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Three photographs showing the externally vieible
effect of silver treatment in tobacco seedbeds heavily

infested with Heterodera raarioni. “eedlintrp o,

"White Stem Orinoco" two months old.

plots 1 and 4: controls.

plot 3: '"PPOtArgol" 1 unit, MnoB 1 unit, M 1 3 unit..

Plot 8; '"protnrgol" 3 unit., MN 3 unit.,, M 1 6 unit..

Plot in: 3g81iven -Inc oy.nlfl. su.p.n.lon: 5 wun.,M 1

un.
mot 19: Silver—Inc oy.nlfl. .u.pen.lon: 3 un.,,M 1 ’ un.
Plot 21: Silver—Inc cynnlde »u.pension: 3 un.,M 1 9 un.
Plot

(ompnrl.onl LIquia onrbon blnulphld,: 3 uuncee.

(see pags 10,2 et seh*)



(Heterolera marlonj,)
BY MEANS OF OLIGODYNAMIC ACTION
OF SILVER IONS

INTRODUCTION The first discovery of the plant-parasltlo

nematode oauelng root knot was published In
IS55 by M.J. Berkeley. Though no detailed description of the
species was given by him, there seems tc- be no doubt that It
corresponds to the parasite described Ly Carl MQller, In
1834, as Heterodera radlcloola 'Qreeff) Mailer*). This name
was generally accepted until 1932 ’hen Ooodey, clearing up
many discrepancies, revised the nomenclature and suggested
the name Heterodera marlonl (Cornu, 16,9) Ooodey, 1932, which
has now become established.

This parasite not only has a vast geographical distri-
bution (practically all countries in the southern heralsjahere
(Marolnowskl, 1909), whereas In the northern hemisphere It Is
even found as far north as the Fenno-Soandlnavlan area,
following more or less the 5° C year Isotherm as Its upper
limit; of. ooffart, 1934 b), but also has a tremendous number
of host plants, and year after year new reoorus are added to
those already listed *¥).

Heterodera marlonl, therefore, 01" be considered as an

*) Unfortunately I had no access to the original papers
of Berkeley, Oreeff and Miiller, but regarding this question
we may well rely on the authority of T. Ooodey, to whose
paper (I.e.) I wish to refer for further details.

**) Through own observations and from widely scattered
literature I have well over 1500 different species on
record.
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International peet and It hae proved to be a menace to
different orope of great economic Importance In various
countries. In Southern Africa especially the tobacco
growers and potato farmers annually suffer severe financial
losses through low-grade crops as a result of root damage
caused by this nematode. The urgency In this country of an
economical means of control promoted me to Investigate Into

the problem. The results of this research I present In this

paper.

At the onset of my work, which I began as entomologist
at the Tobacco Research Station. Trelawney, Southern
Rhodesia, and subsequently continued In a similar capacity at
the Central '"obaooo Research Station, Kroondal, near Rueten-
burg, Trersvaal, I became more and more convinced that the -
one oould tay '"classical" - means of eelwora control so far
practised were very much limited In their effect (see page 37
et seq.) and for that reason I tried to develop an entirely

new line In this rield of research.

I feel greatly Indebted to Mr. D. van der Reyden,
Statistician at the Onderstepoort Veterinary Institute; to
Mr. J.S. Kerrloh, Head of the Sub-Departmont of Actuarial
dolenoe and Statistics, University of the Wltwatererand,
Johannesburg; and to Mr. H.3. Slohel, Statistician to the
Counsel for Scientific and Industrial Recearoh, Johannesburg,
for thei.r criticism and most generous assistance.

I also wish to express my gratitude to Dr. L.E. Aoedlger,
now Lecturer at Stellenbosch University, for his very kind
assistance In mathematical problems; and to Dr. C.R. van der
Merwe and his Staff, Division of Chemical Services, Pretoria,

for the preparation of ohemloalee



LIFE HISTORY OF THE PARASITE The flret-e tage larvae *)
are free-living and Inhabit
the soil. On account of the tranoparanoy and minute site
of their body **) they can not be seen In the soil with the
naked eye, but In root observation boxes (Dean, 1929;
Linford, 1939, 1940, 1942 b) their behaviour (at least under
laboratory conditions) can easily be followed under the
microscope. For simple laboratory routine cultural media of
a transparent agar In Petri-dishes or test tubes, In which
seedlings are allowed to develop, are very useful. By means
of artificial Inoculation (egg masses or free larvae can be
used) penetration of the roots by the larvae may be Induced
and their movements and orientation observed with a low
power dissecting microscope. Byars (1914) first Introduced
this practice, which was later followed by many Investi-
gators.

In this infective 'tags the larvae penetrate the growing
tip or merletematlo tissues of young rootlets, preferably
Just behind the root cap (Byars, I.e.; Godfrey 4 Oliveira,
1932; Christie, 1935, 1936; Linford, 1939) ***), passing as
a rule between the cells (Christie, 1936; similar observations
were already made by N&mao, 1910)c Christie, however,
mentions occasional exceptions where larvae passed through
the Interior of the cells (of. also Linford, 1941 b), but

normally their penetration causes only slight Injury to the

*) Strictly speaking this Is the second stage, as
(according to Nagakura, 1930, and Christie 4 Cobb,
1941) the first eodysie occurs inside the egg shell,
Just before hatching.

**) Measurements given by different authors range frou
©375 - 0.500 x 0.012 - 0.03 mm External conditions
(such as temperature, food, host) are most likely to
be the cause of variations (Goffart, 1934 b).

*hE) Steiner (1934) observed Instances of non-terminal

entrance of the parasites In Eohlnoohloa orusgalli, a
weed of American rice fields.



tlefluee (Treub, 1S87)e

The possible role of ohemot&xle In detecting end
penetrating the roots of their favourite host plants by the
terrlooloue larvae was discussed by Steiner (1925) an® later
by Linford (1939). The experiments of these authors ¥*) supply
substantial evidence of chemotaotlo attraction. In very
strong support of this is the supposed function as chemical
sense organs of prominent anatomical structures, known as
"amphldell, which were described by Cobb (1924). Godfrey (1934) -
on the other hand, states that, In his observations on the
behaviour of Heterodera larvae, '"there was not t striking
ohemotroplc **) response of nematodes over a distance as
great as 2 Inches. The movements of the larvae In oola
appeared to be random rather than directional". '

The topographical and histological demonstration of larvae
In the root tissues of the host plant Is largely facilitated
by staining as described by Godfrey (1935 4), Goodey (1937)
and McEeth et al. (1941). Linford (1937 a, 1941 b), however,
developed a technique of direct observation In living tissues
submerged In cultural media.

After penetrating the rootlets the larvae generally
settle between the endodermls and the perloyole with their head
in the plerome (which later becomes the stele or centra cylin-
der) and their body In the perlblem (Molllard 1900; Tlschler,
1902; Godfrey, 1931; Godfrey & Oliveira, 1932; Christie, 1935.
1936; and others) ****), Normally they are orientated

*) Freeh wounds appeared to be specially attractive

(1927) also noticed that In swnet potatoes the 'greatest
Infection of nematodes occurred on physiologically
cracked areas".

**) The use of the word '"ohemotrople” In this case Is wrong
according to modern agreement - since tropleme are the
movements of sessile organisms and '"taxis" Is applied
to mobile Individuals.

*hE) See further remarks on page 35 et seQ.

FhEE) Linford (1942 a) states, however, that "larvae are
sometimes (but exceptionally) found In the stele’.



tail downwards (Byars, 1914; Steiner, 1934). Apparently the
larvae are unable to turn between the cells and t0, in the
exceptional oases of non-terminal penetration mentioned
above, the orientation is Inverse when the larv_e migrate
downwards in the root.

Linford (1941 b) observed that right from the beginning
of their invasion the larvae otart feeding. After having
secured Ihelr permanent site In the root tissues they become
immobile and undergo three eodysos, gradually increasing in
size.

The length of the different larval stages and consequently
of the whole liCe cycle *) seems to depend entirely on the
temperature .reached inolde the root as shown by the experi-
ments of Tyler (1933 ' 0) and Townsend (1937) (of. also
Godfrey, 1926) **). Tie minimum time required for the
completion of the life cycle of females has been determined
to be 25 days at 27® C, Increasing to 87 days at 16.5* 0 (Tyler,
1933 a). Ustinov (1939) found a minimum of only 24 days for
#he female and 17 days for the male.

The last larval stage of the male is of special Interest.
The larva stops feeding (Nagakura, 19303 Steiner, 1.3.) after
having reached a certain size and when the next eodyals takes
place the adult is formed in the cyst-like skin of the
fourth stage larva (see foot note, page 3)e¢ The full-grown
males (measuring 1.0 - 1.5 x 0.03 - 0.04 ram N&gakurn

I.e.) generally remain in the roots of their host plant,

*) Townsend (I.e.) showed that a rise In average
temperature of Ofet® C increased the number of
generations per year by one. In South Florida, 1.3 .A.,
he states, where the mean soil temperature is 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 fairly neat obedience of the thermal
constant Daw. The deviations, however, of their
empirical data from the theoretloaD predictiona - to ray
mind - are significant enough to wane strongly against
too rigid on application of this simplification (see
also Pierce, 1934).



but occasionally thay wander out Into the soil (Byare, 191%;
Nagakura, 1930) and may penetrate a new rootlet In search of

a female. The males are usually far In the minority. In fast,
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 llvee under
optimal or rather favourable conditions (Tyler, 1933 of*
also Nagakura, I.e., and Steiner, 193%)> With a tendency to
adverse conditions in their environment, however, males become
move abundant *) and oan often be seen In close proximity to
the females, suggesting the likelihood of fertilization to take
place (Bessey, 1911, and others). Indeed, spermatozoa are saj.u
to have been detected In the oviduct of female Heterodera
marlonl by ttkinson In 1889. Nagakura (I.e.) describes the
amoeboid spermatozoa, whloh even In a soline solution showed
active movements, but In the literature there Is no unambiguous
information as to whether actual copulation has ever t. en
observed, although Nagakura (l.o.) writes; '"Naoh der Begattung
stlrbt das Mannohen bald und die Lelohe kommt In der Nahe des
ausgewaoheenen Welbohene oder im Elersack vor". He even
remarks: "Die Elzellen werden In der Samentasohe befruohtet und
mit Schale versehen und wandem In den Uterus hlneln".

In this parasite, apparently, the sex Is not determined
genetically, but possibly by means of s.o. '"sex reallaatore"
(in the sense used by F. von Wettsteln, 1920; see Hartmann,
19p3). the distribution of whloh might be dependent on external

Influences **).

*) Linford (19%I1 a) confirms this from experiments,
stating that '"males are more abundant In places of
poor nutrition"e

°¥) Steiner (193%) suggests that, since the '"metamorphosis"
of the male takes place during a period of starvation,
food shortage In general might Induce the final deter-
mination of the male sex. This Is In accordance with
Nagakura's findings that sex differentiation does not
take place before the %th stage of the larval period.



Modern views on the problen: of parthenogenesis are
extensively discussed by Whiting (1945) and, though the oase
of Heterodera marlonl Is not mentioned, his article offers
suggestive Information on this Interesting question. Unless
oytological data are obtained as to the genotypes and the
distribution of the chromosomes In male and female, however,
classification of Heterodera marlonl according to Whiting's
system *111 not be possible.

"he males are - except for their size and the development
of th< sexual organs - much like the larvae In appearance. The
foma'.es, on the other hand, change considerably after every
eodynls, gradually swelling until they finally obtain the
shape of a boiling flask, or rather like an electric bulb
deprived of Its fitting. Sometimes they appenr more like a
retort, as they may become distorted by the t,"OWing root or
through lack of space between the cells. 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 size, are usually
deposited In a Jelly maef or ootheoa ’), which enables them to
withstand desiccation for a considerable length of time **).
the embryo then remaining domant.

The total number of eggs laid by a single female is gene-
rally estimated from )00 to 500, although Godfrey ft Oliveira

(19)2) state that "many egg masses were counted with between

*) Steiner (19)4) reported on an exceptional oass observed
In Echlnochloa cruegalll where no egg sac was found with
the females In that host.

Chitwood (19)8) found the Jelly mass to be of a protein
nature, presumably a mucoid.

*¥*) According to Steiner (19)7) IS months of drought can be
survived; Thomson (1928) even claims to have kept viable
eggs In dried roots over two years on a shelf over a
Steam pipe; of. also Godfrey ft Koehlno (19))), who
showed graphically the extent to which protected eggs
are more resistant than free eggs. Eggs In roots,
especially In woody roots, are able to suffer still
longer periods of Aridity.



600 and 600 eggs. Aa many ae 1200 eggs were counted from a
maes showing that new eggs were still being deposited at 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 laid by one female and Tyler (1933 b) records 1998
eggs from one female. In 1938 she finds '"counts of more than
500 eggs to be commonll and even up to 2882 eggs from a single
female '"which showed no signs of approaching exhaustion"

wore recorded.

Attention was drawn by Christie (1946) to an Interesting
hoet-paraslte relationship to the effect that a definitive
Influence on the egg production of the female parasites Is
exerted by the host. The wide variation In egg numbers
counted from females In different hnats flnda ready explanation
In his observations (of. also Smith & Taylor. 1977)e

Byers (1914) finds the rate r'f egg-laying to be one egg
every 50 to bO minutes, which Is mon or less In accordance
with the experiments by Ustinov (I.e.). who found that 1800
eggs were laid In bl days (averaging one egg per minutes).
Also T.vler (1933 a) confirmed these figures In that eh*
roughly computed the output at one eg; per hour at 22° C,
though at the optlilum temperature (2? to 28° C) she came to
about 36 eggs per day (averaging one every 40 minutes).
Godfrey & Oliveira (1932), however, claim to have found a
pronounced optimum In their egg-laying records. Though Tyler
(1938) criticises their statements, she could show large
variations In the rate of egg-laying on different days, whloh,
she writes, '"must be Influenced, primarily or secondarily by
temperaturell

The egg-paokageo, when expelled closely under the
surface of the root, may be liberated Into the soil by
rupturing of the epidermis. Imbibition of water by the ootheoa

often causes It to swell to suoh an extent that the eggs burst

out. Especially In warm soils the females seem to favour a

superficial position In the roots (Godfrey, 1926, 193I; of. also



Qoffart, 193~ b). They may even emerge frcsr, the root tissues
(as observed by Steiner, 1927, In Freesla; and by Qoffart,
l.o., in potatoes and Iris), simulating the sugar beet
(potato) eelwonn, Heterodera sohaohtli, whj.oh Is more a semi-
endoparaslte .

In decaying roots all the egg masses contained will, of
course, be set free. As the larvae hatch In this Jelly mass,
they will either remain In the roots of the original host
plant or migrate Into the soil in search of a new rootlet.
Indeed, several generations of larvae can often be found In
the tissues of one root or tuber *), even in the same gall.

Hatching seems to depend entirely on temperature and
humidity, though several authors claimed to bo able to Induce
or accelerate this process by moans of root extracts or even
synthetic substances (Rensoh, 1924, 1925 a, b, 0; Molz, 1923,
1929° 'lI-offart, 1934 a; Smedley, 1936) In Heterodera
sohaohtli. Whatever these "inductors" may be, I could never
detect any delayed hatching of Heterodera marlonl eggs even
In pure distilled water at room temperature *¥*).

There has been much argument about the function of the
stylet (or "onchlum'": Cobb, 1924), a hollow, spear-shaped,
ohltlnous structure Inside the buccal cavity of the larva.
Its tiny canal leads directly In+to the oesophagus, as was
observed by Nagakura (1930). This stylet can be protruded,
which Is easily watched under the microscope. Irrespective
of Its suggestive structure, however, Ooodey (I1935) stated
that "there Is no evidence of puncturing the ceil wall by the
stylet", and Christie (1936) similarly writes that '"the head
of the parasite lies between the cells and there is no evidence

that the stylet pierces adjacent walls".

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

pen.testing .IUOO“ ,lT' SV""TM"!
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Thle problem was definitely solved by Linford (1937 a, b,
1941 b, 1942 a) who made an Intensive study of the feeding
habits of Heterodera ma'lonl. He proved that the etylet was
used for puncturing the cells In the neighbourhood of the
head of the parasite *). In living root tissues he observed
under the microscope how the nematode swings Its head In all
directions over wide angles In order to draw food from
different cells. By means of excellent photomicrographs he
shows the stylet Inside the nutrient cells and how the saliva
(from two well developed salivary glands) In poured out.
Apparently pre-digestion occurs externally, the liquefied food
being subsequently sucke wup through the stylet by means of a
pumping action of the oe >phageal bulbue. The stylet, accord-
ing to Linford, Is also u id for opening a passage way In the
root when the larva enters a root and migrates to Its permanent
location.

An Interesting discovery was made by Smith & Quirk (1926)
who showed that the parasite Inside the root Is able to adjust
the pH of the host tissues to suit Its needs, viz. by making
an environment that Is too acid more alkaline. The tremendous
adaptability of Heterodera marlonl, which strikes one on
Inspection of the list of it* host plants, may find some
explanation In this observation.

ROOI' DAVAGE As a result of the continual puncturing of the
cell walls and probably vndet* the Influence of

the parasite's saliva (Christie, 1935, 3-996; Llni'urd, 1937 a,

194.1 a; of. also Goodey, 191*) the cells on which It feeds

become quite adnormal. In the plerome coalescence of different

*) Linford (1942 a) watched one larva continuously for 36
minutes as It thrust Its stylet very rapidly at approxi-
mately the following rates (expressed In numbers per JO
seconds): 52 while the larva slowly moved Its head over
the cells; 81 with the head held securely In one place;
58 while again exploring and 107 Immediately before
puncturing a cell. He further states: “By thrusting at
such rates and sometimes for many minutes against a small
area of a single call, the nematode gradually weakens ttae
the resistance of the wall".



oallfl and abnormal divisions take place. The nematodes may
break Into such cells (Linford, 1941 b), but this must be
considered as exceptional (Ghrlotle, 1936) *). Usually the
histological changes give rise to the formation of 'felant
cells", which now serve the parasite as a permanent source

of nutrition. These giant calls, already described by earlier
authors (Treub, 1887; Vulllemin & Legraln. 1394; Molllard,
1900: "cellules nourrlolferee"; Tlsohler, 1902; and especially
N&neo, 1910; '"neotarlal cells'") and more recently in great
detail by Christie (1935. 1936) are mainly formed In the
vicinity of the phloem vessels **) and generally cause typical
swellings (galls) In parasitized roots ***); hence the name
"root knot" or '"root gall" for the disease.

Calls are usually seen on all roots, especially on the
younger urd soft ones, but an Interesting exception was
reported by Mattress (1940) who observed that Inft .on of the
oyster nut (Tslfairla pedata) In Kenya is restricted to a
single large gall on the main root Just below soil level.

In response to the parasite's disturbances, Increased
division Is Induced in the perlcyole which results in the

formation of lateral roots (Molllard, I.e.; Warburton, 1902;

*) In connection with mechanical injury Linford (1941 a)
makes the following interesting remark; '"Although Inter-
cellular migration of these larvae through merletematlo
tissue appears to kill very few cells, the mere separation
of cells probably would suffice to disturb the coordination
of tissue differentiation".

*%) Much of the cell material from which the giant cells
originate would normally have contributed to the formation
of these vessels (Christie, 1935), 80 that the roots,
already at an early stage, are deprived of some most
vital organs.

wkE) No gall formation occurs In Cyclamen and Freesla
(Steiner, 1927) and parasitized strawberry plants and
Iris show little or no swellings on their roots (Tyler,
1933 0). Such oases, however, are exceptional, at least
in ordinary roots, though tubers of various plants
(potatoes, Dahlia's, etc.) very often lack external
Dwellings that betray the Internal Infestation.

On several plants (e.g. Zea male) the galls, though

present, are often very Inconspicuous and may easily
be overlooked by an untrained observer.



Christie, 1935) 193&J and others), usually Just above the
gall. It Is mainly these roots that enable the host plant to
keep alive, since the disorders In the vascular system caused
by the giant cells hamper the normal flow of sap. In oases
of severe soil Infestation, however, these newly fomed
rootlets are Immediately Invaded again (Warburton, 1902), so
that their benefit to the plant becomes rather problematic.
Indeed, as a result, many annual herbs succumb and die off.
Perennials and especially plants with Ugnlfled roots suffer
less, but the Influence of parasitism will nearly always be
conspicuous. The most striking symptoms In the overground
parts of the olant are: lack of growth, "poor stand", yellowish
colour and drooping of the leaves with a general tendency to
wilt.

Consequent to the above primary Injuries are remarkable
changes In plant-food Intake by the host plant, as was oncwn
by Mnglstad A Oliveira (193%)* Infected pineapple plants
absorbed 40 - 50 # less nitrogen than clean plants and while
the application of fertilizer Increased the nitrogen convent
of the plant, It did not Increase the growth of parasitized
plants. In addition to this the avenge total length and the
number of roots per plant were definitely 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 (1973) found infested plants deficient In
phosphorus though this element was present In the soil and
normal plants were also not deficient In It.

SECONDARY INFECTIONS Attendant detrimental effects often
occur In that lesions In the root
tissues, caused by the parasites, offer easy access to terrl-
oolous pathogenic fungi and bacteria (Linford, 1972 a), sapro-
phytic Protozoa, Nematoda, Tardigrada, Acarlna, Insect larvae,

etc. Secondary Infectlonr of this kind are common In cotton
(Fuearlum vasinfeotum: Orton, 19128 Miles, 1939J Taylor et a].,
1939, 1940; Neal, 1940; Smith, 1941; Smith & Taylor, 1941),



tobaooo (Rhlzoctonla batatloolaz Bmall, 1928), tomatoea
(Aiearlum lyooperelcl: Young, 1939 b; Harrison & Young, 1941;
Linford, 1942 a; and Colletotrichum tablflcum: Mllea & Turner,
1928), Antirrhinum, Oarnatlona, Silky Oak. Rose Aoole and
Loquat (Fuearlum: Small, 1922), oowpeas (Fuearlua: Smith, 1941)

and Is likely to oocur In other crops as well.

INFECTION OF OMRCROUND PARTS The oommion restriction of
Heterodera marlonl Infes-

tations to underground structures of the host plants Is
obligatory rather than preferential. Numerous Instances are
known of larvae that some way or other got access to tissues
other than roc s and seemed to thrive equally well In these
unusual surroundings. Gabriel (192b a) noticed '"chez de nom-
breusee Cuourbltao6ee des galles de raolnes produltes par
Heterodera radlolcola Greeff non seulement eur lee raolnes,
male encore sur 1'axe hypocotyl6é", and "...au volslnage de
1*Insertion des raolnes latéraleslIL

Steiner et al. (1934) record the occurrence of galle 18
Inches to two feet In diameter on the basal stems of Thunbergla
laurlfolla *) and stem galls above the surface of the soil In
Rheum rhapontloum and Begonia. In rice, nematodes were found
111 the sheath and crown tissues, the subcoronal Internode and
In the ooleptlle by Tullls (I934). Cotyledons, stem, and
leaves of beans geminating In heavily Infested aoil were
severely attacked, causing death of the seedlings, as reported
by Steiner (1940) (cf. also Taylor, Proc. of the Root-knot
Nemat. Conf., 1938). Sveehnlkova (1940) found the nematodes In
the stem of Areca rubra seedlings, and '"galls on the hypooot>1
of oowpea (Vigna sinensis Endl.) and okra (Hibiscus (Abelmoeohue)
eaoulentus L.) and both hypoootyl and cotyledons of tomato

(Lyooperslcum esculentum M ill.) resulting from entry

*) Goodey (1935) states with reference to these enomous
galls: "It seems possible ... that these are cases of the
oonaraeltlsm of Heterodera marlonl and the 'crown gall”
organism, Bacterium tumefaclens". This, therefore, might

be another Instance of secondary Infestation.
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of nematodee during germination" are recorded by Linford
(1941 a).

