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SoiI Fumigation and Root-rots of Wheat

G. A. SALT

Ihat fumigating soil could increase the yield of cereals was first shown at Rothamsted
early this century lvhen Russell and Hutchinson (1909) reported increases ranging
between 20 and 501in yield from plants grown in pots containing soil treated with
toluene; responses they attributed to enhanc€d bacterial activity that increased the
mineral-isation of plant nutrients. However, in the field, carbon disulphide, toluene and
formalin gave disappoiotingly small and inconsistent yield increases, which Russell
(1914) atributed to the difficulties of fumigating soils efficiently in the field. The impor-
tance of soil-borne pathogens was only realised later, when Russell turned his attention
to studying soil sickness of glasshouse soils, and got such improved gro&th after partial
sterilisation that this was soon adopted as a standard practice.

The reason for resuming work on soil fumigation for cereals, after a lapse of 50 years,
was given by Widdowson and Penny (1970), who used formalin drenches to try aod gain
information on the reason for cereal crops on some light soils promising well at first but
failing during dry weather in June. In 1964 formalin trebled yields of spring wheat at
Woburn, and greatly decreased the incidence of take-all Ophiobolus graminrs Sacc. and
cereal cyst nematode Heterodera avenae (Stope, 1966; Williams, 1969). In 1965 this work
was extended to the heavier soil at Rothamsted, where take-all is sometimes severe, but
where cereal cyst nematode and summer drought are much less harmful than at Woburn.
Widdowson and Penny (1970) discussed both the etrects of formalin and nitrogen fertiliser
on the yields and N contents of spring and winter wheats, of barley and of grass. This
paper describes the effects of these treatments on take-all and other fungal diseases in
the wheat crops.

M€thods and matedrls

The experiments were on adjacent fields, Little Knott, where 19 crops of cereals had
been grown during the past 2l years, and Pastures, which had been in grass for ten years
before it was ploughed and sown with spring wheat in 1964. The treatments, described
in detail by Widdowson and Penny (1970) and Salt (1969), were formalin (266 gal of
381formaldehyde in,l000gat water/acre) applied by watering can, and four different
amounts of calcium nitrate (Table l). Spring wheats were sown in 1965 (Opal) and 1966
(Kloka), and in 1966 plots were such that effects of formalin applied in 1965 or 1966
could be compared with effects of applying it in both years or neither. In 1966 formalin
was also applied during the autumn, before sowing winter wheat (Cappelle), again to
plots that allowed residual effects to be compared with effects of newly applied formalin.
In 1967 treatments were again applied during autumn before sowing Cappelle, but on
Little Ifuott it was no longer possible to have plots that were given formalin each year
or that had never had formalin. Samples, each containing about 50 plants from four
separate Ginch lengths of drill, were taken from each plot thre€ times between April
and July. After washing, each plant was scored for presence or absence of take-all,
eyespot (Cetcospotella herpotrichoides), sharp eyespot (Ri izoctonia solani),btown foot rot
138
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(Fusarium), brown root tot (Pythium) and abnormal proliferating roots (Heterodera
avenae). Severe take-all, afecting more than half of the root system sampled, was also
recorded.

Resuts

Takeall on Little Xnott, 1%5-68, Formalin greatly decreased the incidence of take-all
in June 1965 and its effect pqsisted and increased until harvest (Fig. l). Nitrogen had
no consistent effect on the proportion of infected or severely infected plants (Table l),
but greatly increased yields (Widdowson & Penny, 1970).

Formalin applied in 1966 decreased take-all even more than it had done in 1965, but
less where it was also given in 1965 than where not. Where it was used in 1965 and not
again in 1966, take-all was more prevalent and severe than where it had not been used
at a[ (Fig. l). Nitrogen geatly decreased both total and severe take-all, and decreased
it most where formalin had not been appted in either year. Take-all was negligible with
formalin plus 1.0 cwt N/acre in 1966, and grain yield averaged 42.5 c*t/acre, whereas
with formalin in 1965 and no extra nitrogen n 1966,90% straws were severely infected
(Table l) and yield averaged only 13.0 c*t/acre.

