrey, 1934 a.



The comelets data are given In table  XXXVI opposite, from 

which the corre la tion  c o e f f ic ie n t  was ca lcu lated  as

r « O.966

with f id u c ia l  l im its

l l  * 0.823 < r » O.9 66  < lg  = 0 .9 9 4  

This corre la tion  I s  remarkably high and a tten tio n  Is  drawn 

to the fact that r Is more or le s s  o f  the same order as In the 

case o f  rJl>E , while the d if feren ce  o f E and x2 (the g a l l  count) 

Is considerably larger than In the former case . But J 1 and E 

both estimated the eelworm population I t s e l f ,  whereas a g a l l  

count (though highly correlated with eelworm count, as was shown 

by Godfrey) n p r ior i should be expected very much lower than 

the value of E, since I t  expresses per ee only part of the

population. This i s  read ily  expressed by the regreunion 
c o e f f i c i e n t s .

omputlng here a variance o f the d if feren ce ,  therefore, w i l l  

09 meaningless, but the data o f f e r  the p o s s ib i l i t y  of analysing  

the regression  In more d e t a i l .  To th is  e f f e c t  we have to  

examine the group variances (column 3 o f table XXXVI) to see  

whether they are homogeneous. According to B a r t le t t ' s  c r iter io n  

of homogeneity th is  hypothesis had to be rejected on t r i a l ,  but 

inspection  of table XXXVI shows that no meaning can be given to  

the variances In actual g a l l  counts, other than Inherence to  

sampling. In any case the x^ ( x l  = E) are measured p r a c t ic a l ly  

without error and the corresponding values of y (actual g a l l  

counts) are random samples, mo that the variances seem to  be 

without any p articu lar  In te r e s t .  Moreover, the r a t io ' s  *9/ ^

( la s t  column) are fa ir ly  consistent. One thing and another penults 

us to oonsldrr the regression co e ff ic ien t  br ^  (L byx) an an 

unbiased estimate of the population regression c o e f f i c i e n t  ys .

The regression equation Is then given by

y = y + o .o6S6(x  -  %)

Table XXXVII below gives the values of y (observed x- = 

mean value of individual g a ll  counts) and f  (expected value of 
Xj) and other necessary d e ta i ls .



Teble XXXVII
dyx ” V  -

xi=Xi*E >t -  I y = *2 y -  y 9 y -  y (y -  y)

299.57 +166.56 26 .0 + 16.3 24.5 +1 .5 2.25

230.26 97 .25 21 .2 +11.5 18 .4 +2.8 7 .84

189.71 + 56.70 11 .1 + 1 .4 14.8 - 3 . 7 13.69

160,94 + 27.93 10 .5 + 0 .3 12.2 - 1 . 7 2 .39

I38 .63 + 5.62 8 .3 -  1 .4 10.2 - 1 - 9 3 .6 1

120.40 12.61 3 .3 -  1 .4 8 . 6 - 0 . 3 0 x 9

104 .98 - 3.03 6 .5 -  3 . 2 7.3 .”0 . 8 0 . 6 4

91.63 - 41.33 6 .0 -  3 -7 6 .1 —0 .1 0 .01

79 .85 - 53.16 6 . 0 -  3 . 7 5.0 +1 .0 1.00

69 .31 - 63.70 5 .0 -  4 .7 4 .1 +0 .9 0 .81

59.78 - 73.23 4 .0 — 5*7 3 .3 +0 . 7 0 .49

_ 5 1 .c s - 81.93 4 .0 -  5-7 2.5 +1 .5 2.25

3 (x )=1596 .14 S ( y )= l l6 . 9 = 35-57

x = 133 .01 y « 9. 7
The t o t a l  variance of y may now be an&lyeod ae follows:

Table XXXVIII

d escr ip tion symbol
degrees of 

freedom sum of squares variance

the mean y 1 1138.9 1138.9

deviations de­
termined by b 
and a fixed  
s e t  of xj

y -  y 
» bx 1 - 443.4 443.4

random devia­
t ion  from 
regression

y -  y 
-  Ayx 10 35 .6 3 . 6

to t a l y 12 8(y -  ? ) p 1667.9

The very small variance of &yx Is  here of in ter e s t  and 

makes any further examination with regard to r e o t l l ln e a r l ty

o f  regression superfluous.

Godfrey <3 item lned  a lin ear corre la tion  between g a l l  count

and n/  N of 0.73 2 0.0317 and a cu rv il in ea r  corre la tion  of



0 .0 4 8  +  0 .0 1 3  * ) .  D e r i v a t i o n  o f  t h e  l a t t e r  ( r e p r e s e n t e d  b y  h im  

u s  * \ )  I s  n o t  g i v e n  i n  h i s  p a n n r ,  b u t  I s  l i k e l y  t o  h a v e  n e e n  

Wound b y  m » a n s  o f  s o m e  r e c t i f i c a t i o n  f o r m u l a .  I n  a n y  c a s e ,

O o d f r e y  h a d  no  e x o l a n n t l o n  f o r  t h i s  c o r r e l a t i o n  c o e f f i c i e n t  a n d  

c o n c l u d e s  w i t h o u t  c o m m e n t  o r  r e f e r e n c e  t o  a n y  p r i n c i p l e :  ' 'T i l l s  

c a n  b e  i n t e r p r e t e d  a s  I n d i c a t i n g  t h a t  I t  w o u l d  b e  b e t t e r ,  

i n s t e a d  o f  a c t u a l l y  c o u n t i n g :  n u m b e r  o* g a l l s ,  t o  c l a s s i f y  t h e  

i n d i c a t o r  p l a n t s  o n l y  a s  I n f e c t e d  a n d  f r e e ,  w h i c h  c a n  b e  d o n e  

v e r y  q u i c k l y  a f t e r  t h e  r o o t s  a r e  t h o r o u g h l y  w a s h e d " .

I t  I s  w o r t h  n o t i n g ,  t h a t  G o d f r e y ' s  ( t h o u g h  s l i g h t l y  l o  • vr) 

c o r r e s p o n d s  v e r y  w e l l  w i t h  t h e  c o e f f i c i e n t  o f  c o r r e l a t i o n  

b e t w e e n  g a l l  c o u n t  a n d  E,  a s  d e t e r m i n e d  a b o v e ,  w h i o h  -  I  c o n t e n d  -  

l a  n o t  a c c i d e n t a l .  H i s  r e m a r k s ,  h o w e v e r ,  c i t e d  a b o v e ,  c a n  b e  

J u s t i f i e d  o n l y  w h e n  s e e n  a g a i n s t  t h e  b a c k g r o u n d  o f  a n  a n a l y s i s  

o f  h i s  d a t a  a s  g i v e n  h e r e ,  w h i o h  o f f e r s  a  b i o l o g i c a l  i n t e r p r e ­

t a t i o n  o f  t h e  r e l a t i o n s .

When s e e n  I n  t h e  l i g h t  o f  t h e s e  I n v e s t i g a t i o n s ,  t h e  

e x p r e s s i o n  E -  -  H l n (  1 -  n/N) h a r d l y  n e e d s  a n y  f u r t h e r  r e c o m ­

m e n d a t i o n  a s  a  r e l i a b l e  e s t i m a t e  o f  r e l a t i v e  e e l w o m  p o p u l a t i o n s .  

I n  p r a c t i c e  I  f o u n d  t h a t  N s h o u l d  b e  n o t  l e s s  t h a n  a b o u t  1 5 ,  

b u t  p r e f e r a b l y  l a r g e r  (o f .  a l s o  G o d f r e y ,  1 9 3 4  a ) .  On t h i s  

c o n d i t i o n  t h e  v a l u e  o f  E s h o u l d  g i v e  a  q u i c k l y  d e t e r m i n a b l e  a n d  

a c c u r a t e  I n d e x  f i g u r e  f o r  c o m p a r a t i v e  s t u d i e s ,  a n d  f o r  t h i s  

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

t h e  e n s u i n g  r e s e a r c h .

E s t i m a t e s  o f  e e l w o r m  p o p u l a t i o n s  b y  m e a n s  o f  r o o t  d a m a g e

b a s e d  oi ,  o n e  o f  t h e  f o l l o w i n g  f o r m u l a e :

A _ 8 ( f 1 w1 ) . B „  n / N  ; AB «  J _ f l _ " l i  ; n (wh en  N i s  c o n s t a n t )  o r
n N

3 ( f 1 w1 ) a r e  u n r e l i a b l e  a s  n e m a t o d e  I n d i c e s .

* )  T h e  f i d u c i a l  l i m i t s  a r e  I n c o r r e c t l y  g i v e n  i n  t h i s  w a y .

I t  I s  n o t  c l e a r  h o w  G o d f r e y  c a l c u l a t e d  t h e m .



SILVER AS A_QEMCIDJ While ohnrgea with Investigationi« on

the s u i t a b i l i t y  of constructing  

f i l t e r s  that would s a fe ly  allow the u t i l i s a t io n  of contaminated 

r iv er  water for Irr ig a tio n  ourposee where eolworo-euecoptlble  

crops are concerned, I came across some l i t e r a tu r e  on water 

s t e r i l i s a t i o n  by means of minute dosages of s i l v e r  (Brandes,

1934  a, b *); Moiseev, 1934; Just & S-m lolla , 1936) which 

roused my In terest  as I t  seemed to open Immense p o s s i b i l i t i e s

In new l in e s  of research.
The method originated In Germany through the work of Dr.

Georg A. Krause, In 1928, and gradually -  f i r s t  In Europe and 

la te r  In America and elsewhere — i t s  app lication  spread in to  

various branches of Industry. The q u an tit ies  of s i lv e r  requli d 

for s t e r i l i z a t i o n  of liq u id s  appeared to  be so small that  

expenses on Che metal are s u f f i c ie n t ly  reduced to  render the 

r esu lt s  d e f in i t e ly  economical. To-day not only drinking water, 

but a lso  fi '1 and beverages are treated with s i l v e r  for  

b etter  preservation of quality  and ta s te  (Hoffmann, IĤ H;

Anonymus. 1938)•
The germicidal properties of s i l v e r  were te s ted  in  

d if fe r e n t  ways and experiments soon showed th at, besides bacteria ,  

larger  organisms, such as e .g .  plankton (Daphnla), tadpoles, 

f i s h  larvae and even g o ld f ish  ar w e ll  were highly su scep tib le  

to  I ts  tox ic  in f lu en ce .

OLIGODYNAMIC ACTION From the c la s s i c a l  work of Carl von

N&gell on the e f f e c t  o f  in f in ite s im a l

c o n c e n tr a t io n s  of certa in  metals on plants, published In 1893; 

originated the tern "oligodynamic action" **) now generally  used 

fo r  the ac tion  of trace elements or ollgopleronte ) .

*) With extensive bibliography on the su b ject.
**) U i ' j o s  (o l ig o e)  „ l i t t l e ;  J v tc y ^ U y n a m ls )  -  power.
**♦) T r X j f l n a  (p ieres) = s u f f i c i e n t .  This modem word (see  

Konlngsben er, 1 ' W ,  though more d escr ip t ive  than the 
former, has not yet found I ts  way Into the l i t e r a tu r e .
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P h y sio lo g ica lly  sneaking, oligodynamic ac tion  Is not d i s ­

t in c t ly  defined , and the e f fe c t s  of many substances, d if fe re n t  

from metals or other pure elem ents, even complicated chemical 

compounds would f a l l  In the realm of ollgodynamlcs I f  the 

concept were characterized only by the action  of concentrations  

In an order of magnitude of, say , 10"C‘ or l e s s .

But r e e tr lo t ln  ourselves to elements, the following were 

found to  be of outstanding Importance:

copper, zinc, manganese, tnolybdenlum, vanadium, selenium, 

boron, s i l i c o n ,  gallium , scandium, s i lv e r ,  arsen ic , lead,

Iodine, f lu or in e , antimony, chromium.

Both f lo ra  and fauna are concerned here, and the oligody­

namic e f f e c t  may be b e n e f ic ia l  (z inc: A spergillus  nlger, Viola  

calaxulnarla; molybdenlum: Azotobacter ohroococoum; Iodine: 

glandula thyrenidea; fluorine: tee th ;  a r se n ic : n a i l s  and hair)  

or detrim ental ( s i lv e r ,  copper: Splrogyra and various Algae; 

s i lv e r :  Ptaphylococous, Bacterium c o l l ,  etc; lend, arsenlo, 

antimony, chromium, fluorine: a l l  cause well-known symptoms of  

poisoning In animals and human b e in g s ) .

Concentrations of s i lv e r  used for water s t e r i l i z a t io n  

range from 0 .9  myn to  as l i t t l e  as 0 .0 5  myn per l i t e r  and even 

concentrations as small as 10~- proved to  be e f f e c t iv e  under 

cer ta in  con d it ion s .

Fiomherz & Helps (1977) proved by means of simple but very 

elegant experiments that the s i l v e r  Ion Is the oligodynamic 

agent In so lu tion s  containing that metal. They were a lso  able  

to show that for  the lib era tion  of free s i l v e r  lone p o ten tia l  

d ifferen ces  (In other words: a cer ta in  amount of polarization)  

are e s s e n t ia l  In the system, which may be brought about by the 

Introduction of a conductive u n it  of m eta llic  s i l v e r  and s i l v e r  

chloride or s i l v e r  and s i lv e r  hydrox‘ d<= Into the s o lu t io n .

The three .old of oligodynamic action was determined by

these  authors as 2 -  ? x 10- 1 1 grammoleoules of s i lv e r  per l i t e r ,
i p

which Is equal to about 2.7 x 10~ gm Ag per o c .



Though the ma.Iority of a l lv e r  s a l t s  lo  known to be highly  

Insoluble, the concentration of s i l v e r  Ions In a l l  such 

so lu tion s  -  with the only excretion of s i lv e r  oulphlce (the  

s o lu b i l i t y  product of AgpS Is l . s g  x 10” ^  grammoleoules per 

l i t e r  at 18® 0, g iv in g  a concentration o f 7«S x 10""  ̂ grammole- 

oulee of Ag, which Is equal to 8.4? x 1CT' J gm s i lv e r  per oo) -  

Is  s t i l l  high enough for  ollgodyna111 o action .

M etallic  s i l v e r  I t s e l f  has a very high "solution pressure" 

In water, I . e .  from the oligodynamic point of view, i t s  solu­

b i l i t y  hr a been determined by Just & S z n lo l ls  (1936) as 40 gamma 

per l i t e r ,  which Is  equal to 2.4 x 1 0 ^  Ions of s i lv e r  per oo. 

The metal goes very slowly Into so lu tio n , un less  I t s  surface  

of contact with the so lvent Is tremendously enlarged ( s .o .  

"Katadyn" s i lv e r )  or e l e c t r ic a l  p o ten t ia ls  are exerted.

As the e f f ic ie n c y  of the current la u su a lly  ± 50 ^ only, 

owing to lo se  of e l e c t r i c i t y  to anions that f a l l  to d is so lv e  

the s i l v e r  at the anode, a current of 1 Ampfere during one hour 

normallter brings about 2.0119 gm of s i lv e r  Into so lu tio n .

Most of the techn ica l ap p liestlon e  of ion ic  s i lv e r  s t e r i ­

l i z a t io n  are based on the pr in c ip le  of galvanic so lu t io n .

