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INFECTIOUS DISEASES OF
THE HONEYBEE

BY

L. Benrv
Research at Rothamsted on infectious and other diseases of the

honeybee began in 1934, and was supported by a yearly grant o{
d250 for the first 3 years from the British Beekeepers Association and
an equal sum Irom the Agdcultural Research Council, together with
contributions from private individuals. The grants were primarily
for work on diseases of honeybee larvae-brood diseases-incidence
of which in England and \\/ales was causing concern. This review is
of the research done at Rothansted since then on infectious diseases
of honeybees, and of relevant work elsewhere. There are infections
of honeybees other than those mentioned below, but they are of less
significance or incidence in England and Wales, and consequently
have not been specially studied at Rothamsted. H. L. A. Tarr
betan the research: his work was mainly on the natural history oI
Bacillus larvae, established by White (1907) as the cause of American
foul brood disease (AFB), and on the etiology of European foul
brood disease (EFB).

American Jour brood, disease

Sturtevant (192a), finding that reducing sugars, particularly in
concentrations over 2 or 3o/o, inhibited germination of spores and
vegetative growth ir ritro ol Bacillus lantae, suggesled. that this is
why only sealed larvae, which har.e consumed all their food and the
sugar it contains, become diseased. Tarr (1938a), however, found
that spores germinated in a liquid medium of minced chicken embryo
v,,ith concentrations of reducing sugars up to 12.5%. Furthermore,
even small numbers of spores (100-140) sometimes would germinate
in his medium. Lochhead (1933) also found that a few spores
germinated below the surface of semi-solid media of entirely difierent
constitution to Tarr's, and it seems possible, therefore, that spores
germinate best in a critical, reduced-oxygen tension. Previously,
Sturtevant (1932) found only large inocula of spores germinated ,z
cilzo and thought that this may explain why small doses fail to cause
disease in bee colonies: a few larvae infected when 15 davs old died
in his experiments, but only when inoculated with massiie doses of
about 10 million spores each.

Tarr (1937a) showed that spores were necessary to infect larvae:
vegetative cells, even in massive doses, did not infect. Unlike
Sturtevant, however, he could not cause AFB by inocutating the
food oI ll 5-day-old larvae. He infected larvae more successfully by
spraying them with spores than by feeding their colonies spores in
slm:p, and he noted young larvae seemed more susceptible. Sub-
sequently Woodrow (1942) found one spore enough to cause disease
provided the infected larva was younger than 1 day old: larvae
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older than 2 days were immune. On this basis it is diftcult to ex-
plain why only sealed lan'ae die of disease, particularly as spores
germinate within 2.1 hours after entering the larval mid-gut (Wood-
row & Holst, 1942). Furthermore, the vegetative rods do not grow
much in unsealed lan'ae (Maassen, 1908), and may even diminish in
numbers shortly after larvae are sealed (Hobt, 19461. Bacillus
lantae may not grow much in the larval intestine, as this is probably
too anaerobic, or bacterial grorvth quickly makes it so (see EFB
section below), particularly perhaps in the most rapid growth phase
of the larva which starts on the 3rd day after hatching (Nelson,
1924). I-arvae may ultimately be killed during a critical phase of
pupation by the toxic enz,'mes that Patel & Gochnauer (1959) iound
in remains of larvae dead of AFB, and which may be liberated by
B . lan)ae as il grows. The relativeiy few bacteria in the lan'ae then
could invade the dead tissues, proliferate and sporulate.

Shortly after Haseman & Childers (1944) found that sulphona-
mide drugs efiectively suppressed signs of AFB, experiments were
made at Rothamsted to test the value of such treatment. Milne
(1947) summarised his investigations and confirmed the effectiveness
of sulphonamides in allaying disease, but emphasised that treatment
was impermanent, becaus€ dormant spores of Bacillus Laruae, r.ow
krown to stay viable Ior at least 33 years (Haseman, 1959), can
develop once the drug is exhausted. In view of the lessening of the
disease in England and \Yales since the implementation oI the Foul
Brood Disease of Bees Order of 1942, which enforces destruction of
knom diseased colonies, use of sulphonamides was not considered
advisable, and work on chemotherapy of brood diseases was sus-
pended at Rothamsted. \\'ork continued abroad, however, princi-
pally in Canada and the United States: oxytetracycline (Terra-
mycin) was found by Katznelson & Jamieson (1952b) to be an
efiective antibiotic, but it has the same limitations as sulphonamides.
There is still controversy, even in countries where use of dmgs is
permissible, about the desirability of their use in preference to
destrolng diseased colonies.