Formalin apptied after ploughing in September 1966 decreased take-all in the winter
wheat crop, but did not where applied to the stubble before ploughing (Fig. 2) and the
mean effect, in contrast to previous years, was not significant. Where formalin was
applied for the previous crop take-all was severe, and without extra N the crop almost
failed, yielding only 4.4 cwt grain per acre. Nitrogen greatly increased grain and straw
yields (Widdowson & Penny, 1970) but had no consistent effect on the incidence or
severity of take-all (Table 1). Plots given formalin in 1966 ax.d, 1967 had more take-all
and smaller yields than those witlout formalin in either year.

Formalin applied in September 1967 before sowing winter wheat decreased take-all
next May, but later the disease developed more in fumigated plots, so that by harvest
fumigation had increased disease incidenc€ and severity (Fig. 1). A large increase in take-
all after formalin in the previous season was evident on 2 May arrd remained until
harvest. The most severe disease and smallest yield (17.5 cwt/acre) was again in un-
manured plots treated with formalin in the preyious season (Table l). Nitrogen decreased
the incidence and severity of disease, except where formalin was newly applied.

Formalin controlled take-all much better when applied in February before spring
wheat than when applied in September before winter wheat. By contrast, the deleterious
eflect of formalin applied before the previous crop \yas as great, or greater, in winter as
in spring wheat. This deleterious effect persisted for only one season, and where formalin
was applied 2 or 3 years earlier there was less take-all and slightly larger yields than
where it had not been used, but these differences were not significant at the 5 % level.

Take.all on Pastues, 1965-68. Pastures soil was rich in nitrogen, and formalin and
Ditrogen affected yield much less than in Little Knott (Widdowson & Penny, 1970).
Not only did plots without extra N yield much more than on Little Knott, but tlle
potential benefit from formalin and nitrogen was lost because of lodging. In 1965 the
spring wheat on Pastures had scarcely any take-all and the only benefit from formalin
was a small increase in straw. Take-all occurred in the 1966 spring wheat crop, and its
incidence was much decreased by formalin. In contrast to Little Knott, take-all was not
increased by formalin applied in 1965 (Fig. l). Nitrogen decreased the incidence and
severity of infection (Table l) especially in unfumigated soil, but yields were limited by
lodging and were not increased by more than 0.5 cwt N/acre.

l,lO
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In 1967 formalin aflected take-all on pastures as on Little Knott. Formalin applied
before_the previous crop increased take-all and depressed yields, anJ nitrogen dde'aseO
take-all only where formalin had not been given (iable l). As on Little Kiott, formalin
was more effective in decreasing take-all where applied ifter ploughing and cultivatin!
than where applied to stubble before plouChi"C (F,C. 2).

PASTURES 1967

t
E
:
'

E

13 June il July 13 April 24 May 3 July
1967

,'to',;:tt5."#f,[?1'".'iiSffiftiryY"T?#ffiar!crproughiag' E = Fonnaritr appried to

. 
Formalin applied in autumn 1967 had little effect on take-all but decreased gra.in

yield, presumably because in the. wet _summer it increased lodging. Formalin aplted
for the previous crop increased take-all at harvest, but also incrJasiA yieta, presuir_:aUty
because the poorer crop lodged less and so yielded more. Ntrogin lad no consisteni
effect on take-all incidence (Table l) and 0.5 iwt N/acre gave the iargest yield.

Other pests and dise*ses

C$eaI cyst nernatode was prevalent on Little Knott in 1965 and in JtIIle 441 of the
spring. wheat plants in untreated soil had proliferating roots, ind, n\ in'iormaln
tr€ated soil. Nitrogen had no effect on the proportion ofplaots atiacied. In 1966 attacked
p-lants were fewer, l9l in untreated soil and t f wheri formalin was applied in 1966.
where formalin was applied in l965.but.not again i; 1966 therewere2:T lprints attacked,
a-nd 5\ where formalin was applied in 1965 and 1966. These effects or formarin onE avmae populations repeat those in the spring wheat at Woburn (Williams, 1969).
H. avenae wx less prevalent in the winter whiat 6n Little Knott in 19a7 and 196g, and
was not found in wheat on pastures.