By meane of aome beautiful experiments, Linford (1939,
1941 a) waa able to show that practically all tissues appear
to be equally attractl", to Heterodera marlonl, provided that
the texture of the epidermis permits easy penetration of the
Infective larval form. Larvae migrated, settled and matured
In leaves, rterns, flowers, etc. and showed nr signs of not
feeling at home. Linford (1941 a) concludes that '"the demon-
strated ability of the root-knot nematode to develop to
maturity In leaves and stems Indicates that some factors other
than nutritional adaptation normally limit this root pathogen
to subterranean parte. The problem appears to be one of
Inability of the larvae to gain access to aerial prrts. The
extreme sensitivity of Heterodera larvae to desiccation and
to Irradiation (of. Godfrey & H unlno, 1933J H.) appearn most
Important, for It limits periods of larval migration over
exposed plant syrfao.a to periods of continuous wetness. In
contrast, shoot-Infestlng nematode species generally develop
stages tolerant of desiccation. — It Is Interesting to note
that parasites of roots as a group are not nearly so slender
as are several of the species most successful as parasites
of aerial parts".

| very striking 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 soils of arae
oases In the Sahara. The walls of the giant cells seem to
llgnlfy to form large cavities that serve as water reservoirs
for the plants during the heat of the day. The wall of these
cavities, they write, "est fenetree d'un grand nOmbre de
punctuations, qul permettent aux utrloulee de pulser I'eau aux

valsseaux et de la oeder aux cellules alt*rdem du volslnage.



A ootd doe etree gdndralemant inoffenelfe, qul me demae-
quent, dane certalnee olrconetanoee, oanme de redoutablee
agents pathogenes, oet example nous pcrmet de placer une espeoe
qul, sulvant les conditions du milieu dans lequel elle vlt,
dxeroe les plus graves oonsequenoee du parasitisms, ou prodult

les effete lee plus salutalres de la symblose".

BIONOMICS OF THE NON-PARA3ITIO PHASE Though the free-living
stage - especially from
the point of view of controlling the nematode - Is of much more
Importance than the parasitic phase, one finds, strangely
enough, that very little Is known about the behaviour of Hetero-
dera marlonl In soil, and little or no experiments have been
carried out to solve the various problems that obscure a
proper Insight of the most efficient way of attack on this worn
during a period of exposure In which It Is extremely vulnerable,
arented that the larva, under natural field conditions -
practically speaking - dlrappeare in the soil, thus evading
direct observation, this does not necessarily Imply Its
complete escape from all means of experimentation.

The active movements of the larvae In the soil have always
been subject of much speculation. Though various authors have
given different estimates of possible distances of migration
in horizontal and vertical direction ’), no experimental work
has ever been published In support of any of these Individual
opinions. In this connection the question arises ae to whether
the movements of the larvae are random or directed by any
stimulus, physical or chemical. Experiments of Steiner (19<?5)
and Linford (1959, 1941 a) definitely Indicate attraction by

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

*) Watson & Goff (1937) estimate the migratory movements
to be limited to about a foot per month (of. also Taylor &
MoBeth, 1Q41 b). This figure seems to be generally adopted,
however, without experimental proof.



taotio response could be noted (see page U). However, the one
does not exclude the other. Most likely the movements are
random when definite chemical stimuli are absent or too weak
to enable the larvae to detect differences In concentration.
But whenever a larva will come into close contact with the roots
of a host plant It might be ohemloally attracted over a short
distance. The degree of ohemotactlc response, then, may be
expected to be proportional to the possibilities of migration,
as otherwise too many larvae would die of exhaustion before
having reached a host. Moreover, It should always be borne In
mind that under natural conditions In the soil - If chemical
stimuli would at all be perceivable over longer distances - such
stimuli would come from all directions, thus mutually can-
celling out their Individual effects partially or wholly, which
again would result In random movement. Too much stress, there-
fore, cannot be laid on ohemotaxls over longer distances, which
then also excludes any directed migration. Random movement,
on the other hand, should gradually tmd In a homogeneous
distribution of uhe eelworms through the soil, In a way
comparable with a process of diffusion aceirdlng to the law
of entropy. This would seem to be the most favourable distri-
bution for the species, giving marlmim likelihood of "success".
But such homogeneity In distribution has never been observed1
The nematodes appear to be concentrated in certain foci of
heavy Infestation with larger areas of thinnei population In
between. These fool originate from Infested plants, where
larvae are continuously liberated from the roots, or ootheoae
containing dormant eggs that start hatching under favourable
conditions.

If random movements are Indeed prevailing, then the fact
that a homogeneous distribution Is never realised would
suggest that migrations are very much limited. The results

of my experiments described In this paper (see page 53 et seq.)

seem to support this view.



Temperature and humidity (t.o factor, with eeaeonal

Tarlatlon.) are belle,ed to have special Influence on the

vertical migration, of the worn, (dodfrey, W ») e The point

In question - to my mind - le -or, whether thee, factor, have
eni, effect on the dletrlbutlsn of larva. In the soil rather

than on their migratory movement,., With a view to the above

considerations that the nematode, would only be able to travel

ever Shorter distance. It 1. obvious that In the top layer,

or eon many nematodes will be ecaught- by quiet change. In
temperature and mcletur. that have been proved to h. lethal.
The result will be a thinning out of the population in these
strata ", which could mate the Impression of the larva, having
migrated to greater depths wh.r. they would be safe.

Confusing th.ee two principles (vie. migration and dls.rl-
butlon) will lead to erroneous conclusions.

summarizing I tentatively would eugg..t the following

hypothesis. *. » result of random movement, of th. larva,

then, is a general tendency to homogeneous dl.trlbutlon

radla-ing from a focus of Infestation, occasionally Interrupt,

hy .he.ot.ctlc attraction when the larva, com. Into close

provl.lt, of a favourable root, limited by the span of life o

Ph. nematode, and by adverse factors In th. a- -

..used by evtrem. condition, of temp.ratur. and mol.tur., en

further by th. soil resist...., oxygen supply and the blotlo

A. an apparently necessary mean, of

counteracting these Umltirg factors might v.

resistance .to.

considered the
tremendous numbers In which this para.lt. occur, (s.. page '

as well a. th. vast rang, of It. host plants.

This could be called th. -distribution pr.s.ur.- of
the epeelee.

***)

See under "Biological Control", page 35 at Beq



The effects of temperature on the activities of the larvae
In the soil were studied by Godfrey (192b), Jones (1932) and
Tyler (1933 a). Godfrey found 13% C the approximate minimum
temperature at which extensive Infection will take place
(rare infections occurring at 10 and 12* 0; Tyler also observed
root penetrations at 12° 0).

Godfrey (I.e.), Jones (I.e.), Godfrey & Hoahlno (1933) and
Godfrey et al. (1933) Investigated the humidity factor with
respect to larval activities and found 100 # moisture J be
optimal which proves that water la a natural habitat for the
larvae. Lower percentages of humidity were shown to be
definitely lethal, depending on the time of exposure. The
logarithm of the percentage survival, according to these
authors, showed a rectilinear relation with the exposure time
(of. Bigelow, 1921), the slope of the regression line becoming
steeper with Increasing saturation deficiency. Similar curves
ware found for the eggs of Hotorodera marlonl, except that the
rate of killing for eggs Is much slower than for larvae.

Linford (1971 0) sowed tomatoes and oowpeas In Infested
soil and found that, when the moisture content of the soil
was nearly low enough to cause wilting 0 wue host plants,
few larvae entered the roots. He observed that Infestation
and Injury Increased greatly when the moisture Increased
slightly above the moisture equivalent of the soil and
decreased in wetter soil. The latter observation Is In agree-
ment with the general experience that Infestation Is always
lower In soil soaked with water, especially In waterlogged
areas In the field. This, at first might, seems to be
contradictory to the finding that water Is a natural habitat
for Heterodera marlonl larvae, but may find an explanation in
oxygen deficiency In such areas, since both the eggs and
larvae of this parasite are very susceptible 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'* fertilizer on eolwom Infee-
titlon In Virginian tobacco. Spot treatment, equal to 200 Ibe
of bloodmeal per acre, applied In alternate rows on 10 plots,
planted ? x 3 ft; %treated, x? ” untreated, lots.

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

N n P*f degr. *2.1 N n P * 9 degr.

xl,1
=1,1 60 0 0.00 0.00 %21 65 5§ 7.69 16.10
*1,2 40 2 5.00 12.92 =22 46 16 34.78 36.14
=1,3 67 2 299 9.96 =23 109 30 27.52 31.64
x1,4 17 0 0.00 0.00 «3.4 53 6 11.32 19.66
=1,5 77 7 9.09 17.55 %2,5 84 29 34.52 35.98
%1, 31 2 645 1471 %36 S50 4 8.00 16.43
-1,7 56 3 5.36 13.39 =27 95 31 32.63 34.84
x1,8 47 3 638  14.63 x2,8 6932 463d  42.93
-1,9 42 1 2.38 8.87 =2,9 71 11 18.>9 23.18
*1,10 76 5 6.58 14.87 %310 96 14 14.58 22.44
total 513 25 106.90 738 173 279.34
mean 3.45 10.69 21.94 27.93
The variances were: s a Total sum of squares:
Br,l-) m 90.22° Sl — ) 7%
variance = 133.93

and the estimated standard deviations:
Bl m 6.15° - 1.15 f
s2 - 9.50° - 2.72 #

Analysis of variance (according to Sau.derc, 1939J
for modifications ee*e Appendix):

source of variation sum of squares d.f. variance F P
treatments re(St - - ;

1486.00 1486.00 Kk47.23 <0.001
replications tS(xr - x* 2 -

9

370.54 56.73 3.07
error 283.12 9 31.46
*) see Bliss (1937, 1938)J tables In Fisher & Yates (1943)

and more detailed In Snedeoor (1946).



containers. This susceptibility to oxygen deficiency was also

mentioned by Godfrey (1926, I1#!). Godfrey et al. (1933) shared
the views of Brown (1933) Baying that ''mematode larvae are not
drowned by submergence In water but supposedly eucoumb to
exhaustion Induced by their own activity which Is Increased In
water".

The pH of the soil, as determined by Godfrey & Hagan (1933),

seems to be of little influence on the activities of Heterodera

marlonl, "although a slight reduction In degree of Infestation

of the host plants appeared at pH values of 7.6 - g.o as com-

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

of the Root-knot Nemat. Conf., ** " l!l«orlb»* absence of Infes-

tation to prevailing pH valuei AnC above.
A st Iking effect on root dt is exerted by certain

fertilizers. Magistad & Oliveira (193") obseywrd that '"the

number of galls on fertilized versus non-.fert.tn Inoculated

pUnts seems to Indicate that fertilizer, for - raamoi or

other, has slightly retarded the entry 0/ nematodes Into the

roots ). The difference In galls per plant is 21.27 + ig.yw.

In an experiment comparing the percentage of tobacco plants
Infested In untreated lots with the percentage Infestation In
plants grown In soil fertilized with 200 lbs of blood meal per

acre, 7 obtained confirmatory evidence to the trend of the

obsei atlons of these authors In that the treated plants showed

an Infestation of 3**5 1 0.12 # as against 21.9b / 0.27 # in
the untreated ones. These figures are highly significant
statistically and far more convincing than the results of
M'igistad & Oliveira. Table I (opposite; shows details of this
experiment.

As regards the t,pe of soil as a factor in nematode popu-

lations little or no experimental data are available, but from

¥) ok l[1)ossible explanation of the fertilizer effect may be
that the roots of fertilized plants grow much more rapidly
n nose of non-fertilized plants with the result that
Hgnlfloatlon of the roots of the former prevents
penetration of larvae at a much earlier stage.
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general experience It can be stated, that heavy clay and loam
soils are usually much less Infested than lighter sandy soils
(Godfrey, 1926). The assumption seems to be Justified that
the texture of the heavier soils offers more resistance to the
movements of the larvae and causes Inaccessibility of the
oxygen necessary for their well-being. Linford (1939) found
that plant tissues also appeared more attractive In sandy soils
and suggested that this might be due either to the freer move-
ments of the nematodes in such soils or to adsorption of the
attractive substances by the soil colloids In the case of
heavier types, reducing the Intensity and extent of attraction,
in South Africa the 0.0. "turf" soils *), which must be
grouped under the heavy soil types, are seemingly an exception
to the above rule, since they are sometimes found to be
extremely heavily Infested. But, still, the Impression is
obtained that It takes rather long for a population to be built
up and become established, especially in the s.o. "black turf".
Different methods of estimating the nematode population of
the soil have been elaborated. Those, that will yield a
relative nematode Index for practical field experiments, will
be discussed later (see page % et seq.). For the moment we
are only interested In the results of calculations that give an
impression of the absolute numbers of nematodes present in the
soli. Jobert (IS78) In Brazil, basing his estimations on the
number of eggs per "kyste" (egg mass) and the number of
oothecae In coffee trees, arrived at a figure '"trop faible
oertalnement et pourtant effrayant, de plus de />0 millions
d'Angulllules par oaftlor I+ In a similar way Godfrey (1(31)
comes to "potentialities for between 2 and 4 000 000 new
Infestations" from the roots of a oowpea plant. Brown (1933)
concludes from microscopic examinations of pe”t soil that

populations of between 8 and 000 000 per acre are likely.

*) For a detailed description and analysis of '"turf" in

South Africa I refer to the papers by Marchand (1921)
and van der Merwe (1924, 1940) .



general experience It can be stated that heavy clay and loam
soils are usually much less Infested than lighter sandy soils
(Godfrey, 1926). The assumption seems to bo Justified that
the texture of the heavier soils offers more resistance to the
movements of the larvae and causes Inaccessibility of the
oxygen necessary for their well-being. Linford (1939) found
that plant tissues also appeared more attractive in sandy soils
and suggested that this might be due either to the freer move-
ments of the nematodes In such soils or to adsorption of the
attractive substances by the soil colloids In the case of
heavier types, reducing the intensity and extent of attraction.
in South Africa the s.c '"turf" soils +), "hloh must be
grouped under the heavy soil types, are seemingly an exception
to the above rule, since they are sometimes found to be
extremely heavily infested. But, still, the Impression is
obtained that It takes rather long for a population to be built
up and become established, especially In the s.c. "black turf".
Different methods of estimating the nematode population of
the soil have been elaborated. Those, that will yield a
relative nematode Index for practical field experiments, will
be discussed later (see page 43 et seq.). ?or the moment we
are only Interested in the results tf calculations that give an
impression of the absolute numbers of nemi-todes present in the
soil. Jobert (1878) in Brazil, basing his estimations on the
number of eggs per "kyste" (egg mass) and the number of
oothecae In coffee trees, arrived at a figure "trop falble
oertainement et pourtant effrayant, de plus de 30 minions
d'Angulllulee par cafdier "¢ In a similar way Godfrey (19"1)
comes to "potentialities for between 2 and 4 000 000 new
infestations" from the roots of a oowpea plant. Brown (1933)
concludes from microscopic examinations of peat soil that

populations of between 8 and 45 000 000 per acre are likely.

4) For a detailed description and analysis of "turf" in
South Africa I refer to W.e papers by Marc hard (1924-)
and van der Merwe (1924, 1940) .



These figures are rather low as compared with the above
obnervatlons of Godfrey and subsequent investigations by the
sqme author (19)6) when he found that in pineapples at least
100 larvae were necessary within an inch of a root tip to
produce a terminal gall in that root. In this way he comes

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

172 800 per cubic foot; and he even finds a potentiality of

80 000 larvae from every inch of root in oowpeas, which amounts
to a release of 1 600 000 larvae into less than a cubic foot
of soil for the entire root system of the plant. For Heterodera
sohaohtll Thorne (1939) finds '"the total of 14 79S 000 000
(larvae) per acre not an unusualoy high number for a severely
infested field".

The great similarity in the biology of Heterodera oohaohtll
and Heterodera marloni Justifies the opl that such figures
are applicable to populations of the latter nematode as well.

Though most Investigators (admittedly for practical
reasons) restrict their estimates of the soil population to the
top foot or mo of the field, it stands to reason that - in
order to obta'.i, a proper indication of the total number of
eelworme in the soil - the depth distribution should be taken
into consideration as well. Many attempts have been made to
letermlne this factor, but it seems impossible to lay down
general rules. Godfrey (1924) - as far as I am aware - ».ns the
first to tackle the ruction from an experimental basis. He
took soil from different depths and tested the nematode content
in pots with indicator plants and summarised as follows:

"A considerable variation from one spot to another and
from one month to another occurs in the depths of the regions
of maximum infestation. Many factors no doubt enter into this,

such as (1) differences in depth penetration of Infested roots ¥*)

*) Which naturally varies considerably with the different
host plants (H.)e



(2) the relationship of time of taking soil samples to a
period of heavy rainfall (3) the height of the water table

(4) the type of the soil and the subsoil*. To these factors
00UM be added the availability of oxygen, subterranean water
currents (of. Thorne, 1>42) and capillary flow. Godfrey found
nematodes to a depth of Inches. Krishna Ayyar (1933), *n
South India, comes to results in the same order of magnitude
(30 inches) and finds a maximum of infestation between 1 and
1£ inches from the surface (of. also Scott et al., 1939)-

Thorne et al. (1942) likewise observed great variations
In the numbers of larvae at different depths In fields
planted to cotton and alfalfa (lucerne: Medloago sativa) and
conclude that the distribution of the larvae appears to be
determinable by the location of roots of these plants.

Highest populations were found In varying vertical sections,
sometimes reaching down to 5 feet, which - these authors
remark - "suggested the occurrence of larvae at still greater
depths" *). However, such tremendous depths can by no means
be taken as general examples.

It will be clear that the absolute nematode population of
the soil constitutes a largely varying, rather Indeterminable
magnitude, which can only be roughly estimated. Not to be
confused with the nematode population of the soil Is whet
Christie (1946) correctly calls the "Inoculum potential" of the
soli, which, he remarks, '"may be Influenced, no doubt, by many
factors, but It Is directly dependent, initially, on the egg
production of the parasites".

The question of soil population and distribution of the
larvae, of course, Is Intimately connected with the passive
movements of the parasites. Especially with respect to the

control of eelworm it Is of great importance to know how the

Boott (1943) reports on gulled peach tree roots that
were found as deep as 6 feet.



parasites and eggs are disseminated In order to be able to

prevent contagion, to isolate fool of Infestation or, finally,

to guard against relnfestatlon of laboriously dlefrfeoted soils.
There Is a large variety of possible means of spreading

Inocula of Heterodera marlonl. First of all current tater

should be mentioned. Where Irrigation Is practiced or flood water

is likely to run from Infested localities to other areas, care

should be taken to prevent dissemination through this medium,
bearing In mind the fact that water has been proved to be a
natural habitat for both eggs and larvae (Godfrey A Hoehlno,
1933J Brown, 1933; Godfrey et al., 1933; Linford, 1941 0).
Contour walls and ditches will here serve as useful 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 easily be contaminated
by means of surface water fron adjacent Infested fields ¥).

If parasltlred seedlings are planted out (as, say, in the

case of tobacco) to unlnfeeted fields, the farmer himself will

be the distributor.
Another common source of eelworm infestation Is compost,
Into which Infested roots have been worked up with plant waste.
Owing to the minute size o' the eggc and larvae of Hetero-
dera marlonl there Is always a potential danger of dissemination
through lumps of soil from infested areas as may adhere to

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

workmen. Seedlings, cuttings, tubers, etc. from nurseries

or other farms are likewise to be suspected.

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

to be a carrier of nematode Inoculum (Young, 1940 b). This

) In the tobacco area of Trelawney, Southern Rhodesia, 1
have observed a gradual down-stream spread of eelworm
infestation on farms bordering a small river, the water
of which was used for the watering of tobacco seedbeds.
Brnie of these farms, within a year's time, became heavily
In ested In all the tobacco lands, where eelworm had

nev”r been noticed previously.



animal la able to atore plant material In Its cheek pouohea
and may In thla way transmit parasitised root fragnenta all
over Its warren, possibly running Into ’inlnfested land.

Kofold & White (1919), Sandground (1923), Keller (1935)
and Baolgalupo (1936) reported on the occurrence of Heterodera
eggs In human faeces. Apparently Infested vegetable food
(like carrots, potatoes) was the source. Kofold & White, who
took thebe eggs for some unknown human parasite's ova, tried
In vain to hatch them. The negative result of their experi-
ments finds an explanation In the following argument.

Although the egg shell, being of a ohltlnoue nature
(Chitwood, 193%), cannot be digested and mammalian body
temperatures (37 - 37*%5° C) are below the minimum lethal
temperatures of eggs and larvae *), It Is unlikely that viable
eggs would pass through the alimentary tract of any mammal as
digestive Juice# and other harmful substances may well diffuse
throu”i the egg shell; moreover, the length of the exposure
time (In cattle the chymus may take as long as 3i 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 all be considered as of
possible detrimental influence during the time the eggs pass
through the Intestines. Supposed danger of infection by means
of manure, therefore, must be excluded, especially when the
manure Is well fermented.

Direct Information on the longevity of free-living larvae
under natural conditions Is not available. Brown (1933) found
that '"some nematodes survived for 12 months In flooded soil"
and FranklIn (1937) found soil heavily Infested with Heterodera
marlonl still Infective after 16 months out-of-doors without
any vegetation In It. There Is, however, no proof In these

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

*) Hoehlno & Godfrey (1¢33) determined the minimum lethal
temperature for eggs and larvae at 40 - 41° C. The
experiments of Durut (1917), who found 38.5*% 0 to be lethal,
are too crude to be taken as reliable.



animal 1b able to store plant material In Its cheek pouches
and may In this way transmit parasitized root fragments all
over Its warren, porelbly running Into unilnfeoted land.

Kofold & White (1919), Sandground (1923), Keller (1935)
and Baclgalupo (1936) reported on the occurrence of Heterodera
eggs In human faeces. Apparently Infested vegetable food
(Ilka carrots, potatoes) was the source. Kofold & White, who
took these eggs for some unknown human parasite's ova, tried
In vain to hatch them. The negative result of their experi-
ments finds an explanation in the following argument.

Although the egg shell, being of a ohltlnous nature
(Chitwood, 1938), cannot be digested and mammalian body
temperatures (37 - 38.5® C) are below the minimum lethal
temperatures of eggs and larvae *), It Is unlikely that viable
eggs would pass through the alimentary tract of any mammal as
digestive Juices and other harmful substances may well diffuse
through the egg shell; moreover, the length of the exposure
time (In cattle the chymus may take as long as 3& days to pass
the alimentary tract: Ewing & Smith, I917), lack of oxygen and
the very small '"safety margin" allowed by the body temperature
of such an Intermediate host should all be Ooneldered as of
possible detrimental Influence during the time the eggs pass
through the intestines. Supposed danger of infection by means
of manure, therefore, must be excluded, especially when the
manure Is well fermented.

Direct Information on the longevity of free-living larvae
under natural conditions Is not available. Brown (1933) found
that '"some nematodes survived for 12 months In flooded soil”
and Franklin (1937) found soil heavily Infested with Heterodera
marlonl still infective after 16 months out-of-doors without
any vegetation In it. There is, however, no proof In these

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

*) Hoshlno ¢ Godfrey (1933) determined the minimum lethal
temperature for eggs and larvae at 40 - 41* C. The
experiments of Duruz (1917), who found 38.5®C to be lethal
are too crude to be taken as reliable.



seen - remain viable over very long perlofle) but the larvae
that oaueed the "carry over" of Infestation.

Regarding the above question another problem remains, viz.
whether or not the eelworme are able to feed during their non-
paraslItlo stage. It is a striking fact that the newly hatched
larvae are richly supplied with a granular or globular form
of nutriment In the meeenchym whloh Is gradually used up during
their activities. But this does not exclude the possibility
of food Intake, either by means of endosmosls through the
Integument or via the mouth and alimentary tract. It seems
unlikely - to my mind - that continuously active larvae would
thrive on this food reserve only for periods of several months.
In the laboratory Heterodera larvae can easily be kept alive
in water cultures for two or three months on condition that the
containers are put In the dark. Without the latter precaution
th t cultures die out in a couple of days. But whenerer an
eelwonn culture was exterminated, a rich vegetation of Fungi,
Bacteria, Protozoa, Algae and sometimes Tardigrada could always
be observed and I thus obtained the Impression th:>t this over-
crowding of their natural habitat and, perhaps, parasitism
(see under "Biological Controll, page 35 seQ.) more than
starvation or any other factor was responsible for the death of
the larvae. Plant detritus and humus may serve the larvae as
nui.-lment so that the mesenohymatlo granules would be more of
an auxiliary function. In this connection It is of Interest what
Nagakura (1930) remarks on observations made by Strubell In
138.5 on Heterodera sohaohtll, writing: '"Strubell 1st ee
gelungen, Larven, die er In eln Oefasz mlt humuereloher Erde
ohne Pflanzen braohte, glelohfalls In Ihre spateren Stadien
uberzuftihren; er fand In eolohen Zuohtapparaten sowohl Welbohen
von volllg kugellger Gestalt, wle Mannohen, die, fast dorartig
nuegeblldet, In der flaeehenartligen zwelten Larvenhiille elnge-
sohlossen lagen, und schlleezt daraus: 'das die Elnwanderung

nloht Immer alne notwenalge Bedlngung fur die Entwloklung der



Larven letl. Ee let moglich, daez die Larven Strubelle den
Nahrungeetoff aue der 1m Humme ubrlg gebllebenen pflanzenwurzel
saugten und no eloh welter entwlokelten. Jedenr’allu kann
Hoterodera radleloola ohne Nahmngeetoff von der Pflanzenwurzel
Ihre Entwloklung nloht vollenden".

