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"At the present time, there is insufficient food production to provide adequate 
nourishment for the people of the world, and the population is rising rapidly" 
Harrison Brown (1954) . 

I. INTRODUCTION 

Plants are vulnerable to attack in two general areas: the leaves and 
stems above the ground, and the stems and roots below the ground. It is 
easy to see blight or leaf spots on the aerial portions of plants; it is 
considerably more difficult to detect root rot or the onset of vascular 
attack in the equally important underground tissues. It has been said that 
plant pathogens are a shifty lot; if so, the pathogens of roots and basal 
stems are the shiftiest of the lot. 

Wherever there is soil, there is soil-borne disease. Whether plants 
grow in the soils of arctic tundras, the black chernozems of the plains, 
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the podzols of northern forests, or the latosols of the tropics makes 
little difference; soil-borne pathogens exact their unceasing toll. The 
losses to man can be counted in millions of tons of food, clothing, and 
building materials. 

No one knows the true extent of this waste. It has been estimated 
that over a third of the losses from plant diseases in the United States 
is due to soil-borne disease, undoubtedly caused by the more spectacular 
pathogens (Clark et al., 1957). How much damage is induced by low-
grade and, doubtlessly, universal root pathogens is open to speculation. 

At present we do not do a very good job of controlling soil-borne 
plant diseases. Resistant crop varieties have given relief, especially in 
the fight against vascular diseases. Crop rotation has proved beneficial 
primarily in the control of the more specialized pathogens, but is un
popular with agriculturists for economic reasons. Improved cultural 
practices, the use of proper cover crops, and soil amendments have 
helped. Soil treatments with heat and chemicals have been useful. 
Cooking the soil to destroy the plant killers is very effective. This 
ancient method is excellent in greenhouse carnation culture, but is 
quite impractical for field-grown beans and tomatoes. Seed treatments to 
date have been the sole and generally effective chemical method of 
control. Unfortunately, seed treatments work well against only the 
earliest phases of seedling attack by pathogens such as Pythium and 
Rhizoctonia. 

It boils down to this: we are at least holding our own. This is not 
good enough. We cannot substantially increase the 350-odd million acres 
of crop land in the United States. Realtors are chopping away at the 
best of this land to provide housing for the ever-increasing population. 
There are more people to feed from the production of less land. There is 
only one answer: more food must be produced on less land. 

It is the purpose of this chapter to discuss the treatment of soil for 
the control of soil pathogens. Heat treatment which has played an im
portant role in the past will be considered but briefly; major emphasis 
will be placed on the newer phases of chemical control. This will not 
include the use of chemicals as seed treatments or soil amendments, 
since these uses are not considered pertinent to the present subject. Soil 
treatment with chemicals is the newest tactic in the never-ending battle 
against soil pathogens. The approach is crude today. Tomorrow this will 
not be so. 

II. BASIC CONCEPTS 

The present method in the chemical control of soil pathogens is to 
introduce fungicides and nematocides into soil for the purpose of killing 
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or preventing the growth of these organisms. There are two ways of 
doing this. The first is by seed treatment, in which a small amount of 
chemical on the seed is introduced into soil to protect the seed and 
seedling against pathogens in the immediate vicinity. The second is to 
increase the zone of protection by introducing larger quantities of the 
chemical into soil either before planting or at the time of planting. 

The practical and beneficial effects of seed treatment are well-known. 
The introduction of larger amounts of chemical into soil ("soil treat
ment") to control pests and pathogens, although not a new idea, is not 
as well-known or understood. It began with Thenard in 1869, almost 80 
years ago, when he recommended soil injections of carbon disulfide for 
the control of the grape parasite Phylloxera (Fleming and Baker, 1935). 
This was followed by Thaxter's soil treatments with sulfur in 1891 and 
Selby's use of formaldehyde in 1900 to control onion smut. The initial 
modern impetus in soil treatment came from Godfrey's field trials with 
chloropicrin in 1935 and Carter's discovery of dichloropropene-dichloro-
propane mixture in 1943. 

Fungicides and nematocides, following their introduction into soil, 
most frequently bring about beneficial crop responses. This has been 
especially true where pathogenic nematodes are present in soils (God
frey, 1935). Pathogenic soil fungi have been controlled directly (Young, 
1940) or indirectly by activating an antagonist of the pathogen (Bliss, 
1948). There have been instances of plant stimulation in the absence of 
known pathogens (Kreutzer and Montagne, 1950; Koch, 1955). These 
examples adequately indicate that there is much to learn about the 
etiology of soil-borne diseases. 

There have also been unfavorable results from soil treatment. Cases 
have been observed where a major pathogen is controlled, but the treat
ment has brought about the development, to a damaging degree, of a 
pathogen that previously was considered to be of minor importance 
(Haasis, 1952; Wilhelm, 1957). Sometimes the application of a biocide 
to the soil aggravates a disease condition (Gibson, 1956).Obviously soil 
treatment affects organisms other than those which we wish to control. 
A biocide may kill indiscriminately both the detrimental and favorable 
organisms of the soil population. Some soil organisms are susceptible to 
chemical poisoning; others are resistant. Some die; some live. The soil 
population changes, and these changes are reflected in the developing 
crop plant. 

We need more fundamental knowledge to enable us to predict 
crop response to chemical treatment. Some of this information already 
exists, scattered throughout the literature. Collation and integration 
are needed. There are small gaps requiring extrapolation. There are 
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wide crevasses justifying guesses. This brings us to the fundamental 
phase of our subject. 

A. The Soil Biophase and Disease 

The environment affects all things that live in the soil. Every or
ganism is acted upon directly or indirectly by single environmental 
factors or by combinations of them. Any organism or combination of 
organisms influences directly or indirectly all or any of the parts of the 
environment. Each living entity reflects the impact of every other living 
form or combination of forms. 

FIG. 1. Fundamental interrelationships between the crop plant and its en
vironment. 

There is, then, a complex interrelationship between ( 1 ) the physico-
chemical nature of the soil; ( 2 ) the basic environmental factors of 
light, temperature, and moisture; ( 3 ) the microorganisms living in the 
soil; and (4 ) the crop plant growing in the soil. These relationships are 
shown in Fig. 1. 

An endless series of changes and complex interactions begin when a 
plant grows in soil. As the roots penetrate into the soil, excess water is 
lost through the transpiring leaves. Soil aeration increases. Fungi, 
streptomycetes, and aerobic bacteria multiply; anaerobic bacteria wane. 
The permeability of the soil increases, the pH shifts, and the chemistry 
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of the soil changes. The quality and quantity of the soil population is 
altered. Root secretions determine the character of the rhizosphere. 
Minor elements are fixed or made available, and levels of nitrate and 
phosphate fluctuate. The plant responds, producing leaves which reduce 
light on the surface of the soil, and the surface soil temperature falls. 
The microclimate is created. The character of the soil surface population 
changes. The end result is a better or poorer plant to harvest. 

This is the framework within which soil-borne disease develops and 
soil treatment exerts its effect. 

1. The Microbiological Balance 

In 1932 Weindling noted that Trichoderma viride prevented the 
development of Rhizoctonia sofani in soil. Introduce Trichoderma into 
steamed or acidified soil containing Rhizoctonia, and the pathogen is 
controlled. Introduce Trichoderma into nonsteamed neutral soil, and 
Rhizoctonia flourishes (Weindling and Fawcett, 1936). The soil has its 
own system of checks and balances. If green rye manure is plowed into 
field soil, Streptomyces scabies can be controlled (Millard and Taylor, 
1927). If the soil organisms are given something new to work on, they 
may take care of the problem in their own way. 

In any agricultural soil for any given set of conditions in time and 
space an equilibrium tends to exist between the members of the biotic 
community (biophase). This equilibrium state is constantly altered by 
changes in the soil environment (Waksman, 1952; Martin and Aldrich, 
1954; Martin et al, 1957.) These changes are usually the results of cul
tural practices and the normal growth and death of crop plants. 

Sometimes cataclysmic changes occur in the soil. Heavy prolonged 
flooding or soil treatments with biocides or steam are examples of treat
ments that cause such changes. Under these conditions, new and some
times radically different equilibria succeed one another. 

A microbiological balance can be favorable or unfavorable to the 
crop plant (Zagallo and Katznelson, 1957). This balance may supply the 
proper nutrients or make them unavailable. It may sustain plant patho
gens or depress and inhibit them. It can prevent an increase in the 
quantity of indigenous organisms or the establishment of exotic or
ganisms (Weindling and Fawcett, 1936; Park, 1955). This brings us to 
a consideration of the concept of plant sustainers and plant inhibitors. 

2. Plant Sustainers and Inhibitors 

The soil biophase is a vast microcosm: an endless array of genera, 
species, varieties, and races of microorganisms. These organisms live in 
a dark jungle in which all kinds of gaseous, liquid, and solid inorganic 
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and organic chemicals intermingle and interact. Each and every one of 
these living entities have an important direct or indirect end effect on 
the developing crop plant. This is the biotic community which we treat 
with a nematocide or a fungicide. 

There are two zones of importance in the soil biophase: the more 
critical rhizosphere (near the root) and the less critical "outside" zone. 
The organisms of the rhizosphere, principally bacteria and mycorrhizal 
fungi, differ in numbers and kinds from those of the outside zone 
(Katznelson and Richardson, 1943). 

The activities of many soil organisms are well-known. The nutrient 
producers Azotobacter, Nitrosomonas, and Rhizobium fix nitrogen in a 
form available for use by plants; other bacteria increase the availability 
of sulfur, phosphorus, molybdenum, and iron (Waksman, 1952). 

Then, there are the important soil-forming organisms: the great hosts 
of bacteria and fungi that decompose carbohydrates, proteins, and fats. 
There are the cellulose and lignin-splitting fungi and bacteria, and those 
organisms which degrade hemicelluloses, pentosans, and lignocelluloses 
(Waksman, 1952; Bracken, 1955). The soil aggregators, the producers 
of mucin and polyuronides, are also present (Cornfield, 1955). 

We must not forget the plant pathogens: the parasites, the toxin 
formers, and the nutrient competitors. Pathogens of seedlings are here, 
such as Rhizoctonia and Pythium; the stem rotters, Phytophthora and 
Fusarium; the root invaders, Meloidogyne and Verticillium. There is the 
plant poisoner, Periconia, and the tobacco distorter, Bacillus cereus 
(Steinberg, 1956). There are also those microorganisms that war against 
plants by attrition. These are the competitors for plant nutrients, such as 
the denitrifying Thiobacillus (Waksman, 1952) and the phosphorus, 
molybdenum, zinc, manganese, iron, and copper-locking organisms 
(Thornton, 1956). 