European foul bood disease

Tarr began investigations at Rothamsted on EFB when there was
considerable confusion, not only about the etiology of the disease,
but even about its existence. He worked first on Bacillus ahtei, a
bacterium commonly present in remains of larvae that have died of
the disease and was, at the time, usually considered the cause.
Bumside & Foster (1935) described 8a cillas far a-ahtei as an organism
similar to B. aloei a\d causing a disease similar to EFB. Tarr
(I936a) found that B. aluei ar.d. B. pan-aloei were biochemically in-
distinguishable; their difierences, which were slight, were solely
morphological. Davis & Tarr (1936) also fornd Slreptococcus apis
(another organism olten present in diseased larvae) was indis-
tinguishable from Streptccoccus liquelaciens or Sheftococcus glyceri*-
aceus (all now classifed as St',eplococcas faecal,is: see Bergey's
Manual oJ Delerminalhte Bacteriologlt, 6th ed.). This was apparently
independent of Hucker (1932), who had already identfied A. alis as
S. liquefaciens by cultural and serological tests. At first Tarr
(1936b) thought A. apis or B. alvei were able to cause EFB: he
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found that disease sometimes developed after lan'ae had their food
inoculated with pure cultures of eithei organism and were incubated
without nurse bees for 4 days at 35'before being returned to their
parent colony. It seems likely that EFB was endemic in the
experimental colonies he used, and this may have made results un-
reliable, but it is also possible that signs similar to those of EFB
were induced in the inoculated larvae whose resistance was lowered
by starvation (see below). Later, Tarr (1937b) realised, as had
Wlite (1912), that another organism always s€€med to occur in
diseased larvae, particuJarty in-the early stages of their infection.
It was hardly distinguishable morphologically from S. alrs, but its
presence was suspected when attempts to make cultues iz i,irlo
frorn larvae, apparently contai rtg very large numbers of 5. ay'rs,
failed. Tarr (1938b) attempted to cultivate the organism, which he
now recoglised as BaciLl,us t'luton'Nhtte, on a variety of media
without success. However, he confirmed manv obse-rvations of
Nhite (1912, 1920).

Thus Tarr usefully clarified the complicated bacteriology of
EFB, and his eventual confirmation of \lrhite's original obsewJtions,
uhich previously had not been accepted or had been considerably
modified, encouraged continuation of work with the principal funda-
mental aim of cultivation, in titro, of Bacillus plutan. Meanwhile
Burri (19a3) introduced further complications by claiming to
ide ity B. ?lulon as a dissociant form oI Bacterium iu,ryd,ice ,Nlite,
another organism commonly plentiful in larvae with EFB. Miss
E. Kops at Rothamsted could not verify Burris' observations (Rel.
Rolhzmsl. exf. Sta. for lg47) but tovnd. B. eurydice to be pleomomhic
and in some conditions to resemble g. uton moniholoei"illt -
Jlliss Kops and Miss H. Finegan tested a wihe variety o'f -"&. ",iaconditions for cultivation ol B. plulon, but all were unsatisfactory,
I2ter, attempts were renewed ivith the co-operation of Profesdr
L. P. Garrod (St. Bartholomew's Hospital), and field trids with one
of his isolates irdicated the possibitity that B. blul.ot conld. be
cultivated as an anaerobe (Rei. Rothattst- erp. StA. fot 1954). A
medium was eventualJy developed at Rothamsted which gave
satisfactory groMh of B. llulon in anaerobic conditions (Bailey,
1957a), and the first exp€riments made with pure cultures showed lt
to be the primary pathogen in EFB (Baitey, 1957b, 1957c). As the
organism does not form spores, it was decided thal Slrebtococcus
lluton ('N'bile), suggested by Gubler (f954), was a more appropriate
name. Apart from low oxygen tension, the major critical reiluire-
ments of S. Pluton for growth indbo are ahighratio of potassidm to
sodium, unidentiied constituents of certain yeast eitracts, high
inorganic phosphate concentration, and COr.

Un\ke Bacillus laruae (the cause of AFB), St eltacoccus blatol
develops abundantly in the larval mid-gut, suggesting that thi mid-
gut iswirtually anaerobic, which may explain the feeble development
of B . l.artae in growrng lartae. S.llulor apparently weakens iarvae
directly by depriving them of food (Bailey, I959a), which enables
secondary invaders to develop abundantly and help kill the larvae.
Typiczl\v, Baclerium eurydice is the irst of these to develop, as it is
commonly present in bee colonies, living normally, apparently
harmlessly, in the anterior parts of the alirnentary traci of adult
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bees (Ra1s. Rothamst. exl. Sta. Ior 1957, 1958). Other secondary
invaders, such as Sheflococcus faecalis, which seems common in cases
oI EFB in continental Europe, but not now in Britain, are probably
picked up Irom outside sources by foraging bees. Bacillus aloei is
not always present, but tends to become established in endemically
infected colonies: it seems to be the last of the secondarJr invaders,
developing in larvae that have died (Bailey, 1959b).

Tests with sulphonamides against EFB were made at Rotham-
sted in 194'6 and appeared inefiective. Various antibiotics, how-
ever, particularly streptomycin and ox1'tetracycline, were found by
Katznelson et al. (1952) to be efiective, and their use has become
common in North America and Europe. Growth oI Sbe?lococcus

Plulon is completely irfl,ibited. in vilro by penicillin G (concentration
10-,-104); oxltetracyclin (10-5 t0.?) and streptomycin (10-{-
l0-0) (Re?. Rothqrtst. er|. Sta.f.or 1958). Despite the Sreat eficiency
of penicittir G ln uriro, it is inefiective rz uiuo, against both AFB and
EFB, and probably because it is unstable, particularly at pH values
about 4.0, such as occur in honey and larval food. Dormant cells
of S. pl an are now known to remain viable for over a year, how-
ever, and they probably become well distributed within bee colonies
from some inlected larvae, which, nevertheless, survive. Such
larvae void very many bacteria in their faeces before pupation
(Bailey, 1959a). Thus, treatment with antibiotics has, firnda-
mentally, the same disadvantages vrith EFB as u'ith AFB--con-
tinued application of drugs is needed until dormant bacteria have
been eliminated by consumption of contaminated food and cleaning
of combs by adult bees, but there can be no certainty of when this
has been achieved.