Tyler (1933 o) aleo remarks that '"the larvae do not feed
except In 1'ving plant tleaue'" and henoe are unable to 'grow
and develop while free In the soil", though "they can survive
for monthm without food If they are not tc-i active". Thus far
no experimental data are available to nhow whether or not the
free-living stage lc merely a transitional phase as It Is
generally believed to be. The plant-paraeltlo stage, however
Important and necessary for the propagation of the species
(as It Includes the sexual phase), might be shown to be really
of muoh less Importance than the terrlooloue part of the life
oyclf. Tt is, therefore, not unlikely that entirely new light
could be thrown on many present-day discrepancies on the
Infsctlveness of soil and water and the longevity of the larvae.

The origin of Heterodera marlonl Is oonoelled In complete
darkness since the parasite Is a typical cosmopolitan. In
Southern Rhodesia It was found In s.o. "virgin* eoll, though
the writer has often been able to detect certain fool of
Infestation In places with Indubitable traces of former native
cultivation, which suggested the human element to be a link
In Its geographical distribution. However, this gives no clue

ac to the native country of this agricultural pest.

CONTROL The economic Importance of Heterodera marlonl due
to Its threatening expansion In agriculture and
horticulture readily explains the fact that eelwonn research
has mainly been focussed on Its control. Two different lines
can be followed In this respect: the one not necessarily
scientific, but under the stress of dally praxis, In search of
quick, practical measures for at least reducing financial

loss, the other scientifically aiming at the Ideal method



that eneuree total eradication of the pest. Either way has

ite own merits, the difference being mainly a matter of

approach. It Is, therefore, only In consequence of the scope

of this paper as a study that I have stressed the scientific
way of attack, without prejudice against other attempts.

One may distinguish between '"defensive" and "offensive"
control. Under defensive control I list:

a) preventive measures against spread of the disease which

logically result from our knowledge of the parasite's means

of distribution and propagation;

b) sterlllsatlr of seedlings, cuttings, tubers, root-
stocks, etc.;

o) the study and practical application of resistant crop

varieties.

Offensive control, on the other hand, Implies all direct

means of soil sterilization, such as:

d) s.c. "agricultural practices" like: desiccation of the

aoll (bare fallow) with ploughing, harrowing and eradication

of weeds, especially of those that are known to be host plants;

crop rotation, using Immune or highly resistant plants;

e) flooding;

f) soil sterilization by means of heat: steam sterili-
sation; direct application of heat from overground fires;
electrical heating (hot-house practice);

g) freezing;

h) catch or trap cropping;

1) biological control;

J) chemical control.

A critical survey of these different means of control will

give an Impression of their possibilities and limitations.

PRan&IiTIVSjm SIIMLM AIMT SPRE*_. 0 L T h e s e are

more common

sense practices which hardly need an experimental footing as

e.g. the construction of contour rldg»s, walls and storm water



dltohes to prevent the contamination of unlnfeeted fields by
surface water from eelworm lands; the lay-out. of irrigation
schemes, such that Irrigation water will never run frcm one
land to another, unless the top field Is absolutely clean; the
use only of uncontaminated Irrigation water; removal of lumps
of inlested soil on shoes of workmen, hoofs of animals, farm
Implements, etc.; prevention of Infested plant material being

worked up with compost.

3fSRT LIZATION OF SKGDLINOS. CUTTINGS. TUBERS, ROOTSTOCKS, ETO .
It often happens that parasitized plants have to be
transplanted or that nursery stock shows signs of Infestation.

In such cases It is necessary to destroy the nematodes and
eggs that are present In the material without killing the host.
Hot water or steam 1la usually applied, but general rules
cannot be given for the combination of temperature and time of
exposure, which has to bring about the extermination of the
parasites without (or at luMt with minimal) Injury to the
plants, since the optimal effect Of the product temperature x
exposure time varies considerably with the plant species to

be treated. Successful treatments for different kinds of
plants were reported by Byars 4 Gilbert (1920), Cobb (1979),
Brown (1934), Sherman (1935), Ooff:.rt (1936), Wade (Proo. of
the Root-knot Memat. Conf., 1936), Chester 4 Cress (1939) and
Burk 4 Tennyson (1941). The applicability of this method is
naturally very much restricted, being mainly a last resort

for gardene's’t and nursery men when valuable plants are
concerned, t iJi Justify the time and costs spent in this way.
Moreover, absolute certainty that all nematode life is destroyed

can never be obtained with this 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 varieties resistant

or Immune to eelworm attack. It Is impossible to discuss here



all the olaltne of success that appear in the literature, so
that I will restrict myself to the outstanding features.

The problem Is more complicated than would appear at
first sight and it seems that many Investigators are not aware
of all Its Intricacies. An Instance of a simple faot, so
often neglected, but still of fundamental Importance In
selection work for nematode resistance, is discussed by Barrons
(1940) as follows: '"Insuring a uniform and severe epidemic
Is a major problem In testing plants for resistance to any
disease, particularly In breeding work when making Individual
plant selections". The principle will be clear If It Is
realized that the plants from which unbiassed selections are
to be made have to be under exactly the same circumstances,
which means, In this way, that equal chances of Infestation
for all plants will only be offered by a uniform, homogeneous
distribution of the eelworme. Since this Is never realized
with natural il Infestations (see page 16), one has to
resort to artificial Infestation, which - even under most
favourable conditions - will only be an approximation to the
Idea’. This should be well understood by the selection
breeder.

Another, Just as fundamental question la this; do the
available eelwomn themselves represent a homogeneous
population? If not so, some 01 them .jay be expected to be
biassed. This leads us directly to the much disputed problem
of biological strains. Considerable evidence has been
accumulated leading to the assumption that biological strains
ooour in the species Meterodera marioni: Tlsohler (1902),
Watson (1924), Bosher & Newton (1933), Sherbakoff (1939),
Barrons (1939), Thorne et al. (194-2) and especially Christie
& Albln (lo44) and Christie (1946), whereas negative Infor-
mation on this point (Bensey, 19H> Mallooh, 1923> Fajardo &
Palo, 1933) Is far less convincing.

Discrepancies In this matter may be propitiated by the views

of Steiner (1925) "ho concluded from critical analysis that the



biological strains of Keterodera marlonl are no rigidly limited
groupe, but rather adaptlble categorlea. '"The situation may be
beat characterized ae follows'", Steiner writes, '"Although the
species of plant parasitic nematodes attack and teed
on a wide range of host plants, a given population of one of
these species will, if possible, always first attack the kl, ' f
host plant that Its parents and anoentors lived on. If this
plant is not available, In not being present or being already
highly parasitized, host plants of any kind of near relationship,
taxonomloal, chemical, etc., will be sought and attacked. If
the ancestors of a population of one of the mentioned nematode
species lived during many genera Slone on a number of different
host plants, all these host plants and their related forms will
be quite easily attacked. The population will then usually be
found to be of somewhat polyphagous instinct. But, if the
ancestors of a population have lived for a number of generations
on a single species or even varle.y of host plant, their des-
cendants may not attack any other plant known to be a host; or,
If they do so, It will be only with difficulty and then only in
a small number. It might require generations before a new host
is again attacked In the same degree as the old one. But a
good part of the population, apparently unable to accommodate
itself to the new conditions, starves to death and in an extra;e
case only a few specimens, or even none, seem to have the
ability to accustom themselves to the new host plant. Such
nematode populations are monophagous, and because of their
specialization on one certain host plant were named "strains"
or "biological or physiological races" In analogy to the well
known biological or physiological races or strains of fungi,
Insects, etc. It would, however, be necessary to assume that
even%he highest specialized population specimens of still
Impure genetloal constitution are present, from which strains of
any kind could be segregated, otherwise oases like '"compelled
change of host plant through lack of the preferred species could

not be understood*.



In line with Steiner's views are those later expressed by
Quanjer (1928) who, regarding the possibility of "bridging hoate"
for Heterodera marlonl (in analogy with observed phenomena In
Heterodera schaohtll and Tylenohue dlpsaol), remarked tliat
"...It must be pnsaMi.i to attir.ot the offering of a specialized
nematode to all the known host plants by changing the host for
the succeeding generations in such a way that each following host
will be of the closest relationship to the foregoing one. It
will even be possible by using the knmown hosts as "bridges" to
Infect plants not yet known as hosts".

Considering the problem of resistance in this light, Steiner
continues; '"Heretofore, If a plant was net found to be Infested,
It was termed resistant, regardless of the causes, which often
were not at all within the plant" (underlining by me, H.)

Tufte & Day (193”4 who did extensive work on nematode
resistance In various fruit trees, also warn against anticipated
conclusions; "In experimental work on this problem one must
consider the possibility that in the absence of susceptible host
planus, nematodes may attack partly resistant ones; further that
in the presence of very susceptible varieties, those parasites
may be attracted from the part y resistant hosts'". Weinberger et
al. (1973) observed e.g. that peach seedlings which showed no
galls in the first year becaww diseased after 2 or 3 years In
infested soil.

An Illustration of the fact That so called '"resistance" Is
not always persistent towards other nematode populations or under
other circumstances of cultivation Is given by Watson ft Ooff
(1937) in that "corn, although usually highly resistant on well
drained land, Is often rather heavily Infested on poorly drained
land1l. Personally I have found maize Infested with Heterodera
marlonl in Southern Rhodesia, even or well drained lands, whereas
in the Union of South Africa this plant is usually Immune and
widely used as a rotation crop In agricultural schemes for the

extermination of eelworms. (of. also Anonymus, ).

Steiner distinguished sharply (and In my opinion rightly)



between host resistance and host Immunity. Host resistant,
aooordlng to Steiner's definition, are plants w*.'oh actually
resist the entry of the larvae, whereas host Immunity *) will be
the ability of certain plants to show few signs of suffering In
spite of the pr senco of root-knot galls.

The question arises, however, whether true resistance (In the
sense used by Stainer) does really exist. Barrens (1939) con-
cluded from direct observations that '"no concrete evidence that
the larvae dc mot enter the roots of resistant varieties has been
presented" (of. Clayton, 1940, and Clayton et al., 1944). '"No
significant Afferenoes were noted", he continues In discussing
his experiments, '"between the rate of entry In the most resistant
and Insusceptible 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 entirely within the plant Itself that do not exclude the
entrance of larvae but either kill the nematode after It enters
or cause It to starve **) although It Is not Impossible that
certain morphological root characteristics accomplish or contri-
bute to resistance, it seemed more reasonable to postulate
resistance due to certain physiological factors".

Christie (1946) observed that "larvae do not enter the roots
of son* plants as readily or In as large numbers as they do
others and the existence of plants Immune (- resistant according
to Steiner's definition, H.) to Invasion, at least by some races,
seems a likely possibility".

The above survey will, no doubt, Illustrate the complexity of
resistance problem. Typical for all parasitological problems Is

the refined '"lock and key" mechanism, which Is here presented.

*) "Tolerance" mmy be a more practical word than "Immunity"
(Barrens, 1939) whloh (though by no means ambiguous) appears
misleading as It Is usually wrongly Interpreted.

*%) Linford (IQ39) noted that "larvae of Heterodera marlonl may

fail to distinguish roots of suitable hosts from those that

are either difficult to penetrate or Inhospitable after
penetration" (of. Steiner's "host preference'". Whether the
behaviour of the nematodes would be the same If they had the
choice, Is not mentioned by Linford).



We therefore will be Justified to conclude that, unless more
unambiguous evidence Is produced, many question marks have to
be placed behind alleged claims of "resistancel or '"Immunity".
Additional draw-backs of eelwom control through plant-
breeding for reoletanoe are: the taking up of considerable time
(experiments of this kind may run over sever* 1 years); the
occupation of much experimental space on the research station,
and, last but not least, possibly also the loss of desirable
qualities In the crops under experimentation, If genetloal

factors for true resistance can be proved to exist at all.

AGRICULTURAL PRACTICES Among the e.o. agricultural practices

should be mentioned some which -

under o conditions - will reduce the nematode population
of the s

Ve ' ,i.i ve work has been done by le Roux & Stofberg
(1935) ' Jtalned best results with bare fallowing (monthly

ploughing and hoeing with subsequent weeding) in experiments
running over eleven months. Clayton (I9%*to) and Clayton et al.
(19#), applying the method of crop rotation and especially
studying the question of soil '"carry over", showed that only
few crops are able to starve out the nematodes. Clayton mentions
l.a. %a Mays as an alleged resistant crop which is sufficiently
parasitized to oarry over maximum nematode populations". Ae
mentioned before (page *1), my own experience confirmed these
observations.

After several years of practice In the control of eelwora
I am firmly convinced that crop rotation, being entirely depen-
dent on the resistance of certain crops (and we have seen how
questionable such '"resistance" may bel), Is a very unreliable
means of control (cf. Clayton et al., I.e.). It can only be
recommended where much land Is available and useful crops can
be planted in succession. Eradication of weeds, many of which

are very susceptible nalural host plants, will, of course,



always be a necessary precaution, but bare fallowing ) Is out

of the question on farms where Intensive cultivation has to be

practised. Moreover - unless one goes to extremes, so that the
profitableness becomes questionable - these methods never result
In total eradication of the eelworms (of. Godfrey & Hagan, 193")
and the soil population Is too quickly built up again (of. King,
1938; Thorne, 1939)-

FLOODING Flooding has often been suggested as a means of
control, but was never found to be recommendable by

those who Investigated Its possibilities experimentally. From
a survey of the literature on this subject Drown (1933) con-
cluded that previous experiments were not continued long enough
to determine the time necessary to secure .omplete control, whloh,
he stated, "would entail the loss of 2 years' crop'". Hie own
experiments showed that 4 and 6 m thr of flooding ILllef the
larvae but not the eggs In the soil. Even 12 ronths of flooding
were eurvlveu by some nematodes and only 22& months exterminated
all forms of nematode life.

Watson (1924), however, claimed that 4 -5 months submer-
gence resulted In complete control, but even this he considered

"too long to make the method of muc 1 practical benefit'l.

SOIL STERILIZATION tff MEANS OF HEAV A method applicable only
to glasshouses and seed-
beds Is sterilization of the eoil by me:ns of heat. Usually
steam Is recommended, but also hot water, and, rarely, direct
heat from fires on or under the soli. Good results have been
reported by Russell & Petherbrldge (1913), Melohere (1919),
Byars & Gilbert (1920), Godfrey (1923), Newhall (1930), Watson
& Coff (1937) and Clayton et al. (1941). There are, however,
many objections against this method, chiefly because of the

difficulty to obtain mfflolent penetration of the heat; the

*) A method based on the very meritorious work of Godfrey's
Hawaiian school (see Godfrey & Morlta, 1929# Godfrey et al.
1933; Godfrey & Hoehlno, 1933, and Hoshlno & Godfrey, 1933)-



working expenses are high and adverse effects on soli fertility
have been noticed (Godfrey 4 Hcshlno, 1933). Newhall (1935)
reported success with an electrical means of heating the soll
for sterilization purposes ' .loh could find only very limited
application.
FREEZING Freezing never n mis to have been seriously consider-
ed and remarks on Its applicability have only been made In
passing. Technically the method is more expensive even than
heat treatment and the results more questionable.
CATCH OR TRAP CROPPING The problem of eelwom controlhas
been approached from an entirely

different angle by making use of s.o. catch or trap crops
("Fangpflanzen'", "plantes pieges”); quick-growing, highly
susceptible crops, specially planted to attract the eelwoms
present In the soil, to be subsequently destroyed beforea new
generation makes Its appearance.

This method, Initiated and largely advocated by Julius Ltthn
In Halle, Germany, for combating the sugar-beet eelworm, Hetero-
dera sohaohtli, met with much less enthusiasm amongst authors
experimenting on the control of Heterodera marlonl.

The trap crops are usually applied In crop rotation schemes.
An extensive literature survey on the subject of trap cropping
is given by Godfrey & Hagan (193”) and Godfrey 4 Hoehlno (1934)
and a thorough study of Its possibilities was made by these
authors. Though seemingly promising results were obtained, It
appeared ti.at even 16 plantings could not totally eradicate the
nematodes. A constant danger remains In those roots that are
left behind as reservoirs of new Infestations after uprooting
of the trap crop. If not properly manipulated, these plants may

even Increase an originally much lower soil population of eelwoms.

BIOLOGICAL CONTROL First Introduced by Steiner 4 Heinly (1922)
who discovered certain predatory nematodes
amongst Heterodeva populations, the method of biological control

gained considerable internet In laboratory and field experiments.



The predatere pierce the cuticle of their victim and devour 1%
by euoklng out Ite body contents. Linford (1937 b) and Linford
& Oliveira (1937) described several such predacious nematodes
and studied their feeding habits.

In 1933 Sherbakoff described a fungus predatory on tarrl-
ooloue nematodes (a similar fungus Is said to have been pictured
by Wilhelm Zopf as early as 1888). By means of "lasso’s" the
myoella of the fungus snare the eelworao which are then devoured
by Ingrowing haustorla. These discoveries were followed by
similar observations by Dreeheler (1937) and others. Especially
the Hawaiian school of Linford contributed much to our present-
day knowledge on biological control. In 1938 Linford & Oliveira
described 5? enemies cf Heterodera mnrlonl, vlr.. 11 nematode-
trapping fungi, one egg parasite, b non-trapping parasites, one
eoto-parasltlc protozoan, 24 predacious nomatodea, b mites and
3 predacious tardlgrades. Laboratory experiments with the aim
of Initiating practical applications were carried ou. by Linford
& Yap (1939), Deschlens (1941' and Deschlens et al. (1943);
subsequent greenhouse and field tests by Linford (1937 0),
Linford & Yap (193®) and Linford et al. (1938) showed that
Increased activities of both nematode-trapping fungi and pre-
dacious nematodes wire Induced by dressings of pineapple chop-
pings and compost (see also Stewart et al., 1923, end Watson,
1943). Though eelwonn Infestations oould be significantly
reduced, these authors are well awere of the limitations of
blologlral control. Throughout such experiments one soon meets
with the general law of biotic equilibrium which results from
Interference cf the biotic potentials of both prey and predator
or host and parasite. This dynamic equilibrium puts a dead
stop to the extent of control obtained In this way. Nevertheless,
as an auxiliary measure In the whole program of eelworm eradi-
cation, biological control may play an Important role. It is very
likely that the frequently observed advantageous use of oompor 6

In agricultural and horticultural practice Is largely due to Its

Initial Support to the biotic resistance of eelwonn populations.



CHP'ICAL CONIROL Of all posajbla means of eelwonr. control

ohemloal applications undoubtedly top the
list for effectiveness, profitability and practicability. The
ideal compound should be highly toxic to eelworm, Innoxious to
plants, animals or human beings, without adverse influence on
the qualities of the soil, easy to apply, low in price and,
above all, while satisfying these conditions, it should bring
about total eradication of the parasites.

It Is not within the scope of this paper to endeavour in
a complete survey of all chemicals and mixtures, which, up to
the present time, have been tried out for possible verale'..dal
properties by various research workers all over the world.
Their number Is legion and, I dare say, practically every
disinfectant or any substance with the least detrimental
faculties one could think of has been put to the test, either
in laboratory experiments or If not, greenhouse or field trials

There Is no difficulty In finding a compound that rapidly
kills eelworme. But eelworm killing Is somewhat different from
control of eelworm In the soil. Reducing the population of
plant-parasitic nematodes is one thing, tut to obtain total
eradication Is a different story.

After a closer study of the more premising means of
chemical control discussed below, It appears that only a few
are able to pass the examination satisfactorily, as some factor
or other usually cancels out the general advantages.

Nevertheless, at least some results have been obtained,
which, under special circumstances and on certain conditions
suit the demands of the praxis. But no present-day chemical
allows for generalization of Its applicability, so that we
still have to admit that the Ideal compound has not yet been
found.

The greatest obstacle on the way to absolute control seems

to be that, unless all Infested roots are totally decayed, no
known chemical reaches all the nematodes and eggs In Quantitlen

sufficient to kill them. Relnfestatlon from such reservoirs,



CHEMICAL. CONTROL Of all possible means of eelwom control

ohemloal applications undoubtedly top the
list for effectiveness, profitability and practicability. The
Ileal compound should be highly toxic to eelwom, Innoxious to
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faculties one could think of has been put to the test, either
In laboratory experiments or in pot, greenhouse or field trials.

There Is no difficulty in finding a compound that rapidly
kills eelwcrme. But eelwom Kkilling is somewhat different from
control of eelworm In the soil. Reducing the population of
plant-parasltio nematodes Is one thing, tut to obtain total
eradication Is a different story.

After a closer study of the itort promising means of
ohemloal control discussed bexow, it appear®, that only a few
are able to pass the examination satisfactorily, as some factor
or other usually cancels out the general advantages.

Nevertheless, at least some results have been obtained,
which, under special circumstances and on certain conditions
suit the demands of the praxis. But no present-day ohemloal
allows for generalization of Its applicability, so that we
still have to admit that the Ideal compound has not yet been
found.

The greatest obstacle on the way to absolute control seems

co be that, unless all Infested roots are totally decayed, no

known chemical reaches all the nematodes and eggs in quantities

sufficient to kill them. Relnfestation frcm suoh reservoirs,



them fere, Is always likely to ooour, sometimes even verjr
rapidly (of. Thorne, 1939) ¢ In view of this faot one could
postulate another condition for the Ideal means of control,
vize It should be such, that It can be easily and economically
applied several times In succession. This very Important
condition - I am afraid - cannot be put up with any of the
classical means of chemical control where the vermloldal effect
Is largely dependent on their being administered In bulk.

With a few examples I may Illustrate this point. 1 selected
from the literature on this subject only the most prominent
achievements In eelworm control.

It should be realized that meeting the requirements of a
practicable nematoclde Is easiest accomplished ',1th pot experi-
ments, more difficult with hothouse work And m odbed trials,
whereas general field practice yields moot of «he troubles for
the practitioner. The Ideal nematoclde uld be equally well
suited for all circumstances of application.

The cyanides NaCN, KN and Ga'ON)2 have often been under
Investigation. They are all readily soluble salts and can be
broadcast and ploughed In or otherwise be mixed with the sol]
as the circumstances may Indicate.

Duruz (191?) recommends 200 lbs per acre of NaCN for
greenhouse soil treatment, Robson (1919) applied 1000 lbs per
acre of NaCN or KN and 'lies & Turner (1928) claimed that
Ca(CN, : at the rate of 750- 2000 lbs per acre gave 90 #
control, against which Young (1939 a) reports negative results
with 1200 lbs per acre of NaCN. These results are very contra-
dictory and the method seems to be hardly reoommendable as yet.

More success could be expected from liquid HON injected
Into the soil, but no positive results were ever obtained. The
gas is very volatile, Inflammable and extremely poisonous and
for that reason alone not reoommendable in its pure form. A

very much safer way of liberating HON In the soil Is by means of

a chemical reaction between sodium or potassium cyanide and



a-omonlum sulphate, (N'T*)gSC”. The tiro salts are successively
introduced Into the soil by means of Irrigation water so that
a gradual flow of the gas -fi secured ai She chemicals mix.
Krisl \ .yyar (1933) I'tijj/Ort-. good results In pots with BOO

Ibc of KON and 1000 .be o: (NHI+H)230" per acre, but Byars (1919)
obtained disappointing results with quantities as large as
3600 lbs of NaCN and "k00 lbs of (NH")2®®" Per AOre (“elng 9
t'.-nes the popularly recommended rates 1). Again Watson (1924)
00 .a*' ered the method practical (applying only 1£ times the
"standard" dosage), though "ery expensive. These results
obviously will not strengthen the faith In cyanides as vermicides
In s ill.