So much for the direct effects, either beneficial or detrimental to 
the crop plant. There are those organisms which exert their effects on the 
plant in indirect fashion. Here we find the great group of antagonists and 
parasites of phytopathogens: fungi such as species of Trichoderma, 
Cephalothecium, and hosts of others; the fungal parasites of nematodes, 
Arthrobotrys, and Dactylella (Duddington, 1957). Antagonists of nu
trient formers and antagonists of antagonists are here. Streptomyces 
lavendulae inhibits the nitrogen-fixing Azotobacter, and Bacillus subtilis 
poisons Cephalothecium, which in turn antagonizes the plant parasite 
Helminthosporium (Waksman, 1947). 

Finally, there are even such organisms as Aerobacter, the thiamine 
former, which stimulate and sustain other organisms, and thus in an 
indirect fashion benefit or inhibit the crop plant (Morton and Stroube, 
1955). 
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A soil organism then, at a given moment in space and time either acts 
directly or indirectly to inhibit a crop plant or to sustain it. In other 
words, it is either good or bad for the crop plant. It is never neutral. 
We can consider any inhabitant of the soil, therefore, to be either a 
plant sustainer or a plant inhibitor. This concept is shown in Fig. 2. This 
is a simplification, since complex chain reactions and interrelationships 
are not indicated. 
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FIG. 2. The concept of plant sustainers and plant inhibitors. 

Unfavorable and favorable microbiological balances are determined 
by the dominance of either the inhibitors or sustainers present primarily 
in the rhizosphere. 

Finally, the role of any one organism is not necessarily fixed. Border
line types can shift their nature with a change of soil or crop conditions, 
becoming inhibitors instead of sustainers or sustainers instead of in
hibitors. Plow straw into soil, and Chaetomium may build up. Under 
certain conditions Chaetomium is a good antagonist of phytopathogens. 
Too much Chaetomium may shift its dominant role from sustainer to 
inhibitor, since it can create a nitrogen deficiency by directly competing 
with the crop plant for this element. 

We are beginning to see why soil treatment with nematocides or 
fungicides can give unexpected responses. We need to know more about 
sustainers and inhibitors and the effects of soil biocides on the micro
biological balance. Our goal in soil treatment is not only the direct 
control of plant pathogens, but also the changing of the microbiological 
equilibrium from the plant inhibitor to the plant sustainer side. 

3. The Norm and Disease 

When plants that are considered normal for a given population show 
an unexpected growth response as a result of soil treatment with a 
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chemical, we find ourselves in a dilemma. Either the chemical is killing 
or inhibiting soil pathogens or it is acting chemically to stimulate the 
plant in some unknown fashion. It is difficult to consider the plants of the 
"normal* untreated population as diseased, since our concept of a 
disease dictates that it should be a significant decline from the norm. 
To avoid the disrupting implications of our finding, we speak of "stimula
tion" or "increased growth response." 

This situation is not new. Oberlin in 1894, using carbon disulfide 
soil treatments to control Phylloxera in grape vineyards, noted un
expected plant responses in fumigated soils (Loew, 1909). Oberlin, 
according to Loew, "recommended carbon bisulphid . . . in cases where 
the soil ceased to produce in spite of rich manuring and the absence of 
parasites." Loew also noted increased growth of plants in CS2-treated 
plots over that of control manured plots in the "absence of parasites." 

In the years following Loew's observation many new fungus parasites 
of stems and roots were described. The field work of Godfrey (1935) , 
Young (1940) , and Carter (1943) showed that favorable responses to 
soil treatment with such materials as carbon disulfide, chloropicrin, and 
dichloropropene-dichloropropane mixture were due largely to control of 
pathogenic soil nematodes and fungi. 

Increased plant vigor in the apparent absence of pathogens has been 
noted in the control of "replant diseases" by soil fumigation (Martin 
et al, 1953; Koch, 1955). From such results as these, Garrett (1956) 
concluded that "the normal crop is one that suffers an appreciable and 
regular degree of root damage by parasites." 

We can conclude that "increased growth response" means control of 
unknown plant inhibitors in the rhizosphere. They may be ectoparasitic 
or endoparasitic forms, weakly pathogenic facultative saprophytes 
(Wensley, 1956), obscure obligate parasites, plant toxin formers, or 
nutrient competitors. They may even be supposedly benign endotrophic 
mycorrhizal fungi (Reed and Fremont, 1935). Knock the fleas off a dog, 
and its appetite will improve. 

It is probable that crop losses from such low-grade plant inhibitors 
may be many times greater than those recorded for the more spectacular 
plant pathogens. Soil treatment may eventually change our concept of 
plant health and disease. Perhaps some day we will know just what a 
really healthy plant looks like. 

4. Soil Zones of Attack 

All soil-borne disease is either the result of root or basal stem attack. 
If we wish to control a soil pathogen by chemical treatment, it is ob
vious that the chemical should be placed in the critical zone where 
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attack will occur. The position of this zone in the soil is determined by 
the presence of susceptible tissue as well as the pathogen (Garrett, 
1956). This is elementary. However, elementary points are frequently 
overlooked. 

The majority of plant pathogens, both as to numbers and kinds, are 
found in the upper 6 inches of the "A" horizon of the soil. This is the 
"surface soil." Although there is considerable variation in soils, the "A" 
horizon usually constitutes the upper 12-24 inches. Most of the organic 
material is usually in the upper 6 inches of this zone. The "A" horizon 
is the region of maximum salt leaching and most intense microbiological 
activity. The roots of most annuals and row crops are found in this 
horizon. Roots of biennials and perennials may extend into the "B" 
horizon or "sub-soil." This is the nonorganic soil zone, where maximum 
salt accumulation occurs. It lies below the "A" horizon and may extend 
to a depth of several feet. Only roots of woody perennials extend into the 
still deeper "C" horizon of weathered soil parental material ("non-soil") 
perhaps at depths of 4 ft. and greater. 

At least 60% of soil-borne diseases are initiated in the upper 3 in. of 
the "A" horizon. The dominant diseases are seed and seedling rots 
caused principally by Pythium debaryanum, Pythium ultimum, and 
Rhizoctonia sofoni. Basal stem rots caused by species of Pythium, 
Phytophthora, Fusarium, Sclerotinia, Helminthosporium, and Sclerotium 
will also occur. Shallow root rots caused by such fungi as Aphanomyces 
occasionally are found. 

Below the 3-inch level in the "A" horizon the stem pathogens give 
way to root pathogens. Within the 3-12 in. depth we can add another 30% 
of disease. Here we can find the root rotters Phytophthora cinnamomi 
and Fusarium solani, and the vascular invaders Fusarium oxysporum 
and Verticillium albo-atrum. Here also are the gall-forming and root-
lesion nematodes Meloidogyne and Pratylenchus. 

Below the 12-inch depth and extending on down into the "B" 
horizon are the strict root pathogens. Embedded in decaying root tissues 
at these levels lies the desert root rotter Phymatotrichum omnivorum. 
Here also are Fomes, Verticillium, Meloidogyne, Tylenchulus, Praty
lenchus, and the oak root fungus Armillaria. This constitutes the remain
ing 10% of soil-borne pathogens. Of course, zonal distribution of diseases 
and organisms is not this definitive. Zones and organisms usually overlap. 

Garrett (1956) has rendered a great service in clearly defining the 
nature and role of soil- and root-invading fungi. The soil inhabitants, 
being able to survive indefinitely as saprophytes, are found primarily 
in the 0-6 inch soil zone. The root inhabitants, or those organisms unable 
to live saprophytically and perforce remaining in a dormant condition 
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in decayed roots, are found principally below the 6-inch zone. This 
presents an interesting problem. The soil inhabitants, being shallower, 
are easier to reach with a biocidal treatment. They are harder to control, 
however, by virtue of their recolonizing ability. The root inhabitants, on 
the other hand, are more difficult to reach with a biocide, but are easier 
to control because of their relatively fixed position in the soil. 

To summarize, then, in order to control soil-borne disease with a 
biocide, we must know the general soil zone where the pathogen we wish 
to control will make contact with the tissue of the host. This will help us 
to decide what chemical to use and also the method of application. 

B. Biocide-Soil Interactions 

When a chemical is added to the soil, there are two types of inter
actions which may occur: ( 1 ) the soil acts on the biocide to influence 
the physical, chemical, and biological properties of the introduced 
material; and ( 2 ) the biocide acts on and affects the components of the 
soil. 

The types of soil-biocide interactions that are encountered depend 
both upon the properties of the chemical and the soil. 

1. Effects of the Soil on the Biocide 

A biocide introduced into the soil is acted upon by the components of 
the soil which results in sorption, reaction with chemicals of the soil, 
and biological degradation. The degree of dispersion of the biocide in 
the soil is also affected, and in turn affects interactions. In these inter
actions the properties of the biocide and the soil are of equal importance. 
The interrelationships of these effects are shown in Fig. 3. 

As shown in Fig. 3, the interactions of sorption, chemical reaction, 
biological degradation, and dispersion are interrelated and interdepend
ent. Let us consider each of these effects in more detail. 

a. Sorption. When a gaseous toxicant which is introduced into soil 
is retained or held by the soil, we consider that the chemical has been 
sorbed. Actually, this retention may be due to solution of the chemical 
in water or organic solvents in the soil, reaction with soil chemicals, or 
surface-binding attractions. The mechanisms which hold a chemical in 
the soil are both physical and chemical in nature. Other than solution 
effects, these binding forces can be reduced to a matter of bonding. 
A chemical can be held by the components of soil by covalent bonding, 
ionic bonding, hydrogen bonding, or van der Waal's forces. Sorption in 
soil broadly may be considered to be the result of any one or combina
tions of these forces. If covalent bonding occurs between atoms, electrons 
are shared and there is a true chemical reaction. In ionic bonding salt 
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linkages are formed. Since soil clay micelles are negatively charged, 
cationic groups are sorbed and held by Coulombic forces. Even anions 
under certain conditions are sorbed. Pure physical sorption or adsorption 
is due to van der Waal's forces (Toth, 1955). The types of bonding 
reactions which occur will depend upon the physicochemical nature of 
both the soil and the introduced biocide. 

Let us consider the influence of the components of the soil on 
sorption. The principal sorbing agent in the soil is the colloidal alumino-
clay micelle, which has a clay mineral core consisting of sheets of silica 

[PROPERTIES OF THE BIOCIDE 
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VAPOR P R E S S U R E. 

PROPERTIES OF T HE SOIL 
C H E M I C AL AND 
PHYSICAL C O N S T I T U
T I O N. COMPOSITION 
OF T HE BIOPHASE 

τ 
INTERACTION PHENOMENA 

SORPTION AND 

CHEMICAL REACTION 

BIOLOGICAL 

DEGRADATION 

Ή 
DISPERSION 

EFFICIENCY OF BIOCIDE 

FIG. 3. Interactions in the effects of the components of soil on the biocide. 

and alumina giving it its fundamental properties. Although the mont-
morillonite, kaolinite, or illite core forms the principal mass of the clay 
particle, it may also contain organo-silicate gel complexes (Grim, 1953). 