I ONIC SILVER AS A NEW NEMATOCIDE With the above Information

at hand, the expectation  

that s i l v e r  lone would a lso  be toxic  to the terr lco lou s  larvae 

o f  Hmterodera marloni, seemed to be J u s t i f ie d .  In v itro  I f i r s t  

tested  out so lu tion s with d if fe re n t  concentrations of the highly  

so lub le  s l i v e r  n itra te  on the motions of newly hatched e e l -  

wome. Thu resu lts  were str ik ing: concentrations as low as 

1 part In 10 000 000 were found to be highly to x ic .  Thus the 

way was opened to systematic research Into the p o s s ib i l i t i e s  

o f  p r a c t ic a l  app lication  (o f .  Hovy, 1939)«

LABOqATOR-: TECHNIQUE Heavily Infested  host p lants were c o l­

lected  In tobacco lands and a number
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o f  m a t u r e d  r o o t  k n o t n  o u t  o f f .  T h e s e  w e r e  w e l l  w a s h e d  a n d  

p l a c e d  In  P e t r i - d i s h e s  w i t h  d i s t i l l e d  w a t e r .  W i t h  t h e  a i d  o f  a  

d l s n e o t l n p -  m i c r o s c o p e  * )  some 50 o o t h e o a e  w o r e  t e a s e d  o u t  b y  

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

d i s t i l l e d  w a t e r  a t  room t e m p e r a t u r e .  A s  t h e  j e l l y  m a s s e s  c o n t a i n  

n u m e r o u s  l a r v a e  i n  a l l  s t a g e s  o f  d e v e l o p m e n t  i n s i d e  t h e  e g g s ,  

o n e  s o o n  o b t a i n s  a  c o n s i d e r a b l e  n u m b e r  o f  p a r a s i t e s  r e a d y  f o r  

e x p e r i m e n t a t i o n .  A l l  u t e n s i l s  h a v e  t o  b e  t h o r o u g h l y  w a s h e d  

w i t h  n i t r i c  a c i d  a nd  d i s t i l l e d  w a t e r  I n  o r d e r  t o  e l i m i n a t e  e v e n  

t h e  s m a l l e s t  t r a c e s  o f  s i l v e r  f r o m  f o r m e r  e x p e r i m e n t s .

T h o u g h  t h e  e r  . a r e  a b l e  t o  s u r v i v e  f o r  a  l o n g  t i m e

( s e e  p a g e  2 5 ) I  a Kay- s e d  f r e s h l y  h a t c h e d  l a r v a e  t o  m i n i m i z e  

w o r k i n g  w i t h  p o s f . l b  • V n e d  s p e c l m l n a .

A m l c r o - p l p e '  , g .  y )  t o  h a n d l e  s e p a r a t e  l a r v a e  was made

I n  t h e  f o l l o w i n g  w a y .  I n  a g l a s s  t u b e  o f  3 mm b o r e  a  l i t t l e  

g l o b e  o f  a b o u t  1 cm w a s  b l o w n ,  w h e r e a f t e r  o n e  e n d  w a s  p u l l e d  o u t  

I n t o  a  o a o i l l a r y  j u s t  w i d e  e n o u g n  f o r  a  s i n g l e  l a r v a  t o  pass  

t h r o u g h ,  '’’h e  e n t l r * -  o l p e t t e  I s  n o t  m o r e  t h a n  a b o u t  6 cm l o n g  

a n d  s u p p l i e d  w i t h  a  t h i n  r u b b e r  t u b e  o f  a t  l e a s t  50 cm l e n g t h .

When L t i l n g  t h i s  p i p e t t e  b y  p l a c i n g  t h e  f r e e  e n d  o f  t h e  

r u b b e r  t u b i n g  I n  t h e  m o u t h ,  o n e  c a n  e a s i l y  p i c k  u p  s i n g l e  

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

o n e s  i f  d e s i r e d .  The  l i t t l e  g l o b e  I n  t h e  p l o e t t e  i s  u s e f u l  as 

I t  n r e v o n t s  t h e  s u d d e n  s u c k i n g  I n  c f  l a r v a e  a n d  m o r e o v e r ,  s i n c e  

t h e  l a r v a e  a r e  h e a v i e r  t h a n  w a t e r ,  o n e  c a n  c o l l e c t  a l l  t h e  

e e l w o n r . 8  I n t o  t h e  c a p i l l a r y  b y  h o l d i n g  t h e  p i p e t t e  v e r t i c a l l y  

f o r  a  w h i l e  a n d  t h e n ,  by m e a n s  o f  a  l i t t l e  b l o w ,  e x p e l  t h e  

l a r v a e  i n t o  ar e x p e r i m e n t a l  c o n t a i n e r  w i t h o u t  I n t r o d u c i n g  t o o  

muc h  w a t e r  I n t o  t h e  s o l u t i o n  t h a t  h a s  t o  b e  t e s t e d .  No s i g n i f i ­

c a n t  d i l u t i o n s  w i l l  o c c u r  I n  t h i s  w a y .  A s i n g l e  d r o p  o f  w a t e r

* )  L e l t z  S t a n d  UK I I I  was  f o u n d  t o  b e  a m o s t  c o n v e n i e n t  
b i n o c u l a r  f o r  t h i s  t y p e  o f  w o r k  a s  I t s  l a r v e  t a b l e  a n d  
c r o s s  m o t i o n  o f  t h e  t u b e  a l l o w  t h e  o b j e c t i v e s  t o  b e  
t r a v e r s e d  o v e r  ; r e a t  a r e a s  f o r  i n s p e c t i o n .
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I g a a  t h a n  1.% o ub l . o  mra may c o n t a i n  a l a r g e  n u m b e r  o f  l a r v a e  

I n  t h e  e x p e r i m e n t s  I  u s e d  e x c a v a t e d  g l a e e  b l o o k e  ( a s  

d e p l e t e d  i n  f i g .  4 )  c o n t a i n i n g  1  17 o o • T' - i v e  o f  t h e s e  w i l l  

J u s t  f i l l  o u t  t h e  s p a c e  o n  t h e  t a b l e  o f  a  ' t  UK I I I  b* n o o u l a r  

m i c r o s c o p e ,  s o  t h a t  c o m p a r i s o n  o f  d i f f e r e n t  e u h u  + t o n d  o r  r e ­

p l i c a t i o n s  o f  t h e  sa m e  e x p e r i m e n t  i s  l a r g e l y  f a c i l i t a t e d .

A n o t h e r  a d v a n t a g e  o f  t h e s e  g l a s s  b l o c k s  i r  t h a t ,  a s  a  r e s u l t  o f  

t h e i r  s e m i - s p h e r i c a l  e x c a v a t i o n ,  t h e  e e l w o n n s  t e n d  t o  c o l l e c t  i n  

t h e  c e n t r e ,  a l l o w i n g  t h e  a p p l i c a t i o n  o f  h l g h - p o w e r  m a g n i f i c a t i o n s  

w i t h  a l l  t h e  l a r v a e  s t i l l  i n  t h e  o p t i c a l  f i e l d  s o  t h a t  c o u n t s  

c a n  b e  m a d e  o r  t h e i r  b e h a v i o u r  e x a m i n e d  a t  a  g l a n c e .

I n  e a c h  g l a s s  b l o c k  2 5  e e l w o r a s  w e r e  o b s e r v e d .  L a r g e r  

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

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

i n  l e t h a l i t y .
W i t h  ee lw oras  p l a c e d  i n  s i l v e r  s o l u t i o n s  I  n o t i c e d  a  

r e m a r k a b l e  t r e n d  i n  t h e  w a y  t h e y  s u c c u m b  t o  t h e  t o x i c i t y  o f  t h e  

o l i g o d y n a m l o o n .  The  i m p r e s s i o n  i s  o b t a i n e d  a s  i f  a k i n d  o f  

p a r a l y s i s  s t a r t s  f rom  t h e  r a i l ,  g r a d u a l l y  proceeding c r a n l a d .  I t  

i s  d i f f i c u l t  t o  d e c i d e  w h o e v e r  t t l l e  i s  a r e a l  p a r a l y s i s  o r  e l s e  

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

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

h a m p e r e d ,  f i r s t  a t  t h e  c a u d a l  e n d  u n t i l  a d e q u a t e  m o v e m e n t s  c a n  

n o  l o n g e r  b e  p e r f o r m e d . F i g .  5 s h o w s  v a r i o u s  s t a g e s  i n  t h i s  

p r o c e s s .  S u d d e n  s p a s m o d i c  c o n t r a c t i o n s  s o m e t i m e s  o c c u r  i n  a n  

a b s o l u t e l y  a b n o r m a l  way ( f i g .  5$ 3 ,  \  5 )  a n d  w h e n  t h e  o e s o p h a ­

g e a l  n e r v e  r i n g  ( t h e  " c e n t r a l  n e r v o u s  s y s t e m " )  i s  r e a c h e d ,  o n l y  

t h e  h e a d  i s  a b l e  t o  m o v e  s l o w l y  ( f i g .  5:  7 )  a t  s h a r p  a n g l e s  

f r m  t h e  r e s t  o f  t h e  b o d y .  The  f i n a l  s t a g e  i s  a l w a y s  a  t y p i c a l  

^ i g o r  m o r t i s  ( f i g .  5:  « )  " h e n  t b v  l a r v a  a p p e a r s  a s  a  f a i n t l y  

c u r v e d  b a r .  T h i s  i n s t a n t  I  h a v e  a l w a y s  t a k e n  a s  a  c r i t e r i o n  f o  

t h e  worms  b e i n g  d e a d .  A s  f a r  a s  I  am a w a r e ,  G o d f r e y  & H o s h l n o  

( 1937 ) a r e  t h e  o n l y  a u t h o r s  t h a t  e v e r  d e s c r i b e d  t h i s  l a s t  s t a g e  

b e f o r e ,  w h i c h  t h e y ,  t o o ,  c o n s i d e r e d  a s  an u n a m b i g u o u s  s i g n

o f  d e a t h .



The paralysing  e f f e c t ,  described above, Is c h a r a c ter is t ic

o f  d i v e r  poisoning and has -  to the b est  of my knowledge -  

nev ar been observed b e fo re . In f i g • 5 tdiree di f feren t  end 

stages if. death through various other causes are shown. Rigor 

m ortis, however, w i l l  almost always ensue In the described way, 

though often  only afte** a long time, whereas In the case of  

s i l v e r  poisoning i t  i s  always d ir e c t ly  fo llow ing the ceasing  of  

movements.

The ohenoraena mentioned strongly  eugge , t  an I n f i l t r a t io n  of 

the nervous system with s i lv e r .  The in f a l l i b l e  r esu lts  obtained  

with the c l a s s i c a l  h is to lo g ic a l  technique as developed by 

Bielschowsky ( 1903 , 1925) and ^vnon y Ca.lal (1910) for s ta in in g  

nerve f ib re s  by means of s i lv e r  Impregnation, have proved the 

great a f f i n i t y  of s i l v e r  to nervous t is su e s ,  and th is  cer ta in ly  

tends to invigorate  the hypothesis that the nervous system o f the 

eelworms Is f i r s t  attacked by the s i lv e r  Ions.

As a measure of oligodynamic to x ic ity  the time taxen by tne 

larvae to reach the flnml stage o f  r igor mortis has been corre­

la ted  with the concentration of the so lu t io n . In th is  way com­

parative observations with other agents could be made as w e l l .

THE EFFECT OF SILVER ON THE TOBACCO PLANT Twelve young tobacco

were placed in S00 00 Jars f i l l e d  with a p h ysio log ica l nutrient  

so lu tion  * ) .  Two control plants received no further treatment, 

whereas each of the following s i l v e r  concentrations (In the form 

of s i l v e r  n itra te )  was administered to two plants In addition  to 

the nu tr ien t so lu tion , resp ective ly : 1 gm, 0 .1  gm, 0.01 gm,

0.001 gm and 0.0001 gm of s i lv e r  ner l i t r e  of water. A l l  p lants  

thrived equally w ell,  except the two plants th at received the

plants of 5 om height

*

used h ere .



strongest concentration o f s i lv e r  n itra te ,  v i z .  containing 1 

gram of s i l v e r  per l l t ”e .  These two plants died a f t e r  26 days, 

having been stunted r ight from the beginning o f the experiment 

* ) .  In 24 hours a black p r e c ip ita te  o f  m eta ll ic  s i lv e r  was 

noticed on the roots of the plants and the w alls  of the jars  

with the so lu tion s  1.0; 0 .1  and 0 .01  go Ag per l i t r e .  In the  

other Jars no p re c ip ita te  was v i s i b l e .  This adsorption of  

m eta ll ic  s i l v e r  Is  a r e s u lt  of ph oto ly tlo  d is s o c ia t io n  of s i l v e r  

s a l t s  which Is d i f f i c u l t  to prevent, unless one would work in 

complete darkness. The resu lts  o f  the experiment, however, are 

not great ly  Influenced by th is  e f f e c t .

Green Algae s tarted  to develop In the two control jars  

already a f t e r  24 hours (the  jars were placed In bright shaded 

l ig h t  on a veranda ), while a l l  the Jars with s i l v e r  so lu tion s  

did not show any trace of Algae throughout the duration of the 

experiment which lasted  for  two months.

Obviously a concentration of 1 x 10“' of s i lv e r  war not 

to lera ted  by the tobacco plants, but th is  was an extremely high 

concentration from the po in t of view of oligodynamic action ,  

one that would never be p r a c t ic a l ly  considered.

P a r a l le l  with these water cu ltu res  ran a s im ilar  experiment 

with twelve tobacco plant* In p o ts .  In th is  case a l l  the 

s i lv e r  concentrations were well to lerated  and no appreciable  

d if feren ces  could be detected In the p lants, nor was any s i l v e r  

p rec ip ita ted  In the le a v e s . Adsorption of the s i lv e r  to  s o i l  

p a r t ic le s  must be responsible for these r e s u l t s .

In f i e l d  experiments the adm inistration of s i l v e r  seemed 

to  stim ulate  growth In tobacco p la n ts ,  as shown by the average 

length (see  page 1 08 ).

FURTHER EXPERIMENTS VftTH SILVER To te s t  the to x ic ity  of

m eta ll ic  s i l v e r  I proceeded as

* )  Apparently s i lv e r  was strongly absorbed by these plants  
as p rec ip ita ted  Ag was observed In the larger r ibs of the 
l e a v e s .



s t r o n g e s t  c o n c e n t r a t i o n  o f  s i l v e r  n i t r a t e ,  v i z • c o n t a i n i n g  1 

gr a m  o f  s i l v e r  p e r  l i t r e .  T h e s e  t w o  p l a n t s  d i e d  a f t e r  2 6  d a y s ,  

h a t i n g  b e e n  s t u n t e d  r i g h t  f rom t h e  b e g i n n i n g  o f  t h e  e x p e r i m e n t  

* ) .  I n  h o u r s  a  b l a c k  p r e c i p i t a t e  o f  m e t a l l i c  s i l v e r  w a s  

n o t i c e d  on t h e  r o o t s  o f  t h e  p l a n t s  a n d  t h e  w a l l s  o f  t h e  J a r s  

w i t h  t h e  s o l u t i o n s  1 . 0 ;  0 . 1  a n d  0 . 0 1  gm Ag p e r  l i t r e .  I n  t h e  

o t h e r  J a r s  n o  p r e c i p i t a t e  wa s  v i s i b l e .  T h i s  a d s o r p t i o n  of  

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

s a l t s  w h i c h  I s  d i f f i c u l t  t o  p r e v e n t ,  u n l e s s  o n e  w o u l d  w o r k  In  

c o m p l e t e  d a r k n e s s .  T h e  r e s u l t s  o f  t h e  e x p e r i m e n t ,  h o w e v e r ,  a r e  

n o t  g r e a t l y  I n f l u e n c e d  b y  t h i s  e f f e c t .

G r e e n  A l g a e  s t a r t e d  t o  d e v e l o p  i n  the tw o  c o n t r o l  J a r s  

a l r e a d y  a f t e r  2% h o u r s  ( t h i  J a r s  w e r e  p l a c e d  In  b r i g h t  s h a d e d  

l i g h t  on  a  v e r a n d a  ) ,  w h i l e  a l l  t h e  J a r s  w i t h  s i l v e r  s o l u t i o n s  

d i d  n o t  s h o w  a n y  t r a c e  o f  A l g a e  t h r o u g h o u t  t h e  d u r a t i o n  o f  the 

e x p e r l m e ' +  w h i c h  l a s t e d  f o r  t w o  m o n t h s .