Calcium oyanlmlde, although It is no cyanide, mav be
mentioned In relation to the cyanides. It has good qualities as
a fertilizer but as a nematoclde It appeared useless 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, 194)). Still, Krishna Ayyar (1933) claims to
have obtained complete control with 1000 lbs per acre In pots.

Two more salts should be considered, although tiiey seem
to have found only little attention, viz. sodium nitrite
(NaNOp) and ethyl mercury iodide. The former was used by
Feldman & Shaw (1943) in greenhouses at the rate of 370 1be
per acre when absolute control was obtained, and by E llis (1943)
who applied it in field experiments, giving 98.64 control at
the rate of 2420 lbs per acre. More Information would oe
necessary for proper Judgement, but the quantities used arc
rather highl Ethyl mercury lodide (contained in the strength
of 5% in Du Bay 1155-HH, a proprietary Oimpound) was success-
fully used in pots by Lammerts (1940) at the rate of 195 - 292
Ibs per acre (2-3 grams per square foot), who claimed to
have obtained absolute control. These quantities are admittedly

low, but elaborate field experiments should be carried out

before this substance could be recommended.



With the above mentioned chemicals all the solid oompou "da
that come. Into consideration have been discussed.

An entirely different practice has been evolved with
volatile liquids which liberate toxic fumes when injected Into
the soil (soil fumigation) *). The classical example of this
la carbon bisulphide (carbon d)sulphide, CSg) which is applied
either pure or as a watery emulsion. The emulsion was first
Introduced by Sohaffnlt & Weber (1929). In pot experiments,
Chapman & Parker (1929) obtained total control with 43560
gallons per acre of a 0.7 % 03? emulsion. Guba (1932) comes
to figures of 392 dollars per acre for 95.71 f control in
greenhouses and claims to have achieved complete eradication
with two such applications. Comparatively good results with
C30 emulsions were also reported by Taylor (see Proo. of the
doot-knot Netaat. Conf., 1937 and 193*) e« Other investigators
used the pure chemical by various means of application, with
or without gas-tight covering or water seals in quantities
frcro 750 to 3000 Ibs per acre (Newhall, 1 9 3 Godfrey, 1935 a»
Taylor, I.e.; Young, 1939 a, 1970 a, b; Godfrey & Young, 19%3)
ranging In effectiveness from - 100 # control. It will be
clear that the emulsion form is much more economical than the
pure chemical, but a disadvantage Is the enormous quantities
of water required. Direct CS2 injection, apart from being
more expensive on account of the larger quantities of the
chemical, requires also very much time and involves (for best
results) extra costs of Injectors and surface covers For
field work, therefore, this chemical Is definitely uneconomical.
Moreover, It is difficult to handle and dangerous in being

very volatile and liable to explode.

*) Liquid HON mentioned above with the cyanides because
of the chemical relationship, should actually be o -ass. -
fled under the soil fumigants.



in analogy .1th HCH 0S2 may al.o be liberated In the eoll

by means of chemical reaction. Potassium yanthat. (KS*OC*")

e.g. changes In acid medium Into nanthlo .old .hloh gradually
deoompoee. Into 032 and alcohol (a. Ong, 1,-0).

..re obtained by de Ong 4 Tyler (1928),
thee, author.,

1'alr results

though, according to

eeradication cannot be erected, only vawlng

degrees of control for one or wo years" (see al.o Godfrey,

1935a).
Por .an, year, the mo.t out.tending .0il fumigant ha. been

liquid ohloroplorlr. (CCI"MOp, sometime, called

"tear gas" )/.
Thl.

gas IS undoubtedly a very effective nem.tocld. (John.on 4

oodfrey, 1932; Godfrey et al., 1934; Godfrey, 1935 «; 1

Mil,on, 1935; Newton et al., 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. well. It 1. dlffloult to handle, being a

very volatile liquid that liberate, pol.onou. fume.;

irritating to the skin end la

It 1.

gaseous fom strongly laohnr-

matoiy * oa. meek, have to be worn while operating with ohloro-

plorln and ga.-tight cover, have to be applied directly after

introducing the chemical Into .0il (Godfrey, 1934 b).

Ohioroplcrin ha, the advantage cf being not InflM»»bl. or

explosive, but 1. again very toxic to foliage. " 1. * no m.aue

cheap and ha., In oommon with OS,, all the trouble, of .0il

Injection.

30Te economising In the u.c ¢ ohioroplcrin may be noble,,

by mixing It with ethylene dlchlorlde, CH*"HpCIl, (Chitwood,

icko, 1941; faylor 4 gcB.tr, I.e.; N.whall 4 Stark, I.e.).

sthyiene dlchlorlde alone, strangely on.mgh, eeem. to be rot her
useless aC 'Ordlng to Taylor 4 MoBeth (I.e.)

la quite expe-.lve (N.whall 4 Stark, I.e.)

)e ! ver It

-ld highly toxle

" ordinary tear gae, however, 1.

ohlorcac.toph.none,
CAH~OOHgCl.
*k) aodirey & Young (1973) estimate ite lethal doeage

between 1000 - 2000 Ibs per acre. i



aa a gam, whloh InpHem the neoeemlty of gam masks to be worn
when handling It,

Promising results are reported from methyl bromide, CH-jBr,
whloh is also contained In "Dowfume Br 10", a proprietary
compound, in a 10 %concentration. It should be applied under
gas-tight cover (Taylor & MoBeth, 1940, 1941 a) or water seal
(Gingrich a Haeneeler, 1941 *)). It Is toxic to human beings,
so that the wearing of gas masks is indicated. An advantage of
methyl bromide seems to be Its ability to penetrate undecayed
roots (Stark et al., 1944), but only data from greenhouse
experiments are available.

In recent years much attention has been drawn In the United
States to a mixture of 1, 3-diohloropropylene and 1, 2-dlohloro-
propane, be«t knowr under the trade name of D-D Mixture. It Is
reported as the 34ual cf ehloroplorln in effectiveness but with
the advantages of being cheaper and easier to handle. This
compound was Introduced by Carter (1943, 1945)* Good results
were obtained by Stark et al. (1944) In greenhouses, by Parris
(1945) In field experiments with surface wetting; MoFarlane A
Mateuura (194?) tho claimed that no soil covering is necessary,
and finally by Smith & Taylor (19%7) who obtained 100 < control
with 512 lbs per acre.

D-D Mixture Is a liquid and has to be Injected Into tho soil
This is a draw-back for application In the field, though fanning
caohlnery has been constructed that may overcome this difficulty.
In South Africa experiments are carried out with thin chemical
that seem to give promising results. However, before general
recommendations can be made, more data should be obtained and
the costs should be considerably reduced.

Soli fumigation appears to have certain advantages for small

*) These authors, carrying cut greenhouse experimento,
determined the doeage-tlme curve for complete control as

that fairly small dosages should be effective on condition
that the fumes can be sufficiently long retained in the sou.



areae like greenhouses or seedbeds. For large-scale control It

in definitely unpraotloable and too costly *). it is signifi-

cant that the application ,.f soil fumigants is most widely

practised In the United States, a highly Industrialized country,
where the production costs of the necessary chemicals (often

easily available waste or by-products of some chemical productlor

factory), as well as their transport, are comparatively low, a.iu

furthermore Intensive cultivation of high-priced crops is another

factor making moll fumigation profitable even at fairly Algh

costs, If necessary. In a country like South Africa, whore

large areas are to be disinfected, where chemicals are difficult

to obtain and very expensive, fuml%*lon will never be a gener-

ally profitable means of eelworm contro.

THOSATPPEANDEX With all practical wor. i eelwom
oontr'i be It by way of pot, greenhouse,

seedbed or field experiments, one In faced with the problem of

finding a reliable means of evaluating the number of eelwoms

that originally Infested the soil, as well as the number of

eelwoms killed by the agent(s) under Investigation.
Carrying out laboratory tests one deals with a certain

number of larvae which are directly seen under the binocular

microscope and the number killed can be accurately counted.

n the soil, to the contrary, eelwoms are not visible, so

that counting Is out of the q-.ertlor. Moreover, their numbers

are far too lirge and all toat Is possible, Is to estimate the

population as accurately as circumstances oermlt.

Cobb (191IS) elaborated a method of estimating the nematode

population of soil by means of direct sampling. A number of

soil samples was selected from over the area

Out of this

"representative"

under Investigation and thoroughly mixed afterwards.

composite sample aliquot sub-samples were taken, from which the

" - i " flnot treatments" may reduce the costs oonclder-
«bly (Tayior & MoBeth, I9HI b), this naturally yields no

*ui «h“ Kk A



nematodes were extracted, Identified and counted. In this way
only a mean density of population can be estimated, so that
information on the actual population is very much restricted.
More information can be obtained if the procedure is slightly
altered to the effect that random samples can be taken over the
infested area and the nematodes counted in each sample, The
smaller the samples will be and the larger in number too, the
more accurate will be the estimation. However, for obtaining
data on the distribution of the densities of population a very
large number of samples would be necessary which makes the
method absolutely impracticable, except, perhaps, for very small
plots. Moreover, heterogeneity of densities causes the estimate
to be largely dependent on the unit of volume chosen, and tills
is a verj weak point in the process.

The method finally came into discredit as a result of Its
being far too laborious for ordinary routine wo"k, also because
of the danger it implies of considerable sampling errors and
the fact that only a skilled eye is able to identify the
different species (of. also Godfrey, 193* a).

Knowing the practical Impossibility of direct sampling as
a means of estimating Heterodera populations in aull, the
majority of investigators took refuge to measurements of damage
caused by the parasites in their host plants. In this way,
however, the relation between the real effect of the toxic agent
and what is actually estimated becomes rather vague.

This gap in our knowledge on the Infestation problem must
have been realized by the eminent Hawaiian school of nematode
research workers, who tried to overcome the difficulty by
correlating gall counts on the roots of indicator plants, the
number of larvae within the roots and the percentage of plants
infested (Godfrey, I.e.), as well as the number of terrioolous
larvae in close proximity to the roots of the host plant and
the number of galls per plant (Godfrey, 1936). Nevertheless

a remarkable tastiness on this point is characteristic of the



literature eleer/here and the actual problem of the mleelng
link hae never been explicitly stated or sufficiently analysed
theoretically and statistically. The correctness of measuring
plant Injury Instead of directly determining the actual soil
Infestation Is usually taken for granted

In an effo t to obtain a relative nanatode Index I worked
on a system of classification or grading of root damage (Hovy,
1939), proceeding aa follows. An estimate was made of the
percentage of roots infested In each plant and the plants thus
graded were grouped In classes of 10 # Interval. The number of
plants In each class was then multiplied by the class weight
(the midpoint of the Interval) and the figures obtained In this
way were summed and divided by the number of Infested plants.
One thus arrives at a figure, which - for sake of simplicity -
from now on will be represented by #9 letter A. It denotes the
average (Individual) Infestation of the parasitized plants,
expressed In percentage of roots Infested. If further the
proportion of plants Infested Is denoted by B, one obtains
after multiplication ¢l A by B a figure expressing the average
infestation per plant.

Chitwood (1741) applied this method In a similar way, but
used 5 classes Instead of 10. The "root knrt Index" which he
evaluated was derifed by caking "t ¢ total score of the plants
divided by the number of clanre".

Smith & Taylor 1947) NStd only 4 classes (intervals of
25 root infestatlor ) and worked out their "disease index" by
applying what Is called by them the "McKinney foraula as modi-

fied by Horefall & Heuberger (1942)" which they represent as

al,.... ana., . * 100

The best general appearance for this foraula would be

I -
N

In which I « the nematode Index; f, * frequency in each

class; *1 - tbs clams weight » + m”*_")IOQ/r when Is



the olaee number and r the number of olareeaj N m the total
number of plants.

If now n denotes the number of plants Infested, It will be
seen that In the above notation the writer's expressions
become:

A =S(f.wl)/n and B = rVN or AB = S(fiwl)/N

Smith & Taylor do not quote the earlier llteratu.d (Hovy,
1939; Chitwood, 1941), so that It seems likely that the Idea
of evaluating a nematode Index In this way was arrived at
Independently by the different authors. McKinney's pap«r
appeared In 1923 (Journal of Agrlc, Research (U.S.), 2b, 195 -
21?) but was unknown to me.

The reasoning on whloh this method is based Is as follows.
Suppose we would have two plots X and Y with 100 plants each,
having 20 * and 80 4 of their plants Infested respectively,
so that Bx = 0.20 and By = 0.80. Comparing the two values of
B, one would take Y to be heavier Infested than X. But the SO %
of the plants Infested on plot Y may be slightly parasitized
and the 20 # on plot X heavily attacked, so much so, that the
number of nematodes whloh Invaded the plants of plot X might
be much larger than Zhat of plot Y. Direct comparison of the
factors B (as la usually done by most Investigators), ,..erefore,
cannot be Justified; neither would, obviously, comparison of
the factors A be permissible. By taking the product AB, however
we have a figure Indicating what the Infestation per plant
would be, If all the nematodes available In the soil of a given
2lot would be equally distributed over all the plants grownon
thatjplot; thus reprenentu the mean Infestation.

Thin, at first eight, seems to be a reasonable criterion,
though up to the present time no proof has ever been given of
Its correctness.

To this effect I tried first of all to obtain a clearer

Insight of the phenomena concerned with root damage In order to

solve this problem of fundamental Importance In eelwom control.



It then hrfi to be investigated, primarily: whether the above

Inde: (AB) Ives n reliable entlmnte of the population mean,

mi secondly; in how far Ip an eelworm population In the soil

determined by its mean, In other orde: Is the mean le sole
ohamoterlstloal oararreter of the population?

theory of statistics describes a population in teme
Its "Hftributlon". Here the word distribution has a very
no refp-enoe to the propagation or

In fact It

specific meaning that has
means n** dissemination of the population members.

denotes the spread of n "spectrum” of orobabllltles *) m whloh

the constant parameters of the population appear In a character-

Istlo, concise mathematical form, the s.c. distribution law.

Since previously we had to admit the uncertainty principle

in detecting the eelworm in soil and recourse had to be takm

to some Indirect Information on their presence (In caeu: the

observation of damage Inflicted upon the roots of certain host

plants 1 It should be worth while Investigating whether a pro-

bability law could serve as a useful substitute for direct

observation, "'his means that, If some distribution law would

prove to fully characterize the eolwom population of the soil

and its parameters could be suitably evaluated from th. avail-

able evidence of the parasites' presence, the problem of

deriving a reliable nematode Index would be solved.

AMgSIB Or THE PROBLEM Pitting a distribution 1-w to
empirical data Is a fascinating but

somewhat hazardous ,Job. The danger lies in the fact that one

can easily be misled If it is not realized that a '"good fit"

does not give any proof at all of .e correctness of the

assumption that that particular law of distribution is the only

valid explanation of the "behaviour" of our data. Its formula

*) Regarding the mathematical concept of "probability" T

wish to refer to Kerrloh (1941).
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provides a description, nothing more, one that may or may not
satisfy the experimenter. Granted that certain generally
accepted teste of significance have become established, a large
amount of subjectivity nevertheless adher » to the assumed law:
first of all, because another probability distribution may be
found to be Just as w1l descriptive of the same data; secondly
as a result of the explanation of the parameters, whloh - If
possible at all - Is often rattier speculative; and finally
since a "good fit" is no warranty that the law will hold under
all circumstances.

The point, therefore, at which the Investigator should be
satisfied, is r»th»r arbitrary, and one soon appears to be
involved In an endless task.

To Illustrate this, let us consider the data of an experi-
ment that supplies a varied amount of Information on root
damage caused by the larvae of Heterodera marlonl.

A piece of ground, known (from previous test crops) to be
well infested with eelworms, ras divided into Jo plots measur-
ing 3 x 15 feet and separated by strips 1 foot wide. These seed
bade were sown with a Virginian type of tobacco (Amarello) and
vetted by means of watering cans with water from a guaranteed
v.noontamlnated source. Six different trf tmcnte were given to
the soil, each one with five replications :n a randomized block
system. The nature of the treatments, for the present moment,
should be Immaterial to us.

After about four months' growing, the seed beds were soaked
with water and the root system of each seedling carefully washed
from the mud In order to prevent lose of galled roots as far as
possible. The plants were then taken to the laboratory and
individually Inspected with the roots floating In clear water
contained In a glass dish and graded according to the method
described on page 45.

Table Il (jppoelte) shows the data obtained In thin way.

In this experiment an extra class of root Infestation was added



asi many plants showed very slight attack which enabled a Inor
distinction to be made between non-Infeeted and the first 10
Interval. The olaes numbers thus come to denote: 1 * 0 -5
percent root infestation; ? * § - % 3 A1K*“ 25 etc.,
so that the midpoints or olaes weights become: 2.5 ¢< 10 20
eto., up to SO < (higher Infestations did not occur).

The data of table IX show uo now ?0 different frequency
distributions of root damage to which a distribution law has to
be fitted. The nature of tnyee distributions is continuous,
which restricts us In our choice of probability law In that the
discontinuous types, such as the binomial and Polsson series,
the negative point binomial (Preenwood s fule, 1920) or the
contagious distribution (Neyman, 1939) an<* the like are straight
away excluded. Pearson's family of distributions, however,
could possibly offer % suitable probability law, so that I
started to compute uhe criteria (see Elderton, 10.?") which
1 rcely facilitate a search for the best flttlag ouive and so
obviate much unnecessary work.

Evaluation of these criteria (k) Implies the calculation
of the first four moments fm* - m*) and the first two semlInva-
riants b* and b~

As an example I give here the calculations for the 5 repli-
cations of treatment VI. The symbols denote: Xj the class mid-
points (weights); f1 the corresponding frequencies as observed;
mp mp, m y m" the first four moments about the origin; m” the
mean and the variance; and the third and fourth
moment about the mean respectively.

In tsMe III the totals of columna 6, 7, «, 9 divided by n
(the number of plants Infested) give us the first four moments
about the origin of the curve for root damage. The moments about
the mean are found by the following formulae:
m2- mg - (mj)2; - m - +2(m|)7; 4 - m¢ - Im”" +
+ 6(m’I\)l%gl - 3(mi)kt

2
The semInvariants are b* » Y mo- and bg * m"m* ¥



divided by 10.

difference

that

In order to obviate unduly large

a very simple check on the arithmetic can

If e.g. 0.1*%1 »

gives

This

In the final

is peralesible

and ( -

the values of fi* V

results.

1) = yI

Summation of these values gives

Moreover,

figures

ae It does

the 10th

and on expanding this we have:

3fi(y/)

6, 7, 8 and 9 respectively by the

+1,

In other words:

of column 10.

For treatment VI,

*1 1 E12 U
0.25 0.06 0.02
1.00 1.00 1.00
2.00 4.00 8.00
3.00 9-00 27.00

4.00
5.00

then

16.00 64.00
25.00 125.00

1)k * I1Sfi(Ei4) -

I't

the x1 have been

ASEAE,A) +

not oauee any

+ 63fi(zi) - HS8f(ei) + 18f].

if rle multiply

the sum of these products

-i4
0.004
1.00
16.00
§1.00
256.00
625.00

check:

block 1,

the sums

factors +1,

we have now,

of the columns

+6, -4 and

should check up against the sum

table III:

ham the advantage
easily be performed.

column of table III

S,

e TI(FI> TjUE2) flegyyy fiUi4) cheek

22 5.50
41 41.00
14 28.00
10 30.00
3 12.00
¥ 5.00
1 6.00

1.38
41.00
56.00
90.00
48.00
25.00
36.00

92 127.5 297.38
97'-R10.0+1784.25-3825.38+3764.09-1304.96

0.34
41.00
112.00
270.00
192.00
125.00
216.00

[956.3%

0.09
41.00
224.00
§10.00
768.00
625.00
1296.00
3764.09

6.96
0.00
14.00
160.00
243.00
256.00
625.00
1304.96

For the moments about the origin and those about the mean we

find:

(mg )2

- 2,26



and for the nemlnvarlante: = 2.20 s 5.50
The criterion le evaluated as

b!(b2 + 3)2

- 1.45
4(2bg - 3b\ - b)(4bg - 3bi)

Similarly the necessary parameters for treatment VI, block 2,

are found to be:

. 5.16
r 1.27 S

1.62 " 6.71
(m*)3 2.06 («<y)z  45.C1
(m.|) 2.62 14.64
2.23 2.41
G‘2 m
0.64 3.74
m2
(»2)2 V.41 v
<“2) 0.26 at
Treatment VI, block 3, yields:
t
ml 1.47 "y 11.93
(n;>2 2.17 3 ™ 2.67
(m|)3 3-14 (my)2 . 7.10
(m ~ 4.70 wg M 51A
m
A 3.54 w2 13.20
vy 1-37 b1 - 2.74
(mg)2 1.89 b2 - 699
(«2)3 2.59 k =15 «02
n, block 4, again:
1
- 21.63
ml 1.73 h3
(m'j*  3.15 W 5*62
(*:)) m 5-59 2 « 31.63
(.y B 9,93 mi =nis .32
5.11 md - 31.49
a 1.96 by = 423
m2
Mg)? 3.32 b2 ™ 8.27
7.'48 k - -2.97

Finally we obtain for treatment VI, block ,, the following

constants:

6- V'*



El

mll = 1.44 o = b.70
(mf)9 = - OB = 0.41

= 2.99 () °= 0.17
(m) U  4.31 mﬁ_ = 17.86
m; s 2.84 = 1.69
mwm S 0.76 plI = O.38
(m2)2 0.58 b, , 2.91
(m2)7 0.44 kK =-0.24

Judging by the valuee of k, It will be obnerved that the
frequency distributions of VI*, VI* and VI* would suggest the
fitting of a type I distribution, while for VI0O a Pearson type
VI would be Indicated and for VI? a type III curve.

At this stage It Is hardly necessary to say that further
persult of this line would be totally fruitless as even
within the mm e treatment no universal distribution law can
be detected. Moreover, the Pearson distributions require a
rather large number of parameters which In too many oases
would Imperil the process of fitting (ace page J}). Besides,
tne method of moments Is not a very a'curate means of curve
fitting, so that, for our purpose, the Pearson types of
frequency distribution have to be totally discarded.

After many other unsuccessful attempts I came to the
general conclusion that tackling this problem by means of
haphazard curve fitting Is absolutely useless. It Is,
actually, a starting from the end. But owing to lack of a
priori knowledge regarding the behaviour of the larvae In noil
uhere seemed to be no way out.

Only one opening remained, viz. a trial through Inductive
reasoning.

Inspired by Prof. J. Neyman's (IP*A) brilliant mathematical
attack on some entomological and bacteriological problems

which resulted In his formulation of a new class of '"contagious"



diFtr' Jution, I embarked on an experiment In mind ('Gednnk-
enekBperlinent").

Let us consider acertain volume ofsoil (V) In which a
number (e) of ootheoaela distributed at random. In a given
time (t) an average number (1) of larvae will have hatched
from each egg mass, so that at that time V will contain el
larvae. We assume that, as the larvae hatch, they start
crawling about In the soli at random. In the time c¢ (reckoned
from the beginning of hatching) the eelwoms will have been
able to travel a maximum distance (a) away from the original
egg mass. Since not all the eggs hatched at the same time,
there resulted a gradual release of 1 eelworms frcm each package
during the time t. These 1 larvae, therefore, will occupy the
volume of soil contained in a sphere of radius a around eaoh
one of the egg masses. As thn spheres of nearby egg massee may
Intersect there will be an uneven distribution of eelworms In
the volume of soil under consideration (V).

Two questions arise now: 1° what kind of distribution of
the larvae will result; and 2® how can this distribution be
expressed in suitable terns?

To start with the second question, It would be best fl *
to arrive ac a practical expression of eelwom density (or
concentration) and then to see how the densities are distributed
To divide V Into little cubes of standard units of volume will
be meaningless, since In that case the densities will be
dependent on that (arbitrary) unit and vary with Its size.
Moreover, one would like to comm to an idea of eelwom concen-
tration In every point, throughout the volume V.