The sorption of chemicals to soil micelles is influenced first by the 
nature of the mineral forming the core of the clay particle (Jurinak, 
1957). Nonpolar chemicals such as ethylene dibromide are less readily 
sorbed on montmorillonite, than on kaolinite or illite (Jurinak and Vol-
man, 1957). Montmorillonite, because of its structure, seems to offer less 
sorbing surface to nonpolar chemicals than kaolinite or illite do. Water, 
bound into the porous montmorillonite lattice, seems to block mechani
cally the sorption of nonpolar chemicals such as ethylene dibromide 
(Call, 1957a). 

Soil particle size is important in the sorption of chemicals. The 
smaller the particle, the more surface exposed, and hence the greater 
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the degree of sorption. The sorption of the soil fungicide chloropicrin 
increases with decrease of particle size (Stark, 1948). The more clay 
in a soil, the greater the degree of sorption. 

Although cations are predominately sorbed into the outer shell of 
clay micelles, anions can be sorbed under certain conditions. The degree 
of anion sorption is influenced by the S i 0 2 / R 2 0 3 ratio or the ratio be
tween Si and Al and/or Fe (Toth, 1955). The lower this ratio, the 
greater the degree of anion sorption. Soils containing halloysite, illite, 
or kaolinite clays should then sorb anionic materials more readily than 
those containing montmorillonite clays, since montmorillonite is highest 
in Si0 2 . Montmorillonite seems to sorb less nonionic and nonpolar 
chemicals than other clays. 

One of the difficulties in interpreting much of the sorption research 
with clays and introduced organic chemicals is that in most cases the 
clays used are quite dry. Clays in normal soil are not dry, and we know 
that the presence of water shells greatly affects sorption. The research 
is of value, however, in that it does tell us something basic about the 
influence of the dominant clays on the sorption of organic chemicals. 

Sorption is affected by the degree of hydration or water content of 
clay micelles. Highly polar chemicals such as allyl alcohol or formalde
hyde are more readily sorbed with increased micelle hydration and less 
sorbed as micelle hydration decreases. On the other hand, water in
soluble and nonpolar chemicals such as methyl bromide, carbon disulfide, 
and ethylene dibromide are less readily sorbed as micelle hydration in
creases (Chisholm and Koblitsky, 1943; Hannesson, 1945; Hanson and 
Nex, 1953). Ethylene dibromide actually can be desorbed from soil by 
water vapor (Call, 1957a). This is also true for dibromochloropropane. 

In our studies with the nonpolar volatile fungicide chlorobromo-
propene we found that it was sorbed far more tightly by an air-dried 
soil, than by soils of moderate or high moisture content. Soil moisture 
levels appeared to be more important in determining the degree of 
sorption of this chemical than in varying the clay content of the soil. 

One final point should be made on the effect of soil on sorption of 
introduced biocides. Increased organic matter as a rule increases sorp
tion. This appears to be true for dichloropropene-dichloropropane mix
ture (Allen and Raski, 1950), methyl bromide (Munnecke and Ferguson, 
1953), and ethylene dibromide (Siegel et al, 1951). According to Stark 
(1948) , however, this was not true for chloropicrin. 

Increased organic material increases the possibility of both covalent 
bonding and solution in solvents of an organic nature; therefore, we 
would not expect all biocides to respond alike. Sorption of ethylene 
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dibromide and dichloropropene-dichloropropane mixture is increased 
more by the presence of organic matter in soil than by clay (Siegel et al., 
1951). The term "chemisorption" has been used occasionally to describe 
the type of sorption involved in such cases. This word is confusing even 
to the chemists. It therefore should be expunged from usage and buried 
under 6 ft. of clay loam. 

We are now ready to consider the influence of the biocide on sorp
tion. A chemical capable of forming covalent bonds with a wide variety 
of materials will be bound readily by soil. This is due to the complexing 
of the chemical with organo-gels and reaction with free chemicals in 
solution in the soil. Fuhr et al. (1948) noted that H 2S, HCN, S 0 2 , and 
COCl 2 were strongly sorbed by soils, whereas CH 3 Br, CO, and CS 2 were 
not. In general, chemicals which readily form covalent bonds with a 
variety of organic materials are not useful as soil biocides. 

Materials that readily ionize or tend to form ionic bonds are usually 
strongly sorbed by soils. This is especially true of cationic materials. 
For example, NH 3 , which is a fairly good volatile fungicide, will not 
serve double duty in the soil as a biocide and as a fertilizer. Ammonia is 
bound into the outer shell of clay micelles because of its positive charge. 
Cationic detergents are adsorbed in soil more readily than anionic or 
nonionic detergents (Ivarson and Pramer, 1956). It follows that emulsi
fied aqueous drenches of biocides to be used on soil should contain 
nonionic or, at most, anionic detergents. 

An interesting sidelight on the problem of ionically bound materials 
is the effect of soil pH on amphoteric substances. Amphoteric materials, 
such as proteins, are affected by soil pH and can be bound as cations— 
especially by montmorillonite (Toth, 1955; Ensminger and Gieseking, 
1942). Large complex cations in the molecules of streptomycin, tyro-
thricin, subtilin, and streptothricin are sorbed by soils (Siminoff and 
Gottlieb, 1951). This is why most basic antibiotics will not work as soil 
fungicides. 

It has already been mentioned that polar and nonpolar compounds 
may vary considerably in their sorptive properties. A good general rule 
seems to be that sorption of polar chemicals increases with increase in 
soil moisture, while the reverse is true in the case of nonpolar materials. 

It is recognized that a certain degree of retention or sorption will 
always occur when biocides are introduced into soils. Under certain 
conditions sorption may be advantageous, as in the case where ethylene 
dibromide is sorbed to dry soil and is gradually released as soil moisture 
increases. In general, however, sorption of the biocide by components of 
the soil is undesirable. The greater the degree of sorption, the lower the 
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efficiency of the introduced nematocide or fungicide. It follows that 
materials which are highly sorbed by soils are unsuitable as soil biocides. 
A biocide sorbed by soil is not going anywhere. 

b. Chemical Reaction. Little is known regarding the fate of nemato-
cides and fungicides which have been introduced into soil. When bio
cides are sorbed to the organic-mineral fraction of the soil, they may 
undergo chemical reactions and/or be attacked by resistant micro
organisms which utilize the biocide or a degraded form of the biocide 
as a source of energy. We know something about the chemical reactivity 
of the biocides which are introduced into soil. There are, therefore, some 
predictable reactions. 

Nematocides and fungicides introduced into the soil represent a 
wide range of chemical structures. The types of chemicals used include 
halogenated aliphatic saturated and unsaturated hydrocarbons, alde
hydes, unsaturated alcohols, halogenated nitrobenzenes, halogenated 
quinones, heterocyclic materials, dithiocarbamates, and organo-metallic 
compounds. 

The halogenated aliphatic saturated hydrocarbons are represented by 
such chemicals as the general biocide methyl bromide (CH 3 Br) and the 
nematocides ethylene dibromide (CH 2 BrCH 2 Br) and l,2-dibromo-3-
chloropropane (CH 2 BrCHBrCH 2 Cl) . Methyl bromide, which is an 
extremely volatile biocide having a vapor pressure of 1420 mm. of Hg at 
20° C , will escape quickly from soil unless held by a seal. It is the most 
reactive of this group of relatively nonreactive chemicals. If sealed in 
the soil, some of the methyl bromide should react with the basic amines 
in organic material, acting as a methylating agent to produce methyl-
ammonium bromide derivatives. The dissociating hydrobromide should 
then be converted into inorganic bromides: 

(+) (-) 
CH 3Br + RNH 2 —> RNHCH 3 · Η Br (1) 

RNHCH 3 · HBr + Nâ COa -> NaBr + H 2 C0 3 + RNHCH 8 

This same type of reaction should occur between methyl bromide 
and organic material containing —SH groups, as follows: 

CH 3Br + RSH -» RSCH 3 + HBr (2) 

Direct hydrolysis of methyl bromide would be an unlikely reaction, 
but it could occur in this manner: 

CH 3Br + HOH -+ CH3OH + HBr (3) 

The HBr in all cases should react to form inorganic bromides. 
The nematocides ethylene dibromide and l,2-dibromo-3-chloropro-
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pane are considerably less reactive as well as less volatile than methyl 
bromide; however, their longer carbon chains should increase van der 
Waal's bonding forces (Albert, 1951). If sorbed or otherwise held in 
the soil, these chemicals could undergo reactions typical of equations 
( 1 ) , ( 2 ) , and ( 3 ) , and also may enter into a fourth reaction known as 
dehydrohalogenation (DeWolfe and Young, 1956). This can be illus
trated using ethylene dibromide: 

CH 2BrCH 2Br CH 2 =CHBr + HBr (4) 

The vinyl bromine atom remaining can then be removed by hy
drolysis, forming the corresponding alcohol. 

The olefinic halogenated hydrocarbons are represented by the ne
matocides 1,3-dichloropropene (CHCl=rCHCH 2 Cl) and l,4-dichloro-2-
butene (CH 2 C1CH=CHCH 2 C1) ; and the fungicides allyl bromide 
( C H 2 = C H C H 2 B r ) and l-chloro-3-bromopropene (CHCb=CHCH 2 Br) . 
Because of the double bond, these materials are far more reactive than 
corresponding saturated aliphatic halides (DeWolfe and Young, 1956). 
The halogen, activated by virtue of the double bond, insures reaction 
with organic constituents such as — SH groups. 

If these halogenated olefins are retained in the soil by slow volatiliza
tion and/or sorption, they should undergo reactions in the following 
preferred order: hydrolysis to form corresponding unsaturated alcohols 
(Hatch and Moore, 1944) and reactions with amine and thiol groups in 
organic matter similar to those in equations ( 1 ) and ( 2 ) (Dorier, 1933). 

At this point the historically important soil fumigant carbon disulfide 
is worthy of brief discussion. Dimond and Horsfall (1944) showed that 
the fungicidal action of carbon disulfide was enhanced by the addition 
of dimethylamine. There may be a very good explanation of this phe
nomenon. If held by the soil, carbon disulfide should react with organic 
amines as follows: 

CS 2 + 2RNH 2 -> RNHC(S)SH · H 2NR (5) 

The dithiocarbamate resulting from this reaction might then decom
pose to form R N = C = S with its potential fungicidal isothiocyanate 
grouping. In other reactions involving carbon disulfide, metallic sulfides 
of the RNC(S)SM type could be formed. 