O b v i o u s l y  a  c o n c e n t r a t i o n  o f  1 x  1C""' o f  s i l v e r  w a s  n o t  

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

c o n c e n t r a t i o n  from t h e  p o i n t  o f  v i e w  o f  o l i g o d y n a m i c  a c t i o n ,  

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

P a r a l l e l  w i t h  t h o s e  w a t e r  c u l t u r e s  r a n  a  s i m i l a r  e x p e r i m e n t  

w i t h  t w e l v e  t o b a c c o  p l a n t s  In  p o t s .  I n  t h i n  c a s e  a l l  t h e  

s i l v e r  c o n c e n t r a t i o n s  w e r e  w e l l  t o l e r a t e d  and n o  a p p r e c i a b l e  

d i f f e r e n c e s  c o u l d  b e  d e t e c t e d  i n  t h e  p l a n t s ,  n o r  w a s  a n y  s i l v e r  

p r e c i p i t a t e d  I n  t h e  l e a v e s .  A d s o r p t i o n  o f  t h e  s i l v e r  t o  s o i l  

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

I n  f i e l d  e x p e r i m e n t s  t h e  a d m i n i s t r a t i o n  o f  s i l v e r  s e e m e d  

t o  s t i m u l a t e  g r o w t h  I n  t o b a c c o  p l a n t s ,  a s  sh o w n  b y  t h e  a v e r a g e  

l e n g t h  ( s e e  p a g e  1 0 8 ) .

FURTHER GXPGRIhENTS WITH S I LVER T o  t e s t  t h e  t o x i c i t y  o f

m e t a l l i c  s i l v e r  I  p r o c e e d e d  a s

* )  A p p a r e n t l y  s i l v e r  was  s t r o n g l y  a b s o r b e d  b y  t h e s e  p l a n t s  
a s  p r e c i p i t a t e d  Ag w a s  o b s e r v e d  i n  t h e  l a r g e r  r i b s  o f  t h e  
l e a v e s .
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f o l l o w s .  I n  a p la sm  f l a s k  o 500 00  a s i l v e r  m i r r o r  was  

p r e c i p i t a t e d  by means o f  r e d u c t i o n  o f  an a m m o n la t e d  s o l u t i o n  o f  

s i l v e r  n i t r a t e  I n  t h e  w e l l - k n o w n  ■ A f t e r  m i r r o r  ha d

s e t t l e d ,  t h e  i l a e k  was wanned r-unot.tedly and r e f i l l e d  w i t h  

d i s t i l l e d  wntc.r  w h ic h  was  I r ' f  s t a n d i n g  f o r  tw o d a y s .

The p r e s e n c e  o f  s i l v e r  In t h i s  w a t e r  c o u l d  b e  made v i s i b l e  

In  a t e s t  t u b e  by a d d i n g  a  f e w  00  o f  a  n o r o a l  s o l u t i o n  o f  

p o t a s s i u m  l o f ' l d e ,  w h i c h  r e s u l t e d  I n  t h e  f o r m a t i o n  o f  a  J u s t  

d l s o e r n a b l e  i ^ z e  * ) .  W it h  H?S t h e  e f f e c t  I s  s t i l l  more p r o ­

n o u n c e d .  E s p e c i a l l y  when s e e n  from a b o v e  w i t h  I n c i d e n t  l i g h t  

t h e  h a t e  can  b e  w e l l  d i s t i n g u i s h e d  from a  c o n t r o l  t u b e  w i t h  

e q u a l  a m o u n t s  o f  w a t e r  and KJ s o l u t i o n .  O r d i n a r y  t i t r a t i o n  o f  

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

m e t h o d s  a r e  r e q u i r e d  t o  o b t a i n  t h e  c o r r e c t  t l t r e  ( J u s t  &

55m i , o i l s ,  1936) •
Eelworme pu t  In a s a m p l e  o f  t h i s  s i l v e r  s o l u t i o n  w e r e  k i l l e d  

In  45  m i n u t e s .  P r o l o n g e d  c o n t a c t  o f  t h e  w a t e r  w i t h  t h e  s i l v e r  

m i r r o r  In t h e  f l a s k ,  up t o  s e v e r a l  m o n t h s ,  d i d  n o t  r e s u l t  In a  

s h o r t e n i n g  o f  t h e  t i m e ,  n e c e s s a r y  t o  k i l l  t h e  e e l w o r m e ,  mo t h a t  

t h e  s o l u t i o n  was c o n s i d e r e d  s a t u r a t e d .  J u s t  & S z n l o l l s  ( I . e . )  

d e t e r m i n e d  t h e  c o n c e n t r a t i o n  o f  a " s a t u r a t e d "  s i l v e r  s o l u t i o n  

a s  4 x 10“ * giu Ag p e r  0 0 . A d e c u p l e  d i l u t i o n  o f  t h e  o r i g i n a l  

*• I v e r  w a t e r 11 r e q u i r e d  75  m i n u t e s  f o r  k i l l i n g  a  11 t h e  e e l w o r m s ,  

and  one  h u n d r e d t h  o f  t h e  o r i g i n a l  s t r e n g t h  t o o k  b h o u r s  ( s e e  

f i g .  b f o r  t h e  r e l a t i o n s h i p  b e t w e e n  d o s a g e  and e x p o s u r e  t i m e ) .

The a s s u m e d  c o n c e n t r a t i o n  o f  4 x  10" gm Ag p e r  00  I s  w e l l  

a b o v e  t h e  t h r e s h o l d  o f  o l i g o d y n a m i c  a c t i o n  ( s e e  p a g e  6 4 ) .

W it h  a v i e w  o f  c o m p a r i n g  t h e  t o x i c i t y  o f  s i l v e r  w i t h  o t h e r  

e l e m e n t s ,  I  t e s t e d  s o l u t i o n s  o f  o n e  p a r t  by w e i g h t  i n  a m i l l i o n  

o f  s o l v e n t  made up f o r  l i e  f o l l o w i n g  e l e m e n t s  In s i m p l e  i o n i c  

form:  c h l o r i d e s  o r  n i t r a t e s  o f  m e r c u r y ,  f i n e ,  c o p p e r ,  s e l e n i u m ,  

l e a d ,  a l l u m l n l u m ,  a n t i m o n y ,  l i t h i u m , c o b a l t  p o t a s s i u m ,  s o d i u m ,

* )  The  s o l u b i l i t y  p ’-oduot  oi* AgJ I s  1 . 5  x I C " 1  ̂ g ^ a m m o l e o u l e o  
p e r  l i t r e  a t  25® 0 ,  s o  t h a t  a s a t u r a t e d  s o l u t i o n  o f  AgJ w i l l  
s t i l l  h a v e  a c o n c e n t  w t l o n  o f  1 . 3 2  x 10“ 9 gm Ag p e r  0 0 .



m'insrn.neee , magnesiu i , t i n , I r o n ,  l o l u m , t a r l u m ,  b i s m u t h  and  

th e  m e t a l - l l k e  compound ammonium (NH^); f u r t h e r  t h e  p o t a s s i u m  

or  s o d i u m  s a l t s  o f  c h l o r i n e ,  b r o m i n e ,  I o d i n e ,  f l u o r i n e  a n d  t h e  

h a l o g e n o u s  c o m p o u n d  c.vane (CN) • W i t h  t h e  s o l e  e x c e p t i o n  o f  z i n c ,  

n o n e  o f  t h e s e  e l e m e n t s  h a d  t h e  s l i g h t e s t  e f f e c t  o n  t h e  v i t a l i t y  

o f  t h e  e e l * arms a f t e r  ?4 h o u r s  o f  e x p o s u r e .

The  e e l w o m s  In zinc c h l o r i d e  w e r e  n o t  d e a d ,  b u t  s h o w e d  

a l g n e  o f  I n t o x i c a t i o n  In t h a t  t h e i r  m o v e m e n t s  w e r e  m uc h  s l o w e r  

t h a n  n o r m a l .  I  t h e r e f o r e  s u b j e c t e d  z i n c  t o  a c l o s e r  e x a m i n a t i o n  

a n d  o b s e r v e d  t h a * ’. 1 0  mpm o f  z i n c  p e r  l i t e r  (  ̂ p a r t  b y  w e i g h t  I n  

1 0 ^  p a r t s  o f  w a t e r )  k i l l e d  t h e  l a r v a e  I n  4  h o u r s  t i m e .  Z i n c  

t h u s  s h o w e d  t o  h a v e  s o m e  d e t r i m e n t a l  I n f l u e n c e , t h o u g h  b y  n o  

m e a n s  c o m p a r a b l e  w i t h  s i l v e r .  W i t h  t h e  l a t t e r  e l e m e n t  3 . 8  p a r t s  

i n  1()7 p a r t s  o f  w a t e r  s u f f i c e d  t o  k i l l  a l l  e e l w o r m  l a r v a e  w i t h i n  

3 0  m i n u t e s .  N e v e r t h e l e s s ,  t h e  r e s u l t s  w i t h  z i n c  w e r e  o f  c e r t a i n  

I n t e r e s t ,  a s  t h e y  c o n f i r m e d  a  f o r m e r  o b s e r v a t i o n ,  when I n o t i c e d  

t nafc  o e l w o r m s  d id  n o t  survive  In p o t s  I n  which a  zinc l a b e l  was  

I n s e r t e d  n e x t  t o  a tobacco p l a n t . The s o l u t i o n  p r e s s u r e  o f  z i n c  

i e  known t o  be r a t h e r  h i g h  a n d  m a ny  z i n c  s a l t s  a r e  s o l u b l e .

C o m p l e x  s i l v e r  l o n e  w e r e  a J e o  e x a m i n e d .  A l k a l i - s i l v e r  

c o m p o u n d s  a s  A g K ( C N ) ? a n d  A g N « ( C N ) g  a r e  r e a d i l y  made  by  p r e c i p i ­

t a t i n g  AgCN I n  a  s o l u t i o n  o f  /IgNO^ b y  m e a n s  o f  KCN ( o r  NaCN) a n d  

r a - d l s s o l v l n g  t h e  s i l v e r  c y a n i d e  I n  e x c e s s  o f  a l k a l i  c y a n i d e .

Such compounds I found ab so lu te ly  In ac t ive  (except  in  high  

c on cen tra t ion s ,  when a poisonous Influence  of  the cyanide Ion I n  

e x e r t e d ; see  experiment ?8 on page 9 6 ) .  This In . u l l y  In agree­

ment with the theory that  only f r e e  s i l v e r  Ions are ollgodynainl-  

o a l l y  a c t i v e . Whereas s i l v e r  cyanide I s  h ig h ly  potent ,  due to  

the p r e s e n c e  of  the Ag+ Ion, the double cyanides are d i s s o c i a t e d  

i n t o ,  e . g . ,  AgK++ ( a  complex s l l v e r - a l k a l l  3 on) and ?  tir* I o n s .

in  v i t r o ,  c o l l o i d  a1 s i l v e r  has a potency s im i la r  to  metal­

l i c  s i l v e r .
The e f f i c i e n c y  o f  s i l v e r  lone as a nematoclde w as  s u f f i c i e n t
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l y  p r o v e d  b y  t h e  a b o v e  e x p e r i m e n t s  b u t ,  s i n c e  s l i v e r  h a s  t h e  

d i s a d v a n t a g e o u s  n r o p e r t y  o f  b e i n g  r a t h e r  q u i c k l y  i d s o r b e d  on 

a c t i v e  s u r f a c e s ,  t h e  q u e s t i o n  a r o s e  a s  t o  how s l i v e r  compounds

w o u ld  b e h a v e  I n  t h e  s o i l .

To i n v e s t i g a t e  t h i s  pr o b le m  I  a n p l l e d  a l y e l m e t e r  a s  shown

i n  f i g .  7 .  The a p p a r a t u s  c o n s i s t s  o f  a  g l a s s  t u b e  o f  4 i n c h e s  

b o r e  and 12  i n c h e s  l o n g ,  c l o s e d  a t  o n e  end w i t h  c o p p e r  w i r e  

g a u z e  and p l a c e d  on a  s t a n d  o v e r  a  f u n n e l .

The l y e l m e t e r  was  f i l l e d  w i t h  2 l b s  o f  s u n - d r i e d ,  w e l l -  

s o r e e n e d  s o i l ,  w h e r e a f t e r  500  c c  o f  t h e  s o l u t i o n  t o  b e  t e s t e d  

was p e r c o l a t e d  t h r o u g h  I t .  The a p p a r a t u s  was  c a r e f u l l y  c l e a n e d  

b e f o r e  e e o h  new e x p e r i m e n t  and r e f i l l e d  w i t h  f r e s h  s o l i .  The  

s o l u t i o n s  w e r e  t e s t e d  b e f o r e  and a f t e r  g o i n g  t h r o u g h  t h e  l y e l ­

m e t e r .  O b s e r v a t i o n s  w e r e  made I n  t h e  way d e s c r i b e d  on p a g e  3 ? .

T h e  f o l l o w i n g  c o m p o u n d s  w e r e  t e s t e d :  s i l v e r  p r o t e l n a t e  

( " P r o t a r g o l " ) ,  s i l v e r  c h l o r i d e ,  s i l v e r  h y d r o x i d e ,  s i l v e r  c a r b o n a t e ,  

m e t a l l i c  s i l v e r ,  z i n c  c h l o r i d e ,  l e a d  n i t r a t e ,  c o p p e r  n i t r a t e ,  

s o d i u m  c y a n i d e  a n d  a f e w  c o m b i n a t i o n s  a s  w i l l  b e  s e e n  f rom  t a b l e  

XXXIX w h e r e  t h e  r e s u l t s  o f  t h e s e  e x p e r i m e n t s  h a v e  b e e n  t a b u l a t e d .

s o l u t i o n  t  ated  *)

Ag-crot. 1 x 10',-6

Table XXXIX

l y e l m e t e r  m o v e m e n t s  
t r e a t m e n t  c e a s e d  a f t e r

56 mln.

r i g o r
m o r t i s

d u r a t i o n  
o f  e x o .

n o n e 2 hrs

l b Idem

l o d i s t i l l e d  w a t e r

2a ^ c r - p r o t . 1 x 10

s a n d y  s o l i

none 2 4  h r s

none

2b Idem sa n d y s o i l  5 hrB

15 m l n .

o0 d i s t i l l e d  w a t e r none

30  mln

5 h r s

• )  C o n c e n t r a t io n s  a r  g i v e n  I n  grams o f  s i l v e r  per  c u b i c
c e n t i m e t e r  oV w ater .