As the eelworms move about and a is very small, we may take
the concentration in each sphere to be homogeneous throughout

This density oan
the volume V a n d of the order This density can
now most conveniently be taken as unit, so that, when In a
certain point, we find an Intersection of 2 spheres, we have a
density of 2; If 3 or more spheres are Intersecting, the density

WIH be accordingly. In other words, we will be able to express
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the eelworm denelty in every point of the volume V in whole

numbers or multiples of the unit value 47ra or - which is

still 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 simplification of the
above argument and may be considered as an illustration of a

cross section through V. The red dots, Jotted down at random,

represent egg masses, the circles with radius a are drawn around

the points of which the density is required and by counting the

number of red dots in each of these circles, we find the density

as indicated in their centre points. It should be realised that

these figures denote densities in these spots only and not of

the whole area of the corresponding circles, since density

naturally varies from point to point throughout the square X 0D

If now (as shown in table IV) a frequency distribution is

drawn up of the points considered in fig.l, we observe a very

good fit with the Polsson series (P - 0.68, which is nighly

significant) . Table IV.
oba. exp. diff? oontrib.

xi f1 *1 diff. exp.fi to'X2

o 1 296 1o 84

110 9.80 0.20 g;gg 0.00

2 21 16.22 4.78

;3 18 17.88 0.12 S

4 11 14.80 3.80 L4

s o 9.80 0.80 g2

6 7

7 ,  9ts4 146 21

a 1

9 1

% 4 density fi frequency

Theoretically a Polsson distribution might have been

expected n priori, but here is at least some evidence of thic

rag

T1



Though a in dependent on the unknown t and 1 Is Indeter-

minate It should be borne In mind that, the densities expressed
31
In unite Trr a are only relative figures, Independent of the

true value of the unit, so that the advantage of this concept
( > remains In the fact that we now deal with natural units
and not with arbitrary, artificial ones as would be the case
when actual numbers of eelwoms had to be related to other
units of volume. Furthermore, when remembering that accurate
counts of eolworm larvae In the soil were impossible, this
appears to be a quite practical unit as will be seen presently.
Returning to our unit of soil (V), one may ask what wouM
happen when a number of growing root tips travel through It.
At different points In V these rootlets will meet with varying
eelwonn concentrations so that (after penetration of the larvae
Into the roots) galls will be formed that contain correspondingly
varying numbers of eelworms. Allowing for a contain amount of
ohomotaxls, but realising that Invasion does not tt,k* place in
every point of V (so that a number of larvae - while limited
In their range of travelling - may not find the host) we oome
to the nonoluslon that a root system, developing in V, will
take a random sample (In the form of root knots) of the eelwonn
population In V, according to the distribution of Its densities.
In other words: the distribution of eelworms In the galls of
that root system will represent a true picture of the eelwonn
population of V which we should be able to estimate from It.
If, therefore, the distribution of eelwonn densities Is
a Poisson series, the distribution of eelworms in the galls
should also be a poisson. This one might verify experimentally
If we had a notion of the meaning of "galls with zero larvaell
The expression between uarenthesee sounds nonsensical and
aopearn as a contradlotlo In termlnxe, since galls are only
formed as a result of eelwonn invasion. But actually the

concept Is not so silly as it seems at first sight If one

considers the following.



Let m be the number of true galls on the roots of a hoot
plant (the root system of which occupies V) Infested with the
classes of galls, g* (I.e. 1 =0, 1, 2, 3» eeee ecelwoms per
“galll), then we will have

m gspfy (1)
In which the f* are the frequencies. If further Mdenotes the
total number of '"galls" (or rather root.units that could

possibly be Infected), we find

™ . j=ofi ,2>
Subetractlion of (1) from (2, yields then
M- m» fQ AN
Let now q be thr mean of the assumed polsson distribution,
then we define

q = jfeoVl M
M

and the probability distribution of g* would be

1
-q ,C.
?(«’)' * Siﬁl 151

The frequency distribution Is then

ql
P(gl) = Me £ ¢TI (6)

7”0 th'"t fo . M.-S 7
Substituting (7) Into (3) gives:
M- m=Me-q or ? « (1 - ¢"")
The quotient I Is the proportion of root units Infested
and this Is a magnitude that can be estimated when expressed
In terms of root damage.

From (8) we derive

q * -ln(1 -niM) 0)

Slnoe we assumed Ftg”) to be representative of the eelwom
distribution, q should give us an estimate of the mean of the

eelwora population In V. Equation J'1%re”

primary relation b@twe”"n_e(#orm,P lon and rpojLdamage.



When le the obBerved root damage, two probleme remain
to be solved, In order to arrive at a lav of distribution for
root damage.

In answering the first question we have to admit that the
relation between nlz/land x Israther vague, as in practice ﬁls
not measured but estimated. This Implies the Introduction of
a persons! factor of judgement as well as some elation between
factual phenomena and sensory Impression. However, In the law
of Weber-Feohner we find an expression of such relation, so
that, when we put

q = axb (10)
we have
log q = log a 4 blog x (11)
and finally by virtue of (9)

e-a*h = 1- M (12)

In equation (11)which maybe considered as the second-
ary relation between eelwonn population and root damage, more
specifically estimated root damage - the regression coef-
ficient, b, will represent the "personal factor of Judgement"
and log a the "threshhold of sensory stimulation or Impression"
(= the minimum Infection detectable).

Regarding q (the mean of the Poleecn distribution of larvae
In the galls of a single plant), we have to realize that q,
being directly correlated with the total capacity of the root
system of the host and therefore Indirectly with the volume of
soil (V) occupied by that root system, will Increase or decrease
with V. In other words: taking ell the plants of a seedbed
together, «e must expect the eelwonn distribution In the galls
of this association of plants to be of a different type than
the distribution of eelworme In the root hnote of a single
plant, as a result of the distribution of q. Instances of this

kind have been extensively Investigated and very often the

observed frequencies coincide duly with the expected values from

a negative point binomial (Greenwood & Yule, 1920). This



probability distribution in baetf on the annumptlon that the
distribution of the meane of the different constituting Poisson
series In the Individuals of the association follows a Pearson
type III or gamnia distribution )-

Thus the presumption of a similar distribution of q In the
case at hand seemed profitable. Omitting the Introduction of

unnecessary new and unknown parameters, I considered the Pearson

type X, or exponential distribution, which actually Is a special
case of the type III e
Contemplating now the Integral
P(q) - k j" (e)
,111 have to analyse the denotation of k. It sill be Been

fro. (13) that when q ie tero p(q) - k, whloh shows that k has

no physloal meaning, but may be defined as the probability of
» being infinitesimal. Obviously too, k Is the reolprooal of
the mean of (1?) *
From expression (10) we derive
dgq . abx”*dx (14)
which on substitution Into (13) yields the probability

distribution of x - % (15)
P,T1' * K i.

and finally the frequency distribution of observed root damage

in r |the number of plants infested) will be
F(x1) - n J kabxb" le-kaxbdx (1b)
Simplifying by putting ka « o, equation (16) win take

the fOn« F(x1) . n”~cbx-e”*x d7)

lustlfyIng this assumption".
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with the understanding that, when x le expressed In percentage

of root damage

fobxb~le-cxbdX £ obx”"rerrdx (18)

This result (13) appeared promising slnc| Mr. H.3. Slchel,

to whom I previously showed the data of an extensive field

experiment, empirically fitted the ogive of my observations to

the expected values of
y .ne-P*Vq C9)
which on appropriate rearrangement of the constants la Identi-

cal to the integrated formula (17). I therefore adopted In the

following tests an adequate method of ogive fitting, as shown

by Mr. Slohel, based on the principle of his "method of fre-

quency maments" (Slchel, W ), which Is explicated In the

appendixe

For the seedbed experiment tables V to XXXIV below give
(together with the X2 test of significance) a comparison
between the observed frequencies of table II and the expected
values from the ogive

ne-0xt (20)

Table V: treatment 1%

onlc. obe. di_ff? contrlb.

’ ft  f1 dIff. exp.fi to X2
0.0 367 1159 102 139 m e 1.67
0.5 7511 yo0y 3097 114 w5 0.34
L5 3705 L0 0 2o 10.6 o 0O.M6
2.5 IRLL 938 o1 2.8 ) 0.03

3.5 30.3 22.451



[\S)
9}

cxu:.kfﬁ
17 Y Y |

Xi

0.0
0.5
1,5

2.5

Table VI:
calo. obe.
21 fl fl
242
71.6 69
170.4
106.3 106
64.1
43.5 45
20.6
14.7 19
5-9
4.3 2
1.6
1.2 0
0.4
0.3 1
0.1
0.1 0
0.0
24-2.0 242
Table VII:
calc ¢ oba.
yi fi fl
199
63*5 65
135*5
78.5 76
57.0
34.2 32
22.8
13#9 18
8.9
5.5 7
3.4
2.1 0
%
13 0.8 0
0.5
0.3 0
0.2
0.1 1
o.l
0.1 0
0.0

199-0 199

bO -

treatment Ig

diff?
dIff.
b.?6
2.6 rrrt
0.09
0.3 TSFT
2.2¢
1.5
1
. 0.9b
1.4
X!
treatment I-j
diff?
d1ff, expT?2
1.5
2.5
2.2
16.81
4.1
N
) 0.81
0%9 s'.T'

contrlb.

0.09
0 .00
0.05

0.24 P = 0.64
contrlb

to \

0.09

1.56 p 0.4?



0.0
0.5
1.5
2.5
3-5
4.5

5.5
6.5

7.5
8.5

xi
0.0
0.5

13
2.5

3.5
4.5

5.5

245
177.4
74.5
27.6
9.4
3.0
0.9
0.3
0.1
0.0

yi
24c
128.8
29.7
6.1
1.2
0.2
0.0

Table VIII:
oalo. obe.
67.6 57
1.02.9 125
o2 17
f 4 11
2.1 3
0.6 1
0.2 0
0.1 0
245.0 245
Table ix:
oalo. obe
fl fl
111.2 121
99.1 82
23.6 37
4.9 0
1.0 0
0.2 0
240.0 240

—61 —

treatment 1*

d1ff?
dIff. exp.fj

1 36
10.6 Ny
486.41
22.1 Toall
252.31
15.9 % T"
A.44
1.2
5.6
X1
diff?

dIff. expTf?

9.6
17.1

292.41

7J

Lo

oontrlb.

to X5

1.66
4.75

5-39
0.03

3-34

15.22

p <0.001

oontrlb.

to

0.36

1.79

5.60

no criterion



|
lift

I

*1
0.0

0.5

1.5
2.5

3.5

4.5

5.5
6.5

7.3
8.5

9.5

*1
0.0
0.5

1.5

2.5
3.5
4.5

5.5
6.5

8.5

— b2 —

Table X treatment I1]

ealo. obe.
4 f1
40
10.9 10
29.1 14.5 16
14.6
7.5 9
7-1
3.7 2
3.4
1.8 2
1.6
0.8 0
0.8
0.4 0
0.4
0.2 0
0.2
0.1 1
0.1
0.1 0
0.0
40.0 40
Table XI:
oalo. obe.
n fi fi
A 30.5 28
z:i‘szo.s 54
T 2R2 24
17.0
10.7 12
63 w1 2
2.2
1-5 1
o
o ®F 0
0.2
0.1 2
0.1
0.1 0
0.0
123.0 123

d1ff?
d1ff.
0.81
0.9 1979"
1.5
2.2¢
1.5
»
. 4.41
2.1 TT-

e © o -0 0 o 3

d1ff Vv
diff. exp.7"
b.2i
2.5
3-7
1.2
1.3 T57T
¥
143 if

»

treatment ITO

contrlb.
to \ 2

0.07
0.16

000

0.62

oontr”b.
to |

0.20
0.27

0.57
0.16

0.27

Xj = 1.4f

0.29

P=10.49



rj.

w
B U W

5.5

7.5

Xi

0.0
0.5
1.5
2.3

3.5
4.5

xi

0.0
0.5
1.5
2.5
3.5
4.5

5*5

Table XII:
calc. obe.
21 f.
120
27-6 29
92.4
51.9 4d
40.5
25.9 22
14.6
10 .0 18
4.6
3-3 3
1.3
1.0 0
0.3
0.2 0
0.1
0.1 0
0.0
120.0 120
Table XIII:
oalo. obe.
fi '] fl
88
29.7 29
V-1.3
44.0 44
1't.3
12.0 12
2.3
2.0 3
0.3
0.3 0
0.0
88.0 88
Table XIV:
oalo. obe.
2! fl fl
27
5.4 4
21.6
12.6 15
9.0
6.4 6
2.6
2.0 1
0.6
0.5 0
0.1
0, 1
0.0

~ 63 _

treatment

dIff.

114

diff?
9;.p.

40.96
14:6

treatment 114

dIff.

treatment

dIff.

1.4
2.4

1.0

diff

contrlb.

\ M« 0.05

dIff?

oontrlb
to %%

0.11

0-93

no criterion

no criterion



X1

0.0
0.5
1.5

2.5

%

0.0
0.5
1.5

2.5
3.5
4.5

0.0
0.5

calc. obe.
yi fi fl
15
7.7 8
7.3
6.6 6
0.7
0.7 1
0.0 _
15.0 15
Table xvi:
calc. obe.
271 fl fl
158
46.3 43
111.2
90.3 95
20.9
19.2 15
1-7
1.6 4
0.1
0.1 1
0.0
153.0 153
Table XVII:
calc. obe.
fl fl
100
Kk? 43
65,0
46.2 49
13.2 8
2.9 7
0.6 1
0.1 0
108.0 108

Table XV: treatment III]

dIff.

0.3

0.3

treatment

dIff.

3.5
4.7

0.9

dIf£? oontrlb.
r?! to x 2
0.0
0.01
0.0
X& = 0.02 no criterion
X
dIff? oontrlb.
exoTT, to
m
14.44
2&T3- 0.31
22.09
0.24
0.31
70.T 0.04
XQm 0.59 no criterion

treatment III-j

dIff.

0.0
0.8

0.3

dIff? oontrlb.
exp.f* to X
0.00
0.64
4K.5" 0.01
0.64
TSVS" 0.04
0 0.05 no

\o



Table XVIII: treatment III*

0.0
0.5
1.5

calo. obe. diff? contrlb.
yi diff. exp.7 "  to X2
114
0.11
66.3 6,64
3ITT 0.01
15.1
12.1 7
3.0
2.4 2
0.6 0.64
0.5 2
0.1
0.1 1
0.0
114.0 114 0.76 no criterion
Table XIX: treatment III5
celo. obe. diff? oontrlb.

dIff. exp.f* to

32 7.9 8 0.1 %71 0.00

24.1 1.21
16.1 15 1.1 i&rr 0.08
8.0
6.3 9
1-7 1.00
1.4 0 1.0 % :5- 0.13
0.3
0.3 0
0.0  ____

32.0 32 | 0om 0.21 no criterion



Table XX: treatment IVi

calo. obe. . diff? contr”b,
X1 yi f1 fl diff. ixp~”
0.0 347 23.04
65.8 61 4.8 0.35
0.5 281.2
137.0 143 6.0 0.26
1.5 144.2 39
81.3 68 13-3 2.18
2.5 62.9
38.3 54 5.7 6.44
3.5 24.6
I5.8 12 3-3 0.91
4.5 8.8
5.3 5
5.5 3.0
2.7 2
6.5 0.9
0.6 3 0.04
7.5 0.- FTS" 0.01
0.1
3.5 0.2
0.1 0
9.5 0.1
0.1 0
.5 0.0
347.0 347 % 1 10.15 0.02

Table XXI: treatment IV?

oalo. obe. diff? oontrlb
dIff. expTfl ¢o

0.0 86.
T55".;

381.7 125.44

233 .3-

130.9 16.00
104.0 losr.o-

i

0.01

507.0 \2 M99 0.46



0.0
0.5
1,5
2.5
35
4.6
5.5
6.5

7.5
3.5

Table XXII:
oalo. obe.
21
103.1 97
311.9
182.7 201
129.2
76
30
9
5
2
0
0
420.0 420
Table XXIII:
oalo. obe.
71
I1
271
53.4 46
212.6
111.7 135
100.9
60.2 33
40.7
26.0 34
14.7
9.8 3
4.9
3.4 9
1.5
1.1 1
0.4
0-3 0
0.1
0.1 0
0.0
271.0 271

- 67 .

treatment IV.

diff?

dIff. exp.T*
11.1 tB tt-
18.3 m ;f
68.89

8.3 wfrr
1.00

1.0 3r.AT
4.41

treatment IVj4
diff?
dIff. exp.I”
12.4

23.3 tHTT2
492.84

22.2 60.2'
64.00

8.0 26.0
f 10,89
3.3 I4¢ ¢

X2

- 4.14 2.

oontrlb.
to

oontrlb.
to

2.63
4.86
8.19
2.46

0.74

18.88 P< 0.001



* %

0.0
0.5
1.5
2.5
3.5
4.5
5-5

0.0
0.5

2.5
3.5
S
5.5
b.5

7.5
8.5

9.5

*1
425
271.0
63.6
10.4.
1.3
0.1
0.0

2!

702
621.2
369.3

174.9
69.6

24.0
7.2
2.2
0.5
0.1
0.0

66

Tablfl XXIV; treatment I
op'j. obe.
f1 £1 diff.
154.0 146 6.0
207.4 218 10.6
53.2 45 8.2
9-1 9
1.2 3 3.6
0-1 2 4
425.0 425
Table XXV: treatment VA
oalc. obe,
f. dI1ff.
80.8 73 7.8
251.9 258 6.1
194.4 210 15.6
105.3 97 8.3
45.6 37 8.6
16.8 18 1.2
5.0 4 .
1.7 2
1.8
0.4 3
0.1 0 o
702.0 702

VE

dIff?

36.00
itricr
112.30
207.4

07.24

3.2

12.96
15.4

X1

diff?
e/\pn7fl

60.84
1d.8

68.89

1L 6

con ferlb.
to i?

0.23
0.54
1.26

1.25

- 3-28

oontrJ,b.
to \-

0.75
0.15

1.25
0.65
1.62
0.09

0.45

4.96

0.07

0.29



i @

0.
0.
.5

1

0
5

2.5

3

4.
5.5

.5

5

6.5

17 Y T Y BT BT Y
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79
56.4

21.3
6.7

0.5
0.1
0.0

2!

699
496.9

193.b
64.0
19.1

50
1.4

0.3
0.1
0.0

Table XXVI: treatment V2

oalo. obe QAlffy
dIff. exp
22.6 20 2.6
24.01
35.1 40 4.9
14.6 10 4.6 if.r
4.8 7
1.4 1
2-
0.4 0 3
0.1 1
79.0 79 x?

Table xxvii: treatment V

oalo. obe. dIff?
f1 £1 dIff. expV{j*
82.81
200.1 191 9.1
305.3 317 11.7
129.6 126 3.6 iM #
<41.9 48 3.1
14.44
13.8 10 3.8 1378-
3*9 2
1.1 4
lib
0.2 1
0.1 0

699.0 699

0.30
0.68
1.417

0.79

3*22

oontrlb
to

0.41
0.45
o.lo
0.21
1.05

0.48

=2.70

P ™0 .08



Table XXVIIT:

caloe obe.
fl fl
iui.7 41
143.8 147
1.5 169 5
101.8 92
46.4 60
15.9 13
4.3 3
0.9 2
0.2 0
358.0 358
Table XXIX:
oalo. Obe.
fl fl
0.0 251
41.9 34
0.5 209.1
97.% 110
1.5 111.3
62.0 57
30.1 30
12.5 12
4.5 5
1.6 3
0.4 0
0.2 0
251.0 251

treatment,

diff? oontrlb.
dirf. to \2
3.7 0.31
10.24
3-2 T43-.3- 0.07
96.04
9.8 lol.# ¢ 0.94
184.Q6
13.6 HKT.IT 3-99
8.41
2.9 W .r 0.53
0.16
0.4 0.03
M - 5.37
treatment g
dIff? oontrlb
dIff. exp.fi to V
62.41
7-9 41-.T 1.49
148.84
12.2 1.52
5.0 0.40
0.01
0.1 yo.i 0.00
0.25
0.5 T5.3 0.02
0.25
m 3%68

0.12

0.30



*1

0.0
0.t)
1.5
2.5
3.5
4.5
5-5
0.5

yi
92
67.9
30.7
12.5
4.8
1*7
0.6
0.2
0.1
0.0

yl
608
492.4
186.7
43.9
7.1
0.8
0.1
0.0

Tm.ble

oalo.

fl

24.1
37-2
18.2

7.7

3.1
1.1

0.4
0.1
0.1

92.0

Table

oalo.
fl

HS5.6

305.7
142.8

36.8

6.3

0.7
0.1

606.0

XXX: t
obe

fl

22
41

14
10

92

XXXTI:

obe.
fl

95
333

133
40

606

reatment VIA
dlff?
dIff. e)57f11
4.41
2.1 FT.T'
14.44
S 1)
4.2 ir:2_
b.25
2.5 T57T
v\l
treatment vir.
diff.
21. w
27.3 m
96.04
9.6 wrr*
10.24
3.2 Tb.TT
0.01
0.1 TTT

oontr”b.

to 1

0.18

0.39
0.97

0.50

- 2.04

3.67
2.44

0.6?
0.26

0.00

% * 7%06

P- 0.16

0.03



N
9]

@ 2 T
n .

xi

0.0
0.5
1.5
2.5
3.5
4.5
5.5
6.5
7.5
8.5
9.5

2!

228
175.9
83.8
35.0
13.4
4.8
1.7
0.5
0.2
0.0

oalo.
fl

52.1

92.1
48.8

21.6
8.6
3-1
1.2

0.3
0.2

228.0

Table XXXIII:

*1

329
278.0
158.6
77.6
34.2
13.9
5.2

1.9
0.6

0.2
0.0

oalo.
fl

51.0
119.%
81.0
43.1t
20.3
8.7
3.3
1-3
0.4
0.2

329.0

Table XXXIIi

obe
fl

73
109
35
25
12

3
0
0
1

228

72 _

treatment VI,

dIff.

9.1
16.9

13.6

3.4

2.6

treatment VI~

obe.

fl

32
149
85
33
13

S A N O &

329

dIff.

19.0
29.6
4.0
10.4
7-3
2.7

S!s

diff?
expT?”

82.81
52rr
285.61
"12*.T-
190.44
"tgVV-
11.56
?217b

b.76
Tv.r

dIff?
exp.?i

876.16
n9'.1|
16.00
mr.T
108.16
"43-.Tr
53-22
2013

I f

oontrlb.
to \2

.59
3.10
3.90
0.54

0.50

9.63

oontrlb
to \2

7*%08
7.34
0.20
2.49
2.48
0.84

6.47

26.90

P <0.01

P<0.001



Tflble XXXIV: treatment VI~A

calc. obs. . diff v contrib
*1 2! f1 f1 diff. exp .71 to | =«
0.0 297 44.5 48 3.5 144.00 0.28
0.5 252.5 09
134.0 122 12.0 I3T.0 1.07
L5 185 g6 92 11.4 1.61
2.5 37.9 Al.O?
29*(0 30 1.0 .0 0.03
3»5 8.9 .
? 16 7.3 5
4.5 .
1.4 0 3 %9 2.08
5.5 0.2 .
0.2 0 «
6.5 0.0 _
297-0 297 [ - 5-07

In the criteria above the aubeorlpt to \ 2 Cenrtoe the
degrees of freedom for entry In a tabl? of X2. In all oaeee
3 degrees of freedom had to be eubetraoted from the number of
comparable classes, as three constraints are imposed by the
parameters of the distribution, vie. one for adding up to n
of the expected frequencies and one for each of the constants
computed, in oaeu o and b respectively. The limit of signifi-
cance has been conventionally taken at the 5 # level of P, i.e.
at lower levels of P our hypothesis is rejected, at higher ones
accepted as significantly in agreement with the experience.

inspection of tables V - XXXIV shows that out of )0

distributions, 8 left no uriterlon by means of V , namely IS5,

I14, 115 HIIl, III2' m 3- nI” and in 5J thOUgh U 1,1:1 be
seen that at least 114, IIIp HIg, HI, and 111% gave ,1 very

good fit. Nevertheless we will disregard all eight of them
in the discussion below.