Another important group of compounds are the well-known dithio-
carbamates. These materials are principally fungicides, the most effective 
being tetramethyl thiuramdisulfide 

(CH,)tNCSSCN(CH,), 
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and sodium N-methyl dithiocarbamate, 

CH3NHCSNa 

These materials owe their activity to the formation of volatile and 
highly biocidal isothiocyanates (van der Kerk, 1956) : 

RNHCSH ^ H2S + R N = C = S (6) 

disodium ethylene bisdithiocarbamate 

Na—SCNHCH2CH2NHCS—Na 

A new fungicidal and nematocidal soil biocide, 3,5-dimethyltetra-
hydro-l,3,5,2H-thiadiazine-2-thione, which is essentially a cyclic dithio-
carbamate, breaks down in soil to form methyl isothiocyanate (Torgeson 
et al.y 1957) : 

• 2H 2 0 -> H2S + 2CH 2 0 + CH3NH2 + C H 3 N = C = S (7) 

It is also likely that the experimental nematocide 3-p-chlorophenyl-
5-methyl rhodanine changes by hydrolytic reaction in the soil to form an 
isothiocyanate. The expected reaction, according to van der Kerk (1956) , 
would be: 

υ==υ s 
I II 

CH 2 + H 2 0 ;=± RNSCSCH2COOH ^± R N = C = S + HSCH2COOH (8) 

It appears then that wherever the 

linkage is involved, a volatile chemical of the R N = C = S type is formed. 
From a biocidal standpoint, this is a potentiation effect even though it 
involves an actual degradation of the chemical in the soil. This is a 
very handy reaction indeed. 

One further point should be made before leaving the dithiocarbam-
ates. Nabam, or disodium ethylene bisdithiocarbamate, is unstable 
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(Horsfall, 1956). The heavy metal analogs of nabam, such as zineb or 
maneb, are better fungicides than the sodium salt. Being insoluble in 
water, however, the heavy metal salts are difficult to distribute in the 
soil. Barratt and Horsfall (1947) showed that in the presence of C 0 2 

the sodium in nabam will exchange for heavy bivalent metals. Such a 
reaction could occur in this fashion: 

The formation of such heavy metal salts might improve the per
formance of nabam in the soil. 

In summary, in the case of highly volatile materials chemical re
actions may occur only to a limited extent. This is because the chemical 
may be lost from the soil in a matter of hours. This is not true in the case 
of nonvolatile materials or compounds with low vapor pressure. These 
residual chemicals are subject to chemical reactions. 

Irrespective of the degree of chemical alteration in soil the biocides 
which are introduced into the soil will be attacked by various micro
organisms, which utilize what is left as a source of energy as the chemi
cal is slowly broken down to simple sulfides, halides, ammonia, carbon 
dioxide, and water. 

c. Biological Degradation. Soil chemical reactions and biological 
degradations probably occur simultaneously and act jointly to break 
down the organic biocide to form simple inorganic salts, water, and 
carbon dioxide. Almost any chemical remaining in the soil for any ex
tended period of time will be acted upon by microorganisms and 
utilized. 

In 1946 Zobell stated that "nearly a hundred species of bacteria, 
yeasts, and molds representing thirty genera have been described which 
attack one or more kinds of hydrocarbons." The passage of time since 
Zobell's paper was published has but served to increase both the num
bers and kinds of degrading microorganisms as well as the chemicals 
attacked. In summary, we can only agree with Thornton and Meikle-
john's (1957) statement that "there are few substances which are so 
insoluble, or so toxic that soil microorganisms cannot dispose of them." 

A biocide is never a permanent fixture in the soil. For that matter, 
nothing is. 

d. Diffusion. Dispersion in soil can mean the success or failure of a 
fungicide or a nematocide. If a chemical is not mechanically mixed into 

S s 

(9) 
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a soil, there are only two ways through which it can be distributed: (1 ) 
dispersion in water solution or (2 ) diffusion as a vapor. There are two 
primary factors which influence diffusion. These are: the chemical and 
physical nature of the diffusing materials and the nature of the medium 
in which the material diffuses. In our case, the diffusing material is the 
biocide, and the medium in which it diffuses is the soil. The biocide and 
the soil may interact, bringing about sorption and chemical reactions 
which affect the degree of diffusion. 

Let us consider first the influence of the chemical itself on its dis
persion through the soil. The three basic properties of a soil biocide 
involved are: vapor pressure, water solubility, and bonding properties 
or general reactivity. 

First, there are those biocides, which in order to be effective must 
penetrate soil as water solutions. These would include volatile but highly 
water soluble chemicals such as allyl alcohol and formaldehyde as well 
as the nonvolatile sodium ethylene bisdithiocarbamate and sodium N-
methyl dithiocarbamate. 

Nonvolatile and water insoluble fungicides such as maneb, zineb, 
and captan must be mechanically mixed with soil for effective results 
(Kendrick and Zentmyer, 1957). 

Most of the information on diffusion comes from the work on bio
cides, or soil fumigants, which move in the soil in vapor phase. The 
potential diffusibility of a volatile biocide in soil is enhanced by high 
vapor pressure, low bonding properties, and low water solubility. The 
degree of diffusion of a chemical through soil as a gas is reduced with 
decrease in vapor pressure, increase in bonding properties, and increase 
in water solubility. This is a good general rule to remember. 

Increased quantities of chemical introduced into soil increase the 
degree of gaseous diffusion. This has been observed for carbon disulfide 
(Bliss, 1948) and for dichloropropene-dichloropropane mixture (Baines 
et al, 1956). 

The second over-all important factor in the diffusion of a biocidal 
fumigant is the nature of the medium in which the diffusion occurs— 
the soil. The important soil factors are porosity, type and composition, 
structure, compaction, moisture content, and temperature. 

As we might expect, the degree of porosity is the most important soil 
factor in diffusion (Call, 1957b; Hanson and Nex, 1953). In general, the 
more porous the soil, the greater the degree of gaseous diffusion. Factors 
such as soil type, soil moisture content, and soil compaction influence 
the degree of soil porosity. Soil type directly affects porosity. Carbon 
disulfide (Hannesson, 1945), dichloropropene-dichloropropane mixture 
(Baines et al, 1956), and chloropicrin (Stark, 1948) all diffuse best in 



11. S O I L T R E A T M E N T 449 

sandy soils, and least in clay soils. This may not be entirely a matter of 
porosity; it will be recognized that sorption may also be involved. 

The texture and structure of a soil may influence the movement of 
a gaseous material in the soil. The lighter the texture, the better the 
gaseous flow of a soil fumigant (Hannesson, 1945). 

Soil compaction also affects soil porosity. The greater the compaction, 
the less permeable the soil to the movement of volatile chemicals (Hagan, 
1941). A combination of rain and the use of heavy farm machinery 
brings about maximum compaction of the soil. Judging from some of the 
agricultural practices in the western United States, one is inclined to 
believe that an effort is being made to attain this goal. 

The plow sole is a compacted layer commonly encountered 8-12 in. 
below the surface of the soil. It is formed by mechanical compaction 
and the deposition of mineral salts. This hardened layer is impermeable 
to carbon disulfide, ethylene dibromide, dichloropropene-dichloropropane 
mixture, and chlorobromopropene (Hagan, 1941; Throne, 1951; Jensen 
etal, 1954). 

Increased water content of soils decreases their porosity. This in turn 
interferes with the movement of nonpolar chemicals by mechanical 
blockage. This is an old observation. Sabate, one of the pioneers in the 
use of carbon disulfide, is quoted by French (1893) as stating "never 
inject a solution into damp soil, because the diffusion of the poisonous 
gases has no effect beyond the sides of the hole made by the injector." 
High soil moisture impedes the diffusion of carbon disulfide (Thomas 
and Lawyer, 1939), dichloropropene and ethylene dibromide (Siegel 
et al., 1951; Call, 1957b), dichloropropene-dichloropropane mixture 
(Schmidt, 1947), and chloropicrin (Stark, 1948). 

Even moderate soil moisture interferes with the movement of polar 
chemicals. In our studies we learned that even soil moistures of 50% 
of the moisture equivalent reduce the diffusion of allyl alcohol and other 
volatile polar materials in the soil. Contrariwise, the movement of non-
polar materials shows no interference until the soil moisture content 
equals or exceeds the soil moisture equivalent. 

Soil temperature also affects the diffusion of volatile soil biocides. 
With an increase in soil temperature the diffusion of ethylene dibromide, 
chloropicrin, and dichloropropene is accelerated (Hanson and Nex, 
1953; McClellan et al., 1949). This would be an expected response in ac
cordance with the gas laws. 

A discussion of diffusion would not be complete without some con
sideration of diffusion patterns of soil fumigants. When a volatile chemi
cal is applied in the soil at a single point, it diffuses as a gas outward 
from this point forming a pattern of definite size and shape. The size 
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and shape of the pattern is usually determined by the limits of biocidal 
effectiveness. The radius of the pattern has been called the "k value" 
(Taylor, 1939). 

We know something about the general diffusibility of fumigants in 
soil and the shape which diffusion patterns assume. If a volatile chemical 
is injected in the soil at a standard depth of 6-7 in. the pattern which 
forms at first is elongated or prolate in shape. Gradually the chemical 
extends laterally, and as the pattern becomes larger, it tends to appear 
flattened or becomes oblate. Siegel et al. (1951) observed this sequence 
with ethylene dibromide and 1,3-dichloropropene. We have observed this 
effect also in using chloropicrin and other materials. 

Diffusion pattern data—unless related to all of the factors which 
influence diffusion—are difficult to interpret. Comparisons cannot be 
made between chemicals unless tests are conducted under identical 
conditions. Recently we compared the diffusion patterns of allyl alcohol 
and chloropicrin, following injections in a sandy loam soil in optimum 
planting condition. Allyl alcohol at a dosage of 1.0 ml. gave a spherical 
pattern with a maximum radius of only 2 inches. Chloropicrin, using 0.5 
ml. of material, gave an oblate pattern with a maximum radius of 10 
inches. 

The type of pattern formed is influenced also by the presence or 
absence of a soil "seal." As a general rule, if a fumigant is not sealed 
into the soil by use of surface watering or a surface cover, a lethal con
centration of fumigant fails to build up in the top 2-inch zone. This 
has been noted following the use of carbon disulfide (Higgins and 
Pollard, 1937), chloropicrin (Stark, 1948), dichloropropene-dichloro-
propane mixture (Allen and Raski, 1950), and dibromochloropropane 
(Ichikawa et al., 1955). 

Chemicals differ markedly in the speed with which diffusion patterns 
form. Methyl bromide and chloropicrin diffuse rapidly; dibromochloro
propane appears to move slowly. Ichikawa et al. (1955) found that 
dibromochloropropane injected at the rate of 0.22 ml. per foot in field 
tests attained its maximum diffusion radius of 15 inches 9 weeks after 
application. 

One of the most important factors determining the depth of fumi
gant penetration into soil is the quantity of material used. Baines et al. 
(1956) using dichloropropene-dichloropropane mixture in sandy loam 
soil for the control of the citrus nematode Tylenchulus semipenetrans 
found that 45 gallons of chemical per acre were needed to control 
nematodes to a depth of 3 ft. To obtain control at 6 ft., however, 80 
gallons per acre were required. Other studies of this general type giving 
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comparable results have been made using carbon disulfide (Thomas and 
Lawyer, 1939; Bliss, 1948). 

It is evident that more comparative and carefully controlled work on 
diffusion patterns is needed. 