A carine disease

After the mite, Acarupis uoodi (Rennie), was discovered by Ren-
fie et al. (l92ll, it quickly acquired the reputation of being very
destructive to adult bees, because it was considered to cause the
" Isle oi Wight disease ", from which many colonies of honeybees
were alleged to have died in the British Isles from 1906 until shortly
after the time A. uoodi wx discovered. Accordingly, the Limited
research at first possible at Rothamsted on adult bee infections was
aimed at improved remedial measures, particularly as surveys be-
tv,,een l94l and 1944 (Butler, 1945) showed 20% ot colonies inlected
and widely distributed in England and Wales. It had already been
shown elsewhere that carelul application oI the vapour lrom Frow's
mixture (nitrobenzene, salrol and petroll, or from buming sulphur,
killed mites with no apparent damage to the bees. Butler (194I)
also found terpineol vapour efiective in laboratory tests. I-ater,
more extensive field and laboratory trials were made with a variety of
fumigants, including newer acaricides applied as smokes and re-
ported effective by continental workers (Bailey & Carlisle, 1956).
Briefly, Frow's mixture was found effective when applied in cold
autumn weather, but infested bees eventually died in winter earlier
than is normal. Thus, althou8h the chances of heavy infestations
recurring next se?lson can be decreased, even iI not eliminated,
treated colonies are more likely than uninfested ones to die in the
Iate winter because their numbers are abnormally low. Newer
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acaricides of th€ di-(1{blorophenyl) methyl carbinol (,,Dimite,,)
type are convenient for spring or summer use and are more efiective
than sulphur fumes. Repeated applications are necessary, however,
unless they are used in warm weather, but then the colonies mav be
da.maged because the smoke overrxcites the bees.

. Acarapis woodi achieved its bad reputation without any quantita-
tive observations or experimental evidence about the pat-hoioev and
epidemiology of infestation. Accordingly, sirce tg5l, record! were
kept at Rothamsted of infestation and hortalitv of colonies that
were not treated, and these showed that infestations in endemicallv
infested hives are usually suppressed naturallv. The proportion of
total colonies examined that was detectably infested ria-s similar to
that found in the national surveys made illlg4l-44, but most were
only lightly infested. and when colonies found infested at anv one
time were graded accordint to the degree of infestation the numbers
in each group felJ exponentially as the de$ee oI infestation in-
creased. Few colonies ever had more ttran aO% of their bees in-
fested during any one season. Obvious damage to colonies was
found only with these heavy infestations, and-then onlv in late
winter: the very few with more than 7E|^ bees infested ujuallv die
about March (Bailey, 1958). The efiect oi infestation on the lile of
individuals is slight and d.ifficult to detect in summer bees. Oueen-
lessness and inactivity of colonies in poor seasons are principal
factors causing increased infestations (B;,iley & Lee, 1959).'

Thus, heary infestation is the conse(uenci of events uniavourable
to colony development: it may be moie common after several Door
seasons, when the bees are kept alir.e by artificia.l feeding. On-this
basis, the apparent close association of mite infestation wilh .. Isle of
\\]Uht dlsease " (Re-nnie e/ al., t92tl may be reinterpreted. This
disease probably had no single cause: rafher, the name included a
wide variety of debilities with similar signs (Rennie, lg23). Hear.r,
mite infestation may u'ell haYe resultid fiom, not causea, these
various ailments, which on some occasions at least, including those
of Rennie's investigations, occurred in very poor seasons. Fiom its
knowa wide distribution, Acarafis woodi-was probablv endemic in
honeybees -before the days of tlie " Isle oI Widht dis€;se ": it has
been found in Apis mellifera in most parts of Europe. includins
Sardinia and Maliorca, in Russia and in South Ameiica. It alsI
occurs in Alis iadica in India (Sardar Sineh, 1956) and in lDr's
melliJerc alansoti in the Belgian Congo (Benoit, lO59). Its ;D-
parent absence from Scandinavia, North America, Australia aid
New Zealand (Jeffree, 1959) seems remarkable, therefore, and
des€rves study.

_ As heavy infestation by Acarupis raoodi is usually slrmptomatic
ol a poor economy, treatment, however successful in killing mites.
may not be expected to produce a striking resDonse in colonv de-
velopment. The value, therefore, of treatments that a.re diricted
solely against mites needs careful consideration, Dadicularlv as
present methods have some detrimental efiect on be&.

Nosena d,isease

In a survey in l94l-44 (Butler, 1945) adult bees infected with
Noscma aPis Zaader were detected in about S% of colonies widely

https://creativecommons.org/licenses/by/4.0/


This work is licensed under a Creative Commons Attribution 4.0 International License.

https://doi.org/10.23637/ERADOC-1-92 pp 7

INFECTIOUS DISE.{SES OF THE HONEYBEE 209

distributed in England and Wales in April and May, the period when
an acute peak of infection occurs in endemically inlected colonies.
This annual epidemic had been reported from Switzerland (Morgen-
thaler, 1939) and was confirmed at Rothamsted (Rr, . Rothamst. exi.
Slc. for f939/45). Widespread infection of colonies at Rothamsted
was first noticed in 1946, and Irom Ig47 to 1950 Hassanein studied
the natural history and pathology of the infection. Earlier rvorkers
showed that heavy artificial infection in autwnn killed colonies in
winter (White, l9l9; Morgenthaler, 1941); that inlected queens
soon become unable to produce eggs (Fyg, l9a5) and that h,'po-
pharyngeal glands oI infected bees become prematurely atrophied
(Irtmar, 1936). Hassanein (1951, I952a) confirmed the last two
observations, and found that brood-rearing was lessened in naturally
infected colonies in spring, presumably because infected bees pro-
duced less hy'popharlmgeal brood-food, and that infected bees began
Ioraging earlier and had shorter lives than uninlected individuals
(Hassanein, 1953). There was plenty of experimental evidence,
therefore, that infection with N. clrs was pathological-more so, to
individual bees, apparently, than infestation with Acarapis woodi.