Of the remaining 2? distributions, then, another b (I4,
IV1, 1V4, VI2, '"7I3 and VI4) had to be discarded on account of
the values of \ 2, so that, eventually, in 16 oases the
observed frequencies were significantly coincident with the

expected values from our distribution law for root damage.

This result is very satisfactory, especially on



consideration of the nort of the | criterion. One fihoiil
realize that the following factors are of Influence on the
goodness of fit: a) "chance" (P); b) anrollr.» and o) hypothcolo.
A orlorl § (» 1.1 out of ?2) of the fits may be expected

"bad" ns n result of "chance". Since more than these were

founc to be reJentable, one may argue whether this Is due to
Inadequatenesn of the hyoothesls or to bad sampling In the c.isee
oonce”pfl, !Tnfortun'tely there is no statistical means of
Judgement on this point, but a plausible decision will soon
emanate from Inspection of the data.

If the last columns of table VIII, XX, XXIII, XXXI, XXXII
and XXXIII Are scrutinized, the clauses which yield rather high
contributions to X "°*n easll** detected and It w] 11 thuo be
seen that no doubt Is left ¢ ing the result to bad
sampHr. . Obviously no prob&b . 'aw will fit the sharp peaks
In the empirical distributions he”p at -and.

One should not wonder at the high *0"* a*3 of bad
sampling when It is remembered that the g* ¢ not oarod
on measurement but on luds-ement or estimates, and t'- thle
point only the experienced field worker on rern <t control
will “ully appreciate the difficulties encountered In practice.
In fact, - rood deal of skill use to be ao julred before
successful grading can be performed.

Having obtained sufficient confidence In the validity of
our hypothesis, we may now return to the question of nematode
indices.

According to the above analysis, the order of magnitude of
an eelwonn population (E) Is evidently found as n x (or n
tlies thl mean), so that, In terms of the integral (1?), we
have

E=nf 0bx%-°ybdx = v (21)

which, in ttehel'r notetlor, Is equal to the first frequency

moment, of the ogive y = ne”07 (see Appendix).



A nsmatode Index, ae we have seen before, Impllee no more
than a relative figure, which, naturally, should be reliable
and applicable under all olrcumBtanoee of comMarieon in the
analysis of control experiments.

In this respect, apparently, offers the correct ex-
pression. Though theoretically sound, however, objections may
be raised against as a nematode index. First of all, its
computation is rather cumbersome (as it requires l.a. an adequate
quadrature formula for the derivation of the necessary weights)
and is based on grading, which - as every field worker knows -
is an extremely time-thieving practice. Moreover, it introduces
all the hazards of subjectivity and Inconsistency of Judgement,
even with one and the same person, particularly at different
times.

Led by these cc.islueratlons, I was not completely satisfied
with the results so far obtained.

Reconsluerlng the problem, it struck me that one oonsequence
had not yet been drawn from the basic assumption (the random
movement of the eelworm larvae, spreading from fool of Infes-
tation which again - at least in well cultivated soils - are
found in random distribution) when my attention was drawn to a
piper on the theory of hoet-paraslte relationships by W.R.
Thompson (1924), in which the author derived a simple mathemati-
cal expression for the occurrence of infection in a population
of hosts as a result of random search by the members of a
parasitic population in the same bioooenosis.

Thompson nrrues as follows: "Admettone que le nombre total
d'h&tes dlsponlbles soit =N et quele nombre d'hotes parasites
apres la deposition d'x oeufs soit «y.

Si le parasite salt ohoislr entre lee hotes parasltds et
lee hotes non paraelt4e, et ne depose see oeufs que dans lee

indivldus indemnes, nous aurons oonetamment
*

y -

Male el le parasite ne salt pas dlstlnguer lee hotes d6ja



p«m8ltén de ceux qui ne sont pae paraeltée, la rapldItS

d'aoorolficement dana la population d'hote* paraFltes. par *

rapport au nombre d'oeuf, dApoa*,, va dlmlnu.r, au fur et &

maaure quo le nombre d'oeufs dfipcsAB augmente, o'eat-a-dlre, an

fur et a meeure que la proportion d'hote, non paraaltAa diminue.
PrAciBone. 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" le, nombre, N et x mont trte grand,

et imaglnone que X prenne un aooroieeement ax, grand lui auesi,

maim tel qu* 1" rapport 4 f ,olt tr&, petit.
dltion,,

Dan, oe, oou-
lee 2x nouvexux oeufa se repartlront de fa<ion a“noible
ment homogtne entre lea y dAjk paraeltA, et 1., N- Y

h&te, intact,. L'anoroleamentAy de y qui correspond &

l.aocroleeementAx de x aera Sone donnAe par la fomule trWw

aoproohAe
Ay AJ—

qui comult, entr, 1,. *JsgntUIIM d,
dy *

dy k 1.

0..,t un, equation dIfM r.ntl.il. dul ddt.mlIn.r, y .n
fonotlon de x.
On en tire immAdiatement

dax
T

o»e,t-Jk-dire, puieque y dolt * 'annular aveo x ¥*)

loge(N - y) *” +
at, enfin
H-y- <e
pour 1. nombre d'hote. Indmn.e aprle la ponta d. x oonfe; 1,
nombre d'hotna paramltAm -
y » NA - e-X3D

X we have when y = 0 and x - 0: 1In(N - 0)
and f-| T )



Table XXXV

E
lot NIn(L7¢!
pno. -nin( 1-771) n( )
. 1558.83 1287.72 530.71 531.08
o1
262.52 ?26b.60 bb4.14
12
236.48 235.65 530.73
4 316.94 -99.17 383.25 380.40
X
257.%2 177.85 485.13
' 41.32 58.2% 1215.29 1273.13
| :
n 2 130.16 163.81
131.01 854.33 800.59
h 97.80 618.56 580.79
' 7793 r ' 4
? In4. 67 401.65
115 33.04 3H.?9 v oo
ITIl 15.10
in 9 196.10 136.65 992.2.8
115.62 255.15 319.51
. 573.80
in 4 122.38 88.07 509.32
421.90
HI S 33.08
3547.80 3118.99 8260.13 7709.04
11807.97 10828.03
393.60 360.93

The T"reeeion ooefflolent of x2 on x/ is given by
9(x*Xo0) - *lp(Xg)

J = "#2x1 " - x*Mxi)

and Its mtandard deviation

8(X9 = Xp) * p
& 0.0332
9(xi - X )2

o ttv.t nluolil limit, v.n ba »et (a. t0t05 for 2-f- *
0,271 . 8.0W

2

, 0.0332 - 0.906 rm» 12 - 0.S7- + 0.069 . 0.5b2

Wut&tie Bintandls bg » 1.i'1 - "



Lee valeure de y et de (N - y) donnAee par oette fomule ne
ooront exaeten Qu'\ condition qua X et _N *o0i*n trAj*randa.

En d'nutreB termen, poif “eavolr ei, dans un cas donnd la
distribution des pnraelten depend uniquement du haflard, 11
faudra examiner un nombre oonelddrable d'hotee".

"11 »flt 6vldent que Im oouroentage de parasitisms ne ddpend
pas de la valeur nuraé6brique absolue de x et de N, male eeulement
du rapport entre oes deux valeure".

In a later paper (1939) Thompson expanded his theory and
proved, that no difference ensues whether the parasites are able
to search the entire territory of the host population or, when
limited in their ivnge, search In smaller areas If these areas
are themselves distributed at random amongst the hosts.

It should be worth while, therefore, In consequence Of

Thompson's fomula (last equation ebove) to estimate the relative

values of eelwora populations (E) from the equation
E wm - NIn(1 - 1n/N)
and to compare the results with the corresponding values of
as arranged In table XXXV opposite.
Since the figures for x% (= E) and x2 (= Jj,) pure

numbers, they are directly comparable. But lacking a mathe-

matical relation between the two, we car. not derive the one from

the other, nor oar. any preference be given statistically with

respect to the reliability of either of them, unless we obtain

more information about the one or the other (see page 79). All

wa know about % and Xg so far is that their evaluation results

from the same principle assumed, so that, If our assumption and
the deductions made from It are consistent, J/ and E should be
highly correlated.

The regression of Xg on x* was found to bo

b, =0.874 + 0.068



rogresol

through which the coefficient of correlation 1. determined a»

r* b*j I bitli? - 0.031

Fiducial Itolte (Ij and Ij) can be eet to the value of r

by application of the formula *)

1%= z - tBp
=2z + ts,
h ., "In”~-t-Zj. and B3 -
where & n J. an z - n"T~J being the number of palm

compared) with t at P - 0.01.
In thle way we obtain

o <r =20.981 <1p=10.992
that

One

The correlation between x“nd x2 appears to be so high,
with confidence we may consider S to be Identical with J3.

oould also may that xx and x2 correspond in 98" of their

chamoterlstlcal factors. Naturally a certain percentage la

sacrificed to sampling error, but evidently this percentage la
very small.
It will be observed - on Inspection of table XXXV - that

in many cases considerable differences exist between the values

o J1 and r. his becomes especially apparent when the standard

deviation o' the differences Is determined, which Is easily

done by the fomula ¥)

4 al > s° - Pre s
*1 *2 x2

yielding
Sd re 1091.83

nhiB is an extraordinary high figure which tends to upset

our faith In the comparison.

Let. us, therefore, analyse this point a little further. The

experiment showed that, though * was comparable with S ff*)

i a high percentage of oases (16 out of 22, cr nearly 73#) on

th evidence of which our confidence in J1 was based, there

) See Snedeoor (19%4-6).
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still remained Fane '7 °> of came*, that actually rejected the

hypothesis, hut yet were brought Into consideration In the cor-
relation table. Moreover, the 8 discarded dletrlbutions that

offered no criterion, were introduced as well. When further it

IP remembered that both and E are approximations to the true

magnitude of the eelworm population, the outcome should not

create a stir. But still, one may ask the question whether it

is either or both of these two estimates (Jx and 5) that is
unreliable.

in reply I am inclined to ascribe the discrepancies to the
inconsistency of J,, since the theory requires for the appli-
cability of equation (gfl that N be large, and in praxis this has
been observed throughout. Jx, on the other hand, is based on
grading with which over- or underestimation is easily introduced.
On the average J1 may be a useful statistic (explaining the
high correlation between J/ and E), but in particular instance*
it may be a rather misleading approximation.

More information on the validity of E could be obtained
from figures published by Godfrey (1937 a). Studying his data I
plotted a graph of the percentage of plants (oowpeas) infested
(wWN) against the average number of galls per plant observed by
him. This graph (fig. 2 o) showed a striking similarity with
my own data (fig. 2 b) when WN was plotted against 3 (f1x1VN.
Both curves betrayed a logarlthmloal nature which required closer
insoectlon.

Assuming now that the average number of galls per plant,

afl observed by Godfrey, is lust s.,other way of expressing the

value of VN (taking for the moment: gall count = f(El to be a

rectilinear relationship), both curves will express the trend of

the statistic A (the estimated average individual infestation of

the parasitised plants). Fig. 2 h give* for comparison the

exoeoted curve: A & "/n — In(l - VN)e

Let us examine Godfrey's gall count as a function of H.



Table XXX7I

actual average gall counts of plots mean  variance

299.57
210.26
139.71 g £10 10 10 Ik 14 18
160.94 8§ 8 810 10 12 12 12
118.61 f 8 10 10 10
6 6 6 8 8 8 810
104.65 6 6 6 6 6 6 6 6
91.63 6 6 6 6 6 6 6 6
6
4 4 4 4 6 6 8
4.0
51.08
1596.14 - S(xi) 116.9
111.01
The regression coefficient of Xp on
x ! bXpX[ = 0.0886 —0.017
0.092 and the regression coefficient of on
b. = bVl_2 « 10.524 + 1.988
0.060 (for the fomulae applied In the comnutations
see table XXXV opposite page 77)
0.062
Data from Qoafrey, 1934 a.
0.072

0.071 Fvernge



The comelets data are given In table XXXVI opposite, from

which the correlation coefficient was calculated as
r « 0.966
with fiducial limits
I1 * 0.823 < r » 0.966 < lg = 0.994

This correlation Is remarkably high and attention Is drawn

to the fact that r Is more or less of the same order as In the

case of rJI>E , while the difference of E and x2 (the gall count)

Is considerably larger than In the former case. But J/ and E

both estimated the eelworm population Itself, whereas a gall

count (though highly correlated with eelworm count, as was shown
by Godfrey) n priori should be expected very much lower than
the value of E, since It expresses per ee only part of the

population. This is readily expressed by the regreunion

coefficients.

omputlng here a variance of the difference, therefore, will

but the data offer the possibility of analysing

To this effect we have to

09 meaningless,
the regression In more detail.
examine the group variances (column 3 of table XXXVI) to see

According to Bartlett's criterion
but

whether they are homogeneous.

of homogeneity this hypothesis had to be rejected on trial,

inspection of table XXXVI shows that no meaning can be given to

the variances In actual gall counts, other than Inherence to

sampling. In any case the x* (x/ = E) are measured practically

without error and the corresponding values of y (actual gall

counts) are random samples, no that the variances seem to be

without any particular Interest. Moreover, the ratio's *9/%

One thing and another penults
(L byx) an an

(last column) are fairly consistent.
us to oonsldrr the regression coefficient br #
unbiased estimate of the population regression coefficient ys
The regression equation Is then given by
y=y + 0.06S6(x - %
Table XXXVII below gives the values of y (observed x- =
mean value of individual gall counts) and f (expected value of

Xj) and other necessary details.



Teble XXXVII

dyx ” A\ -
Xi=Xi*E -1 - % y-y 9 y-y @G-V
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
138.63 + 5.62 8.3 - 1.4 10.2 -1-9 3.61
120.40 12.61 3.3 - 1.4 8.6 -0.3 0x9
104.98 - 3.03 6.5 - 3.2 7.3 0.8 0.64
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
_Sl.cs - 81.93 4.0 - 5.7 2.5 +1.5 2.25
3 (x)=1596 .14 S(y)=116.9 = 35-57
x = 133.01 y « 9.7

The total variance of y may now be an&lyeod ae follows:
Table XXXVIII
degrees of

description symbol freedom sum of squares variance

the mean y 1 1138.9 1138.9

deviations de-
termined by b
and a fixed »
set of xj

<
1

¥ | 443.4  443.4
X 1

random devia-
tion from y -y 10 35.6 3.6
regression Ayx

total y 12 8(y - »» 1667.9

The very small variance of &yx Is here of interest and
makes any further examination with regard to reotlllnearlty
of regression superfluous.

Godfrey <litemlned a linear correlation between gall count

and o N of 0.73 2 0.0317 and a curvilinear correlation of



0.048 + 0.013 *). Derivation of the latter (represented by him
us *|) Is not given in his pannr, but Is likely to have neen
Wound by m»ans of some rectification formula. In any case,
Oodfrey had no exolanntlon for this correlation coefficient and
concludes without comment or reference to any principle: '"Tills
can be interpreted as Indicating that It would be better,
instead of actually counting: number o* galls, to classify the
indicator plants only as Infected and free, which can be done
very quickly after the roots are thoroughly washed".

It Is worth noting, that Godfrey's (though slightly lo evr)
corresponds very well with the coefficient of correlation
between gall count and E, as determined above, whioh - I contend -
la not accidental. His remarks, however, cited above, can be
Justified only when seen against the background of an analysis
of his data as given here, whioh offers a biological interpre-
tation of the relations.

When seen In the light of these Investigations, the
expression E - - HIn(1 - wN) hardly needs any further recom-
mendation as a reliable estimate of relative eelwom populations.
In practice I found that N should be not less than about 15,
but preferably larger (of. also Godfrey, 1934 a). On this
condition the value of E should give a quickly determinable and
accurate Index figure for comparative studies, and for this
reason It has been adopted throughout the statistical part of
the ensuing research.

Estimates of eelworm populations by means of root damage

based oi, one of the following formulae:
A 8(flwl) . B, n/N ; AB « J fl "li ; n (when Nis constant) or
n N

3(flwl) are unreliable as nematode Indices.

*) The fiducial limits are Incorrectly givenin this way.

It Is not clear how Godfrey calculated them.



SILVER AS A_QEMCIDJ While ohnrgea with Investigationi« on

the suitability of constructing
filters that would safely allow the utilisation of contaminated
river water for Irrigation ourposee where eolworo-euecoptlble
crops are concerned, I came across some literature on water
sterilisation by means of minute dosages of silver (Brandes,
1934 a, b *); Moiseev, 1934; Just & S-mlolla, 1936) which
roused my Interest as It seemed to open Immense possibilities
In new lines of research.

The method originated In Germany through the work of Dr.
Georg A. Krause, In 1928, and gradually - first In Europe and
later In America and elsewhere —its application spread into
various branches of Industry. The quantities of silver requli d
for sterilization of liquids appeared to be so small that
expenses on Che metal are sufficiently reduced to render the
results definitely economical. To-day not only drinking water,
but also fi 'l and beverages are treated with silver for
better preservation of quality and taste (Hoffmann, IH"H;
Anonymus. 1938)e

The germicidal properties of silver were tested in
different ways and experiments soon showed that, besides bacteria,
larger organisms, such as e.g. plankton (Daphnla), tadpoles,
fish larvae and even goldfish ar well were highly susceptible

to Its toxic influence.

OLIGODYNAMIC ACTION From the classical work of Carl von
N&gell on the effect of infinitesimal
concentrations of certain metals on plants, published In 1893;

originated the tern "oligodynamic action" **) now generally used

for the action of trace elements or ollgopleronte ).

*) With extensive bibliography on the subject.

* k) Ui'jos (oligoe) ,, little; Jvtcy*Uynamls) - power.
**¢) TrXjfilna (pieres) = sufficient. This modem word (see

Konlngsben er, 1'W, though more descriptive than the
former, has not yet found Its way Into the literature.
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Physiologically sneaking, oligodynamic action Is not dis-
tinctly defined, and the effects of many substances, different
from metals or other pure elements, even complicated chemical
compounds would fall In the realm of ollgodynamles If the
concept were characterized only by the action of concentrations
In an order of magnitude of, say, 10"C or less.

But reetrlotln ourselves to elements, the following were
found to be of outstanding Importance:

copper, zinc, manganese, tnolybdenlum, vanadium, selenium,
boron, silicon, gallium, scandium, silver, arsenic, lead,
Iodine, fluorine, antimony, chromium.

Both flora and fauna are concerned here, and the oligody-
namic effect may be beneficial (zinc: Aspergillus nlger, Viola
calaxulnarla; molybdenlum: Azotobacter ohroococoum; lodine:
glandula thyrenidea; fluorine: teeth; arsemnic: nails and hair)
or detrimental (silver, copper: Splrogyra and various Algae;
silver: Ptaphylococous, Bacterium coll, etc; lend, arsenlo,
antimony, chromium, fluorine: all cause well-known symptoms of
poisoning In animals and human beings).

Concentrations of silver used for water sterilization
range from 0.9 myn to as little as 0.05 myn per liter and even
concentrations as small as 10~ proved to be effective under
certain conditions.

Fiomherz & Helps (1977) proved by means of simple but very
elegant experiments that the silver Ion Is the oligodynamic
agent In solutions containing that metal. They were also able
to show that for the liberation of free silver lone potential
differences (In other words: a certain amount of polarization)
are essential In the system, which may be brought about by the
Introduction of a conductive unit of metallic silver and silver
chloride or silver and silver hydrox‘ds= Into the solution.

The three .old of oligodynamic action was determined by
these authors as 2 - ? x 10-11 grammoleoules of silver per liter,

which Is equal to about 2.7 x 10~lp gm Ag per oc.



Though the ma.lority of allver salts lo known to be highly
Insoluble, the concentration of silver Ions In all such
solutions - with the only excretion of silver oulphlce (the
solubility product of AgpS Is l.sg x 10”* grammoleoules per
liter at 18® 0, giving a concentration of 7«S x 10" * grammole-
oulee of Ag, which Is equal to 8.4? x /CT' Jgm silver per oo0) -
Is still high enough for ollgodynalllo action.

Metallic silver Itself has a very high "solution pressure"
In water, I.e. from the oligodynamic point of view, its solu-
bility hra been determined by Just & Sznlolls (1936) as 40 gamma
per liter, which Is equal to 2.4 x 10" Ions of silver per oo.
The metal goes very slowly Into solution, unless Its surface
of contact with the solvent Is tremendously enlarged (s.o.
"Katadyn" silver) or electrical potentials are exerted.

As the efficiency of the current la usually £ 50 * only,
owing to lose of electricity to anions that fall to dissolve
the silver at the anode, a current of 1 Ampfere during one hour
normallter brings about 2.0119 gm of silver Into solution.

Most of the technical appliestlone of ionic silver steri-

lization are based on the principle of galvanic solution.

I ONIC SILVER AS A NEW NEMATOODE  With the above Information

at hand, the expectation
that silver lone would also be toxic to the terrlcolous larvae
of Hmterodera marloni, seemed to be Justified. 1In vitro I first
tested out solutions with different concentrations of the highly
soluble sliver nitrate on the motions of newly hatched eel-
wome. Thu results were striking: concentrations as low as
1 part In 10 000 000 were found to be highly toxic. Thus the
way was opened to systematic research Into the possibilities

of practical application (of. Hovy, 1939)«

LABOJATOR: TECHNIQUE Heavily Infested host plants were col-

lected In tobacco lands and a number



MICRO-PIPETTE FOR EELWORM

EXCAVATED GLASS BLOCK



of matured root knotn out off. These were well washed and
placed In Petri-dishes with distilled water. With the aid of a
dlsneotlnp- microscope *) some 50 ootheoae wore teased out by
means of dissecting needles and kept In a separate dish with
distilled water at room temperature. As the jelly masses contain
numerous larvae in all stages of development inside the eggs,
one soon obtains a considerable number of parasites ready for
experimentation. All utensils have to be thoroughly washed
with nitric acid and distilled water In order to eliminate even
the smallest traces of silver from former experiments.

Though the er . are able to survive for a long time
(see page 25) I aKay- sed freshly hatched larvae to minimize
working with posf.lb V ned speclmlna.

A mlcro-plpe' ,g. y) to handle separate larvae was made
In the following way. In a glass tube of 3 mm bore a little
globe of about 1 cm was blown, whereafter one end was pulled out
Into a oaoillary just wide enougn for a single larva to pass
through, "he entlr*- olpette Is not more than about 6 cm long
and supplied with a thin rubber tube of at least 50 cm length.

When Ltilng this pipette by placing the free end of the
rubber tubing In the mouth, one can easily pick up single
nematodes out of the Petri-dish and select specially vigorous
ones if desired. The little globe In the ploette is useful as
It nrevonts the sudden sucking In c¢f larvae and moreover, since
the larvae are heavier than water, one can collect all the
eelwonr.8 Into the capillary by holding the pipette vertically
for a while and then, by means of a little blow, expel the
larvae into ar experimental container without Introducing too
much water Into the solution that has to be tested. No signifi-

cant dilutions will occur In this way. A single drop of water

*) Leltz Stand UK III was found to be a most convenient
binocular for this type of work as Its larve table and
cross motion of the tube allow the objectives to be
traversed over ;reat areas for inspection.



NORMAL
MOVEMENTS

FINAL STAGE

2-B-. EELWORMS DYING OF SILVER POISONING

9 -]|: DEATH THROUGH OTHER CAUSES



Igaa than 1.% oubl.o mra may contain a large number of larvae

In the experiments I used excavated glaee blooke (as
depleted in fig. 4) containing 1 17 oo T' -ive of these will
Just fill out the space on the table of a '+ UK IIl b*nooular
microscope, so that comparison of different euhu+tond or re-
plications of the same experiment is largely facilitated.
Another advantage of these glass blocks ir that, as a result of
their semi-spherical excavation, the eelwonns tend to collect in
the centre, allowing the application of hlgh-power magnifications
with all the larvae still in the optical field so that counts
can be made or their behaviour examined at a glance.

In each glass block 25 eelworas were observed. Larger
numbers impede quick counting of crawling larvae, while smaller
numbers tend to exaggerate the influence of individual variances
in lethality.