2. Effects of the Biocide on the Soil 

Previously we have been considering the influence of the soil on the 
biocide. We have seen that these soil effects depend upon not only the 
physical and chemical nature of the biocide, but the nature and con
dition of the soil as well. 

It is now the time to take the reverse position and examine the 
impact of the biocide on the soil and its components. This is a large 
order. It involves the action of the introduced chemical on (1 ) the 
chemical composition of the soil, ( 2 ) the physical constitution of the 
soil, and (3 ) the living portion of the soil, or the biophase. 

BIOCIDE 

CHEMICAL 
COMPOSITION 

OF SOIL 

SOIL BIOPHASE 
SUSTAINERS AND 

INHIBITORS 

PHYSICAL 

CONSTITUTION 

OF SOIL 

FIG. 4. Effects of the biocide on the soil. 

The influence of the introduced biocide on the chemical composition 
of soil can be separated into effects on soil pH, salt content, toxic 
residues, minor element content, and major nutrient content. The effect 
on the physical constitution of soil involves soil permeability and aggre
gation. The most important action of the biocide on soil, however, is 
on the sustainers and inhibitors in the biophase. This involves the im
portant end result—that of control of plant pathogens. 

The influence of the biocide on the soil and its component parts are 
shown in Fig. 4. 

The biocide acts on the biophase, which in turn influences the chemi-
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cal and physical constitution of the soil. The chemical and physical 
constitutions of the soil may be directly affected by the biocide, and in 
turn affect each other as well as the biophase. 

Some of these influences shown are known; some are merely postu
lated. Some are minor; some are major. 

a. Effects of the Biocide on the Chemical Composition of the Soil. 
The principal actions of the biocide on the chemistry of the soil are on 
the salt content, major and minor element composition, and organic 
content. 

The effect on major and minor elements is actually indirect for the 
most part, since microorganisms are involved in the formation, binding, 
or releasing of these plant nutrients. Since the end result is on the chem
ical composition of the soil, we shall discuss the biocide's influence on 
major and minor element content here instead of under the "Impact of 
the Biocide on the Living Portion of the Soil." 

Let us consider minor elements first. There are considerable data in 
the literature showing that rhizosphere flora and organic matter in soils 
can bind manganese, thus making it unavailable to the crop plant (Ger-
retsen, 1937; Heintze and Mann, 1949). There is also little doubt that 
zinc, iron, molybdenum, and copper are bound and released by soil 
organisms (Thornton, 1956). 

Treatment of the soil with volatile biocides temporarily increases the 
quantity of minor elements in the soil by killing organisms capable of 
binding these elements. Manganese deficiency has been overcome by 
treatment of soil with ethylene dibromide and dichloropropene-dichloro-
propane mixture (Martin et al, 1953). On the other hand, toxic levels 
of both copper and manganese have been released following soil treat
ment with chloropicrin (Dalton and Hurwitz, 1948). 

There is a good deal of information available on the effect of soil 
treatment on major nutrients. The greatest volume of data is on the 
subject of nitrogen. Soil fumigation, especially with biocides such as 
chloropicrin and dichloropropene, inhibits and kills nitrifying organisms. 
On the other hand, the wide variety and types of ammonia-forming 
microorganisms permits an escape of resistant ammonifiers and their 
consequent rapid build-up following soil fumigation (Tarn and Clark, 
1943; Newhall, 1955). 

The calcium content of a soil also can be affected by soil treatment. 
Aldrich and Martin (1952) noted a temporary increase in soluble cal
cium in citrus soils treated with dichloropropene-dichloropropane mix
ture and chloropicrin. 

Soil fumigants also can alter the quantity and quality of salts in 
soil. Inorganic chlorides and bromides are eventually formed in small 



11. S O I L T R E A T M E N T 453 

amounts in the soil by hydrolysis or dehydrohalogenation following the 
application of nematocides and fungicides of the halogenated hydro
carbon type. Although the quantities of such materials formed are not 
great, they can be unfavorable to certain types of halogen-sensitive 
plants. Phytotoxic residues have been formed, especially by bromine-
containing fumigants such as methyl bromide, ethylene dibromide, and 
chlorobromopropene. Bromine-sensitive plants include Salvia, Dianthus, 
Antirrhinum, Allium and Citrus (Williamson, 1953; Martin et al, 1956). 
No adverse effects, except in the case of tobacco, have been reported 
for increased chlorides resulting from fumigation with chlorine-contain
ing hydrocarbons (Gaines and Graham, 1953). 

Finally, biocides may be sorbed to form complexes with the organo-
mineral colloids of the soil. These materials which are formed are there
fore of indefinite and complex composition, and undoubtedly have a 
marked effect on the chemistry of the soil zones in their immediate 
vicinity. 

b. The Biocide and the Physical Constitution of the Soil There is 
no evidence to show that soil biocides have a significant influence on the 
physical constitution of soil. 

Aggregating substances such as polyuronides temporarily can increase 
following soil fumigation with chloropicrin, dichloropropene-dichloro-
propane mixture, and ethylene dibromide. Theoretically, however, aggre
gation should be decreased by repeated treatments of soil without addi
tions of organic matter (Martin and Aldrich, 1952). 

No adverse results on permeability or structure have been observed 
following treatment of soil with biocides. 

We can conclude that the influence of biocides on the physical struc
ture of soil is negligible. 

c. Impact of the Biocide on the Living Portion of the Soil When 
a biocide is added to the soil to control pathogenic nematodes or fungi, 
the biophase is distorted. The shotgun blast of the chemical into the 
heterogeneous soil population makes little distinction between friends 
and foes. Some plant inhibitors and sustainers are killed outright; some 
are prevented from further growth; while still others may not be greatly 
affected. The organisms which escape tend to multiply. The biological 
equilibrium is changed for better or for worse (Martin, 1950). 

Not only do fungi differ in their susceptibility to biocides, but they 
differ in their capacities to recolonize fumigated soils. Penicillium has 
been observed to increase in soils previously treated with chloropicrin 
(Katznelson and Richardson, 1943) or carbon disulfide (Garrett, 1957) 
or even tetramethyl thiuramdisulfide (Richardson, 1954). Trichoderma 
viride, the famed antagonist, has been found to be the dominant recol-
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onizer of soils treated with formaldehyde (Mollison, 1953), chloropicrin 
(Smith, 1939), dichloropropene-dichloropropane mixture (Martin, 1950), 
allyl alcohol (Overman and Burgis, 1956), and tetramethyl thiuram-
disulfide (Richardson, 1954). Trichoderma viride develops rapidly in 
soils fumigated with carbon disulfide, thereby controlling the oak root 
fungus ArmiUaria mellea by antagonistic action (Bliss, 1948). The reason 
for the stimulation of Γ. viride may be in a shift in the microbiological 
equilibrium. 

Actinomycetes and bacteria are generally more resistant to the effect 
of soil biocides than are fungi, and frequently increase in soils which 
have been fumigated with chloropicrin (Moje et al, 1957; Katznelson 
and Richardson, 1943). Martin and Aldrich (1952) found that bacteria 
increased in alkaline soils, and fungi dominated in acid soils treated with 
chloropicrin, carbon disulfide, and dichloropropene-dichloropropane mix
ture. This manifestation is not limited to volatile biocides. Bacterial popu
lations of soils increased following soil treatment with tetramethyl 
thiuramdisulfide (Cram and Vaartaja, 1957). 

Some of the changes in the biophase following fumigation are not 
beneficial. Soil fungicides such as allyl alcohol, formaldehyde, methyl 
bromide, and sodium N-methyl dithiocarbamate apparently have a 
deleterious effect on mycorrhizal fungi (Wilde and Persidsky, 1956; 
Hacskaylo and Palmer, 1957). 

Other unfavorable results are those of disease accentuation and dis
ease exchange. Collectively, this might be called the boomerang phenom
enon. Accentuation of disease can occur as a result of soil treatment for 
the control of soil inhabitants. We have observed rapid reinvasion of 
soils treated with chloropicrin and chlorobromopropene by Rhizoctonia 
solani and species of Pythium. Disease accentuation from damping-off 
organisms has resulted following the use of organic mercurials (Gibson, 
1956). Such effects are undoubtedly the result of the killing or inhibi
tion of antagonists, permitting the reinvading pathogen to grow speedily 
through the soil without biological opposition. 

An interesting boomerang effect was observed by H. C. Smith, ac
cording to Garrett (1956) . Smith found that the pathogen antagonist 
Trichoderma viride increased in a fumigated soil. If, however, Pythium 
ultimum was introduced into this treated soil, it gave greater damage 
than in untreated soils. A likely reason for this effect was not only the 
direct removal of Pythium antagonists by the chemical, but the inhibi
tory effect of Trichoderma viride on surviving antagonists such as 
Rhizoctonia. Butler (1957) has shown that R. solani parasitizes species 
of Pythium. In investigating Butlers claim we found that Rhizoctonia 
solani had a definite antagonist effect on Pythium ultimum when both 
fungi were added simultaneously to steamed soil. 
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There are numerous cases of disease trading following soil treatment. 
Soil treatments with chlorobromopropene controlled bulb rot of iris, 
caused by Sclerotium rolfsii, but increased infection induced by bulb-
borne Fusarium (Haasis, 1952). The situation was corrected by formal
dehyde treatment of the bulbs. Fumigation of the soil apparently re
moved the natural antagonists of Fusarium. 

Disease trading should be more marked when specific and non
volatile fungicides are used. Frequently, we have observed increased 
severity in attack of sugar beet seedlings by Pythium ultimum and P . 
aphanidermatum following soil treatment with pentachloronitrobenzene 
for the control of Rhizoctonia. Fulton et al (1956) observed that al
though chloronitrobenzene eliminated Rhizoctonia solani and Macro-
phomina phaseoli in soils, it increased the incidence of disease in cotton 
seedlings, caused by Fusarium moniliforme and Colletotrichum gossypii. 
Organic mercurials can also produce a disease exchange. Gibson (1953) 
observed that the use of these fungicides decreased pre-emergence losses 
in beds of groundnut seedlings, but increased subsequent damage from 
crown rot, caused by Aspergillus niger. In this case Aspergillus niger 
was apparently less susceptible to mercury poisoning than its antagonists. 

All of these effects are due to shifts in the microbiological equilibrium. 
The end result seems to depend for the most part on (a ) the relative 
degree of susceptibility or resistance of plant sustainers and inhibitors 
to chemical poisoning, and (b) assuming equal susceptibility to this 
poisoning, their relative ability to recolonize the soil swiftly as sapro
phytes. We have a lot to learn in this uncharted territory. 

This brings us to the practical phases of disease control by chemical 
treatment, which is still a result of the effect of the biocide on the living 
components of soil. 

III. PRACTICAL ASPECTS 

We are now ready to consider the practical phases of disease control 
by soil treatment. Major emphasis will be placed on chemical treat
ments: the compounds in use, their properties, and methods of applica
tion. A brief discussion on heat treatment is included. 

First let us review the beginnings of chemical treatments for the 
control of soil pathogens. There is a little history that is worth recount
ing. It represents hard work and thought over a 90-year period. 