Endemically infected but otherwise normal colonies are rarely
obviously affected, however; this follows from the extent to which
infection is naturally suppressed in such colonies during the summer.
Burnside and Revell (1948) considered that increased temperature
of the cluster, as brood-rearing increased, could account {or the
suppression of infection, and they confirmed results of Lotmar
(1943a) showing that temperatures over 35" suppressed development
of the parasite in individual, caged bees. An altemative explana-
tion was that transmission of parasites to newly emerging bees, which
are free of infection, ceases in summer when bees fly freely and
defaecate outside the hive, and this was tested by experiments at
Rothamsted in which bees were translerred to uncontaminated
combs in early summer (Bailey, 1955a, 1955b). This treatment
usually lowered intection to undetectable levels $'ith no recrurence
the next year. It seemed reasonable to suppose, therefore, that in-
Iection normally persisted in sumrner !!s faecal contamination de-
posited on combs the previous winter, and the decline of infection in
summer reflected fewer spores left on combs to infect new bees.
Recent exp€riments (Bailey, 1959c) showed that artificially infected
bees, introduced to endemically infected colonies in summer when
inlection was naturally diminishing, all developed similar numbers oI
spores to those in naturally infected bees in spring when natural
infection was high. Thus, high temperature seems to be unimpor-
tant, and the amount of inlection on combs seems fundamental to
the natural history of infection.

Means of decontaminating combs ryere developed: the best
Iound was fumigation, at normal temp€ratures, with fumes of
formaldehyde for empty combs, or with vapour of acetic acid for
combs with Iood in them. The effectiveness of acetic acid was con-
firmed by beekeeping institutes abroad (Garrilov, 1957; Jordan,
1957; Lunder, 1957). At Rothamsted almost all the bees were
transferred to such combs in early summer 1954, and the percentage
oI colonies with detectable infection fell from between 50 and 90 to 7
the following spring (Rrp. Rolkamst. er|. Sta. lot 1955). Many

o
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colonies were also treated with fumagillin (see below), which may
have helped, but there was no significaat difference between colonies
that received both treatments and those only fumigated (Bailey
1955b). These experiments were made in a poor season when in-
fection locally, and generally in England and \Yales, rose from l0 or
20 to 35 or 40o/o of colonies (Min. of Agric., Fish. & Food, 1956).
Absolute elimination of infection seems unlikely by the methods
employed, but keeping levels of infection lov' would be acceptable
provided this could be done cheaply. Fumigating spare combs only,
before re-use, has so far proved inadequate, but at Rothamsted
colonies are handled more often than in normal beekeeping, and the
seasons since the trial have been very poor. Nevertheless, this
simpliied method has some value, because the numbers of potential
parasites are decreased; the susceptibility of wax-moths, particu-
larly their eggs, and Streltococcus Phnon b the same treatment
(Re?s. Rothamst. e*P. Sla. for f955, 1958) gives it added value.

Direct evidence of the efiect of manipulation on infection of
colonies was obtained (Rey'. Rothamst. eap. Sla. for 1958) when in-
fection increased significantly in colonies inspected monthly in
winter. A similar but smaller efiect may be expected in summer,
and the high levels of infection of package bees from the southem
states of the United States (Reinhart, 1942; Farrar, 1947) may
derive Irom the handling they undergo follorrd by their long
joumeys. Infected samples of bees received for diagnosis about
April and May by the National Agricultural Advisory Service have
risen from the l94l+14 level of about 5% to approximately 20lo
since about 1953. This may not be entirely attributable to poor
weather: there is no doubt that transportation of bees, mainly to
orchards in spring and to heather in autumn, is more frequent now
than during and shortly after the war of 1939 46, and transportation
seems an important cause of high levels of infection (Bailey 1955a).
Commercial beekeepers have considerably higher infection in their
colonies than have beekeepers in general (unpublished data, Min. of
Agric., Fish. & Food) and probably transport their bees more.

After the discovery of the striking effect of fumagillin in sup
pressing infection by Nosema alis (Katznelson & Jamieson, 1952a)
field trials were made with it at Rothamsted. Feeding fumagillin in
autumn pre\rnted or retarded development of infection the fol-
lowing winter (Bailey, 1953a, 1955b). Results were not rvholly
satisfactory; infection was apparently always checked or diminished
by treatment, but absolute elimination seemed unlikely. Repeated
autumn application may eventually succeed: spring treatment
aller.iates the immediate acute infection, but comb contamination is
less [kely to be decreased.

It is necessary to consider the value of possible treatments and
the circumstances in which they are applied, The degree of infection
in spring with Noserfta aris reflects to some extent the degree to
which other circumstances of honeybees u'ere unfavourable the year
before. Lotmar (1943b) found a significant positive correlation
between wet summers and the degree of infectiou the next year, and
the only striking fall of infection in England and Wales in recent
years rras after the unusually good season of 1955 (Min. of Agric.,
Fish. & Food, 1956, 1957, 1958). In poor seasons the natural
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cleaning of combs is probably decreased, because brood rearhg and
nectar gathering is diminished and defaecation by infected bees in
the hive may be more Irequent than in good seasons. Colonies
should not be disturbed in poor seasons, and drug treatment seems
most useful at the end of such seasons. Comb changing would be
most likely to eliminate infection in good seasons.