With eelworas placed in silver solutions I noticed a
remarkable trend in the way they succumb to the toxicity of the
oligodynamloon. The impression is obtained as if a kind of

paralysis starts from the rail, gradually proceeding cranlad. It

is difficult to decide whoever ttlle is a real paralysis or else

a muscular rigor, although I inclined to assume the former.
In any case the normal, serpentine agitations are obviously
hampered, first at the caudal end until adequate movements can
no longer be performed. Fig. 5 shows various stages in this
process. Sudden spasmodic contractions sometimes occur in an
absolutely abnormal way (fig. 5% 3, \ 5) and when the oesopha-
geal nerve ring (the "central nervous system") is reached, only
the head is able to move slowly (fig. 5: 7) at sharp angles

frm the rest of the body. The final stage is always a typical

Aigor mortis (fig. 5: «) "hen tbv larva appears as a faintly

curved bar. This instant I have always taken as a criterion fo
the worms being dead. As far as I am aware, Godfrey & Hoshlno
(1937) are the only authors that ever described this last stage

before, which they, too, considered as an unambiguous sign

of death.



The paralysing effect, described above, Is characteristic
of diver poisoning and has - to the best of my knowledge -
nev ar been observed before. In fige 5 tdiree di fferent end
stages if. death through various other causes are shown. Rigor
mortis, however, will almost always ensue In the described way,
though often only afte** a long time, whereas In the case of
silver poisoning it is always directly following the ceasing of
movements.

The ohenoraena mentioned strongly cugge,t an Infiltration of
the nervous system with silver. The infallible results obtained
with the classical histological technique as developed by
Bielschowsky (1903, 1925) and “vnon y Ca.lal (1910) for staining
nerve fibres by means of silver Impregnation, have proved the
great affinity of silver to nervous tissues, and this certainly
tends to invigorate the hypothesis that the nervous system of the
eelworms Is first attacked by the silver Ions.

As a measure of oligodynamic toxicity the time taxen by tne
larvae to reach the flnml stage of rigor mortis has been corre-
lated with the concentration of the solution. In this way com-

parative observations with other agents could be made as well.

THE EFFECT OF SILVER ON THE TOBACCO PLANT Twelve young tobacco
plants of 5 om height
were placed in S00 00 Jars filled with a physiological nutrient
solution *). Two control plants received no further treatment,
whereas each of the following silver concentrations (In the form
of silver nitrate) was administered to two plants In addition to
the nutrient solution, respectively: 1 gm 0.1 gm 0.01 gm,
0.001 gm and 0.0001 gm of silver ner litre of water. All plants

thrived equally well, except the two plants that received the

used here.



strongest concentration of silver nitrate, viz. containing 1
gram of silver per 11t”e. These two plants died after 26 days,
having been stunted right from the beginning of the experiment
*). In 24 hours a black precipitate of metallic silver was
noticed on the roots of the plants and the walls of the jars
with the solutions 1.0; 0.1 and 0.01 go Ag per litre. In the
other Jars no precipitate was visible. This adsorption of
metallic silver Is a result of photolytlo dissociation of silver
salts which Is difficult to prevent, unless one would work in
complete darkness. The results of the experiment, however, are
not greatly Influenced by this effect.

Green Algae started to develop In the two control jars
already after 24 hours (the jars were placed In bright shaded
light on a veranda ), while all the Jars with silver solutions
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 silver war not
tolerated by the tobacco plants, but this was an extremely high
concentration from the point of view of oligodynamic action,
one that would never be practically considered.

Parallel with these water cultures ran a similar experiment
with twelve tobacco plant* In pots. In this case all the
silver concentrations were well tolerated and no appreciable
differences could be detected In the plants, nor was any silver
precipitated In the leaves. Adsorption of the silver to soil
particles must be responsible for these results.

In field experiments the administration of silver seemed
to stimulate growth In tobacco plants, as shown by the average

length (see page 108).

FURTHER EXPERIMENIS WiTH SILVER To test the toxicity of

metallic silver I proceeded as

*) Apparently silver was strongly absorbed by these plants
as precipitated Ag was observed In the larger ribs of the

leaves.



strongest concentration of silver nitrate, vize containing 1
gram of silver per litre. These two plants died after 26 days,
hating been stunted right from the beginning of the experiment
*).  In hours a black precipitate of metallic silver was
noticed on the roots of the plants and the walls of the Jars
with the solutions 1.0; 0.1 and 0.01 gm Ag per litre. 1In the
other Jars no precipitate was visible. This adsorption of
metallic silver Is a result of photolytic dissociation of silver
salts which Is difficult to prevent, unless one would work In
complete darkness. The results of the experiment, however, are
not greatly Influenced by this effect.

Green Algae started to develop in the two control Jars
already after 2% hours (thi Jars were placed In bright shaded
light on a veranda ), while all the Jars with silver solutions
did not show any trace of Algae throughout the duration of the
experlme't which lasted for two months.

Obviously a concentration of 1 x 1C" of silver was not
tolerated by the tobacco plants but this was an extremely high
concentration from the point of view of oligodynamic action,
one that would never be practically considered.

Parallel with those water cultures ran a similar experiment
with twelve tobacco plants In pots. 1In thin case all the
silver concentrations were well tolerated and no appreciable
differences could be detected in the plants, nor was any silver
precipitated In the leaves. Adsorption of the silver to soil
particles must be responsible for these results.

In field experiments the administration of silver seemed
to stimulate growth In tobacco plants, as shown by the average

length (see page 108).

FURTHER GXPGRIhENTS WITH SILVER To test the toxicity of

metallic silver I proceeded as

*) Apparently silver was strongly absorbed by these plants
as precipitated Ag was observed in the larger ribs of the
leaves.
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follows. In a plasm flask o 500 00 a silver mirror was
precipitated by means of reduction of an ammonlated solution of
silver nitrate In the well-known = After mirror had
settled, the ilaek was wanned r-unot.tedly and refilled with
distilled wntc.r which was Ir'f standing for two days.

The presence of silver In this water could be made visible
In a test tube by adding a few 00 of a noroal solution of
potassium lof'lde, which resulted In the formation of a Just
dlsoernable i*ze *). With H?S the effect Is still more pro-
nounced. Especially when seen from above with Incident light
the hate can be well distinguished from a control tube with
equal amounts of water and KJ solution. Ordinary titration of
such minute quantities of silver Is Impossible and special
methods are required to obtain the correct tltre (Just &
SSmi,oils, 1936)-¢°

Eelworme put In a sample of this silver solution were killed
In 45 minutes. Prolonged contact of the water with the silver
mirror In the flask, up to several months, did not result In a
shortening of the time, necessary to kill the eelworme, mo that
the solution was considered saturated. Just & Sznlolls (I.e.)
determined the concentration of a "saturated" silver solution
as 4 x 10“* giu Ag per 00. A decuple dilution of the original
% Iver waterll required 75 minutes for killing all the eelworms,
and one hundredth of the original strength took b hours (see
fig. b for the relationship between dosage and exposure time).
The assumed concentration of 4 x 10" gm Ag per 00 Is well
above the threshold of oligodynamic action (see page 64).

With a view of comparing the toxicity of silver with other
elements, [/ tested solutions of one part by weight in a million
of solvent made up for lie following elements In simple ionic
form: chlorides or nitrates of mercury, fine, copper, selenium,

lead, allumlnlum, antimony, lithium, cobalt potassium, sodium,

*) The solubility p’-oduot oi* AgJ Is 1.5 x IC"1” gammoleouleo
per litre at 25® 0, so that a saturated solution of AgJ will
still have a concent wtlon of 1.32 x 109 gm Ag per 00.



m'insrn.neee, magnesiui, tin, Iron, lolum, tarlum, bismuth and
the metal-llke compound ammonium (NH”"); further the potassium

or sodium salts of chlorine, bromine, lIodine, fluorine and the
halogenous compound c.vane (CN)e+ With the sole exception of zinc,
none of these elements had the slightest effect on the vitality
of the eel*arms after ?4 hours of exposure.

The eelwoms In zinc chloride were not dead, but showed
algne of Intoxication In that their movements were much slower
than normal. I therefore subjected zinc to a closer examination
and observed tha*! 10 mpm of zinc per liter (" part by weight In
10* parts of water) killed the larvae In 4 hours time. Zinc
thus showed to have some detrimental Influence, though by no
means comparable with silver. With the latter element 3.8 parts
in 1()7 parts of water sufficed to kill all eelworm larvae within
30 minutes. Nevertheless, the results with zinc were of certain
Interest, as they confirmed a former observation, when I noticed
tnafc oelworms did not survive In pots In which a zinc label was
Inserted next to a tobacco plant. The solution pressure of zinc
ie known to be rather high and many zinc salts are soluble.

Complex silver lone were aJeo examined. Alkali-silver
compounds as AgK(CN)? and AgN«(CN)g are readily made by precipi-
tating AgCN In a solution of /IgNO* by means of KCN (or NaCN) and
ra-dlssolving the silver cyanide In excess of alkali cyanide.
Such compounds I found absolutely Inactive (except in high
concentrations, when a poisonous Influence of the cyanide Ion In
exerted; see experiment ?8 on page 96). This In .ully In agree-
ment with the theory that only free silver lIons are ollgodynainl-
oally active. Whereas silver cyanide Is highly potent, due to
the presence of the Ag+ Ion, the double cyanides are dissociated
into, e.g., AgK++ (a complex sllver-alkall 3on) and ? tir* lons.

in vitro, colloidal silver has a potency similar to metal-
lic silver.

The efficiency of silver lone as a nematoclde was sufficient
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ly proved by the above experiments but, since sliver has the

disadvantageous nroperty of being rather quickly idsorbed on

active surfaces, the question arose as to how sliver compounds

would behave In the soil.

To investigate this problem I anplled a lyelmeter as shown

in fig. 7. The apparatus consists of a glass tube of 4 inches

bore and 12 inches long, closed at one end with copper wire
gauze and placed on a stand over a funnel.

The lyelmeter was filled with 2 lbs of sun-dried, well-

soreened soil, whereafter 500 cc of the solution to be tested

was percolated through It. The apparatus was carefully cleaned

before eeoh new experiment and refilled with fresh soli. The
solutions were tested before and after going through the lyel-
meter. Observations were made In the way described on page 3?.

The following compounds were tested: silver protelnate
("Protargol"), silver chloride, silver hydroxide, silver carbonate,
metallic silver, zinc chloride, lead nitrate, copper nitrate,
sodium cyanide and a few combinations as will be seen from table

XXXIX where the results of these experiments have been tabulated.

Table XXXIX
lyelmeter movements rigor duration
solution t ated *) treatment ceased after mortis of exo.
Ag-crot. 1 x 1()“6 none 56 mlin. 2 hrs
1b Idem sandy soli
lo distilled water none 24 hrs
2a Aer-prot. 1 x 10 none 15 mln. 30 miln
2b Idem sandy soil 5 hrB
00 distilled water none 5 hrs
°) Concentrations ar given In grams of silver per cubic

centimeter oV water.



exp.

_no

3b

30

4a

4b

S5a

Sb

S0

6a

6b

60

Ta

?b

70

Sa

5b

5c

9a

—aa

9b

Ttble m ix (continued)

) lyelmeter movements rigor duration
solution tested treatment ceased after mortis oJ.
saturated sfiver ’
solution (4 none 5~ hrs

.months nlij B

Idem sandy soil
distilled water none 6 hrs
saturated silver
solution (fresh) none 45 mln

sandy soTT

id em (washed)
distilled water .one 2" hrs
saturated silver
solution (fresh) none 45 min

sandy soil
Idem (burned)
_4_
~T
distilled water none ijlhrs
Ag-prot. 1 x 10~* none 30 min
"saHdy-Fofi 4~
Idem (bjrmed and
washed)
distilled water none 24 hrs
msaturated sliver
solution (fresh) none 45 mln

Idem j glass sand
distilled water none 19 hrs
saturated" silver
solution (fresh) none 40 mln

Idem gauze
distilled water none 4 hrs
silver sol. with
one drop 0.1 N none 45 min

1 coppbgk nitrate _ _
J N
Ou(NO™)p In 5 co. none bO mln
distilled water none 1 hr



TablIt XXXIX (continued)

1 x 10-5

exp. lyslmeter
no solution tested treatment
saturated silver
10a chloride solution none
10b idem none
river sand
10c Idem (washed)
ioa Idem Idem
10e distilled venter none
saturated silver
11a chloride solution none
1.25_x 10-5
lib Idem sandy soil
11o distilled water none
saturated elTver
12a chloride solution none
12b Idem al soil
12e¢ distilled water none
"Ag-prot. 1 x To-c
13a plur equlval. none
wght sodium
chloride
13b Idem al soil
I30B distilled water none
silver chloride
14a oreclnltated from none
'0-5
14b 1 Idem sandy soil
140 distilled water none
~enturated eolutlons " "
IFa of silver hydroxide none
and silver chloride
| ABlaolc "turf
IFDb Idem soil
I50 distilled water none
loa zinc chloride none

movements

censed after

3& hrs

IF min

2 hrs

20 min

2 hre

6} hre

7 hre

23 min

rigor duration
mortis of exp.
30 min
Us min
3} hrs
6 hrs
6 hro
30 min
U hrs
30 hre
U5 min
3i hrs
4 hre
If! hrs
FO min
21 hre
14 hrs.
12 hre
12 hre

—f-



Tible rxxrx (continued)

lyelmeter
_nelutlon toetnd  — treatment
equal parte of
7,1lno chloride none
1 x 10“ mand
eat. eliver eol.
maturated ellver
solution none
distilled water none
Tfnc' 'oHTorlle TOoTTturf
1 x 10¢? moll
distilled water
eaturated solutione
of silver hydroxide none
and silver .chloride
SEToT’ «ir?
Idem saturated
with ZnC 12
and drind”
distilled water none
dl? mixture rv mixed uh-
1 gm Ag-prot.&nd  dlssolved
1 gm potassium with sandy
chlorate soil then
tap water
percolated
distilled water none
"1 gm Ac--prot7 and
1 gm notaeslum none

chlorate dissol-
ved in 1400 or
1

Idem

distilled water

saturated solutions

of silver hydroxide

and silver ohlorld
plus ZnCIp 1 x 10

Idem

distilled water
saturated solutions
of silver chloride
and lead nitrate

Idem

sandy soil

none
'

none

al.iavl —

al soli

none

none

red alluvi-
al soll

movements

rigor

oearned after mortis

2F min

25 min

20 min

after
2t hiJ

1" hre

3 hre

10 hre

20 min

2 hre

1~ hre

RO min

00 HIn

none

3 hre

none

duration

12 hrs

11 hro

21 hre

20 hre

Id hrn

10 hre



exp.

no

220

21a

2?b

230

24e

24b

240

25a

25b

250

23d

26a

26b

2bo

26d

27a

2?b

270

27a

28a

28b

-

Table XXXIX (continued)

solution Jested _
distilled water

n
and saturated sol.
of lead nitrate

Idem

distilled water
saturated" sdlution
of silver carbcn-

Idem

distilled water

010021 " silver
precipitate In
tap water

Idem- plus 0.5 f
sodium c.ilorlde

Idem
tap water
ell*er nitrate

in tao water
25 x 10-1

Idem
idem
distilled water

Ag-prot. 1 x
10-5

Idem

-

Idem

distilled water
Ag-prot. 1 x
lg-g) plus 1 N
sodium cyanide

Idem

duration
of exp_._

lyalmeter
treatment,

movements rigor
oeaned after mortis

none hrs

none 15 min bC min
red alluvi-

al soil

none 10 hrs

none 30 min
red alluvi-
al soli

-—1

S

A N

none 17 hrs

none

red alluvi-
al soil,
let drops
" idem f
last drops 1

Idem 19 hre

none 8 hrs

rib" "rer"alt
luvlal soil,
let drops
Idem
last drone

~t"

none ?4 hrs

60 min
Tib red al- "
luvlal soilj
1st drops

last drops
Idem Q hrs

none 2 min

none 2 min



€X0.

no

S3o0

30a

30b

30c

31a

31b

310

~

32a

32b

33a

33b

330

34a

34b

34c

34d

taneouely with oonelctent results
ments with the

and observed for a length of time as Indicated In the

Table

solution tested
dintilled v ter
sodium oyani
0.0083

1¥“bplue equl-
valent wgt
podium cyanide

Idem

die tilled water

Ac~prbt
nlue eq. wght

NaON In tap water

Idem

diettiled water

*“Ag'.prot. "T x 10“h

XXXIX (continued)

lyelmeter I movemente

treatment

none

none

none

? IVe red
turf
noil

none

none

2 IDB red
turf
moll

none
L

plus eq. wght NaCN none
Ijn tap_water
2 Ibb red
Idem turf
moll
Ag-prbt. 1 x IerT"
plue eq. wght NaON none
and excess NaOl
¢2 Ibs" refi"
Idem turf
soil
distilled water none
plue eq. wght NnCh none
and 0.1 * 3nClp
---------------- - ’p-Iba red
Idem % E] turf
zinc oruor) oe
0.1 < Idem
distilled water none

| oeaeed after

1
Experiment 31 WaS four times repeated with the

Experiments 33 and 34 were each

as

above.

instantly’
stiffened

3 hre

16 hre

7~ hre

li. hre

four times

rigor duration
mortis pf exg.,
9 hru
recover-
ed com- 4 hre
pletely
15 hre
16 hre
16 hre

name result.

after

2k hre
11 hre
[
20 hre
sI? hre |
10 hre
39 hre

repeated elmule
Each met of experi-

same number war always carried out simultaneously

last column.



DIS "bSTON Or REfInfTS The lyelmeter experlmentm ehownd dle-

tinotly that admorptlon taken place In
the moll, nmo much even, that eolutlone 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 soil (to destroy organic matter: saye 5b) or
soli burned and washed (I.e. freed of colloidal and 01 -anic
particles: exp. “b) had the same effect. Pjt gb8 only soil,
rlass sand (e?-p. yb) and copper wire gauge (exp. 80) as well,
adsorbed the lonm sufficiently ae to render then. Inactive. The
copper Ion as much was not responsible for the inactivation 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, 31b, 32b, 33b and 34b), although
a significant decrement In effectiveness was observed (compare
the last merles with a of the corresf. ondlng numbers: the sol-
utions tested before percolation through the lyslmeter). *¥)

This rather unexpected result needs further attention. If
(a* In the absence of chlorine or cyanide) all the silver is
taken out of the solution by adsorption to soil particles and
oolloldo, the fact that presence of chlorine or cyanide lonm
brings about an oligodynamic effect would suggest that at least
a certain amount of silver remains In solution am a result of
the Interaction of cations and anions. One could explain this
by assuming that the affinity of silver to the anions In quest-

ion is greater than Its affinity to other particles. In this

*) “hlm "dsorntlon explains negative results with mllvmr-
nrotelnato ai octalned by Jacks (I9JW In pot experiments,
by myself (1941, unpublished) In tomato seedbed trials, and
others (personal 00 munications).

**) That actually the free chlorine lIon has to be present,
WS shown by experlcentm 1%a and 20b, In * .ich the chlorate
Ion was of no influence.



dame, however, the ollp-odynamlo potency of a solution contain-
ing silver and chlorine lone should be equal to the toxicity
of a silver chloride solution, which is definitely not what I
could observe.

According to the law of masp action (Guldberg & Waage) the
solubility product of an electrolyte, or :he product of the
concentrations of cations and anions, is a constant. This means
that any excess of anions (and we may assume a large number of
anions to be present in the soil) would automatically reduce
the concentration of the free cations of a badly soluble metal,
in onsu the Oliver, which, therefore, will cause a considerable
decrease In the efficiency of the ollgodynamlcon. This explain.*
one decrement in action of a percolated solution when compared
with iU crU-lna) "trangth. But the law of mass action in Its
original f*rm can not explain why an Increased concentration of
chlorine (or cyanide) ions enhances the oligodynamic effect.
Only the more recent extensions of the law of mass action
(detailed dlsousslc n of which can not be given here) give full
account of the behaviou" of the ions when namely the activity
co-efficient of the ions *) is taken Into consideration.

The observed phenomenon is In physical chemistry referred to
as the b.c. "salt effect" (meu VOgel, 19*43) which throws new
11 ht on the oligodynamic action of metal lone, in that - on
special conditions of electrolytloal equilibrium - certain ions
may take the role if what could be called a "synergon'".

A synergon can now be defined is an ion that augments the
solubility of an oil rodynnmioon, thus keeping it potent in .an
environment where its activity is impeded.

Experiments 7?b, 24b and 16b, o showed that this protective
power is not poB'-eesed :y the nitrate and carbonate anions, and

Just & 9 nloll3 (193n) found that the presence of iodine lone

*) A concept introduced by 0."!. Lewis (1901, 1907).



oonmaerably r-educefl thp solubility of silver lodide whloh Is
already very low (solubility product 1.5 x 10”16 gi-eunmoleoulee
per Iter at 27° C). In fact, the hnloi-ens Cl and ON seem to
be outstanding as synergon, whloh Is nerhaps explained by their
comparatively high solubility.

Tn the compound "Protargol" the silver seems to be "shield
ed» to a certain extent, as addition of sodium chloride does
not Immediately result In the precipitation of silver chloride,
although the reaction does take place after a few minutes 1
standing, '"he efficiency of the silver in "Protargol" is also
decreased when Its solutions are coopered with other compounds
containing equivalent amounts of silver (of. experiments 2?a
and. 10a, 11a, 12a).

"Protargol", which Is normally of a dark brown colour in
concentrated solutions, reacts with sodium or potassium cyanide
in that the solution becomes nearly completely colourless.
>Tost likely n complex silver Ion Is formed, as no precipitate
ensues. Consequently the oil odynamlc action of solutions of
"Protargol" In combination with Ma(N Is somewhat surprising,
since we have seen from experiments 30a and 3pa that the
complex silver 1on Is Inactive (unless sufficiently dissociated
after a lon‘ time: exp. 31%; fee also pare 91). Evidently,
then, Is this complex Ion brokeu up In the soil, so that free
sllve" ions arc liberated. Otherwls. the results of experi-
ments 30b. 31b and 32b can no* be explained.

The '"shielded" position of the Oliver In the complex Ion
Is an advantageous feature, ns it allows the simultaneous
administration in the soil of oil 'Odynamlcon and synergon with-
out risking localized precipitations of slowly soluble com-
pounds. This principle ha# been used In later investigations.

lelther the duration of percolation through the lyelmeter,
nor the a ount of soil taken seemed to be of any Influence on
the "soil effect" (experiments "5 - ,°7) and different soils

appeared to behnve nllke with respect to adsorption.



SILVIIR-IINC CYANIDE. A PROMISIto COVPOIND Above we hnvr Been
that the complex

Oliver lonn hove certain advantageous properties that vrould
make them better nematocldee than other silver compounds. The
idea, therefore, to look for a substitute of the oilgodynarlo-
nlly Inactive alkali atoms In the aliver-alkall cyanides, was
obvious. Naturally zinc suggested Itself here, as this metal
too exerted detrimental Influence on the eelworm larvae *).
I thus tried the synthesis of a complex Ion of silver and zinc
and succeeded In precipitating a sllver-zlnc cyanide, AggZnfCN)",
by mixing solutions of zinc nitrate and sllver-sodlum cyanide
accordin' to the reaction equations:

2AgN0Oj + SNaCN —* PAgCN / + 2NaNO*

2AgCN + PNaGN — P2AgNs(ON). (soluble)

2AgNa(VN*2 + ZnfNO-))* /

Sllver-zlno cyanide, a greyish powder, Is highly Insoluble,
but can be dissolved In sodium cyanide "*). It does not react
with sodium chloride and Is, by Itself, ollpodynamlcally In-
active. Compared with other silver compounds It Is much lese
photo-sensitive. All this shows that the silver atom Is well
shielded off.

With some exoerlmentntlon the Department of Chemical
Services, Pretoria, ultimately evolved four different ways of
nrepaving sllver-zlnc cyanide and mmea production of the com-

pound actually appeared to be a rather simple procedure.

TIEUD AND SEED )HD TRIALE A series of experiments ws set out
to Investigate the practical appli-
cability of different silver compounds. The following chemicals

were tested: metallic sliver (silver duet), silver protelnate

*) Ano,her property i: zinc Is that It tends to dlsp.'aoe
silver lons, which - It was hoped - might prevent , dmora-
tion of silver In the soil.