A. History of Chemical Treatments 

Soil treatment with nematocides and fungicides had its beginnings 
in applied entomology in 1869 in the researches of Thenard and 
Monestier and his co-workers in 1873 (Fleming and Baker, 1935; New
hall, 1955). The destructive Phylloxera threatened the vineyards of 
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Europe. To combat this pest, soil fumigation with carbon disulfide was 
introduced. 

Some fields which were free of Phylloxera were treated. Vines grow
ing in these fumigated fields showed a surprising increase in vigor. This 
"extra kick" reaction was observed by Sabate, who was so impressed 
that he wrote "sulfur of carbon . . . becomes a necessity for the strength
ening of vegetable growth" (French, 1893). 

By 1900, however, following the introduction of Phylloxera-resistant 
rootstocks into European vineyards interest in carbon disulfide soil 
fumigation had faded away (Newhall, 1955). A huge stride forward had 
been made in chemical control, however. The idea of soil treatment with 
chemicals for soil pests was established. 

In 1891 Thaxter dusted sulfur into the open furrows in which onion 
seeds were being planted for the control of Urocystis. This was the first 
application of a soil fungicide (Horsfall, 1956). This was followed by 
Selby's successful work in 1900 for the control of onion smut, using the 
formaldehyde drip-in-the-row method, and his formaldehyde water-
drench on soil to control Rhizoctonia solani in 1906. 

A new avenue for the control of soil pathogens was opened next by 
Riehm in 1913, who made his great discovery that the treatment of wheat 
seed with chlorophenol mercury would control bunt. It is doubtful 
whether Riehm realized the dual nature of organic mercurial seed treat
ment: that of disinfesting not only the seed coat, but a small zone of 
soil surrounding the seed as well. 

The concept of killing pests in chemical vapor phase had not been 
forgotten. As a result of World War I, large stocks of the war gas 
chloropicrin were on hand in 1917 (Newhall, 1955). Within the next 3 
years it was discovered that the vapors of chloropicrin were toxic to 
both insects and fungi (Moore, 1918; Bertrand and Rosenblatt, 1920). 

A crisis in the pineapple industry in Hawaii set the stage for the 
large scale use of soil fumigants (Newhall, 1955). Pineapple yields had 
deteriorated over the years, and Hawaiian researchers were ready to 
apply anything to correct the "sick" soils. The first successful soil treat
ments were made by Johnson and Godfrey (1932) , using chloropicrin. 
Within the next 3 years Godfrey (1934, 1935, 1936) demonstrated that 
chloropicrin, if used with a paper soil seal, was not only an effective 
soil nematocide, but a soil fungicide as well. 

Investigators began to cast around for other types of potential volatile 
soil fumigants. Richardson and Johnson in 1935 had demonstrated that 
the vapors of methyl bromide were highly toxic to insects. Following 
this lead, Taylor and McBeth (1940) found that if methyl bromide was 
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injected into soil and covered with a paper seal, it would control root 
knot nematodes. 

All the research done thus far was informative, but the cost of appli
cation was excessive except for high value crops. 

The first practical breakthrough came in Carter's discovery in 1943 
of the remarkable nematocidal and "growing promoting" properties of 
the cheap, crude, dichloropropene-dichloropropane mixture following its 
use in the pineapple fields of Hawaii. The second break came in 
Christie's discovery in 1945 that ethylene dibromide, another cheap 
material, was a highly effective nematocide. The long-suffering nematol-
ogists, who had been shouting since the days of Cobb (1914) about the 
general seriousness of the nematode problem, at last had practical tools 
to prove their contentions. 

The applied mycologists had not been idle during this period. In 
the early 1930's the chloronitrobenzenes were introduced. Brown, in 
1935, found that they were effective as soil treatments against clubroot 
and damping-off pathogens of crucifers. These relatively nonvolatile 
chemicals were tested in the following years by various European investi
gators for the control of Sclerotinia minor (Wasewitz, 1937), Sclerotium 
tuliparum (Buddin, 1937), Streptomyces scabies (Meyer, 1940), and 
Rhizoctonia solani (Smieton and Brown, 1940). Smieton and Brown first 
noted that pentachloronitrobenzene was ineffective against Pythium. We 
now know that pentachloronitrobenzene is quite specific in its action 
(Kendrick and Middleton, 1954). 

Selby's row-application concept was revived about this time by 
Horsfall (1938) , who in conducting tests with formalin and copper sul
fate for the control of damping-off of seedlings observed that "chemical 
drips in the row show distinct promise especially in the field." This con
cept was still good; all that was needed were newer and better materials 
for the row-application researches of Leach and Snyder (1947) , Hilde
brand et al. (1949) , and Watson (1951) . The discovery of the thiuram 
sulfides and metallic methyl dithiocarbamates (Tisdale and Williams, 
1934), the metallic ethylene bisdithiocarbamates (Dimond et al., 1943), 
and the tetrahydrophthalimide fungicides (Kittleson, 1952) accelerated 
research in the field of row fungicides. 

Along other lines the search had continued for eradicant-type volatile 
fungicides. The successes of the cheap nematocides had fired the im
aginations of plant pathologists. Dichloropropene-dichloropropane mix
ture, and especially ethylene dibromide, were unsatisfactory as soil 
fungicides. More effective volatile soil fungicides such as allyl bromide 
(Christie, 1947), chlorobromopropene (Kreutzer and Montagne, 1950), 
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dichlorobutene (Lear, 1950), and dibromobutene (Kreutzer et al, 1951) 
were found. These chemicals had certain drawbacks, but progress was 
being made. 

Larger scale field applications of chloropicrin were conducted (Wil-
helm and Koch, 1956). The old formaldehyde-drench concept was also 
being utilized in the search for new materials. Allyl alcohol had been 
found to be an effective water-soluble eradicant for seedbed pests 
(Clayton et al., 1949; Overman and Burgis, 1956). 

New and very effective soil nematocides and fungicides are being 
discovered. Some are volatile and some are not. Examples are: tetra-
hydrothiadiazine thione (Anderson and Okimoto, 1953), chlorophenyl-
methyl rhodanine (Tarjan, 1954), dibromochloropropane (McBeth and 
Bergeson, 1955), sodium methyl dithiocarbamate dihydrate (Kingsland 
and Rich, 1955), dichlorophenyl diethyl phosphorothioate (Manzelli, 
1955), pyridinethione oxide (Allison and Barnes, 1956), and the tetra-
hydrothiophene dioxide (Schuldt and Bluestone, 1957). It is apparent 
that we are getting more tools for the job. Some of them should be 
useful. 

B. The Chemicals and Their Uses 

We are now ready to discuss the chemicals which are in commercial 
or experimental use as soil fungicides and nematocides. Knowledge of 
the physicochemical and biological properties of these compounds is an 
essential guide for correct use. 

The physicochemical properties of biocides involving volatility, water 
solubility, and general reactivity have been previously considered. The 
biological properties of the chemical are equally important. We should 
know, as Kendrick and Zentmyer (1957) have emphasized, whether the 
chemical is a "killer" or an eradicant, or whether it is a growth inhibitor 
or a protectant. Volatile chemicals act as eradicants; nonvolatile chem
icals most frequently act as protectants. A fast-acting eradicant may 
work well in the control of root inhabitants, but be unsatisfactory for 
the control of soil inhabitants. It is also essential to know whether the 
biotoxicant is generally poisonous to all organisms or specifically toxic 
to a broad or narrow range of microorganisms. Finally, the cost of the 
chemical must be balanced against its efficiency in controlling disease. 

Soil biocides can be classified according to their chemistry, their 
biological properties, or their uses. A broad chemical classification of 
these materials would cover such groups as inorganic and organic heavy 
metal salts, the sulfur-containing dithiocarbamates and heterocyclics, 
aldehydes and unsaturated alcohols, halogenated nitrobenzenes, satu-
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rated and unsaturated aliphatic halides, organo-phosphorus compounds 
and antibiotics. 

A detailed classification based on chemical structure is more useful 
to the chemist than the biologist. The biologist needs a breakdown of 
biocides based on function rather than on structure. 

With these points in mind, the following classification of soil nema
tocides and fungicides is given. Seed-treating materials are excluded. 

1. General Biocides 

These compounds include both relatively volatile and nonvolatile 
eradicants. Since they are generally biotoxic, their use is contingent 
upon a waiting period between treatment and planting. 

a. Volatile Water-Insoluble Compounds. The chemicals of this group 
form effective diffusion patterns in soils. They include the commercial 
soil fumigants methyl bromide (CH 3 Br) and chloropicrin ( C C 1 3 N 0 2 ) as 
well as such experimental materials as chlorobromopropene (CHC1=: 
CHCH 2 Br) and allyl bromide ( C H 2 = CHCH 2 Br) . All of these com
pounds are toxic to nematodes, fungi, insects, and weed seeds in soil 
at dosage rates of 100-500 lb. per acre. Chloropicrin and the olefinic 
bromides are the most potent fungicides. Methyl bromide, although 
highly effective against weed seeds, is the least fungitoxic (Stark and 
Lear, 1947). 

Of these four materials, chloropicrin gives the most extensive dif
fusion patterns, but penetrates tissue poorly. Methyl bromide and chloro
bromopropene are outstanding in their ability to permeate into such 
structures as unrotted nematode galls and sclerotial bodies of fungi 
(Stark and Lear, 1947; Kreutzer, unpublished data). 

The most volatile chemical in this group is methyl bromide (boiling 
point 4° C ) , which for effective results must be applied under a gas-
tight cover (Taylor and McBeth, 1940). The olefinic bromides and 
chloropicrin can be applied without a soil-surface seal, although chloro
picrin will give better results with a water seal or gas-tight cover 
(Kreutzer and Montagne, 1950; Wilhelm, 1957). 

Methyl bromide and chloropicrin leave the soil more rapidly and 
completely than chlorobromopropene or allyl bromide. For normal soil 
conditions, waiting periods between the end of treatment and planting 
of 12-24 hours for methyl bromide, 3-6 days for chloropicrin, and 4-10 
days for allyl bromide and chlorobromopropene are required. 

All of these materials are poisonous to mammals. With the exception 
of methyl bromide they all possess lachrymatory warning properties. 

b. Unstable Chemicals. In this series are the nonvolatile compounds 
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which break down in soil to form a volatile biocidal end product. This 
group includes the water-soluble commercial biocide sodium N-methyl 
dithiocarbamate (CH 3 NHCSSNa) and the nonwater soluble experi
mental biocides 3,5-dimethyltetrahydro-l,3,5,2H-thiadiazine-2-thione 

The dithiocarbamate is believed to be the decomposition product of 
the thiadiazinethione (Kendrick and Zentmyer, 1957). All three mate
rials are unique in that by hydrolytic action they are believed to form 
the volatile and biocidal methyl isothiocyanate CH 3 N = C = S (van 
der Kerk, 1956; Torgeson et al, 1957). 