More fundamental studies of infection in individual bees show
that the parasite is first established at the anterior and posterior ends
of the ventriculus, usually mostly at the anterior end, vith a region
of minimal inlection centrally (Bailey, 1955c). The last region has
many qrtoplasmic granules of calcium phosphate which disappear
when infection penetrates the cells. Their presence may, therefore,
initially inhibit growth and development of. Nosema apis. Infection
soon disappears from bees fed syrup containing fumagillin, leal'ing
apparently normal cells except at the anterior end of the ventriculus,
where infection persists even after continuous drug treatment for
several weeks (Bailey, 1953b).

Amoeba disease

Malpighamoeba mellifcae Prell was studied at Rothamsted first
by Hassanein (f952b), who confirmed that an annual epidemic,
similar in character to that of Nosema afis, occurs in adult bees oI
endemically infected colonies. This annual epidemic appears to
have the same explanation as that of.N-osezra alrs; translerence of
infected colonies to nonrontaminated combs in early summer
eliminated infection, and transference of combs from infected to
uninfected colonies in autumn introduced infection which became
epidemic the following spring (Bailey, 1957d). Cysts of M. mellifcae
on combs were killed as readily as spores of N. apr's by vapour of
acetic acid, but IumagiJlin did not affect the development of M.
mell.if.cae in infected bees (Bailey, 1955d).

The incidence of infection with Malpighamoeba meWcae in
England and Wales s'as less than I% in l94l -1.1 (But1er, 10.15), but
in recent )'ears it has risen to about 3o/o. The rise is coincident s'ith
that of Noserna apls mentioned above, and seems likely to be for
similar reasons. Infection is restricted to the south-east oI England,
however, particularly near london (llin. of Agric., Fish. & Food,
1956, I95?, 1958), uhich is strikingly similar to infection reported
{rom Denmark, where most is near Copenhagen (Fredskild, 1955).
The reason for this is not clear, but bees may be examined and dis-
turbed more frequently in urban than rural regions. Much more
disturbance seems necessary to maintain abnormally high levels of
infection by LI. tnellifcae than by N. apis, x lhe cyst stage of the
Iormer does not appear until 3 weeks alter inlection (Fyg, 1932;
Hassanein, 1952b), sb that in summer, infected bees will be foragers
that are almost at the end of their lives before they become infective.
Infective spores of N. apis form after l0 days or less well within
the [fe span of the bee in summer.

Paralysis
Results of experiments by Bumside (1933) made it aPpear that

adult bees with " paralysis "-dark, greasyJooking, virtually hair-
less bees, with sprawled legs and wings- had an infectious disease
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that was transmitted directly between them. Butler (1943) made
similar laboratory tests with the same results, but at the same time
he pointed out that a variety of diseases, some non-infectious, and
various poisons may produce similar signs. Bumside (1945) made
further controlled laboratory experiments which seemed to show
that the infectious disease was caused bv a filterable vims- About
2o/o oi samples of bees sent to the National Agricultural Advisory
Service annually from England and Wales are diagnosed as paralysii,
but the proportion that are of the infectious variety is unknown.

C onclusians

The common inlections of the adult honeybee are not principal
factors limiting the survival and gro*'th of endemically infecied
colonies that are otherwise normal. But they tend to reach serious
proportions when such colonies suffer set-backs. The set-backs are
sometimes adventitious, but they are often imposed or agtravated
by beekeeping practices. The increasing knowledge of the natural
histories of adult bee infections should help to mitigate these
actions. An understanding of the striking annual epidemic of EFB,
which usually occurs in endemically infected colonies, should produce
similar advantages. More epidemiological studies of AFB may be
helpful, even though natural control of this disease, once present,
seems poor.

Devising prophylactic measures depends on fundamental know-
ledge of the natural history of the infection concemed. Direct
therapy may often be improved and evaluated by such information.
Accordingly, the accumulation of fundamental knowledge remains
the primary purpose of research on diseases of the honeybee at
Rothamsted.
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THE WHEAT BULB FLY,
LEPT OHY LEMY I A CO ARCT AT A FALL.

A Revieu of Culent Knowledge of its Biology

Bv

D. B. LoNc
INTRoDUcIo:'l

Wheat Bulb Fly has been a pest of wheat and other cereals in
Britain for many years (Curtis, 1860; Ormerod, 1882, 1892).
Recently its effects on wheat crops have increasingly attracted
attention, particularly in 1944, 1945, 1952 and 1953. In 1953 the
National Agricultural Advisory Service reported that 60,000 acres
of wheat failed, 60,000 acres needed to be patched and more than
another 80,000 acres were damaged, and the direct loss at dl,21O,UJO
was estimated (Gough, 1957a, f957b). At Rothamsted Wheat Bulb
Fly has infested winter wheat on Broadbalk since 1925, when a
system of fallowing to control weeds was introduced, and its biology
has been studied in the Entomology Department since 1953.