T t b le  m i x  (con t inue d)

e x p .
_ n o  s o l u t i o n  t e s t e d

s a t u r a t e d  s f i v e r  
3 a s o l u t i o n  ( 4

. m o n t h s  n l i j  _

3b Idem

3° d i s t i l l e d  water

s a t u r a t e d  s i l v e r  
4a s o l u t i o n  ( f r e s h )

4b i d  em

l y e l m e t e r
t r e a t m e n t

none

san dy  s o i l

none

none

•ks d i s t i l l e d  water

s a t u r a t e d  s i l v e r  
5a s o l u t i o n  ( f r e s h )

s a n d y  soT T  
( w a sh e d )

'.one

5b Idem

none

sandy s o i l  
( b u r n e d )

movem ent s  
c e a s e d  a f t e r

5^ h r s

r i g o r
m o r t i s

duration
-  °J-

45 mln

6 h r s

45  mln

-4-
~ T

5o d i s t i l l e d  w a t e r

6 a A g-prot .  1 x 10~^ 

6 b

none

none

4 -
Idem

"saHdy-Fofi 
(bj rm ed  and  

w ash ed )

2 ^  h r s

i j 1 h r s

3 0  mln

60  d i s t i l l e d  water none

none
■ s a t u r a t e d  s l i v e r  

7a s o l u t i o n  ( f r e s h )

-----------------------
?b Idem :j g l a s s  s a n d

2 4  h r s

45  mln

70 d i s t i l l e d  w a t e r none

s a t u r a t e d "  s i l v e r  
5a s o l u t i o n  ( f r e s h )

19 h r s

none 4o mln

5b Idem g a u z e

5c d i s t i l l e d  water

9a s i l v e r  s o l .  with 
one  d r o p  0 . 1  N 
copper n i t r a te—■ — ■ 11 •» -* -■■■ • - -,J N

9b 0u (N O ^ ) p I n  5 c o .

none

none

none

4 h r s

4 5  mln

bO mln

d i s t i l l e d  water none 1 h r



TabIt XXXIX (continued)

exp.
no so lu t io n  tested  

saturated s i lv e r  
10a chloride so lution

10b idem

10c

ioa

Idem

lOe

11a

Id em

d i s t i l l e d  venter
- - - • —«g —- wi ■ —- —saturated s i lv e r  
chloride  solution  
l .?5_x  10 - 5 _____

l i b  Idem
—  ------------------------------
l l o  d i s t i l l e d  water

saturated elTver 
12a ch loride  so lution  

■

12b Idem

lyslm eter movements
treatment censed a f t e r  mortis 

none 30  mln

rigor

none Us mln

r i v e r  sand 
(washed) 3 3} hrs

Idem 3& hrs 6 hrs

duration  
of exp.

none

n o n e IF mln 30  mln

6 hro

sandy s o i l 2 hrs Û- hrs

none

none 

a l s o i l

20 mln 

2 hre

3 0  hre

U5 mln

3i  hrs

12e d i s t i l l e d  water

 " A g-p rot. 1 x To-c
13a plur equlval.  

wght sodium 
chloride

none

none 6 }  hre

'

4 hre

13b Idem a l  s o i l 7 hre

I3 0 B  d i s t i l l e d  water none If! hrs

14a

14b I

s i l v e r  chloride
o rec ln lta ted  from none 23 mln

'0 -5
FO mln

Idem sandy s o i l

l 4o d i s t i l l e d  water none

 ’—enturated eolutlons " "
IFa of s i l v e r  hydroxide none

and s i l v e r  chloride
 | ^ B l a o l c  " t u r f   ----------
I F b  Idem s o i l  44. hrs

20 mln 14 hrs .

21 hre

12 hre

I 50 d i s t i l l e d  w a t e r  n o n e

l o a  z i n c  c h l o r i d e  n o n e
1 x  1 0 - 5

12 hre
--f-



Tible rxxrx (continued)

lyelmeter
nolutlon toetnd treatment

— ™ ■ - ■ ■ i f  I ■ ■ y  ■ — » « I « -■■■!■ -   equal parte of
7,1 no chloride none
1 x 10“ ■ and
eat. eliver eol.
maturated e l lv e r
solution none

movements rigor  
oearned a f t e r  mortis

2F mln

25 mln

d i s t i l l e d  water none

Tfnc' 'oHTorlle 
1 x 10“ ?

TOoTTturf
moll

d i s t i l l e d  water

1^ hre

R0 mln

duration

12 hrs

11 hro

eaturated so lu tion e  
of s i l v e r  hydroxide 
and s i l v er .chloride

none 20 mln

Idem
SEToT’ «ir?  
saturated a f te r
with ZnC 1-2 2 t  hi J
and drlnd^

d i s t i l l e d  water none

dl? mixture rv 
1 gm Ag-prot.&nd 
1 gm potassium 
chlorate

Idem

mixed uh- 
dlsso lved  
with sandy 
s o i l  then 
tap water 
p erco la ted

d i s t i l l e d  water

"1 gm Ac--p rot 7 and 
1 gm notaeslum 
chlorate  d i s s o l ­
ved in 1400 or 
1

none

00 Hi In

none 1  ̂ hre

sandy s o i l

2 i  hre

20 hre

d i s t i l l e d  water

saturated solutions'  
of s i l v e r  hydroxide

none

none
and s i l v e r  ohlorld  
plus ZnC Ip 1 x 10

Idem

Id hrn

3 hre none

al.iav’l — 
a l  s o l i  10 hre

d i s t i l l e d  water

saturated so lu tion s  
of s i l v e r  chloride  
and lead n itra te

none

none

10 hre

20 mln 3 hre

Idem
red a l lu v i ­

a l  sol 1 2 hre none



Table XXXIX (continued)

exp.
no

22o  

21a 

2?b 

23 o 

24e

lyalmeter movements r igor duration
so lu tion  J e s t e d  _ treatment, oeaned_ a f t e r  mortis of exp_._

d i s t i l l e d  water none hrs

■
and saturated s o l .  none 15 mln bC mln
of lead n itra te

Idem
red a l l u v i ­

a l  s o i l

d i s t i l l e d  water

24b

saturated" sd lution  
of s i l v e r  carbcn-

Idem

none

none

10 hrs

t
30  mln

2 4 o d i s t i l l e d  w a t e r

25a 

25b

25o

red a l lu v i ­
a l  s o l i

mr—- — ■ — - - “-l — — ~ -»■ . ■
none 17 hrs

010021 " s i lv e r  
p re c ip ita te  In 
tap water 
Idem- plus 0 .5  f  
sodium c.ilorlde

Idem

none

red a l lu v i ­
a l  s o i l ,  

l e t  drops
" idem  f

la s t  drops

23d tap water

e l l^ e r  n itra te  
26a in tao water 

25 x 10- 1

Idem

Idem

1

19 hre
s , ______

none 8 hrs

26b 

2 bo 

26d 

27a 

2?b 

27o

idem 

d i s t i l l e d  water

-  r ib "  "rer"alt
lu v la l  s o i l ,  
l e t  drops 

Idem ~t" 
la s t  drone

none ?4 hrs

Ag-prot. 1 x 
1 0 - 5

Idem
T i b  red a l -  " 
lu v la l  s o i l j

60 mln

Idem

1st drops■ • -r - - -  "  V ' ■ —•

la s t  drops

27a

28a

28b

d i s t i l l e d  water

' Ag-prot. 1 x 
10-5 plus 1 N 
sodium cyanide

Idem

Idem

none

none

Q hrs

2 mln

2 mln
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Table XXXTX (continued)

exo.
no

S3o

so lu tio n  tested

d in t i l l e d  v ter

sodium oyani 
0 .0083

lyelmeter I movemente 
treatment | oeaeed a f t e r  mortis

none

rigor duration 
_Pf . e x £ . „

9 hru

none
in s ta n tly ' 
s t i f fen ed

3 0 a 10“ b plue equl-

3 0 b

10-
valent wgt 
podium cyanide

Idem

none

3 0 c die t i l l e d  water

? IVe r e d 
turf 
n o il

none

recover­
ed com- 4 hre 
p le te ly

3 hre 15 hre

16 hre

none
Ac~prbt 

3 la  nlue eq . wght 
  NaON In tap water

2 IDB red
3 lb  Idem turf 7^ hre

moll

16 hre

3 I0 d ie t  t i l e d  water none
L _ 1

16 hre

Experiment 31  WaS four times repeated with the name r e s u l t .

~ * “Ag'.prot. "T x 10“ h 
3 2a plus eq. wght NaCN 
______Ijn tap_water

none

3 2b Idem

Ag-prbt. 1 x I c r T " 
33a plue eq. wght NaON 

and excess NaOl

2 Ibb red 
turf 
moll

none

33b

33o

Idem
‘ 2 lbs" refi" 

turf 
s o i l

; |  
a fter  
2 k  hre

11 hre

d i s t i l l e d  water

li. hre

none
1 --------------

20 hre

34a plue eq. wght NnCn none 8 hre
and 0 .1  * 3nCIp

 !-----------------   -  ’ p- Iba red  ------
3 4b Idem %  E] turf 4 hre

zinc oruor) oe 
3 4c 0 .1  < Idem

;I? hre | 

10 hre

3 4d. d i s t i l l e d  water none 39 hre

E x p e r i m e n t s  33 a n d  34 w e r e  e a c h  f o u r  t i m e s  r e p e a t e d  elm ul• 

t a n e o u e l y  w i t h  o o n e l c t e n t  r e s u l t s  a s  a b o v e .  E a c h  met  of e x p e r i ­

m e n t s  w i t h  t h e  same  n u m b e r  war a l w a y s  c a r r i e d  o u t  s i m u l t a n e o u s l y  

a n d  o b s e r v e d  f o r  a l e n g t h  o f  t i m e  a s  I n d i c a t e d  I n  t h e  l a s t  column.



D1S "bSTON’ O1'' REflnfTS The lyelm eter experlmentm ehownd d le -

t in o t ly  that admorptlon taken p lace In 

the moll, mo much even, that eo lutlone with mllv ’ lonm only 

become completely impotent *) (experiments lb, 4b, 2?b, o) 

unless  in strong concentrations ( exp. 2b). Even washed soil,  

(exp. 4b), burned s o i l  ( to  destroy organic matter: say • 5b) or 

s o l i  burned and washed ( I . e .  freed o f  c o l lo id a l  and 01 -anic 

p a r t ic le s :  exp. ^b) had the same e f f e c t .  Pjt gb8 only s o i l ,  

r la s s  sand (e?-p. yb) and copper wire gauge (exp. 8 0 ) as w e ll ,  

adsorbed the lonm s u f f i c i e n t ly  ae to render then. In active . The 

copper Ion as much was not responsible for the in activation  as 

shown by experiment 9a.

In the presence of chlorine or cyanide lonm, however, the 

oligodynamic action was patent ( experiments 10c, d, 11b, 12b, 

13b, iFb, 18b, 21b, 22b, 30b, 3 1 b, 32b, 33b and 34b), although 

a s ig n i f ic a n t  decrement In e f fe c t iv e n e s s  was observed (compare 

the la s t  merles with a o f  the corresf. ondlng numbers: the s o l ­

utions te s ted  before percolation through the ly s lm e te r ) . **)

This rather unexpected re su lt  needs further a tten t io n .  I f  

(a* In the absence of ch lorine or cyanide) a l l  the s i lv e r  i s  

taken out of the so lu tio n  by adsorption to  s o i l  p a r t ic le s  and 

o o llo ld o , the fact that presence of chlorine or cyanide lonm 

brings about an oligodynamic e f f e c t  would suggest that at le a s t  

a certa in  amount of s i l v e r  remains In so lution  am a resu lt  of 

the In teraction  of cations and anions. One could explain th is  

by assuming that the a f f in i t y  of s i l v e r  to the anions In quest­

ion i s  grea ter  than I t s  a f f in i ty  to other p a r t i c l e s .  In th is

*) ^hlm "dsorntlon explains negative r e su lt s  with mllvmr-
nrotelnato  ai octalned by Jacks ( I 9JW) In pot experiments, 
by m yself (1941, unpublished) In tomato seedbed t r ia l s ,  and 
others (personal 00 muni c a t io n s ) .

* * )  That actua lly  the free chlorine Ion has to  be present,
whs shown by experlcentm l^a and 20b, In * .ich the chlorate  
Ion was of no in f lu en ce .



dame, however, the ollp-odynamlo potency of a so lu tion  contain­

ing s i lv e r  and chlorine lone should be equal to  the to x ic i ty  

of a s i lv e r  chloride so lu tion , which i s  d e f in i t e ly  not what I 

could observe.

According to the law of masp action  (Guldberg & Waage) the 

s o lu b i l i ty  product of an e le c tr o ly te ,  or :he product of the 

concentrations of ca tion s  and anions, is  a con stan t. This means 

th a t  any excess of anions (and we may assume a large number of  

anions to  be present in the s o i l )  would automatically reduce 

the concentration of the free cations of a badly soluble metal, 

in onsu the Oliver, which, therefore, w i l l  cause a considerable  

decrease In the e f f ic ie n c y  of the ollgodynamlcon. This explain.* 

one decrement in action  of a percolated so lu tion  when compared 

with i U  crU-lna) '’ trangth. But the law of mass action in  I t s  

o r ig in a l  f^rm can not explain why an Increased concentration of  

chlorine (or cyanide) ions enha nces the oligodynamic e f f e c t .

Only the more recent extensions of the law of mass action  

(d eta iled  d lsousslc  n of which can not be given here) g ive  f u l l  

account of the behaviou" of t h e  ions when namely the a c t iv i t y  

c o - e f f i c i e n t  of the ions *) i s  taken Into consideration .

The observed phenomenon i s  In physica l chemistry referred to  

as the b .c .  "salt e f fec t"  (meu VOgel, 19*43) which throws new 

11 ht on the oligodynamic action of metal lo n e , in  that -  on 

sp e c ia l  conditions of e le c t r o ly t lo a l  equilibrium -  certa in  ions 

may take the role i f  w h a t  could be c a l le d  a "synergon".

A s y n e r g o n  c a n  now b e  d e f i n e d  i s  a n  i o n  t h a t  a u g m e n t s  t h e  

s o l u b i l i t y  o f  a n  o i l  ro d y n n m i o o n ,  t h u s  k e e p i n g  i t  p o t e n t  i n  .an 

e n v i r o n m e n t  w h e r e  i t s  a c t i v i t y  i s  i m p e d e d .

E x p e r i m e n t s  7 ? b ,  2 4 b  and l 6 b ,  o s h o w e d  t h a t  t h i s  p r o t e c t i v e  

p o w e r  i s  n o t  p o B ' - e e s e d  : y  t h e  n i t r a t e  a n d  c a r b o n a t e  a n i o n s ,  a n d  

J u s t  & 9 n l o l l 3 ( 1 9 3 n)  f o u n d  t h a t  t h e  p r e s e n c e  o f  i o d i n e  l o n e

* ) A concept introduced b y  0."!. L e w i s  ( 1901, 1907).



oonmaerably r-educefl thp s o lu b i l i ty  of s i lv e r  Iodide whloh Is  

already very low ( s o lu b i l i t y  product 1 .5  x 10” 16 gi-eunmoleoulee 

per I ter  at 2 ^ °  C) .  In fact ,  the hnloi-ens Cl and CN seem to  

be outstanding as synergon, whloh Is nerhaps explained by th e ir  

comparatively high s o lu b i l i t y .

Tn the compound "Protargol" the s i lv e r  seems to  be "shield  

ed» to a certa in  extent, as addition of sodium chloride  does 

not Immediately resu lt  In the p rec ip ita t io n  of s i l v e r  chloride ,  

although the reaction does take p lace a f t e r  a few minutes 1 

standing, "he e f f ic ie n c y  of the s i l v e r  in "Protargol" i s  a lso  

decreased when I ts  so lu tion s  are coopered with other compounds 

containing equivalent amounts of s i l v e r  (o f .  experiments 2?a 

and. 10a, 11a , 12a ) .

"Protargol", which Is  normally of a dark brown colour in  

concentrated so lu tio n s ,  reacts with sodium or potassium cyanide 

in  that the so lu tion  becomes nearly completely c o lo u r le s s .

’Tost l ik e ly  n complex s i l v e r  Ion Is formed, as no p r e c ip ita te  

ensues. Consequently the o i l  odynamlc action of so lu tion s  of  

"Protargol" In combination with MaCN Is  somewhat surprising,  

s in ce  we have seen from experiments 3 0 a and 3 pa that the 

complex s i l v e r  1 on Is Inactive  (unless  s u f f i c ie n t ly  d issoc ia ted  

a f t e r  a lon‘- time: exp. 31*; fee a lso  pare 91). Evidently, 

then, Is  th is  complex Ion brokeu up In the s o i l ,  so that free  

s l lv e "  ions arc l ib er a te d . Otherwls. the resu lt s  of experi­

ments 30b. 3 1 b and 3 2b can no* be explained.