142
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Cercoqmrellalrcryntrhtpides.FewerplantswereinfectedinP.asturesthanonLittle
x"ott, u;d the peircentages of straws infected by July were logreasea by formelin
(Tabl; 2). In lg6fthe drenihes on stubble and after ploughing both decreased the amount

ii iof""tior. In contrast to tak+all and eelworm, eyesPot was not increased by formalin
applied for the previous crop; nitrogen had no consistent effect on eyespot'

TAET,E 2

Percentage srraws with eYesPot

Little Knott
No formalh 3l 14

Formalio to stubble
Fomalitr after ploughing 12 3

Itstul€sNJiormalin 2 7
Formalin 10 stubble
Forrnalitr after ploughing 1 1

July
t968

!4
;

18

l3

April July
17 l7
2911
l9 37
t5 3l

837
715
724

July July
1965 1966

Rhiztctonit solati aflected fewer than 5l of the straws exc.pt in 1967 on Pastures,

ni"ilZy were infected in plots not treated with formalin, 8l whete it was applied

before ploughing, and I I where it was applied after. Nitrogen had no effect'

Bruwn foot ?ot Fusafium roseum $tas also uncommon except in July 1967, on Little
Knott, wlere 0'0, O'5, 1'0 and 1'5 cwt N/acre gave 10, 14,24 and 34finfected sraws'
Formalin had no effect.

Brown rool rat was of two types' In one the roots were pale brown, watersoaked and

many were filledwith Pythium oospores. Most of the rotted portion was usually missing,

teaving a tapering brown tip to theiffected root. Plthium root rot_was usually unaflected

bv nidoqen fertiiser or foimalin. It was most prevalent in Little Knott during April
tgOZ, wU'en an average of 23\ plmts had a few roots infected, but usually fewer than

5 f of plants were infected. The other form of root rot was more extensive and darker

biiwn. Brown roots remained attached and did not contain oospores. Fararirz aYenaceutn

dad Fusariun (sp), probably ,F. tricinctmt were usually isolated. Usually felY plants w€re

afectea, Uut tne pioportionlncreased with each increase in amount of nitrogen fertiliser

and whire formilin was applied. For example, on Little Knott in May 1968, 6' 21' 18

ind 3z(plants were affeiiea in untreated, and 6, 30, 43 and 531in formaldehyde-

treatea lio'ts givetr 0'0, 0'5, 1'0 and 1'5 cwt N/acre respectilely. This unusual preval-

ence onioots-tluring May was not followed by brown rot of straw bases in July, which

was wet and not eipected to favour the development of brown foot rot symptoDs'

Except for cereal cyit nematode on Little Knott in 1965, these other diseases were of
minor importance iompared with take-all, and Probably did not affect yields greatly'

Discussion

Effects of formalin on take-all are closely correlated with those on yield (Widdowson &
Penny, 1970), with less take-all and increased yield in the first crop after application,

but liis yield and much more take-all when a second wheat crop is taken next year'

Applyini formalin for successive crops did not decrease take-all as much as the first
application. 

A3
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- Widdowson and Penny showed that formalin increased the amount of nitrogen assimi-
lated by the crop, whether or not root pathogens were abundant. The amou-nt of extra
nitrogen assimilated was unexpectedly large; lor example, on Little Knott in 1965 and
1966 the effect of formalin was approimately equivalent to giying wheat 1.0 cwt more
N/acre._ Thi-s benefit was probably derived partly from the 

-healfiier 
wheat using the

reservoir of- soil nitrogen more efficiently, and partly from the additional nitrogen
mineralised by partial sterilisation of the soil (Gisser'& peachey, 1964. Jenkinsori &
Powlson, 1970; Williams & Salt, 1970).