Lrrs Hrsrony

Ormerod (1892) recognised that the fly had only one generation a
year and that the infesting maggots came from eggs laid in the soil
before seed sowing. Eggs are laid in the surface layers of soil lrom
mid-July until, according to season, September, and unless subse-
quent ploughing is deep they mostly remain in the top 3 inches of
soil (Petherbridge, Stapley & Wood, 1945). The initial development
in the egg is completed in 2 weeks (Hedlund cited by Rostrup, 1924;
Gough, 1946), but it does not hatch till early spring (January to
March). The newly hatched lan'a can survive without food for at
least 5 or 6 days (Gemmilt, 1927; Long, 1960a) till it locates a host
plant. The lan'a enters the base of a shoot and spends about three-
quarters of its larval life feeding on the central tissues; it then moves
to another shoot, possibly on the same plant. It moults twice, once
late February-arly March and again late March-+arly April (Gough,
l9f6). During April and early May larvae firally leave the plants
and, after a prepupal stage lasting some days, pupate nearby in the
soil about I inch below the surface (Gemmill, 1927; Gough, 1946).
The flies emerge in early to mid-June, and copulate about 3 weeks
later. During this period the flies remain near the wheat crop from
which they emerged, but the female flies then gradually disperse
over a wider area during the oviposition period, when eggs are laid
in bare soil o{ fallows or beneath potatoes and other root crops.

DISTRIBUTIoN

\lheat-Bulb Fly occurs in central and northern Europe, in the
Low Countries and Germany, Denmark, Sweden and Norway and
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parts oI Russia. Its southem limit in Europe borders on regions
with more than 5{ months with temperatures during the day higher
than 9'C. (Schnauer, f929). In the British Isles Wheat Bulb Fly
is mostly con6ned to the eastem side of England and Scotland; the
distribution is roughly bounded by the 30-inch rainfall isohyet
(Thomas, 1948), which also bounds the wheat-growing area; distri-
bution may thus be explained on a basis of cropping and rotations
(Gough, 1957b). Areas where it is most important are Isle of Ely,
Lincs., Notts., Hunts., W. Suffolk, Essex, Beds. and Cambs. in
England, and Mid- and East Lothian in Scotland.

HoST PLANTS

\\rheat, rye or barley can all be infested when sown in autumn or
winter, but oats are immune (Gemmill, 1927). In experiments
larvae did not develop in oats, and relatively few reached maturity
in barley (Gough, 1946).

Laryae rvere found in some coarser wild grasses, and flies were
bred out oI Couch Grass, Fiorin, Common Bent Grass, Meadow
Fescue, Meadow Grass and Rough Meadow Grass (Gough, 1946;
Stokes, 1955). Larvae attacked seven other species, including
Cocksfoot and Wall Barley, but no flies were bred out of them.
Couch Grass appears to be a comrnon wild host, and is more attrac-
tive than wheat to young larvae, which also develop more quickly
in it (Gemmill, 1927; Raw & Stokes, 1958). Barley, Common
Bent Grass, Rye, Meadow Fescue and Meadow Grass are all less
attractive than wheat in that order.

BroLocY
The eg1

The egg is whitish cream, about l'3 mm. long and 0'4 mm. wide
and weighi 0'08 mg. In summer most embryos are fully formed
within 14 days of laying. Embryos dissected out of the e88 shell
show movements (Gemmill, 1927) but no locomotion, and they
cannot infest plants even when inserted in shoots (Way, 1956).

The fully formed embryo has a diapause oI about 6 months,
about I00 days of which are obligatory (Way, f956), so that eggs
normally hatch in the 6rst I or 3 months of the year; Morris's (1925)
statement that some emerge in autumn has not been confirmed.
After its initial development the embryo requires a period at a
temperature below 12' C.; the diapause ends most rapidly and tht
deaih rate is smallest at about +3'C. (Way, 1959). A peculiarity is
that whereas diapause ends at -6' C. more slowly than at f3'C.,
temperatures around -20' C. shorten the egg stage irom 6 months
to 3. Below this temperature the eggs may lreeze and die
(Way, 1957, 196O). \!"hen diapause is comPlete the etgs soon hatch
rihen the temperature is above freezing, but not otherwise. Thus,
hatching can be much delayed by prolonged frosts.

Rostrup (1924) and Gough (1946) observed that eggs buried
deeply in soil also hatch late: as such eggs are unlikely to exPerience
temperatures as low as those at the surface, diapause may be pro-
longed.

Unless kept in a saturated atmosPhere or in contact with water,
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the egg loses water inecoverably: desiccation during the long period
in the etg stage is a hazard, and in dry years may afiect survival-
l\'ater constitutes 600/o of the egg, at 71oL relative humidity in
summer temperatures one-fifth of this is lost in l3 days, and half
the eggs die (l-ong, 1955). I-oss of water is primarily restricted by
the physical structure of the egg shell; damage to its surface in-
creases water loss, which also increases 2 or 3 davs alter treatment
rvith poisonous substances such as cyanide .rd" TEPP. Inf.rtil"
eggs from non-mated females lose water nearly twice as fast as
fertile eggs. \\'ater loss is often accompanied by a partial collapse
of the shell: many eggs from field soils show this, bul most are slill
viable.

THE LARVAL exo Puper Srecrs
Cultivation may bury the egg deeply, and cough (1946) showed

that plants can be infested from eggs buried 18 inches in sandy soil.
When larvae hatch they move steeply upwards to the top layerbf the
soil, where they respond to exudate (Stokes, 1956) producid by the
part of the wheat shoot beneath the soil (I,ong, lg58e). Larvae are
also attracted by exudate from the root zone near the base of the
plant, but this appears to confuse nther than help the larvae in find-
ingashoot. Guttation d-roplets from the leaf tipi are also attractir.e,
and on mnning dow:t to soil level these may reinforce the attractive-
ness of shoot exudate.