The "shielded" p o s it io n  of the Oliver In the complex Ion 

Is an advantageous fea tu re , ns i t  allows the simultaneous 

adm inistration in the s o i l  of o i l  'Odynamlcon and synergon with­

out r isk ing  lo ca lized  p r e c ip ita t io n s  of slowly so lub le  com­

pounds . This p r inc ip le  ha# been used In la ter  in v e s t ig a t io n s .

le lther the duration of percolation through the lyelm eter, 

nor the a- ount of s o i l  taken seemed to  be of any Influence on 

the " so il  e ffect"  ( experiments "5 -  ,°7 ) and d if fe r e n t  s o i l s  

a p p e a r e d  to behnve nllke with respect to adsorption.



SlLV’ilR-lINC CYANIDE. A PROMlSIto COMPOlTND Above we hnvr Been

that the complex 

O liver lonn hove certa in  advantageous properties that vrould 

make them b e tter  nematocldee than other s i lv e r  compounds. The 

idea, therefore, to look for a su b s t itu te  of the oilgodynarlo-  

n l ly  Inactive  a lk a l i  atoms In the a l iv e r -a lk a l l  cyanides, was 

obvious. Naturally zinc suggested I t s e l f  here, as th is  metal 

too exerted detrim ental Influence on the eelworm larvae * ) .

I thus tr ied  the synth es is  of a complex Ion of s i l v e r  and zinc 

and succeeded In p r e c ip ita t in g  a s l lv e r -z ln c  cyanide, AggZnfCN)^, 

by mixing so lu tion s of zinc n itra te  and sllver-sodlum  cyanide 

accordin' to the reaction  equations:

2AgN0j + SNaCN — *• PAgCN /  + ?NaNÔ

2AgCN + PNaGN ----► 2AgNs (ON). (so lub le)

?AgNa(vN^2 + ZnfNO-))^ /

S llv er -z ln o  cyanide, a greyish  powder, Is highly Insoluble,  

but can be d isso lved  In sodium cyanide "*). I t  does not react 

with sodium chloride and Is ,  by I t s e l f ,  ollpodynamlcally In­

a c t iv e .  Compared with other s i l v e r  compounds It  Is much le se  

p h o to -se n s i t iv e .  A ll  th is  shows that the s i lv e r  atom Is w ell  

shielded o f f .

With some exoerlmentntlon the Department o f  Chemical 

S ervices , Pretoria, u lt im ately  evolved four d if fe r e n t  ways of 

nrepaving s l lv e r -z ln c  cyanide and mnea production of the com­

pound a c tu a l ly  appeared to  be a rather simple procedure.

TIEUD AND SEED )HD TRIALE A s e r ie s  of experiments w s s e t  out

to In vestiga te  the p r a c t ic a l  ap p li­

c a b i l i t y  of d i f fe r e n t  s i lv e r  compounds. The following chemicals 

were tested: m eta llic  s l iv e r  ( s i l v e r  duet), s i l v e r  protelnate

*) A no,her property i t  zinc Is that I t  tends to dlsp.'aoe
s i lv e r  Ions, which -  I t  was hoped -  might prevent , dmora­
tion  of s i lv e r  In the s o i l .

**) In fact complex cyanides of a higher order ere formed.
In th is  way.



( "Drotni>:ol", n commercial iduct containing about 8 f  v l l v o r ) , 

s i l v e r  nuolelnate (with t  16 ''' Ag), a llver -z ln o  cyanide and 

a l l \ a r  c h lo r id e . Sodium chloride was used ne a eynergon and 

tr ied  out In d if fe r e n t  conoentratlone, while aodium cyanide warn 

aoplled e i th e r  as aynergon or ae a solvent of the Insoluble  

compounds.

As n s t a t i s t i c a l  lay-out I adopted the randomized block  

system. In th is  the host p lan ts ,  examined In the laboratory  

some time a f t e r  treatment of the s o i l  ( 2 - 3  months), can be 

taken as random samples o f  the eelwora population present In the 

s o i l  at the moment when invasion of the roots was started  by the 

p a r a s i te s .  The contro ls  then g ive  an estimate of the population  

density  p r io r  to treatment.

Provisions were made to havt. *> ( the number of p lants exposed 

to  In festa tio n ) large, so that fo m u la  ( 22) could be applied as 

an estimate of aelwonr copu lation .

Since the N's varied from p lo t  to  p lot (and thus a lso  for  

the d if fe r e n t  treatments) I t  was deemed e s s e n t ia l  here to take 

as a c r i te r io n  the average, - /  N o - ln (  1 -  n/  N), of al? the 

in d ica tor  plants for each treatment, divided by the correspond­

ing figure, for  the cortro] * ) . By th is  operation the Index 

f igu res  come to represent a percentage of the o r ig in a l popula­

t ion  that survived treatment, fo r  which reason I designated  

them as "survival Indices".

As q unit of treatment dosage was chosen the amount of 

;iIr.-;r present In B grams of s i lv e r  protelnate ( which corres­

ponds to 0 .4  gm of s i lv e r )  administered per square yard of 

eelworm Infested  s o i l .  Th s one u n it  Is equal to: B gm 

"Protar ol", 2 .B gm s i l v e r  nuolelnate, 0 .7  gm s i lv e r -z ln o  

cyanide or 0 .5  pm s i lv e r  chloride per equnre yard. Unit of 

oynei>'on was S gm sodium ch lo r id e , and likew ise sodium cyanide 

was rc 3kon'‘d In u n its  of  ̂ gm oer square yard.

* )  When N i s  o o n s t f c i t  f o r  ^ 1 1  t r e a t m e n t s  i t  f a l l s  o u t  
a u t o m a t i c a l l y .
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The reeultfl of theme experiments are shown bolow.

Table XL

exp. no.

* 1

i- . nt and 
dnr _ i In unite  
per squn re_ yard

s i lv e r  nuc1e ln -  
nte 0 .2 5  In 18.6

control
s l iv e r  JusT

m 0 .3 5 ,
 ln.-lS. b l  .maal

n a 
plants  
i n f e s t .

21

N = 
t o t a l  
plan ts

O.656

3? 50

23

control
. u .

166

s i lv e r  proteln-  
nte 0.25 In 18.6 gm 9 
-bLoodffloal -

0 jntrol
^Photan-:ol"075 
NaCN C.8
NaCl W i . 5

NnON 1.0

NaCN 1.0
NaOl 1 .0

" Rprotargol"07^ 
NaCN 0 .5

control no T 
NaCN 1.0

H4

242
1?9
245
240

T 7 #

40

256

- ln ( 1-^)

0 .7 0 0

O.5 7 5

0.648

123 0.073

538 0.082

40
123
120

1185 
)1159: 

665 
588 

l8 l6

i g l

_ T i

158
108
114

4%

347

3%

WI
1098

852

271

I??! 
1088 

519
1'

0.13.1

suiarl-
&

1.0671

l.?040

0.3557

1.0441

0.0758

0 .0 8  5 6

jl404

val
1

83.6

100. 0
8 2 .0

1 0 0 .0

88.6

1 0 0 .0

H d . .  !
K i u  

r a

28.1

confrol no 2
no treatment

702
79 

699 
358

996
i4oo

%  16

92 1017
60s 923
228 111?
329 537

'

Bloodmoftii contains 0 ,87  J* chlorine.



contii

NaC 1

* .

treatment and 
doeage In unite  
per square yard

n * 
plants  
In fe e t .

N = 
to t a l  
plants

n - v 
R - ln (  1- jt)

eurvl-
yal

Index
control for IV^_^ 3643 9264 0.393 0 .4 9 9 2 100.0

"Pro targ*T"l?. 0
NaCN 2.0  ! 83 287

4.0

NaCN 2 . 0
NaC1 b . O

NaC II 3*0
NaCi 7 .0

2
425

" l'ProtargoT""y.O
NaCN 3 .0
NaC1 6.0

0 .3 8 8  0 .4 9 1 0  : 9 . 6

190 409
584 b6l

' • P r o t a n '  o inTT  . 0  
NaCN 3 . 0
N a C l  9 . 0

W p W l i Y k "  " 
eueoenrlon 1.0
N a d  <?»C

1

0.3496 _ 6.8

429 643

? b _.

1681 
1370

0 .3 5^

.

434
21221- . n

. %  L  0 .545 , r o j a a j q .

297
227
460 47'6 I 

TCIS 0.
i i i

• K » ™ " " e  i s

LiE

3^4112 ,bbjJL

817

AgpZhTCNlh" ' 
B u B p e n e l o n  2 . 0
NaC 1 2.0

• - A g : % n T 9 N i r —

suflpenelon 2.
NaCl

206

©
610
770
R70

0 . ,  t 0.6051 I _11.8

r ,0 
4.0

483
872

648
1502

AgpZn'fCN^ 
euflpenfllon 2 .0

b . O

W . 0, 63s i,P i6 1  „ „12.._2_
NaCl

4 - A ^ R 7 ? N l ,
euBpenelon 3 «C



T a b l e  XL ( c o n t i n u e d )

! t r e a t m e n t  a n d  n *  N -
d o e a g e  In u n i t e  p l a n t s  t o t a l

 ________ | n e r  e q u a r e  y a f d  I n f e s t .  p l a n t s
A g 2 Z n ( C N ) 4  

V i p  e u B r i e n f l l o n  J, . 0
NaOl 3*0

n _ e u r v l -
U - l n (  1-S-)  v a l  

_______________ i n d e x

e u e p e n e l o n  3
NaOl b.O

eubpenelon J i ,0

355 571
481 1257

. ^ 5 ?  ,0 .3 9 9 . 0 .5 0 9 2  . 1 0 .0

358 1177
770 1148

1 $
883

0 5̂68 . p . 8393_ ___ 16^L

9 .0
828

138H-
I 0U7
2321

Tin? 0 .5 6 6  0 .8347  I b j l

c o n t r o l  f o r  V i  i h  18^
Sl88

mu 
'

" Agtnr
N-iON

176*
1.0

""AgCY
NaON 4.0

.

186
190
194

5.1160  100.0

9 
0 

16

\
0

LJ.?„
1 
8
2 

12

:

^3

16

196
HJ,p,265„„.o,3pj9_ _82.p_

33

16
2

T? 260 0.3011 81 .1

HaCN 4.0

VI, NaON 4.0

130
1
0
0

I*

48



fcontinued)Table XL

treatment and 
doeae-e In unite  
per square yard

eurvl
val

Indsx
planre to ta le :-r>. n n .
infant, pIan t n— —■ ■ -— — —-—- — — - . -e

AgpZn(CN)i, 
dry powder 4 .0

v\£*n̂ n (C N") h 0. 
NaCN 0.

b

66 
'86

^  O.nyli o.oy,,y

MaOl

Na~N

NauN 1.'^10

.
NaCr 2.0

control for
f l l - l l
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7.-1 b le  XL ( continued)

treatment and n = ”
exo. no. doeape In un ite  p lante  ?

AgCl s .09  . .
VII1 ’ ) Ne5N 5-09 “

su rv l-  w

1/

VIIo *)

A
57 
as

1.177 0 .19%* ____

NaCN
NaOl

VII-z *) co n tr o l  for
V H 1-2

%

0.121 0.1290

f i

V U Ii  *)
A p C l-5 .0 9  
NnCN R.C9

J ? 100.0 *-

VTIIg *) NadN k.92
NaCl 2.63

.,025 .

ap ec lf loa t:on e  by the author.

*



treatment nnd 
exo. no. doBRtre In u n ite  

- .P er  equare yard

Tnblfl XL (continued)

control for
v r i l .  *)

n «• N = n
plante to ta l  R - ln ( l -^ )
i n f e s t ,  plante■■ 1 ■ I i *» # -• . .

ito 5c
12 SO
30 50
16 50
22 50 |
3 8  50

- i  ml E

survi­
val

Index

100.0

I'Zxperlments T -  I I I  war?, carried ot t by means of spot tr e a t­

ment In f i e l d s  planted t»; Turkish touaoov 3 x 3  f e e t .  The dosa-  

r* was administered In owd■ r fo m , nixed with the f e r t i l i z e r  

(bloodmeal). The la t t e r  was g iv e i  a t  the rate of 200 lbs per acre 

( t  18.6 gm oer p la n t ) .

Plant heights (both treated nnd controls) were me su red  In 

experiments II  and I I I . For treatment I I i ( s i l v e r  d u s t ) , the 

average Length was 4-0 inches (ranging from 4 to 64") and for  the 

contro ls  ( I I 2) 37 Inches (ranging from 5 to 60"). For treatment 

T1I1 ( "Protar :ol") the average length wis g4 Inches (3 to 5 2 ") 

and fo r  I t s  control (TTTn) 13 Inches (1 to 4o» ). In e ith e r  case 

the d if feren ces  were not s ig n if ic a n t  ( ns the variances were very 

ln"ge) but showf1 at l e a s t  that the s i l v e r  had no adverse e f f e c t  

on the growth of the tobacco p la n ts .  I f  not d ir e c t ly  s im u ­

la t in g  growth, s i lv e r  showed to  be e f f e c t iv e  with respect to  

eelvronn Infc tatton and the s l ig h t  reduction of root damage could 

poss ib ly  account for the d if feren ces  in Ion th .

A l l  the o t h e r  e x p e r i m e n t s  ( I V  -  V I I I ) w e r e  tobacco sendbed 

t r i a l s  I n  " ^ n d o m l r e d  b l o c k s .  I n  e x p e r i m e n t  TV t h e  p l o t s  were 

3 x  15  ft, ( 5  s q u a r e  y a r d s )  w h i l e  t r e a t m e n t  wa s  g i v e n  In  a q u e o u s  

so lu t io n .  As t r e a t m e n t  I V q  ( 1  u n i t  o f  NaCN) s h o w e d  p r a c t i c a l l y  

s p e a k i n g  no  d i f f e r e n c e  w i t h  t h e  c o n t r o l s  ( I V , \ , t h e  a v e r a g e  of 

I V  - a n d  I V -  w a s  t a k e n  a e  a b a s e  f o r  t h e  c o m p u t a t i o n  of t h e  s u v -

') S e e  f o o t  n o t e  p r e c e d i n g  p a g e .



v iv a l  in d ices  of treatments I t o  IV4 .

The p lo te  of experiment V mere J  x 9 f t  (3 flQimre yards) • 

"Protar^-ol" wne administered In aqueous so lution  and s i l v e r - f in e  

cyanide in watery suspension (prepared by shaking up the powder 

with a l i t t l e  absolute a lcohol; the mixture was then poured out 

in to  4 ga llon s  of water while s t ir red ;  f in a l ly  NaCl was added).

For experiment VT the p lo 4-' we^e taken one squ .rm yard in 

s iz e ,  but mere r ep l ica t io n s  occurred. Dosage was given by means 

of aqueous so lu tion  of the chemicals ( except for treatment VZ& 

in which the dry powder of e l lv e r -z ln c  cyanide was worked upKj 

with the top 3" layer r f  s o i l ) .

In experiments VII and VIII the p lo t s  were two square 

yards and treatment was given In aqueous so lu t io n .

With treatments IV -  iri the t o t a l  number of p lants in the 

p lo ts  were examined, while for experiments VII and VIII samples 

of s iz e  N were taken from the r e p l ic a t io n s .  As in  a l l  oases 

N was rge and taken from representative areas in the experi­

mental f i e l d ,  the various ways of sampling did not seem to  have 

boon of Influence on the r e s u lt s .  From experience, however, 

and on th e o r e t ic a l  grounds, I would recommend to  have as large  

a number of rep lica tio n s  as the experimental lay-out w i l l  

permit. The id ea l would be a large number of p lo t s ,  d is tr ib u ted  

at random over the experimental area, and in  general one could  

say: the smaller the c l o t s ,  the larger  should be the number of 

r e p l ic a t io n s .