Thrc decreasing r€sponses in yield to repeated formalin treatments were explained,
partly at least, by Jenkinson and powlson (19?0), who found that soil from iastures
mineralized less nitrogen after a second than after the first fumigation, presumably
because fumigation exhausts the reserves of nitrogen contained in liiing soiLorganismJ.
Thus, when nitrogen limits crop growth, a second fumigation will be lJss efeciive than
the fust in increasing yield, apart from any effect on plant pathogens. This ffierence
between fumigated and unfumigated soils lxrsists, for it was n6t only observed in
Pastures soil three years after fumigation, but also in Butt Close soil, Woburn, five and a
half years after treatment with formalin, and in Broadbalk 22 months aftei treatmeni
with methyl bromide (Jenkinson & powrson, r97o). In contrast to this persistent effect
of fumigation on soil nitrogen reserves, there is evidence ttrat the flusl of additional
mineral nitrogen released by fumigating field soils with various chemicals lasts onlv a
matter of rf,eeks, and is barely detectable after six months (Ebbels, 196g; Jenkinsori &
Powlson, 1970).

. The extent t9 which slil nitrogen is exhausted by the crop taken after fumigation is
shown dramatically on Little Knott by the near failures on-unmanured plots,-and the
greatly improved yield on plots given increasing amounts of nitrogen-fertiiiser. On
Pasturcs,_ with much larger nitrogen reserves, the residual eflect of prJvious fumigation
was much less harmful.

In addition to the depletion of nutrients, severe take-all also contributed to small
yields by the second crop after fumigation. Lack of nutrients does itself increase the
severity of take-au, but it seems that there must be other reasons for the take-all fungus
developing so rapidly in the second crop after fumigation. It is easy to suggest that fu;li_
gation destroys antagonists that usually hold the pathogen in check, buiihis is difficult
to pro-ve. 

-\ inter (1942) showed that the gowth of runner hyphae along wheat roots
was stimulated ty heating the soil or treating it with chloroform, iulpnur di-oxide, alcohol
or tolulol, and he concluded that this stimulation resulted froi the elimination of
antagonistic organisms, which were restored to treated soils by inoculation \vith small
amounts of u.nsterilised soil. Henry (1932) also concluded that antagonists to O, gaminis
were respoosible for the disease rating of wheat seedlings decreasing in unsteritsed but
increasing in autoclaved soil as the temperature was raisid from 13'6, where the disease
rating was similar for both soils.

Fumigation behaves much as do€s introducing into a succession of cereal crops a crop
that is not susc€ptible to take-all. There are much greater yields (with less fertiliser) ani
much less take-all in the next cereal than without any break from cereals, but smaller
yields and more take-all in the succeeding crop than where cereals were grown con-
tinuously.

Suppressing organisms that inhibit the grosth of tie take-all fungus could explain
some of the results of our experiments. However, for others it seems that the etre&s of
formalin are rather oo the extent to which the fungus survives in soil, and that the fungus
has a greater chance of surviving between crops in fumigated than in unfumigated sois.
lu
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Fumigation might aid the survival of the fungus in several ways. One could be by slowing
the decomposition of crop residues, either because the crop is larger and removes more
nitrogen from the soil, or because the soil saprophytes are fewer. Inoculum ofthe take-all
fungus may be less effective from many diseased plants that die prematurely with rotted
roots than from fewer plants that survive with larger slightly infected root systems.