Larvae tend to attack urinfested plants (Ircng, 1958a), and
should an attacked plant be selected, they seldom attack a shoot
already infested. The exudate from infested shoots or plants is
presumably less attractive than that from healthy plants. Occa-
sionally more than one larva infests the same shoot, but they then
usuallv all die. The attractiveness of the exudate is decreased bv
boiling and destroyed by drying at high or low temperature. The
exudate is probably protein, which is destroyed fairly rapidJy in tbe
soil (Long, 1959).

In pots larvae buried g inches below the surface established an
infeslation most successfully in sandy soil, less so in clay soil and
nearly faiJed in a peaty loa.m (Irng, 1960a). Higtrly acid soils may
interfere with infestation: the failures in peaty loam were possibly
due to the soil impeding larval movement rathei than to adverse pFi.
Much of the wheat in the United Kingdom is grown ia peaty sbils
where heavy infestations frequently ociur, buthost of the e[gs re-
main in the top 3 inches of soil after culti\.ation (Pether6iidge,
Stapley & Wood, 1945), so the larvae have to travel less than in the
pot exp€riments to reach the host plant. In clay soil newly hatched
larvae can move at least 2l inches before infesting a plant, and mov-
ing from plant to plant can travel at least 33 inches during their tife-
span. After leaving a shoot, larae can detect adjacent plants, and
they move along the rows of plants rather than acioss them-
Nevertheless, manv larvae mav die because thev fail to infest
another shoot at tNs stage.

The larva enten the shoot through a very small hole bored at the
base and spirals upwards for l-2 cm. before descending into the
central leaf cylinder. As the larva destroys the growing point of
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the shoot and the bases of the central leaves, the damaged tissues
turn brown. The larva grows relatively slowly in its first shoot, and,
according to the size of the shoot, moults once or twice be{ore
moving out to infest another. Young Larvae generally restrict their
feeding to the white tissue of the shoot below ground, but older
larvae feed more voraciously and may also attack the central green
tissue above ground. \l'hen the base of the central shoot is fust
severed it is surrounded by exuding plant sap and remains green at
first, but turns yellow after several days. This process may be
hastened by dry weather, and apparently healthy wheat crops reveal
a heavy infestation by shoot centres tuming yellow with the onset
of dry weather.

Full-grown larvae vary considerably in size and form pupae about
6 mm. long and 2 mm. wide within a weight range of 5-16 mg. The
pupae are a light yellowish brown when first formed, but darken
with age.

THE ADULT STAGE

Many Wheat Bulb Fly problems concern the adult insect, e.9.,
its sex ratio, its Iood during the many weeks spent in the crop and
its fate by death or dispersion. \\rhy does the fly, unlike other
Anthomyicls, lay its eggs in soil and not on the host plant? An
answer to this might enable us to prevent oviposition in fields about
to carry wheat.

T echniques

Three difierent techniques were used to study emergence, life-
span, behaviour and dispersion of each sex in the field: sweeping the
crop with a hand net, using a large cage enclosing a known fly
population on a region of standing crop and releasing marked flis.
Unluccessful attempts were also made to develop a standard
trapping technique using sticky traps, water traps and suction
traps.

Net sweeping can be done only in daylight under lirnited weather
conditions. It takes much time, requires many people to sweep
several different places at the same time, is dificult to standardise
and the results of sweeping difierent t,?es of crops cannot be com-
pared quantitatively. Sweeping also disturbs the environment, so
it must not be done too frequently (Delong, 1932; Gouth, 1946;
Long, 1958b).

In the " field-cage " studies the number and distribution oi in-
dividually marked flies could be observed directly over periods
n ithout touchint them and without greatly disturbing the en-
vironment. Thus, with a fly population of known size and age, the
technique permitted studies on behaviour and length of life (Dobson,
Stephenson & I-ofty, 1958; Dobson, 1959; Dobson & Morris, f960).
Difierences between the efiect of environment inside and outside the
cage are difrcult to assess.

Field-cage experiments caDnot provide direct information on
dispersal, so observations were made on marked flies released in the
fietd. Fties were first labelled by feeding them sugar solution con-
taining radioactive phosphate (r'zP) (Long, 1958b), but later they
were marked individually with paint.
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E u et gence au.d lije slan
)\lales emerge consistently ,1-5 days before females and over a

shorter period (Gemmill, '1927; Dobson, Stephenson & Lofty, 1958;
!ong, 1958b). Most of the males and females emerge in ihe lirst
half of the emergence period. Sexes are produced in e ual numbers
and probably live more than 30 days; males die soon-er, and their
maximum observed life-span was 55 davs compared with 75 davs for
females. Fles emerging-later in the dason sdem not to live ai long
as those that emerge early (Dobson & Morris, 196O).

The d.aily rhythm oJ behaoiour an"d dispersal
The flies in a wheat crop have a daily rhlthm of activitv. Jn

early morning, when tempeiature is low, maiy may crawl ip and
rest on stalks and ears. As temperature rises, they become-more
active and flit betrveen stems. in temperatures above t2"-13.C.
they fly from the crop, and the number at the top of the crop
decreases rapidly and reaches a minimum by middav. Durine thl
aftemoon, whether temperature falls or not, the nuirber of fliL at
the top of the_crop slowly increases and reaches a maximum just
before nightfall.

Field-cage studies sholred that these movements result from two
periods of high activity during the day, one in the early morninq and
the other in the evening. Dobson (1959) related ihe Xriofu of
maximum activity to low light-intensities of less than 60 joules/cm.,
occurring at those times.