**) In fact complex cyanides of a higher order ere formed.
In this way.



("Drotni>:ol", » commercial iduct containing about 8 f vllvor),
silver nuolelnate (with + 16 ™ Ag), allver-zlno cyanide and
all\ar chloride. Sodium chloride was used ne a eynergon and
tried out In different conoentratlone, while aodium cyanide wam
aoplled either as aynergon or ae a solvent of the Insoluble
compounds.

As n statistical lay-out I adopted the randomized block
system. In this the host plants, examined In the laboratory
some time after treatment of the soil (2 -3 months), can be
taken as random samples of the eelwora population present In the
soil at the moment when invasion of the roots was started by the
parasites. The controls then give an estimate of the population
density prior to treatment.

Provisions were made to havt. * (the number of plants exposed
to Infestation) large, so that fomula (22) could be applied as
an estimate of aelwonr copulation.

Since the N's varied from plot to plot (and thus also for
the different treatments) It was deemed essential here to take
as a criterion the average, -/No -In(1- o N), of al? the
indicator plants for each treatment, divided by the correspond-
ing figure, for the cortro] *). By this operation the Index
figures come to represent a percentage of the original popula-
tion that survived treatment, for which reason I designated
them as '"survival Indices".

As q unit of treatment dosage was chosen the amount of
silr.-;r present In B grams of silver protelnate (which corres-
ponds to 0.4 gm of silver) administered per square yard of
eelworm Infested soil. Th s one unit Is equal to: Bgm
"Protar ol", 2.B gm silver nuolelnate, 0.7 gm silver-zlno
cyanide or 0.5 pm silver chloride per equnre yard. Unit of
oynei>'on was S gm sodium chloride, and likewise sodium cyanide

was rc3kon'’d In units of ” gm oer square yard.

*) When N is oonstfcit for 211 treatments it falls out
automatically.
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exp.

- 103 -

The reeultfl of theme experiments are shown bolow.

no.

Table XL
i- . nt and na
dor i In unite plants

per squnre_yard infest.

silver nucleln-

nte 0.25 In 18.6 21
control 3?
sliver JusT

0.35,
In.-1S. bl.maal
control 166

‘u.
silver proteln-

nte 0.25 In 18.6 gm 9
-bLoodffloal .

0 jntrol H
APhotan-:01"075
NaCN C.8 242
NaCl Wi.5s 1?79
245
240
T7#
NnON 1.0 40
123
120
_Ti
NaCN 1.0
NaOl 1.0 158
108
114
4%
"Rprotargol"07*
NaCN 0.5 347
3%
271

control no T
NaCN 1.0 702

79
699
358

confrol no 2

no treatment 92
60s
228

329

total
plants

50

40

256

123
538

1185

665
588
1816

1017

111?
537

Bloodmoftii contains 0,87 J chlorine.

0.656

0.700

0.575

0.648

0.073

0.082

-In(1-%)

1.0671

1.2040

0.3557
1.0441

0.0758

0.0856

suiarl-

val

83.6

100.0

82.0

100.0

88.6

100.0



treatment and

doeage In unite
per square yard

control for IV~A_~ 3643

"Protarg*T"1?.0
NaCN

2.0
NaC1 4.0
NaCN 2.0
NaCl b.0
NaCll 3%0
NaCi 7.0
" TI'ProtargoT""y.O
NaCN 3.0
NaCl 6.0
'eProtan' oinlT .0
NaCN 3.0
NaCl 9.0
W opW IliYk"
eueoenrlon 1.0
Nad <hC

. K » ™

AgpZbTCNI" '

BuBpenelon

NC1 2.0

" suflpenelon 2,0
NaCl 420

AgpZn'fCN*
euflpenfllon 2.0
NaCl b.0

4-AMR7?NI,
euBpenelon 3 «C

contii
n %

plants
Infeet.

! 83
2

190
584

429

?b

434
212

%

297
227
460

483
872

L

N = n -v eurvl-
total R -In(1-J7) yal
plants Index

9264 0.393 0.4992 100.0

287

425
0.388 0.4910 : 9.6

409
b6l

643

0.3496 _ 6.8

1681
1370

0.35%

.n

0.545,ro0jaajq.

e 1
TCIS 0. 374112 ,bbjJL

is
817

610
770
R70
0., t 0.6051 I _11.8

648
1502

W .0,63s i,Pi61 , ,12.2



Table XL (continued)

treatment and

" doeage In unite
ner equare yafd

Ag2Zn(CN)4
euBrienfllon J .0
NaOl 3*0

euepenelon 3
NaOl b.O

eubpenelon Ji,0
9.0

control for Vi

Agtnr 176*

NON 1.0
""AgCY

NaON 4.0

HaCN 4.0

NaON 4.0

oc»—xg

N - n B
total U -In( 1-S-)
plants

571

1257

A5?7 0.399. 0.5092

11
11Z§
883

eurvl-
val
index

10.0

07568. p.8393 16" L

Iows
2321

0.566 0.8347
186
190

194
5.1160

"3

16

1%
HJ,p,265.,,,.0,3pj9_

260 0.3011

48

Ibjl

100.0

_82.p_

81.1
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Table XL fcontinued)

treatment and
doeae-e In unite
per square yard

AgpZn(CN)j,
dry powder 4.0

V&n’n (CN)h 0.
NaCN 0.

MaOl
Na-N

NauN 1.
NaCr 2.0

control for
fl1-11

planre total

infagpt, _plantp ¢

66
'86

A

O.nyli

0.0Yy,,y

eurvl
val
Indsx
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7-ible XL (continued)

b

survl-

0.19%

0.1290

« 100.0

treatment and n =
€X0. no. doeape In unite plante ?
AgCl .09 ..
VII1 ) NeSN 5-09 “
I
1/
57
as
A 1.177
Vilo *) NaCN
NaOl
%
0.121
VII-z *) control for fi
VH1-2
J ?
ApCl-5.09
VUIi *) NN RO
5025 .
%* NadN k.92
VI ) Naal 2.63

apeclfloat:one by the author.

W



Tnblfl XL (continued)

treatment nnd n < N = n survi-
ex0. no. doBRtre In unite lante total R -In(1-%) val
-.Per equare yard ppfests »plante Index
control for ito 5¢
vril. ¥) 12 SO
30 50
16 50
22 50 |
38 50 l
[
i m E .

I'Zxperlments T - III war?, carried ott by means of spot treat-
ment In fields planted t»; Turkish touaoov 3 x3 feet. The dosa-
r* was administered In owdmr fom, nixed with the fertilizer
(bloodmeal). The latter was givei at the rate of 200 lbs per acre
(t 18.6 gm oer plant).

Plant heights (both treated nnd controls) were me sured In
experiments II and II1I. For treatment I1i (silver dust), the
average Length was 40 inches (ranging from 4 to 64") and for the
controls (II2) 37 Inches (ranging from 5 to 60"). For treatment
T1I1 ('"Protar :0l") the average length wis g4 Inches (3 to 52")
and for Its control (TTTn) 13 Inches (1 to 40»). In either case
the differences were not significant (ns the variances were very
In""ge) but showfl at least that the silver had no adverse effect
on the growth of the tobacco plants. If not directly simu-
lating growth, silver showed to be effective with respect to
eelvronn Infc tatton and the slight reduction of root damage could
possibly account for the differences in Ion th.

A1l the other experiments (IV - VIII) were tobacco sendbed
trials In "“ndomlred blocks. In experiment TV the plots were
3 x 15 ft, (5 square yards) while treatment was given In aqueous
solution. As treatment IVq (1 unit of NaCN) showed practically
speaking no difference with the controls (IV,\, the average of

IV - and 1V- was taken ae a base for the computation of the suv-

" See foot note preceding page.



vival indices of treatments I t o 1V4.

The plote of experiment V mere J x 9 ft (3 flQimre yards)
"Protar”-ol" wne administered In aqueous solution and silver-fine
cyanide in watery suspension (prepared by shaking up the powder
with a little absolute alcohol; the mixture was then poured out
into 4 gallons of water while stirred; finally NaCl was added).

For experiment VI the plo4- we”e taken one squ .rm yard in
size, but mere replications occurred. Dosage was given by means
of aqueous solution of the chemicals (except for treatment VZ&
in which the dry powder of ellver-zlnc cyanide was worked upKj
with the top 3" layer rf soil).

In experiments VII and VIII the plots were two square
yards and treatment was given In aqueous solution.

With treatments IV - iri the total number of plants in the
plots were examined, while for experiments VII and VIII samples
of size N were taken from the replications. As in all oases
N was rge and taken from representative areas in the experi-
mental field, the various ways of sampling did not seem to have
boon of Influence on the results. From experience, however,
and on theoretical grounds, I would recommend to have as large
a number of replications as the experimental lay-out will
permit. The ideal would be a large number of plots, distributed
at random over the experimental area, and in general one could
say: the smaller the clots, the larger should be the number of

replications.

DISCUSSION OF RESULTS When, plotting the survival indices of
a series of experiments, as e.g. III*,
Ivl, IV3, V- ("Protan oll) or Vly, VTg, VTq, VIIp, VITIg (sll-
ver-nlnc cyanide), against units of silver administered, long
drawn-out, sigmoid curves result, whioh become symmetrical on
logarithmic transformation of the doses. This trend is tipleal

of many toxicologies 1 d*ta, and indicates that, In the oases
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In whloh It 1s observed, thp efficiency of the dosage Is con-
cordant with the law of Weber-Fechner, which (when expressed In
general terms) postulates that In multicellular organisms the
resoonse to external Influences Is proportional to the logarithm
of their strength. Though from theoretical points of view many
plausible objections have been raised against this law, one can
not do away with the fact that time end again it appears to

o far a most useful description of the experience, so that it
has maintained n certain significance In practical physiology,
toxicology and applied biology. In our case applying the law
would be focussed on the copulation of eelworas as a whole
rather than Its constituting Individuals.

The sigmoid shape of the lor-dosage mortality curves betrays
that the "percentage killlis normally distributed about the
mean, wnloh Is the loK-doee at 20 $§ kill. This enables us to
rectify the drs.age-mortallty curve to a straight line (Oaddum,
1°33i Lode, 1976) by taking probability units (or "problts") as
ordinates Instead of percentage survival (Bliss, ]9?b 1935 a,
b) . Tables of "oroblts" are found in Fisher & Yates (

Figures 5 and 9 show rerrenslon lines obtained In this way for
"Pr-otergol" and sllve~-zlno cyanide respectively. Figure 10
recrements the Information from table XL In log-dosnge probit
transformation. The drawn out line shows the estimated general
trend of regression and should not be regarded as of any more
significance than this. It enables us, however, to gauge the

- rather scattered - results listed in table XL.

First of all the "salt effect" Is well exhibited in fig. 10.
It will be seen that 7 of the 8 treatments without sodium chlo-
ride yielded survivals tbove the line of general trend, which
stresses once more the Important function of chlorine us a eyn-
orgon. But for best results sodium chloride can not be prlven In
any proportion with the silver compounds. There Is a definite

progress In the efficiency of the silver Ions when the proportion

[12%)/ [e¢i®] Increases. This is shown by fig. 11 and further by



ooraparV-.on of the tref tmente In the following series: V*, Vo;
V3, Vit, v~; IV1, TV4; iv?, IV?.

Anperently we have, for optimum efficiency, a critical
proportion of the concentrations of the two kinda of lone,
which also theoretically was to be expected. I have not yet
had the opportunity to determine the exact value of this
critical proportion.

The results obtained with silver chloride were somewhat
disap*pointing. The chemical was dissolved in sodium cyanide,
which brings sll- er-sodlum cyanide and NaCl In solution, so
that an effect e liar to the other compounds in conjunction
with NaCl could t expected. The variance in efficiency
apoeared to be large and more data are required before this
can be explained.

Comparison of figures 8 and 9 would suggest that "Protar-
-0l" has a slightly more drastic effect than silver-glnec
cyanide, as indicated by the steemer slope in regression of
the former. Silver-nine, cyanide, however, revealed an increased
ollgod’-nnmlc action in confirmation of the expectation when
this compound was first considered (of. page 101). This is
expressed by the unit value of the mean dosage, which is very
much smaller for Ag"Zn(ON)4 than for "Protargol". Consequently
silver-xlnc cyanide, when repeatedly administered in very
small quantities (1 0.2F units) - dissolved in irrigation
water e.g. - should be most advantageous.

Considering the difference in survival indices of treat-
ments VIp (K unite dissolved AgpZn(CN)4) and VIg ' wunits un-
dlsaolved), the necessity of applying the chemical ir solution
will be evident.

The practical possibilities of eelwom control by means of
olit-'©dynamic action of silver lone is generally demonstrated

by fig. 10 and more particularly by figures S and 9.



SU’-TI'-ARY AND COHCin SIGNS Summarizing the Information obtained
from the experlmenta described in

this paper leads to the following conclusions.

1) Since the distribution law for root damage
® , 1 b
Px' = J obx - e™ex dx,

based on the principle of random Invasion of the host plants,
could be fitted with satisfactory result to the observed
Infestation In at least 71 i of the eases Investigated, the
assumption a priori, that the terrioolous larvae of Heterodora
mavlonl are distributed at random In the soli, seems to be
Justified.

2) A random distribution of the larvae, appearing to be non-
hamogeneous, can only be explained by .‘ited movements of
the eelworme through the soil.

3) According to the theory of probability (Thompson, 19
1939) the relative strength of a population of parasites (E)
in random search for hosts should be a function of the num-
ber parasitized (n) and the total number of hosts (N), viz.

E - NIn(1 - wN)

Estimated by m”ans of graded root damage (x”), the same
magnitude is given by the sum total of the products of
observed frequency and class weight: S(f*Wj_) = or S(fj_xj_)»

As both estimates ( and E) were very highly correlated
(r » 0.98), corroborative evidence is supplied In favour of
Thompson's approximation and, consequently, In favour too of
randomness In search for hosts and randomness In distribution
of the terrioolous larvae.

1) Having found E to be hlyhly correlated with Godfrey's
(1934 a) gall count as well (r =0.07), this estimate of
pjlworm population strength may be used with confidence, I.e.
when N is large.

2) E yields a reliable nematode index that can be quickly

determined and has the very Important concomitant advantage
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10)

11)

of being Independent from grading of root damage, a time-
consuming and unreliable meansof eetlmating thenematode
population of the eoll. Only "hen a largenumber of olaenen
Is taken and a good deal of skill has been achieved through
practical experience, grading may give satisfactory results
But It will never be void of subjectivity.
In terms of earlier notations we may write

Eu S(f*w*l = - NIn(1 — B)
when B - w/N and evidently the estimated average Individual
infestation of plants attacked, A = 8(f*w”")/n, may now be
found without grading from the formula

A = S/,i = _ N/nln(l - B)

The mean Infestation, formerly estimated by means of
grading (Hov- 71v3?) as AB » S(flwl)/ M Is more accurately
given by

AB » S Nw- Inri - B)

The last formula above shows that the mean Infestation per
host plant is identical to the eelworm population mean
expressed In natural units.

Theoretical deductions showed that this statistic Is an
estimate of the sole cl -vanterltitlec parameter of the eelworm
population distribution. Tho statistic AB will only then
represent an unbiased estimate of the tme population mean
when evaluated from - In(l - WN) in which » should be la*;je,
and not when based on grading. Thus in general: any nematode

index derived by me-mr of greded root damage - as is general

practice - should be rejected ns unreliable.
Estimating the nematode population fron ; * n' is also
"(

mately equal to the mean AB (see table XL).
N should be a representative sample of the host plant popu-
lation amongst which the eolwom population has been dis-

tributed as result of root Invasion. Such samples can be
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13)

1b)

1,eet Obt"Inefl trablock,. striotlP cocking,

plmt out of H examine will reprocont a auh-.mpl. 0f

t!'e eel,0m POpul',tl0'"- Thy» ouror of It. e.tlmate,
theneforw, 1. gl,n by the Btandard donation of th,

root damAge, eo that we have
Sir
AB W

,(1U Y "Imlly be foun<' *» »« bAther high, .hloh .,pha-

fliree the necessity of having N very large

Th"” prOper eatljnatlon of eelwum population, m .oil
Offers pos.lbnitle. for carrying out toxloologlc.l .xp.n

me''t” ”Ith applM to .oil. Infested with th.

rvae of H.t.rodera marlonl. Ionic .liver proved to be an

extremely powerful agent In vitro a. well ln eoll. 1In

latter oa.e on condition only, that a .yn.rgon 1. present.

Chlorine appeared to be a practical (and e<.nexpeneiveJ) ayner-

gon, while alk.ll oy.nlde. can be used as advent, for In-

soluble silver oonpounde.

Oligodynamic control of ..Lome by mean, o' .lly,r lone

proved to b, possible m .oil, especially when silver 1,

applied in combination with ,1 no (which 1. also of detrimental

tn'loenoe to the larvae) In the fora of silver-,Inc cyanide.

The mean dosage (..curing 50 * kill) 1. extremely small (In

the neighbourhood of 0.x cm of Ag"nfON),, per .ouare yard,

Whether sllver-tlnc cyanide may be regarded as an Ideal

nematoelde, can hot be judged a. yet. The present paper has

only given the outline, of the problem and the necessity of
further rec.oroh to Investigate all the Implication, can not

be sufficiently advocated.

-liver, in any case, has the advantage of being harmlean

to the constitution of the soil and to tobacco plants, which
allows -or repeated administration even during the growth

of seedlings or young plants. A powerful nematoelde with

this pronerty h,s never been described before.
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For readers not familiar with statistical manipulations
the formulae applied In the analysis of variance (sen table I,
oopoelte page 19) will need some explanation ae I have modi-
fied Saunders' (1939) notations and carried out certain trans-
formations .

In order to find the '"sum of squared deviations from the

mean" of the plot yields, Saunders takes:

Stx-,2) - %i9(xi) (1)
Th this notation 8(xi2) means the sum of the squared plot
Indices (the "yields"); x* the general mean and 3(x") the
grand total.
With this formula one often runs into very large figures,

which ire easily obviated by taking the direct formula

S(x1 - jr)2 0)
The Identity of exnresslone (1) and (2) will be clear when
(1 is exoanded as below;
9(x1 - *")2 = "(xj2 - 2xIx1 + 51?) =
» 9(x12) - 2x1S(x1) + x1S(r?1) ?)
Since perdefinition x1 = S(xi)/m (when mls thenumber
of termsto be summed, or the number of plots) and S(x*) &

- nx?, it folio?m that B ~) * 9(x1). Substituting this Into

(3) we obtain:

S(x1 - xi)2 - S(x12) - xI8(2x1 - xj.) - 9(x12) -

Expression (n), mart from being easier to handle than



(1), alflo ohowa in a more forward way whv* .otrally is
wanted, viz. the "Bum of the squared deviations from tho near
of all the clot Indices. These deviations will be due to:
a) controlled factors, as: 1) differences In treatment,
P) differences In position in
the experimental plan (the
replications); and
b) a number of unknown, and therefore uncontrolled factors,
generally designated as "error".
The sum of squared deviations from the mean due to the
controlled factors, then, can be analysed.

For treatments this sum of squares is glv 'n by Saunders as:
98 >(x*)/ r - x1S(x1) 4)
In tead of which I used the formula

rQ(xt - x») ?

where S(xJ denotes the sum oi "he Indices for each treatment,

or the treatment total; the treatment mean and r the number

of replications.

By definition we have: S(xt)/r = xt , whence S (xt)/r =
m rxt ' and, therefore,
SS2(xt)/ r m r8(*t/)

For S(x1) one naturally can write S3(xt) and S(xt) may be

substituted >y , so that we obtain

S9(xt) = rS(xt) 7
Substitution of (6) and (7) into (4) yields then
892(xt)/ r - xAS(x7) = »«(xt/ ) - rTAS(x*) (8)

The expression to the right Is of a similar type as (1),

so that,lobvlously,



Likewise the enm of equared deviations iron the mean for

replications (blocks) as given by Saunders as
SS '(xr)/ t - XjSCx™) 9)

may be written as

t6(Sr - x1)? (10)

Here t denotes the number of treatments; S(xr) the sum of
the indices for each set of treatments in a replication blook,
or the block total, and xr the moan of a set of treatments In
a replication block.

The procedure of evaluating the sum of squared deviations
from the mean due to the uncontrolled influences (error) has
now become very Pinole in that we substraot from the computed
value of 9(x« - 3.)*, (2), the values for the sums of squared
deviations due to the controlled factors (treatments, (S), and
replications, (10)) and obtain the required component as the
residue.

The variances are found by dividing the sums of squares by
the respective corresponding degrees of freedom (d.f.) where-
after the variance ratio (F) between treatment and error is
used as n criterion of significance (tables of F in Fisher &
Yates, 1943). P is the probability of a null hypothesis postu-

lating no significant difference between treatments.

CURVE FITTING by means ol Slchel'p method of '"frequency moments'.

Our basic equation was the ogive

ne-OXW

When taking Intervals of unit distance, the tth frequency

moment is given by the equation (see Slchel, 1947):






In which the are the observed frequencies; the weights
attached to the oboervations; and k = the number of absolBeal
intervale.

A9 in our particular cnee k was (theoretically) infinite *)

(page 59) and » 0.5 (page 49), we have, by virtue of (11)

and (ip):
-b*bdY - 13
J1 (13)
nl ok/b
and
=n2 fe-?°Ax = EH i.Vb+.U (14)
2 J. (20)1/b

As a remult of the unequal intervale taken at the beginning
of the curve, the evaluation of weights offered certain diffi-
culties which were very elegantly solved by Mr Sichel in the
following way.

If the point 15 on the abscissa of the graph (fig. 12,
oonoslte) is taken am 0, the values x * 0, 5, 15, 25 and
become -3, -2, 0, +2 and +4 respectively. The ordinates are now
indicated as y ?, y 2, y0, Pg and y* and a 3Mdegree parabola
of the formula

y =px3 + <ix2 + rx + s (15)
can be fitted through the points x *, y *; x g, y gj XQ, Yo*

Xo, y2 and X4, y* of the Ogive. The area under the curve

between x = -3 and x = -2 can then be found by integration, vix.
-2 ]

I (pr? +9x + rx + s)dx =- '"“p + *-4 - |jr + (16)
-3

Next p, q, r and s are to be expressed in terms of the
ordinates, for which we obtain from (15) the following equations;

- 27ps. 9q - 3r + S

-3
- gpt 4q - 2r +s
gp + 4q + 2r + m
yEp
*0
) Mota bone: the symbol k used here has naturally no

relation to the pnt'emeter of same notation in equations
(13), (15) and (16) on .age 58.



Solving these equations for the oonsta.ntn p, q, r and e

1A- =f4f-3 -r/o

qe ly-? -

yield:

P2 E ALY £ 1A3 4 A0

"

Substituting the above values into (Ib) we find

1
Area A(~ -3 + bly_2 - by0 + y+p)

On application of Weddle's rule for approximate Integration

the area under the ogive is equal to

0.3(iy5 + Sy15 + 3y2? + o0yZ3 + iy49 + Sy55 + iy6S5) ~
+ 0.3dy65 + 5y75 + ]ygs + by")

The area from x = 0 to x = 85 then becomes

0'3yq + I'*is + 0.3y29 + 1,8y35 + °'3y*+ 1-5yR? + o.by”* +

AT E F VRS T 1S F g YR F RS o2 R 192

- 55@00ro * ~ s * 1410riS + * Ussy,, ¢ ?2ssy”

1UUOy,,,. + 97by** + 1440y~* + EfISy~c )

The weights will thus be the respective coefficients of

the different termo.
In steps the procedure of evaluating the expected fre-

quencies ensues now;
determi Ji Sl)( f nd T 3 f 2\
A - T W
etermine Ji - 9 we, (fy,) = > § % UG Y
?) solve equations (1'"*) and (14) whence we obtain the follow-

ing formulae for the parameters
b = - JSKL.
iogjg”
nJ-01 (a7)



and
lop;o = b(logw JI + logr (Vb t 1)) (15)

3) Fubetltute the ooraputed valued for b and 0 together with
the respective practical valuer, of the variable x Into

(11) to find the

) taking differences yields the oaloulated f*,
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