Sodium methyl dithiocarbamate has been used successfully as an 
aqueous soil-surface drench for the control of Fusarium solani (Kings-
land and Rich, 1955), general damping-off fungi in seed beds (Taylor, 
1956), and Phytophthora cinnamomi (Zentmyer and Erspamer, 1957). 
Effective dosages in the field for the control of fungi vary from 25-400 
lb. per acre (Fink, 1956; Taylor, 1956; Young and Tolmsoff, 1957). 

Thiadiazinethione is also a good all-around biocide (Anderson and 
Okimoto, 1953; Kendrick and Middleton, 1954). Chlorophenyl methyl 
rhodanine has given best results as a nematocide at dosages of 0.5 to 4 
gm. per square foot (Tarjan, 1954). Both of these water-insoluble ma
terials must be mixed in the soil. 

In the cases of all of these chemicals a waiting period of several days 
between treatment and planting is necessary. 

c. Volatile Water-Soluble Materials. Representatives of this group 
are the general biocides formaldehyde (HCHO) and allyl alcohol 
( C H 2 = CHCH 2 OH), which will not diffuse well as vapors in normal 
soils because of their water solubilities. 

Formaldehyde is the oldest of the soil biocides, having proved effec
tive in water solution against dominant soil-surface pathogens (Selby, 
1906). Allyl alcohol used as a water drench is a better soil biocide than 
formaldehyde, being outstanding in the control of weed seeds and such 
fungi as Pythium and Rhizoctonia in the upper 2-inch soil zone (Over
man and Burgis, 1956). 

CH 3N NCH 3 

and 3-p-chlorophenyl-5- methyl rhodanine 

S 
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2. Specific Biocides 

These are the volatile and nonvolatile chemicals which are useful 
primarily against either nematodes or fungi, but not both. These com
pounds may be toxic to numerous organisms (broad spectrum) or to 
only a few organisms (narrow spectrum). The phytotoxicity of these 
chemicals is variable. 

a. Volatile Eradicants. There are two types of water-insoluble volatile 
eradicants in this category: the strict nematocides, and the nematocides 
with narrow-spectrum fungicidal properties. The restricted nematocides 
are the least phytotoxic of volatile soil biocides. These compounds are 
effective against such genera as Meloidogyne, Pratylenchus, and Tylen-
chulus; but relatively ineffective against cyst-forming nematodes (Hetero-
dera). There are two commercially available nematocides in this group: 
ethylene dibromide (CH 2 BrCH 2 Br) and dibromochloropropane (CH 2 -
BrCHBrCH 2 Cl). Both chemicals are efficient nematode killers; ethylene 
dibromide being effective at 2 -8 gallons per acre and dibromochloro
propane giving control at 0.5-4 gallons per acre (Newhall, 1955; McBeth 
and Bergeson, 1955). Except to bromine-sensitive plants, dibromochloro
propane is perhaps the least phytotoxic. Both chemicals have been used 
successfully to side-dress growing plants (Newhall, 1955; Potter and 
Morgan, 1956). 

In general, these chemicals at nematocidal levels are not toxic to 
bacteria, actinomycetes, or fungi. Ethylene dibromide, however, has 
given control of disease complexes involving nematodes and such fungi 
as Fusarium oxysporum vasinfectum, Ceratostomella fimbriata, and 
Rhizoctonia solani (Smith, 1948; Meuli and Swezey, 1949; Reynolds and 
Hanson, 1957). 

The chemicals of the second class are volatile and water-insoluble 
nematocides with some narrow-spectrum fungicidal properties. These 
materials include the commercially available dichloropropene-dichloro-
propane mixture or technical dichloropropene (CHC1 = CHCH 2C1) and 
the experimental dichlorobutene (CH 2C1CH = CHCH 2 C1). Carbon di
sulfide (CS 2 ) is placed in this class since it is a nematocide with some 
fungicidal properties. 

Dichloropropene-dichloropropane mixture is highly efficacious in soil 
at 200-400 lb. per acre in controlling most plant parasitic nematode 
genera with the exception of Heterodera (Peters and Fenwick, 1949; 
Allen and Raski, 1950). Dosages of dichloropropene mixture, 2 to 3 
times greater than usual nematocidal levels, have controlled species of 
Phytophthora (Zentmyer and Klotz, 1949). This fumigant also has been 
reported to be effective against organisms such as Rhizoctonia solani 
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(Middleton et al, 1949) and Streptomyces ipomoea (Martin, 1953). Most 
of these effects, however, are due in all likelihood, to the control of 
nematode-fungus complexes (Reynolds and Hanson, 1957). 

The experimental dichlorobutene has shown up especially well against 
the hard to kill species of Heterodera (Lear et al, 1952). Unfortunately, 
it may leave phytotoxic residues in the soil. Dichlorobutene also has some 
fungicidal properties. 

Carbon disulfide is the oldest of the soil fumigants. It is only 
marginally good as a nematocide, but it has been outstanding in the 
practical control of ArmiUaria mellea in the United States (Fawcett, 
1936). 

b. Nonvofotile Protectants. This group of nonvolatile and specific 
biocides includes two expermiental nematocides and a miscellaneous 
lot of old and new fungicides. 

The nematocides are two materials, 0-2,4-dichlorophenyl-0,0-diethyl 
phosphorothioate (Manzelli, 1955) or 
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and 3,4-dichlorotetrahydrothiophene 1,1-dioxide (Schuldt and Bluestone, 
1957) or 
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Both chemicals are nonvolatile and water-insoluble solids, being 
relatively nonfungicidal and low in phytotoxic effects. 

Broad and narrow-spectrum fungicides of varying water solubility 
also are placed in this class. Broad-spectrum and water-soluble chem
icals are represented by copper sulfate, the soluble mercurials (mercuric 
chloride and cyano methylmercuri guanidine), and disodium ethylene 
bisdithiocarbamate (nabam). Water-soluble mercurials have been effec
tive in controlling turf diseases (Monteith, 1927), clubroot of cabbage 
(Snyder et al, 1955), and damping-off (Ark and Sibray, 1954). The 
ancient copper sulfate, when used in water solutions, also has been 
useful as a row treatment in the control of damping-off pathogens and 
soil-borne Phytophthora (Horsfall, 1938; Kreutzer and Bryant, 1946). 

Nabam has proved efficacious as an aqueous drench to soil for the 
control of species of Phytophthora (Stoddard, 1951; Zentmyer, 1952). 
It is also promising as a row-treating material for the control of root 
rot fungus complexes of beans and cotton (Leach and Snyder, 1947). 
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Water-insoluble and broad-spectrum fungicides include the com
mercially available tetramethylthiuram disulfide (thiram), zinc ethylene 
bisdithiocarbamate (zineb), and N-trichloromethylthio 1,2,3,4-tetrahy-
drophthalimide (captan). Thiram, zineb, and captan have been tested 
and used as row fungicides for the control of seed and seedling root 
and stem fungus diseases (Hildebrand et al., 1949; Cooper, 1954; Young 
and Brandes, 1955). 

Other representatives of this class of materials are the experimental 
pyridinethiones, represented by 2-pyridinethione 1-oxide disulfide, which 
has the structure: 

The pyridinethiones have shown promise as soil fungicides in prelimi
nary testing (Allison and Barnes, 1956). 

The only narrow-spectrum protectant fungicides available at present 
are the chloronitrobenzenes. The most important of these chemicals is 
pentachloronitrobenzene, which is effective in soil against such genera 
as Sclerotinia, Sclerotium, Rhizoctonia, Streptomyces, and Plasmodi
ophora, but innocuous to Pythium, Fusarium, Phytophthora, Verticillium, 
Thiehviopsis, and Colletotrichum (Smieton and Brown, 1940; Kendrick 
and Middleton, 1954). This chemical is low in phytotoxicity and is rela
tively nonhazardous. It is finding its principal use in row treatments, 
alone and in combination with captan or the dithiocarbamates, for the 
control of seedling-rot complexes (Cooper, 1954; Brinkerhoff et al., 1954). 
The most important effect of pentachloronitrobenzene, however, has been 
on the thinking of plant pathologists. Specificity is a fascinating subject. 

Other materials which should be mentioned as soil fungicides are 
the antibiotics cycloheximide (Vaughn, 1951) and griseofulvin (Brian, 
1949). The antibiotic approach is a good one. A lot of exploring could 
be done here in the search for new soil fungicides. 

So much for the chemicals. We are now ready to discuss the prin
ciples of their application. 

3. General Application Principles 

In the application of soil nematocides and fungicides the important 
considerations are: ( 1 ) the soil condition, ( 2 ) the formulation of the 
biocide, and (3 ) the methods of application of the biocide in "space 
and time." 

a. Soil Condition. There are certain rules that have been laid down 
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to guide us in the preparation of the soil prior to treatment (Leavitt, 
1948). Soils to be treated should be worked to plow depth into good 
seedbed condition. All clods should be thoroughly broken up. 

The water content of the soil for fumigant-type chemicals should be 
optimum for planting (60-80% of the moisture equivalent); very wet 
or dry soils should be avoided. For residual nonvolatile chemicals where 
mixing is required, a drier soil is preferred, since it lends itself more 
readily to treatment. For all types of biocides the soil should be rela
tively free of plant "trash" (undecayed roots, stems, and leaves). 

Excessively high (above 80°) or low (below 50° ) soil temperatures 
should be avoided. High temperatures accelerate chemical decomposition 
and loss from the soil, while low temperatures retard dispersion of a 
biocide in soil. 

b. The Chemical and Its Formulation. The volatility or water solu
bility of a chemical aids in determining the method of formulation as 
well as the method of applying the biocide to the soil. 

Water-soluble chemicals such as the mercuric guanidines, copper 
sulfate, formaldehyde, allyl alcohol, and sodium N-methyl dithiocarbam-
ate are applied best to the soil as aqueous drenches. Moderately 
volatile and water-insoluble chemicals such as ethylene dibromide and 
dichloropropene-dichloropropane mixture can be used as water emul
sions. Moderately volatile materials such as the halogenated hydro
carbons and the laehrymator chloropicrin, however, are applied best 
unformulated or in suitable organic or hydrocarbon solvents. An ex
tremely volatile material, exemplified by methyl bromide, is applied in 
undiluted form or in mixtures with chemicals such as chloropicrin. 

Relatively nonvolatile and water-insoluble materials such as thia-
diazine thione, zineb, and captan can be formulated as powders for 
dusting and spraying. 

c. Applications in Space and Time. The application of chemicals to 
soil must be considered from the viewpoint of four dimensions. The 
volume of soil takes care of three dimensions. The time of application 
in relation to the time of planting is the fourth. The things that deter
mine the "space and time" aspects of application are the cost of chemical, 
its relative phytotoxicity, and its control efficiency. High performance 
helps offset high cost of chemical. If the chemical is relatively low in 
phytotoxic effects, it can be applied more efficiently (row application 
instead of an entire area treatment). In the last analysis the best criterion 
is performance on a cost-per-acre basis. Only an expensive crop can 
stand an expensive treatment. 