DISCUSSION OF RE5ULT8 When, p lo t t in g  the surv iva l ind ices  of

a ser ie s  of experiments, as e .g .  III^ ,  

I V 1 , IV3 , V- ( "Protan o l 11) or V l y ,  VT g ,  VTq, VIIp, VITIg ( s l l -  

ver-nlnc cyan ide), against units of s i l v e r  administered, long 

drawn-out, sigmoid curves resu lt ,  whioh become symmetrical on 

logarithmic transformation of the d oses . This trend is  t ip  l e a l  

of many to x ico lo g ie s  1 d^ta, and in d ica tes  that, In the oases
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1 n w h l o h  l t  l s  o b s e r v e d ,  t h p  e f f i c i e n c y  o f  t h e  d o s a g e  I s  c o n ­

c o r d a n t  w i t h  t h e  l a w  o f  W e b e r - F e c h n e r ,  w h i c h  ( w h e n  e x p r e s s e d  I n  

g e n e r a l  t e r m s ) p o s t u l a t e s  t h a t  I n  m u l t i c e l l u l a r  o r g a n i s m s  t h e  

r e s o o n s e  t o  e x t e r n a l  I n f l u e n c e s  I s  p r o p o r t i o n a l  t o  t h e  l o g a r i t h m  

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

p l a u s i b l e  o b j e c t i o n s  h a v e  b e e n  r a i s e d  a g a i n s t  t h i s  l a w ,  o n e  c a n  

n o t  d o  away w i t h  t h e  f a c t  t h a t  t i m e  e n d  a g a i n  i t  a p p e a r s  t o  

o f a r  a  m o s t  u s e f u l  d e s c r i p t i o n  o f  t h e  e x p e r i e n c e ,  s o  t h a t  i t  

h a s  m a i n t a i n e d  n c e r t a i n  s i g n i f i c a n c e  I n  p r a c t i c a l  p h y s i o l o g y ,  

t o x i c o l o g y  a n d  a p p l i e d  b i o l o g y .  I n  o u r  c a s e  a p p l y i n g  t h e  l a w  

w o u l d  b e  f o c u s s e d  on t h e  c o p u l a t i o n  o f  e e l w o r a s  a s  a  wh o l e  

r a t h e r  t h a n  I t s  c o n s t i t u t i n g  I n d i v i d u a l s .

T he  s i g m o i d  s h a p e  o f  t h e  l o r - d o s a g e  m o r t a l i t y  c u r v e s  b e t r a y s  

t h a t  t h e  " p e r c e n t a g e  k i l l 1 i s  n o r m a l l y  d i s t r i b u t e d  a b o u t  t h e  

m e a n ,  w n l o h  I s  t h e  l o K - d o e e  a t  ^0  $ k i l l .  T h i s  e n a b l e s  u s  t o  

r e c t i f y  t h e  d r s . a g e - m o r t a l l t y  c u r v e  t o  a  s t r a i g h t  l i n e  (Oaddum,  

l ° 3 3 i  L o d e ,  1 9 ? 6 ) by  t a k i n g  p r o b a b i l i t y  u n i t s  ( o r  " p r o b l t s " ) a s  

o r d i n a t e s  I n s t e a d  o f  p e r c e n t a g e  s u r v i v a l  ( B l i s s ,  ] 9? b 1935 a , 

b )  .  T a b l e s  o f  " o r o b l t s "  a r e  f o u n d  i n  F i s h e r  & Y a t e s  ( .  

F i g u r e s  $  a n d  9 sh ow r e r r e n s l o n  l i n e s  o b t a i n e d  I n  t h i s  wa y  f o r  

" P r - o t e r g o l "  a n d  s l l v e ~ - z l n o  c y a n i d e  r e s p e c t i v e l y .  F i g u r e  1 0  

r e c r e m e n t s  t h e  I n f o r m a t i o n  from t a b l e  XL I n  l o g - d o s n g e  p r o b i t  

t r a n s f o r m a t i o n .  T h e  d r a w n  o u t  l i n e  s h o w s  t h e  e s t i m a t e d  g e n e r a l  

t r e n d  o f  r e g r e s s i o n  a n d  s h o u l d  n o t  b e  r e g a r d e d  a s  o f  a n y  m o r e  

s i g n i f i c a n c e  t h a n  t h i s .  I t  e n a b l e s  u s ,  h o w e v e r ,  t o  g a u g e  t h e  

-  r a t h e r  s c a t t e r e d  -  r e s u l t s  l i s t e d  i n  t a b l e  XL.

F i r s t  o f  a l l  t h e  " s a l t  e f f e c t "  I s  w e l l  e x h i b i t e d  in  f i g .  1 0 .  

I t  w i l l  b e  s e e n  t h a t  7 o f  the 8 t re a tm e n ts  w i thout  sodium c h l o ­

r i d e  y i e l d e d  s u r v i v a l s  tbove the l i n e  o f  g e n e r a l  t rend ,  w h i c h  

s t r e s s e s  once more the  Important f u n c t i o n  o f  c h l o r i n e  us a eyn-  

orgon.  But f o r  b e s t  r e s u l t s  sodium c h l o r i d e  can not  be prlven In 

any p r o p o r t io n  with the  s i l v e r  compounds. There Is a d e f i n i t e  

p r o g r e s s  In the e f f i c i e n c y  of  t h e  s i l v e r  Ions when the p r o p o r t io n  

[  1 ? * ] /  [ c i “ ] I n c r e a s e s . This i s  shown by f i g .  1 1  a n d  f u r t h e r  b y



ooraparV- .on o f  the t r e f  t m e n t e  In  the  f o l l o w i n g  s e r i e s :  V^ ,  Vo;

V3 , Vit, v^; IV1 , TV4; i v ? , IV? .

A n p e r e n t l y  we h a v e ,  f o r  o p t i m u m  e f f i c i e n c y ,  a  c r i t i c a l  

p r o p o r t i o n  o f  t h e  c o n c e n t r a t i o n s  o f  t h e  t w o  k l n d a  o f  l o n e ,  

w h i c h  a l s o  t h e o r e t i c a l l y  wa s  t o  b e  e x p e c t e d .  I  h a v e  n o t  y e t  

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

c r i t i c a l  p r o p o r t i o n .

T h e  r e s u l t s  o b t a i n e d  w i t h  s i l v e r  c h l o r i d e  w e r e  s o m e w h a t

d i s a p p o i n t i n g .  T h e  c h e m i c a l  w a s  d i s s o l v e d  i n  s o d i u m  c y a n i d e ,
*

w h i c h  b r i n g s  s l l -  e r - s o d l u m  c y a n i d e  a n d  N a C l  In  s o l u t i o n , s o  

t h a t  a n  e f f e c t  e l i a r  t o  t h e  o t h e r  c o m p o u n d s  i n  c o n j u n c t i o n  

w i t h  N a C l  c o u l d  t  e x p e c t e d .  T h e  v a r i a n c e  i n  e f f i c i e n c y  

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

c a n  b e  e x p l a i n e d .

C o m p a r i s o n  o f  f i g u r e s  8 a n d  9 w o u l d  s u g g e s t  t h a t  " P r o t a r -  

- o l "  h a s  a s l i g h t l y  m o r e  d r a s t i c  e f f e c t  t h a n  s i l v e r - g l n c  

c y a n i d e ,  a s  i n d i c a t e d  by t h e  s t e e n e r  s l o p e  i n  r e g r e s s i o n  o f  

t h e  f o r m e r .  S i l v e r - n i n e ,  c y a n i d e ,  h o w e v e r ,  r e v e a l e d  an i n c r e a s e d  

o l l g o d ’- n n m l c  a c t i o n  i n  c o n f i r m a t i o n  o f  t h e  e x p e c t a t i o n  when  

t h i s  c o m p o u n d  w a s  f i r s t  c o n s i d e r e d  ( o f .  p a g e  101) . T h i s  i s  

e x p r e s s e d  b y  t h e  u n i t  value  o f  t h e  m e a n  d o s a g e ,  w h i c h  i s  v e r y  

muc h  s m a l l e r  f o r  A g ^ Z n ( 0 N ) 4  t h a n  f o r  " P r o t a r g o l " . C o n s e q u e n t l y  

s i l v e r - x l n c  c y a n id e ,  when r e p e a te d l y  a d m i n i s t e r e d  i n  v e r y  

s m a l l  q u a n t i t i e s  (1  0 . 2F u n i t s )  -  d i s s o l v e d  i n  i r r i g a t i o n  

w a t e r  e . g .  -  should be most a d v a n t a g e o u s .

C o n s id e r in g  the  d i f f e r e n c e  in  s u r v i v a l  i n d i c e s  of  t r e a t ­

ments VTp ( It u n i t e  d i s s o l v e d  AgpZn(CN) 4 ) and VTg ' u n i t s  un-  

d l s a o l v e d ) , the n e c e s s i t y  o f  a p p l y i n g  the chem ica l  ir s o l u t i o n

w i l l  be  e v i d e n t .

The p r a c t i c a l  p o s s i b i l i t i e s  o f  ee lw om  c o n t r o l  by means o f  

olit-'©dynamic a c t i o n  of  s i l v e r  lone  i s  g e n e r a l l y  demonstrated  

by f i g .  10  and more p a r t i c u l a r l y  by f i g u r e s  S and 9 .



SU’-Tf'-ARY AND COHC i n  S IGNS S u m m a r i z i n g  t h e  I n f o r m a t i o n  o b t a i n e d

from t h e  e x p e r l m e n t a  d e s c r i b e d  i n

t h i s  p a p e r  l e a d s  t o  t h e  f o l l o w i n g  c o n c l u s i o n s .

1 ) S i n c e  t h e  d i s t r i b u t i o n  l a w  f o r  r o o t  d a m a g e

z® , 1 b
P(x' = J o b x  -  e"*c x  dx,

b a s e d  o n  t h e  p r i n c i p l e  o f  r a ndom  I n v a s i o n  o f  t h e  h o s t  p l a n t s ,  

c o u l d  b e  f i t t e d  w i t h  s a t i s f a c t o r y  r e s u l t  t o  t h e  o b s e r v e d  

I n f e s t a t i o n  I n  a t  l e a s t  71 i  o f  t h e  e a s e s  I n v e s t i g a t e d ,  t h e  

a s s u m p t i o n  a  p r i o r i ,  t h a t  t h e  t e r r i o o l o u s  l a r v a e  o f  H e t e r o d o r a  

m a v l o n l  a r e  d i s t r i b u t e d  a t  random In  t h e  s o l i ,  s e e m s  t o  b e  

J u s t i f i e d .

2 )  A r a n d o m  d i s t r i b u t i o n  o f  t h e  l a r v a e ,  a p p e a r i n g  t o  be  n o n ­

ham o g e n e o u s ,  c a n  o n l y  b e  e x p l a i n e d  by  ..‘i t e d  m o v e m e n t s  o f  

t h e  e e l w o r m e  t h r o u g h  t h e  s o i l .

3 )  A c c o r d i n g  t o  t h e  t h e o r y  o f  p r o b a b i l i t y  ( T h o m p s o n ,  19  

I 9 3 9 ) t h e  r e l a t i v e  s t r e n g t h  of a  p o p u l a t i o n  o f  p a r a s i t e s  (E) 

i n  r andom s e a r c h  f o r  h o s t s  s h o u l d  b e  a  f u n c t i o n  o f  t h e  num­

b e r  p a r a s i t i z e d  ( n )  a n d  t h e  t o t a l  nu m b e r  o f  h o s t s  (N) , v i z .

E -  Nln( 1 -  n/N)

E s t i m a t e d  by  m ^ a n s  o f  g r a d e d  r o o t  d a m a g e  (x^ ) , t h e  same  

m a g n i t u d e  i s  g i v e n  b y  t h e  sum t o t a l  o f  t h e  p r o d u c t s  o f  

o b s e r v e d  f r e q u e n c y  a n d  c l a s s  w e i g h t :  S(f^Wj_)  = o r  S ( f j _ x j _ ) »  

A s  b o t h  e s t i m a t e s  ( a nd  E)  w e r e  v e r y  h i g h l y  c o r r e l a t e d  

( r  =» O.9 8 ) , c o r r o b o r a t i v e  e v i d e n c e  i s  s u p p l i e d  I n  f a v o u r  o f  

T h o m p s o n ' s  a p p r o x i m a t i o n  a n d ,  c o n s e q u e n t l y ,  I n  f a v o u r  t o o  o f  

r a n d o m n e s s  I n  s e a r c h  f o r  h o s t s  a n d  r a n d o m n e s s  I n  d i s t r i b u t i o n  

o f  t h e  t e r r i o o l o u s  l a r v a e .

Ll) H a v i n g  f o u n d  E t o  b e  h l y h l y  c o r r e l a t e d  w i t h  G o d f r e y ' s

(1 9 3 4  a )  g a l l  c o u n t  a s  w e l l  ( r  = 0 . 0 7 ) ,  t h i s  e s t i m a t e  o f  

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

wh en  N i s  l a r g e .

g) E y ie ld s  a r e l ia b le  nematode index t h a t  c a n  b e  q u i c k l y

d e t e r m i n e d  a n d  h a s  t h e  v e r y  I m p o r t a n t  c o n c o m i t a n t  a d v a n t a g e



7)

o f  b e i n g  I n d e p e n d e n t  f r o m  g r a d i n g  o f  r o o t  d a m a g e ,  a  t im e-  

c o n s u m i n g  a n d  u n r e l i a b l e  m e a n s  o f  e e t l m a t l n g  the nematode

p o p u l a t i o n  o f  t h e  e o l l .  O n l y  " h e n  a  l a r g e  n u m b e r  o f  olaenen

I s  t a k e n  a n d  a  g o o d  d e a l  o f  s k i l l  h a s  b e e n  a c h i e v e d  t h r o u g h  

p r a c t i c a l  e x p e r i e n c e ,  g r a d i n g  may g i v e  s a t i s f a c t o r y  r e s u l t s  

B u t  I t  w i l l  n e v e r  b e  v o i d  o f  s u b j e c t i v i t y .

) I n  t e r m s  o f  e a r l i e r  n o t a t i o n s  w e  may w r i t e

E u S ( f ^ w ^ l  = -  N l n ( 1 — B) 

wh en  B =» n/ N  a n d  e v i d e n t l y  t h e  e s t i m a t e d  a v e r a g e  I n d i v i d u a l  

i n f e s t a t i o n  o f  p l a n t s  a t t a c k e d ,  A = 8 ( f ^ w ^ ) / n ,  may now b e  

f o u n d  w i t h o u t  g r a d i n g  f rom  t h e  f o r m u l a

A = S / , i  = _  N / n  l n ( l  -  B)

The m e a n  I n f e s t a t i o n ,  f o r m e r l y  e s t i m a t e d  b y  m e a n s  o f  

g r a d i n g  ( H o v -  I ' J } ? )  a s  AB »  S ( f 1 w1 ) /  M, I s  m o r e  a c c u r a t e l y  

g i v e n  b y
AB » S/  N ■» -  I n  r i  -  B )

The  l a s t  f o r m u l a  a b o v e  s h o w s  t h a t  t h e  m e a n  I n f e s t a t i o n  per  

h o s t  p l a n t  i s  i d e n t i c a l  t o  t h e  e e l w o r m  p o p u l a t i o n  m e a n  

e x p r e s s e d  I n  na t u r a l  u n i t s .

Q) T h e o r e t i c a l  d e d u c t i o n s  s h o w e d  t h a t  t h i s  s t a t i s t i c  I s  a n

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

p o p u l a t i o n  d i s t r i b u t i o n .  T h o  s t a t i s t i c  AB w i l l  o n l y  t h e n  

r e p r e s e n t  a n  u n b i a s e d  e s t i m a t e  o f  t h e  t m e  p o p u l a t i o n  m e a n  

when e v a l u a t e d  from -  l n ( l  -  n/N)  in  w h i c h  V  s h o u l d  b e  l a ^ ; e ,  

and n o t  wh en  b a s e d  on g ra d in g .  T h u s  i n  g e n e r a l :  a n y  n e m a t o d e  

index  d e r i v e d  by m e - m r  of g reded  r o o t  damage -  a s  i s  g e n e r a l

5)

p r a c t i c e  -  should be r e j e c t e d  ns u n r e l i a b l e .