It is worth comparing formalin with other fumigants used on field soils. Formalin
and dazomet were better than chloropicrin, methyl bromide or 'D-D' in controlling take-
all in spring wheat at Wobum (Wiltiams & Salt, 1970), but formalin was the least effective
in controlling nematodes. Exc€pt for 'D-D', all fumigants increased take-all in the second
wheat crop grown the year after they were applied, but none by as much as formalin did.
However, the adverse effect was counteracted by giving l'8 cwt N/acre. It seems that it
may be a common feature of fumigants that control take-all when fust applied, to
increase it in succeeding cereal crops, and for this deleterious effect to be decreased by
applying more nitrogen fertiliser. The development of take-all in crops sown after soil
fumigation must depend partly on the efficiency of the fumigant in killing the pathogen
in crop debris in the soil. Ebbels (1970) showed that, in columns of soil in plastic tubes,
only some of the mycelium in buried wheat straw was killed by fumigation. Formalin
applied to the soil surface killed more O. gruminis in the top 30 cm (12 in.) than in the
30 to 60 cm (12 to 24 in-) zone, where the fungus survived in more than half the piec€s

of straw. Chloropicrin injected at 15 cm (6 in.) killed more O- graminis than formalin
in the top half of the columns but killed no more at geater depth. 'D-D' mixture had
comparatively little effect and killed O. graminis inoculum for only a short distance
below the point ofinjection at 15 cm (6 in.). Soil compaction and temperature in the soil
columns probably differed from those in the field so extrapolation from these results
must be done cautiously. However, fumigation in tubes of sieved soil is probably more
efficient than in the fietd, and the results indicate that much of the take-all fungus in
field soil may survive fumigation. The earlier wheat is sown the greater are its chances

of becoming infected from viable fungus at greater soil dePths. This would help to explain
the poor control of take-all in winter wheat by formalin applied after ploughing, and the
failure to achieve any control where applied before ploughing.

In two other experiments made at Rothamsted, fumigation failed to give the same

control of take-all in winter wheat as described here with spring wheat. On Broadbalk
methyl bromide applied under polythene sheets during October improved Srowth and
decreased take-all in April, but by July there were more take-all infected plants in
fumigated than in unfumigated soil (Salt & Corbett, 1969). On Claycroft field, formalin
and dazomet both decreased take-all in April but the proportion of severely infected
plants at harvest was decreased significantly only by dazomet (Ebbels, 1971).

Soil fumigation has largely failed to control other soil-bome diseases of cereals.

Formalin was the only fumigart to decrease eyespot infection, probably because the
way it was applied ensured its contact with superficial crop debris, which is the main
source of infection (Cox & Cock, 1962). Ebbels (1970) confirmed this explanation by
raking straw from treated and untreated plots at Rothamsted, and showing that the
p€rcentage of infective pieces was decreased by formalin but not by dazomet or 'D-D'.
None of the fumigants tested decreased brown foot rot caused by Fusariwn rosenn,
or brown root rot caused by Prlhiut spp. The survival of Pythium in crop debris or as

resting spores in soil has not been recorded, but formalin or dazomet killed F. roseum

in only one-third of ttre superficial pieces of straw (Ebbels, 1970). This suggests that the
solorc€ of Fusarium infection, as of C. herpotrichoides, is me;inly from surface litter. In
forest nurseries, where the whole crop including most of the roots is removed each year,

t45
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and where the light saa6y soil is easily fumigted, formalin and d^zomet both prevent
Fusarirmt alx.d. Pythiurn ifieotiot of coniferous seedlings (Warcup, 1952; Salt;1965).
Failure to kill.pathogens in agricultural soils is probibly a mechanicai probl". ot
inefficient distribution of fumigant, rather than ineffectiviness of the chemicals, and
sealing the- soil surface with a plastic sheet after applying the fumigant would prolably
help to kill more fungi in the surface litter, where litharioncentraiions of fumigant are
difficult to maintain.

- These- results gave little hope ofsoil sterilants being used economically to control soil-
bome diseases in intensive cereal growing, unless laiger benefits can be obtained from
cheaper materials. However, where cereals are grown in rotation with other crops, espec_
ially thosc_ producing larger returns p€r acre and susc€ptible to nematodes oi fungi,
there could be cotrsiderable benefit, for crops can benefitirom a fumigation giren sorii
years earlier.
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