A biocide can be added to soil surfaces as a vapor (under a seal) 
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or in liquid or dry form. It can also be mechanically mixed as a liquid 
or solid into the top few inches of soil or injected as a liquid under the 
soil surface. From the standpoint of soil area to be treated there are 
four basic ways in which we can apply a biocide to the soil: 

( 1 ) The general and continuous application of volatile and non
volatile chemicals. This method is the treatment of all of the exposed 
soil of the entire soil area. Examples are: dispersing a nonvolatile biocide 
such as pentachloronitrobenzene throughout the upper surface area of 
the soil by mechanical mixing, or applying a highly volatile chemical 
such as methyl bromide to the surface of the soil under a gas-tight seal. 

( 2 ) The general and discrete application of volatile chemicals. Here 
the entire soil area is treated in a discontinuous fashion. Complete cover
age is obtained by the overlap of gaseous diffusion patterns. It is the 
common field method used in the subsurface injections of volatile fumi-
gants such as dichloropropene-dichloropropane mixture, ethylene di
bromide, and chloropicrin. 

( 3 ) The local and continuous application of volatile and nonvolatile 
chemicals. The soil in only the general planting site is continuously 
treated. Good examples would be the continuous mixing of tetrahydro-
thiadiazine thione throughout the planting area of raised beds; and 
"spot" or bed treatments with water solutions of sodium 2V-methyl 
dithiocarbamate. The soil between the beds would not be treated. 

( 4 ) The local and discrete application of volatile and nonvolatile 
chemicals. The exact planting site (row) is treated in a restricted or 
discrete fashion. No attempt is made to treat soil outside of this site. 
This is the method used in row treatment at the time of seeding. An 
example would be the application of captan-pentachloronitrobenzene 
mixture by row spraying. 

We have now taken care of our three-dimensional or space phase, 
and are ready to consider the fourth-dimensional aspect or time. Treat
ments can be made prior to planting, at the time of planting, and during 
the growth of the plants. The principal considerations here are phyto-
toxicity of the biocide and the method which lends itself best to prac
tical procedures. Phytotoxicity is the most important factor. A severely 
phytotoxic chemical can be applied only prior to planting—with a suit
able waiting period to allow dissipation of the compound. A marginally 
phytotoxic material, with sufficient care, can be applied at the time of 
planting. Only a relatively nonphytotoxic chemical can be applied to 
soil in which plants are growing. 

With the advent of large-scale soil treatment slick, modern, machine-
powered injectors have replaced the simple hand guns of the carbon-
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disulfide era. There are all types and varieties of forced-feed multiple-
rowed plow and chisel and blade applicators (Jacks, 1952; Lear et al., 
1952; Jensen and Page, 1954). These machines are used to inject ever
growing acreages with dichloropropene-dichloropropane mixture, ethy
lene dibromide, and chloropicrin. 

Equipment is keeping pace with expanding uses. New types of appli
cators are constantly being developed. Operators can handle noxious and 
poisonous materials with greater safety, and chemicals can be applied 
more rapidly and accurately. Cheap plastic sheeting and convenient 
metered containers improve the ease and speed of methyl bromide 
applications. Modern planting-row applications have replaced Selby's 
early crude dribble method. Fan and cone type nozzles apply controlled 
amounts of fungicides and nematocides in row applications just back 
of the planting shoe. There are one- and two-nozzle combinations to give 
better chemical distributions. 

Studies are being conducted on the relation of nozzle number and 
placement to chemical pattern in the soil. Dyes and even radio-tagged 
chemicals are being used to determine chemical distribution at varying 
depths (Garber and Leach, 1957). Water-soluble chemicals are being 
introduced into pipe lines and automatically sprinkled on the soil as 
dilute water solutions (Zentmyer and Erspamer, 1957). 

We haven't seen anything yet, however. Most of our chemical tools 
are still crude killers today. Tomorrow will be different. There will be 
specific.biocides and therapeutants to do an even better job. 

C. Soil Treatment with Heat 

The cooking of soil to kill soil pathogens is probably the oldest known 
method of soil treatment. It was discovered first in all likelihood by 
neolithic man, who may well have observed salutary responses of plants 
growing in old fire sites. Sixty years ago (and perhaps even earlier) the 
practice suggested by this observation was put into effect. Newhall 
(1955) mentions that the roasting of tobacco seedbed soil by surface 
burning was a common practice when seedbeds were scattered about 
in wooded areas. This worked very well until the tobacco growers ran 
out of wood. 

The use of heat sterilization of soil by steam was first used on a 
practical scale by Rudd in 1893, following Kuhn's experimental studies 
in 1880 and Frank's research in 1888 (Johnson, 1946; Baker and 
Roistacher, 1957). 

There are three ways of disinfesting soil with heat: these are, by use 
of (1 ) dry heat, (2 ) steam, and (3 ) hot water. Baker and Roistacher 
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(1957) have evaluated the merits of each method. They conclude that 
the use of steam is the most effective as well as the most efficient method 
of heat disinfestation. Dry heat does not conduct well, and hot water 
not only tends to puddle soil, but it penetrates soil poorly. 

Where steam is available (as in greenhouses) its use is preferable 
to that of 'chemicals for soil disinfestation. Steam is fast, effective, and 
leaves no toxic residues. There is little advantage in using steam under 
pressure over free-flowing steam. The principle problem is to confine 
the steam to prevent excess heat loss and for a long enough period to 
heat the soil mass sufficiently to kill pathogens. 

Most pathogenic fungi and nematodes can be killed by exposures 
for a few minutes to temperatures above 50° C. Baker and Roistacher 
(1957) have pointed out that hot water treatments will kill species of 
Pythium, Botrytis, Rhizoctonia, Sclerotium, Sclerotinia, and Fusarium 
in tissues at temperatures of 46-57° C , in time periods of exposure from 
5 to 40 minutes. Nematodes such as Aphelenchoides and Meloidogyne 
are killed by hot water at temperatures of 48-53° C. at exposure times 
of 10-11 minutes. 

Under ideal conditions, heating a soil mass to 60° C. for 30 minutes 
should be sufficient to destroy all plant pathogenic fungi and nema
todes. Because of uneven distribution of heat in a soil mass, Baker and 
Roistacher (1957) recommend that a soil temperature of at least 80° C. 
be maintained for 30 minutes. In practice, however, these workers feel 
that to be on the safe side the temperature should be raised to 100° C. 
for 30 minutes. 

Steamed soil is even more likely to be reinvaded by soil-inhabiting 
fungi than is chemically treated soil. This is because steamed soil usually 
is more completely disinfested. Well-cooked soil is a fine growth medium 
for most fungal soil inhabitants. It follows that extreme care should be 
taken with steamed soil to avoid recontamination. 

Many ingenious devices have been developed over the years to apply 
heat to soil. Newhall (1955) and Baker and Roistacher (1957) have 
described application equipment and its uses in considerable detail. 
Stationary soil masses are treated by steam in mobile bins, steam boxes, 
vaults, cabinets, and autoclaves. Steam can be applied also to soil in 
benches by the use of inverted pans, perforated pipes, and steam rakes. 

Steam does a good job of cleaning up soil. To make the use of steam 
practical beyond the greenhouse, however, we need cheaper fuels and 
a lot of engineering. Newhall (1955) estimates that it would require 
forty tons of coal to supply sufficient heat to disinfest an acre of soil 1 ft. 
deep. This is a lot of fuel, and the equipment and manpower required 
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for such an application would be very costly. This discouraging picture 
might be changed by clever engineering and the use of atomic power. 
Soil disinfestation with heat may get out of the greenhouse yet. 

IV. S U M M A R Y — N o w AND T H E F U T U R E 

In this chapter an attempt has been made to set forth the basic 
principles of soil treatment primarily with nematocides and fungicides. 
Heat treatment is included only for the sake of completeness. 

Between the plant and its environment there are a series of complex 
interactions. In agricultural soils, under a given set of conditions, the 
living phase (biophase) is in a state of dynamic equilibrium. This equi
librium state may be upset by chemical treatment, environmental 
changes, or cultural practices—causing a succession of transitory states 
which rapidly proceed toward a new equilibrium. 

Since the micropopulation at all times is conceived to consist of 
organisms which either favor or harm the crop plant (sustainers or in
hibitors), the new equilibrium formed is either good or bad for the 
crop plant. 

On a prevalence basis the most important of the obvious soil-borne 
diseases are those that involve seeds and seedlings. On a broader and 
less obvious level, however, all plants probably suffer from some degree 
of root pathogenesis. 

When a biocide is added to the soil, interactions will occur which 
result in changes in both the soil and biocide. The biocide may be 
hydrolyzed or otherwise degraded by the chemicals as well as by the 
microorganisms in the soil. The phenomenon of sorption of the biocide 
to soil colloids is broadly viewed as a type of bonding, whether it be of 
the covalent, hydrogen, ionic, or van der Waal's variety. The degree and 
type of sorption encountered, as well as the potential dispersibility of a 
biocide, will depend upon the properties of both the biocide and the 
soil. 

The soil is affected to a lesser extent from contact with the biocide. 
Small changes in soil chemistry can occur, whereas there is little to no 
effect on the physical constitution of the soil. Profound local effects on 
the soil biophase do occur, with resultant favorable or unfavorable 
effects reflected by the growing crop plant. 

Soil treatments with nematocides and fungicides have given control 
of diseases of known as well as of unknown etiology. Control responses 
in diseases of obscure etiology are believed to be the result of correction 
of unfavorable microbiological balances, control of unknown and un-
described facultative or obligate parasites, or control of toxin-forming 
organisms. 
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In looking toward future developments in the chemical control of soil 
pathogens, we may expect the following: 

( 1 ) Greater emphasis will be placed on control of minor and uni
versal root pathogens rather than those causing more spectacular and 
sporadic lethal maladies. 

( 2 ) Research on the organisms of the biophase, particularly the 
microflora of the rhizosphere, will segregate the inhibitors from the 
sustainers. Conditions favoring or hindering their development will be 
learned. By appropriate soil amendments and enlightened cultural prac
tices, the microbiological balance will be shifted toward the sustainer 
side. 

( 3 ) There will be a trend toward the use of more specific and highly 
efficient fungicides and nematocides. Such materials will be relatively 
nonphytotoxic and have a long residual action. Increased emphasis will 
be placed on treatment of critical soil zones at the time of planting and 
during the growth and development of the plants. Less effort will be 
made to treat large masses of soil. 

( 4 ) Systemically acting chemicals eventually will be found which 
will be applied by seed treatment, foliage sprays, in fertilizers, or irriga
tion water. They will be active at very low concentrations. Root and 
stem infections will be warded off by translocated chemicals, which will 
act by increasing the resistance of the plant or by inhibiting the develop
ing pathogen. 

We will eventually control fungus and nematode attack of stems 
and roots by not one, but by a combination of these future practices. 
Not now; but some day. 
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