10)  E s t im a t in g  the  nematode p o p u la t io n  fron ;  ̂ n ' i s  a l s o

' (

mately equal  t o  the  mean AB ( s e e  t a b l e  XL).

11) N should  be a r e p r e s e n t a t i v e  sample of  t h e  h o s t  p l a n t  popu­

l a t i o n  amongst which the eo lwom p o p u la t io n  has been d i s ­

t r i b u t e d  as  r e s u l t  o f  root  I n v a s i o n .  Such samples can be



1,eet 0bt"lnefl t r a ‘b lo c k , .  striotlP  c o c k in g ,
p l m t  o u t  o f  H examine w i l l  r e p r o c o n t  a a u h - . m p l .  0 f

t ! 'e e e l ,0 m  POpuL', t l 0 "- Th» ouror o f  I t .  e .tlm ate,
theneforw, 1.  g l „ n  by the Btandard d o n a t io n  of th ,  
root damAge, eo that we have

Sir
AB W

, l U  ', "lm lly  be foun<' *» »« bAther high, .h loh  .„pha-
fliree the necess ity  of having N very large

121 Th'’ pr0per eatljnatlon of eelwum population , m  . o i l

O ffe r s  p o s . l b n i t l e .  for carrying out to x lo o lo g lc . l  . x p . n

me"t ” ” l t h  a p p lM  to  . o i l .  In fested  with th .
rvae of H .t.rodera marlonl. Ion ic  . l i v e r  proved to  be an 

extremely powerful agent In v itr o  a .  well ln eoll. In

l a t t e r  oa .e  on condition  only, that a .yn.rgon 1 . present.  

Chlorine appeared to  be a p r a c t ic a l  (and •.nexpeneiveJ) ayner- 

gon, while a lk . l l_ o y .n ld e .  can be used as a d v e n t ,  for  In-  
so luble  s i l v e r  oonpounde.

13) Oligodynamic control of . . L o m e  by mean, o ' . l l y , r lone  

proved to  b ,  p o ss ib le  m  . o i l ,  e sp ec ia l ly  when s i lv e r  1,  

applied in combination with ,1  no (which 1 .  a lso  of detrimental 

tn 'loenoe to  the larvae) In the fora o f  s i lv e r - , I n c  cyanide. 

The mean dosage ( . .c u r in g  50 * k i l l )  1.  extremely small (In 

the neighbourhood of 0 .x  cm of Ag^nfON),, per .ouare yard, 

lb) Whether s l lv e r - t ln c  cyanide may be regarded as an Ideal 

nematoelde, can hot be judged a .  y e t .  The present paper has 

only given the o u t l in e ,  of the problem and the n ecess ity  of  

further rec.oroh to  In vestigate  a l l  the Im plication , can not 
be s u f f i c i e n t l y  advocated.

- l i v e r ,  in  any case, has the advantage of being harmlean 

to the co n st itu t io n  of the s o i l  and to tobacco p lants, which 

allows -or repeated administration even during the growth 

of seedlings or young p lan ts .  A powerful nematoelde with 

th is  pronerty h ,s  never been described before.
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ÂLLOOH W .8 . -  1923: The oroblem of breeding nematode-resistant
p lan te . Ib id . ,  XIII, 436.

MARCHAND, 8 .  de C. -  1924; The o r ig in  of the black tu r f  s o i l s  In
the Transvaal. 8 A .  Journ. of Science, XXI«

MAR3IN0WI, Katl -  I9 0 9 : p a ra s lt iso h  und sem lparasltlsoh an
Pflanzen lebenden Nematoden. Arbelten aus der 
blologlsohen Helohsaneta.lt fUr Land- und Forst-  
w lr ts c h . , B er lin , VII (1 ) ,  1.

MoltiTH, C.W., TAYLOR, A.L. A SMITH, A.L. -  1941: Notes on sta in in g
nematodes In root t i s s u e s . Proc. of the Hel­
minth. Soc. of Wash., V III , 26.

McFARLANE, J .S .  & MATiUURA, M . -  1947: The e f fe c t iv e n e s s  of DD as
a s o i l  fumigant In Hawaii. Phytopath., XXXVII

MELCHERS, L.E. -  I9 1 9 ; Method of steam s t e r i l l t o t '  on of s o i l  for
con tro ll in g  nematodes. I b id . ,  IX, 294.

MERWE, C.R. van der -  1924: On the formation of s o l i  fron diabase
In the central Transvaal. S.A - Journ. of Science, 
XXI •

' -  iqhO: S o i l  groups and sub-groups of South 
A frica . Science B ull.  ?31, 9ept. of Agrlo. and 
F orest . ,  Chom. t ie r . , l 6 R.

MILES, H.W. & TURNER, W .H. -  1928; On the control of the ro o t-
knot eelworm, Heterodera rod lo lco la  Muller.
Journ. of Helminth. VI, 59*

MILES L.E. -  1939: Some te s t s  o f  v a r ie ta l  s u s c e p t ib i l i ty  to  a
combination of root-knot nematode and cotton  
w i l t .  Phytopath. ,  XXIX (11), 974.

’'OTSEEV S.V. -  1914: The s t e r i l i z a t io n  of drinking water by
s i lv e r  coated rand. Journ. of the Amor. Water­
works Assoc., XXVI, 217.

MOLTIARD M. -  1900: Sun quelquee oarac teres h leto log lques  0 0 s
c6cId les  produltes par 1 'Heterodera ^adlcloola  
O reeff . Rev. g6 n. de B otan., XII, 157• 

v q l7. E. -  1928: Relzphyslologleohe Versuche zur Rekhmpfun:1; den
Rubennematoden (Heterodera eohacht?1 ) .  Fortsohr. 
der Landw., I l l ,  337.

_ 19?q; Ergebnlsse neuer Versuohc zur lekampfung das 
Rubennematoden (Heterodera so h a c h t l l ) .  Deut.
Landw. presee, LVI, 4^3 •

-  1QR2: Die Bokampfung des Rubennematoden m lt te ls  dee
Ohlorkalk-Aktlvlerungeverfahrene. Ib id . ,  LIX (30), 
*/, e

UAHAKURA K. -  1930: Ueber den Bau und d ie  Lebensgeeohlohte der 
Heterodera rad lo lco la  (Oreeff) Muller. Japan. 
Journ. of Zool., Tokyo, I I I ,  95* 

mk-ivu 0 . von 3893J Ueber d ie  o i l  odynomlsohen Ereohelnungen
an'ehenden Z ellen . Neue Denkeohr. der allgem.
9ohw. O eeellsoh. ftir d ie  g e s . Naturw.,  XXXIII (1 ) .  

NATTRASS R.M . -  1940: Notes on p lant d lse a ee s .  Nematode d isease
of Oyster Nut. 8 .A. A grlc. Journ., VI (? ) ,  73* 

mtt/VL D .0 . -  1940: Cotton w ilt  and root-knot nematode. B etter  
Crops with Plant Food, XXIV (? ) ,  3^*

neu^ r, j . * . »  i s j i
carbon b isu l f id e  for nematode control under 
f i e ld  con d it ion s . S o i l  Science, XL, 173• 

ufeilC B. -  1910: Das Problem der Sefruohtungavorgange und andere
-vto log lsohe Fragon. (lebr. Borntraeger, Heriln.

NK'/HALL, , . 0 .  -  - S b U 0 . n t K l  ^ r= o « -> m o V - e. , ^ . o ln oRr..nh»m4, . :

-  193B: study of e le c t r ic  moll s t e r i l i z a t i o n .  Phy-
t n n n t h . . XXV ( 1 ) .  2 9 .



NEvrn/vLL, A .a .  A ST.'PK Tnr, E.L. -  1942i Ghloroplopln nnl fit' tone
ntohlorlde for  root-knot n tun at one con tro l.

HEW0„. H
contro l of Heterodera mnrloni (Oorrai) aoodey 
and other e o l l  pathogene. Canad. Journ. of <ee., 
S ect .  C, Bot. Science, XV (5 ) ,  182. 

xm m N , J .  -  ’
The Ann. of Math. S t a t i s t . , X. 35*

ONO-, E.R. de -  IP26: Potameium xanthate am a s o i l  fiiral^nnt.
Induet. and Engin. Ohem.,  X ..11 (1 , ' • , ,

& TYLER Jooelyn -  IQ28: Potamaiura xanthate am a s o i l  
fumlf ant I I .  I b id . ,  XX i®) , ql ’ • . .  .

CRT ON, .  « ^ . ^ f n li ^ er ! nM t % i r . t r . 0 1 « .  90.
P A R R I S , O . K .  -  S y X ^ V ™

yyyV (10)  771 .

P I S W E , , . D .  -  .

POOLE, P .P . 4 SCff i ’ i l ' p 1 -  '1927:‘The n « . a t ^ .  J I .m b .  o f  .» e e t  

PROOETIMOe OP THE pSir-'6"' ^  •^OLz'^ONPEPEN^E -  1937: Plant 

„  DX -  :  1 0 2 ' 9 7 ‘ -  -  193S: m i d . ,

Q"' NJEP. H.P. -  192fl: PrlOfe.ni. hoetti. Pficu. dc . Trav. notan. 

pa:,on y OAJAL, s .  ; 3 E 5L E ^ H B  **

REN9CH, n . -  w C E ’.’lP 'S r a w ' -
_ lops Fine neue " .th e d .  zur P .v|iipfU66 dtp  *«ben- 

nematoden. Bledrrm . ' e n tr n lh l .» -1 - *,r
_ iqpf b: Twel quantitative  relxphymlolog 1 sohr 'J^ er-  

euohunKflmethoden fiir Pubennematoden. Zeitsohi . 
fur wlssensoh. 7,ool. ,  CXXI1T O [ > ’

-  1 9 2 5  o :  7 u r  F r a g e  d e r  I l e m a t o d e n h e k a m p f u n g .  / . e i t s o h .  
f u r  T u o k e r r u b e n b a u ,  1 ,  • .

RORSON R .  -  I P I P :  R o o t - k n o t  d i s e a s e  i n  t o m a t o e s . , o u r n .

nonx, j .o . i . '

RUSSELL, E . J .  4 ^ ^ 3 %
Board of A gric.,  ;<IX (10), BOP.

SANDOPa™, 7.H . ' '

saucers, a.«. - i?#n ls a n » r ^ t n . W “ : : ^ r . r
A-rifi • and For,'at. (Plant Indust. Ser. 98),

Valley of C a lifo rn ia .  (Abstract) Phytopath.,
XXIX, 752.

90HAFFNIT, E



SHSRBAKOFF. 0 .D

SMALL, W

-  1928:

SMITH, A.L

SMITH, E . F

SOOTT, L.E. -  194": Comofirlaon of young poach treee on 8ho 1 ’ 1
<ind C-'rolln," 'n i tu r a l1 root ntooko In nematode 
Infeated aol.l. Proc. of the Xmer. aoc. for  
Hortlc. Science, XIJII. U S .

-  1QS7 ; a new fungus parasite  on nemntoaee.
Mycologla, XXV, 2S8.

_ _ 191,9 : Root-knot nematodes on cotton and tomatoes
In Tennessee. Phytopnth., XXIX, 751"

SF ’R’VN. Gr ce W. -  19?9: The contro l of the root-knot nematode,
Heterodera marlonl (Cornu) (Angulllullnld&e) 
on tuberoses by hot water and vapor heat. Proc. 
of the Helminth. Son. of Wash., II  (2 ) . 111. 

3ICHEL, H.S. -  1947: P i t t in g  growth and frequency curves by the
method of frequency moments. Journ. of the toy. 
S t a t i s t .  Soc., CX (4 ) ,  ??7•

-  1922: On tha occurrence of a species  of 'hiearlum in 
Uganda. Kew B u ll .  IX, 2^9.
further notes on Rhl’ oetonla b a ta t lo o la .  The 
Troo. A g r icu ltu r is t ,  Colo;nbo, LXX (4 ) ,  <'27- 

SM1 2D LEY E .M. -  19S6: The action of certain  halogen compounds on
the potato eelworm, Heterodera soh aoh tll .
Journ. of Helminth., XIV (1 ) ,  11.

-  1941: The reaction of cotton v a r ie t ie s  to fuearlum 
w ilt  and root-kr.ot nematode. Phytopath., XXXI

& TAYLOR \ l . L .  -  1941: Nematode d is tr ib u t io n  In the 
1940 regional co tton -w tlt  p lo t s .  (Abstract)
I b id . ,  XXXI (8 ) ,  771" ,  ,

-  1947: Field methods of t e s t in g  for  
T'oot-knot I n fe s ta t io n .  I b id . ,  XXXVII (2 ) , SR. 

h qitirk A .J . -  1926: A Bep-onla Immune to  crowngall, 
with observations on other Immune or eeml- 
Immune p lan ts . I b id . ,  XVI, 491.

3 NIDEC OR O.W. -  1946: S t a t i s t i c a l  methods applied to  experiments
In agricu lture  and b io logy . The Iowa State  
College Press, Ames, Iowa.

STARK Jnr, T.L., LSAR,
nematode. Phytooath., XXXIV (11). 954. 

flTSHNER G. -  1Q2%: The problem of hoet neleotlon  hoe f.voc? -
a l ly a t lo n  of cer ta in  o lant-ln :rest ln g  nemas and 
Its application  In the study of nemlo p e s ts .  
Ibid.", XV (9 ) ,  499.

-  1927: Tylenohue urutenels and various other nemas 
attacking p lan ts .  Journ. of Agrlc. Res., XXXV

_ 1934: Root-knot and other nematodes attacking r ice  
and some associated  weeds. Phytopath., XXIV
( 8), 9 I 6 .

-  1940: The root-knot nematode attacking stems and 
leaves of d ante. Ib id . ,  XXX (^), 710.

, BUHRER, Edna V. & RHOADS, A.S. -  19?4: Giant oel_,s 
caused by the root-knot nematode. Ib id . ,  XXIV

& HSINLx!'Helen -  1922: The p o s s ib i l i t y  of contro l of 
Heterodera rad lo lco la  and other p lan t-in ju r iou s  
nemas by means of predatory nemas, esoeola . 
by ' ononohus p ap illa tu a , Rastlan. Journ. of trie

s o i l  tre  tmente and nematode attacks to  cane 
roots In central Maul s o i l s .  Hawaii. Planters
Rec., XXXII, ?CR. v .

-  1940: (Root-knot nematode In Amoa rubra). 
Sfivetskle Ruhtronlkl , IV, 4R.3VE3HNIK0VA, M



TAYLOR, A.L -  1947; S o i l  
t r o l  of  
mnrlonl. 

, BARKER, H.D 
Ions on

THOMPSON, '7.R. -

THOMSON. J.A 

THORNE, 0

TI8CHLSR,

TO'TNSEND.

-  1387:

THTTS,

TUUJS, E.C 

TYLER, Jocelyn

JSTlt-’OV,

fumigation with ohloroplcrln  for c wi­
the root-hnot nematode, Hetero&era 

Phytopath., v'naTI (12) 116b.
, & KI’ E, 13 .H . -  1940: Further observet-  
the nematode-fuearlum-wllt experiments at  

Tumberton, North Carolina. T old., r XX (8 ), ^10.
* OWENS, O.P. -  1939: Preliminary report 

on ootton w i l t -  nematode experiments at Lunbcrton, 
North Carolina. (Abstract) Ib id . ,  XXIX, 752- 

& MoBETH, C.W. -  1940: Preliminary te s te  of methyl
bromide aa a nematoclde. Proc. of the Helminth.
8 o c . of Wash., VII ("), 94.

-  1941 a: A p ra c t ic a l  method of using  
methyl bromide 0n a nematoclde In the f i e l d .
I b id . ,  VIII (1 ) , 2b.

-  1q4i  b; Spot treatments with ohloro­
p lcr ln  and ethylene d loh loride  for  control of 
root-k not. Ib id . ,  VIII (2 ) ,  53*

1924: La theorle math4matlque de ] 1 action dee 
p aras ite s  entomophagues et 30 factear  du hnsani. 
Ann. de la Fao. dee Sciences de " n r e e l l le ,  2 
S er .,  Tome I I ,  Ease. 1, 6 9 .

1979 : iloloi l e a l  control and the th eories  of the
in teraction s  of nopulatlonr. P a r a e lto l . ,  XX'd
(7 ) 29 9 .

1028: The b io lo g is t  0:1 the farm. S c o t . Journ. of 
A grio. ,  XI (4) , 441. .

-  1070; some f'Ctors governing the success of chemical 
‘ treatment of moll for  nematode con tro l.  Proc. 
of the Helminth. 9 0 0 . of Mash., VI, 60.

_ iqup: D istr ibution  of the root-knot nematode In high 
ridge plantings of potatoes and tomatoes. (Abs­
tra c t)  Phytrpnth., XXXII (7 ) .  690.

ALLEN, M.W., HARE, J . & LINDSAY, M .A. -  1942: Popula­
tions of root-knot nematode larvae in two Horn 
County, C aliforn ia , f i e l d s .  (Abstract) Ib id . ,
XXXII (7 ) ,  6 5 0 . _ ,

-  1902: Ueber Heferodera-Gallen an den Yurxeln von 
Circaea lu tetlana L. Per. der deutsch. bot.  
G eeellech ., XIX, (Oeneralversammlungsheft I

10*7:^Development of the root-knot nematode on 
beans as a ffec ted  by s o i l  temperature. TInlv. of 
Florida A( r lo . E x p , 8 t o t . ,  Teohn. Bui1 . 7 09.
Quel use mots sur let' e f fe t s  du parasitism s de 
I'Heteroders jnvanlea dans lea raclnes de In 
eanne \  sucre. Ann. du Jardln • otan .,  Rui tenzoi ,

l’.H V -  1034: Nematode res is tan ce  of certa in  
deciduous fru it  tree seed l in g s .  Proc. of the 
Amer. 9oc. for  Hortlo. Science for  1934, XXXT
(Suppl. V o l.) ,  79. ..

-  1034: Tha root-knot nematode on r i c e .  Phytopata.,

1977 a: Development of the root-knot nematode as 
affec ted  by temperature. Hllwardla, ,rTT ' 1 ■),

1077 b: Reproduction without malos In neent-o  
root cultures of the root-knot nematode. Ib id . ,  
VTT (10), 3 7 7 .

mhe root—knot nematode. ' ' • I l f .  A r lo .  'o*
9 t a t . ,  Giro.

197;8: Be;}- output of the root-knot nematode, ""oc. 
of the Helminth. Soo. of Wash., V ( ’), 49.

1079* The root-knot nematode Heterodera marloni 
(Gornu) In the U .S.S.R. (Results of the p lan t-  
quarantlne adm inistration "'ork in the U.8 .S .F . ) .  
len ln  rad Acad. o<’ At "Tic. ic la n ees , Tn st .  for  
Plant "rot. G olleot -d works on nematodes of  

rlc iitu ra l crops, e d i t . by ' .R M iryanoVL, 
Moscow *'■ Leningrad,



VOtiEL, A.L. -

VUXLLEMIN,

V/ARST̂ TON,

V7AT80N,

WEINBEH3ER,

WHITING, P 

YOUNG, P.A

YULE, G.U

-  124 -

I947. : A textbook of qu antita tive  Inorganic analyele ,
' theory and p r a c t ic e . Longmans, Green A Co.,

London. , .  .
NGPAIN, £ . -  1#A4: Symblone do l 1Hetorodera 

rsd jc loo la  avec lo s  p i 'ntes c u lt lv ee s  nu Sahar* • 
Gompt. Rend, do 1'Aoed. dee Golenoee, Paris,
- r u n  ( 10), 549 . , _

]qn ; Root-knot eelworrn, Heterodera r a d lo lco ia .
^he Journ. of the " ' o y . A r l o . Soo. of Engl., 
LXIII, 299. ,

iqpU; Control of root-knot nematode Florida  
truck f a m e . Journ. of Eoon. Sn toro l.,  XVIT,
225.

-  1943: ' uloh aval net root-knot. Florida A grlc . v”tj.
S t a t . , Press B u ll .  586.

«■ GOFF C .0 . - 1937: Control of root-knot In F lorida .  
Florida Agrlc. Exp. S t a t . ,  B u ll .  3H*
MARTH, P.O. 1 SCOTT, D.H. -  1943: Inheritance  
study of root-knot nematode res is tan ce  In 
certa in  ppnoh v a r i e t i e s .  Proc. of the Amer. Boo. 
for Hort. Science, XUI, 321*

'V. -  1945: The evolution of male hnololdy. The quarter­
ly  Rev. of Biology, XX (3), 2 3 1 .

-  1939:a: Chemical s o i l  treatment to  control Furart.UB
lyooperelol, Heterodera marloni and weeds. 
(Abstract) Phytopath., XXIX (1 ) ,  ?5*

_ inyq b: Tomato w i l t  res istance  and I ts  decrease by 
Heterodera m arloni. Ib id . ,  XXIX (10' 571.

-  1940 a: Chemical treatment of s o i l  to rol the
root-knot nematode. Ib id . ,  XXX ( , -1»

-  1940 b: Chemical treatment of s o i l  to control the
root-knot nematode. TT .b , Dent, of A rrlo . Plant  
DIB. "ep. ,  Supp. 124, 150.

« KENDALL, ■ .0 .  -  1946: An Introduction to  the theory 
of s t a t i s t i c s .  Charles G riffin  A Co, London.

-  o  0  0  -

i



For readers not fam iliar  with s t a t i s t i c a l  manipulations 

the formulae applied In the an a lys is  o f  variance (sen table I ,  

oopoelte  page 19) w i l l  need some explanation ae I have modi­

fied  Saunders' (1939) notations and carried out certa in  trans­

formations .

In order to find the "sum of squared dev iations from the  

mean" of the p lo t  y ie ld s ,  Saunders takes:

Stx-,2) -  %i9(xi) (1)

Tn th is  notation 8 ( x i 2) means the sum of the squared p lo t  

Indices ( the " y ie lds"); x  ̂ the general mean and 3(x^) the 

grand t o t a l .

With th is  formula one often runs in to  very large f igu res ,  

which ire ea s i ly  obviated by taking the d irec t  formula

S ( x 1 -  j^ ) 2 O )

The Identity  of exnresslone (1) and (2) w i l l  be c lear  when

( -r) i s  exoanded as below;

9 (x 1 -  ^1) 2 = ^ (x j2 -  2x1x1 + 5 l ?) =

» 9 ( x 12) -  2x1S(x1) + x1S(r?1) (?)

Since per d e f in it io n  x1 = S(xi)/m  (when m Is the number

o f  terms to be summed, or the number of p lo ts)  and S(x^) «*

-  nx^, i t  folio?m that B ^ )  * 9 (x1 ) .  Su b stitu tin g  th is  Into  

(3) we obtain:

S (x 1 -  x i ) 2 -  S (x 12) -  x18(2x1 -  xj.) -  9 (x 12) -

Expression ( n ) , m a r t  from being ea s ier  to handle than



(1 ) ,  alflo ohowa in a more forward way wh.v* .o tr a l ly  i s

wanted, v i z .  the "Bum of the squared deviations from tho near 

o f a l l  the c l o t  In d ices . These d ev iations w i l l  be due to:

a) contro lled  fac tors , as: 1) d ifferen ces  In treatment,

P) d ifferen ces  In p o s it io n  in  

the experimental plan ( the 

r ep lic a t io n s );  and

b) a number of unknown, and therefore uncon tr o l l ed fa c to r s , 

generally  designated as "error".

The sum of squared dev iations from the mean due to the 

contro lled  fa c to r s , then, can be analysed.

For treatments th is  sum of squares i s  glv 'n by Saunders as:

98 ’(x^)/ r -  x1S(x1) 

In tead of which I used the formula

rQ(xt -  x^)

(4)

(?)

where S ( x J  denotes the sum oi "he Indices for  each treatment,
□or the treatment to ta l ;  the treatment mean and r the number

of r e p l ic a t io n s .

By d e f in i t io n  we have: S( xt )/ r = xt  , whence S ( xt )/ r = 

rn rxt  ' and, therefore,

SS2(xt )/ r ■ r 8 (* t / )

For S (x 1) one naturally  can write S3(xt ) and S (xt ) may be 

su b stitu ted  >y , so that we obtain

S9(xt ) = rS(xt ) (7)

S u bstitu tion  of (6) and (7) in to  (4) y ie ld s  then

892( x t ) /  r -  x^S( x^) = »«(xt/  ) -  rT^S(x^) ( 8 )

The expression to the right Is of a s im ilar  type as (1 ) ,  

so th a t ,lo b v lo u s ly ,



Likewise the enm of equared deviations iron the mean for  

r e p lic a t io n s  (b lo ck s) as given by Saunders as

SS '(xr )/ t  -  XjSC x^) (9)

may be w ritten  as

t6 (S r -  x1 ) ? ( 1 0 )

Here t  denotes the number of treatments; S ( xr ) the sum of 

the in d ices  for each s e t  of treatments in a r ep l ica t io n  blook, 

or the block to ta l ,  and xr the moan of a se t  of treatments In 

a rep lic a t io n  block.

The procedure of evaluating the sum of squared deviations  

from the mean due to the uncontrolled  in fluences  ( error) has 

now become very Pinole in that we substraot from the computed 

value of 9(x« -  3 .)^ ,  (2 ) ,  the values for the sums o f squared 

d ev ia tion s  due to  the controlled factors ( treatments, ( S) , and 

r e p l ic a t io n s ,  (10)) and obtain the required component as the  

residue.

The variances are found by d iv id in g  the sums o f squares by 

the resp ec tive  corresponding degrees of freedom ( d . f . )  where­

a f t e r  the variance r a t io  (F) between treatment and error is  

used as n c r i te r io n  of s ig n if ica n ce  (tab les  o f  F in Fisher & 

Yates, 1943 ) .  P i s  the probability  of a n u ll hypothesis postu­

la t in g  no s ig n if ic a n t  d ifferen ce  between treatm ents.

-  0 -

CURVE F IT T ING by m e a n s  o1' S lchel'p  method of "frequency moments".

Our basic equation was the ogive

ne -oxw

When taking Intervals  of un it d istance, the t t,h frequency 

moment i s  given by the equation (see  S lch e l,  1947):





In which the are the observed frequencies; the weights 

attached to  the oboervations; and k = the number of absolBeal 

in t e r v a le .

A9 in our p a r t icu la r  cnee k was ( th e o r e t ic a l ly )  in f in i t e  *)  

(page 59 ) and » 0 .5  (page 49), we have, by virtue of ( 1 1 ) 

and ( ip ):

J l nI
-b*bdY - l / b0 7

(13)

and

(14)= n2 f e - ? ° A x  = EL>T i  .V b+.U
2 J. (2 o ) l /b

As a remult of the unequal in terv a le  taken at the beginning 

of the curve, the evaluation of weights offered certain  d i f f i ­

c u l t i e s  which were very e legantly  solved by Mr S ich e l in the 

fo llow ing way.

I f  the point 15 on the ab sc issa  of the graph ( f i g .  12, 

oonoslte) i s  taken am 0 , the values x * 0 , 5, 15, 25 and 

become -3 ,  -2 , 0, +2 and +4 resp e c t iv e ly .  The ordinates are now
M

indicated as y_?, y_2 , y0, Pg and y^ and a 3 degree parabola 

o f  the formula
y = px3 + <ix2 + rx + s (15)

can be f i t t e d  through the points x_^, y_^; x_g, y_gj Xq, Yo*

Xo, y 2 and X4 , y^ of the Ogive. The area under the curve 

between x = -3  and x = - 2  can then be found by integration , v ix .

I-2

-3
( p r ?  + 9 x + rx + s)dx = -  '^p + ^-4 -  |jr + (16)

Next p, q, r and s are to be expressed in terms of the 

ordinates, for which we obtain from ( 15) the following equations;

-3

y + p

* 0

*)

-  27p 4. 9q -  3r + S

-  gp + 4q -  2r + s

gp + 4q + 2r + m

Mota bone: the symbol k used here has naturally no 
r e la t io n  to the pnt'emeter of same notation in equations
( 1 3 ) ,  ( 15) and (16) on .age 5 8 .
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Solving these equations for  the oonsta.ntn p, q, r and e

y ie ld :

Ar,ea

/

1^-
_ A-  i f -3  -  r / o

q e l y- ?  -

? (? *  * ^ - 2  + 1 ^ - 3  + ^ 0

"
S u bstitu ting  the above values in to  (lb) we find  

1
^ ( ^ - 3  + bly_2 -  by0 + y+p)

On app lication  o f Weddle's rule for approximate Integration

the area under the ogive is  equal to
-

o . 3 ( i y 5 + 5y15 + 3y2? + o y Z3  + iy 4 9 + 5y55 + iy 65) ^

+ o . 3 d y 65 + 5y75 + ]ygs + by^)

The area from x = 0 to x = 85 then becomes 

0'3yq + I ' ^ i s  + o .3y29 + 1 ,8y35  + ° '3 y ^ +  1-5yR(? + o .b y ^  +

+ ^ 7 5  + °*3yg(5 + 1 . ^ 9 5  + r— yo + " - y ^  -7b " v e ^ 8 5  -  ‘T95 r  i^ g  0  " ^92  5 " I 9 2  1R 19?

-  5 5 (?00!ro * ^ * 5  *  1410ri5  + * U s s y , ,  ♦ ? s s y ^

lUUOy,,,. + 97by^^ + 1440y^^ + EflSy^c )

t .The weights w i l l  thus be the respective  c o e f f ic ie n t s  of 

the d if fe r e n t  termo.

In steps the procedure of evaluating the expected fre ­

quencies ensues now;
k k 0

 ̂ A  <s ♦•ti.v’r, 4 n  a  .T „ — 9  xr I f  a  n(4 .T _ A m ( f L- \
k k

determine Ji -  9 w.,, ( f v ) and » S w ( f  ‘-)
 ̂ 1 X1 X1 1 xi  xi

?) solve equations (1"*) and (14) whence we obtain the fo llow ­

ing formulae for the parameters

b = -  JSKL.
iogjg^

n J-01 (17)



, f

and

— v l  —

lop;o = b( logn/  J 1 + lo g r  (V b  t  1)) (15)

3) Fubetltu te  the ooraputed valued for  b and 0 together with 

the resp ective  p ra c t ica l  valuer, of the variable x Into

(11) to find the

)̂ taking d if feren ces  y ie ld s  the oaloulated f^ ,

n
XX XX 

o





Author Hovy J W H
Name of thesis Experiments on the control of Eelworms (Heterodera marioni) by means of oligodynamic action o f silver 
ions 1949

PUBLISHER:
U n iv e rs ity  o f  th e  W itw a te rs ra n d , J o h a n n e s b u r g  
©2013

LEGAL NOTICES:

Copyright Notice: All materials on the Un i ve r s i t y  of  t he W i t w a t e r s r an d ,  Johannesbu r g  L i b r a r y  website 
are protected by South African copyright law and may not be distributed, transmitted, displayed, or otherwise 
published in any format, without the prior written permission of the copyright owner.

Disclaimer and Terms of Use: Provided that you maintain all copyright and other notices contained therein, you 
may download material (one machine readable copy and one print copy per page) for your personal and/or 
educational non-commercial use only.

The University o f the W itwatersrand, Johannesburg, is not responsible for any errors or omissions and excludes any 
and all liability for any errors in or omissions from the information on the Library website.