The fly is small, about 8 mm. long with a wing span of about
15 mm.; the female is dul coloured and the male somewhat darker.
Thry fly fairly fast and their movements above the crop cannot be
Iollowed by eye, so that an airborne population is not noticed.
However, because flies are less active in the middle of the dav,
flight above the crop or dispersal probably fa-ils to explain whv
fewest are observed on the crop at midday. Flies resting on the
lower parts of stems and on undersurfacqs of leaves, both inlhe crop
and nearby herbage, would not be seen, and sweeping shows thl
Iemale to be at a lower position in the crop for a period in the middle
oI the day.

. Activity is minimal during darkness, when flies rest head-upward
in contrast to the head-downward posture of daltime. The o6ssible
relation between low light intensiiy and high activity, horiever, is
interesting, as it may explain other observations: bough (1946)
describes active male flies congregating in the aftemoon in ihe shade
of t-rees, and reaction to llght may partly explain the disproportion-
ately large number of flies that often occur on the shadiei north-east
borders of the crop. Miles & Miles (f955) considered such a distribu-
tion could be attributed to attractants released from cultivated
damp soil, but this seems unlikely, as locat aggregations would tben
b_e expected on the upuind and nbt the dourrwind edge, as has been
observed in both wet and drv weather.

- The two widely separated periods of maximum activity will itr-
fluence the timing of the fly's other activities, such as dispersal and
oviposition. Experinents with marked flies showed tha[ flies may
spend periods of a day or more in a given area of crop, but they d-o

https://creativecommons.org/licenses/by/4.0/


This work is licensed under a Creative Commons Attribution 4.0 International License.

https://doi.org/10.23637/ERADOC-1-92 pp 19

THE WHEAT BULB FLY 22I

gradually disperse into other areas. Males tend to remain on or
near the crop and may be found in loose aggregations relatively late
in the season. Females, however, disperse more readily and may be
found in surrounding fields and hedgerows. Thus the total fly
population tends to exist as a series of localised concentrations
centred around infested fields until harvesting and the distribution
of subsequent larval infestations indicate that dispersal is not over
great distances. The density of these concentrations steadily de-
ireases from June until harvesting as flies die ard others disperse.
Light winds seem not to affect either flight or dispersion, but winds
above 14 m.p.h. do decrease flight, and a gale decreased a local con-
centration by 75l" (Long, 1958b).

Daily rhythnr oJ oaiposilion

Diect observation on oviposition in the field is difficult. Hed-
lund (cited by Rostrup, 1924) concluded from field observations that
it happens in the evening, and in the laboratory egg-laying was
restricted to the afternoon and evening, with maximum lalng in the
2 hours before nightfal (Long, 1958d).

Keeping flies in the dark for 24 hous did not afiect their be-
haviour, and laying was also unafiected by chalges in temPerature
between I5' and 25'C. Exposure to light, however, afiects the
time of laying, and the oviposition rhlthm disappears by the 4th
day in continuous light.

Egg batches are laid at intervals of 4-18 days, and each batch is
laid over a period of l-6 days. The tota-l number of eggs laid over
successive days may exceed the number of ovarioles, and as these
only bear one matrue egg each at a time, eggs can develop raPidly
(within 24 hours) inside the female. Thus, because there are
intervals when eggs develop only slowly ard none is la.id, the effect
of light on the time of oviposition is more likely to be directly related
to the daily rhlthm oI activity, with its suggested association with
changes in ]ight intensity, than to the processes governing egg
matuation. In the evening, when the soil is still warm, activity is
maxinal on the crop, so if any eggs are to be laid they are to be
expected then in the nearest suitable site to the infestation. Gough
(1946) considered that each mature female laid, on average, up to
32 eggs, but Long (1958d) estimated the number to be nearer 50.

Ad.ult Jood,
In the field flies often probe drops of water on wheat plants,

flowering ears, nectar-secreting flowers of various weeds and dead
flies, but there is no proof that they are feeding, However, wheat
may be a source of food, as a crop in flower can influence the dis-
tribution of the fly population (Long, f958b). \\heat comes into
flower just after the flies emerge, but flowering lasts only about
l0 days and a supply of food is needed throughout the 4\ 'eek period
when the sexes are maturing. Thus the problem of nutrition in the
field lies behind the nutritional requirements for maturation of sex
cells.

In the laboratory various foods were tried, principally sugars,
dried or condensed milk, meat extracts or blood (Petherbridge, l92l;
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Gemmill, 1927; Gough, lg46; Bardner & Kenten, lg57). Diets
in the crop were simulated by offering fresh wheat Dollen. washinss
from leaves and stems kept in the dalf at tOOy" r,itative trumidiiv
to encourage the production of plant exudates, and water, but ail
failed to keep flies alive for more than a few davs. and no egss
matured (Iang, 1958a). Probing flies are sensitive io susars (Loii.
1957), whicb appeared to be essential Ior survival toeet-her iuithi
protein for matuation of eggs. Thus, females on a diet"of honev. old
bee pollen and water survived longest and laid the most egqi. It
was suggested that flies disappeared in the middte of the i"av be-
cause they were foraging for food, but Dobson & Morris (Ig@) ooted
that Aies lived long and matured normally in a field cagi wh.iih con-
tained very feu' plants except wheat and grasses. Thui the problem
of nutrition remains unsolved.

Ooiposilion sites

_ -14_Tyi, of soil and previous crop. Severe attacks by Wheat
Bulb Fly, are of_two types: those on heavy land after a ia[ow o.
bastard fallow.during- the egglay'rng perioa, and those on Iighter
t1nd (sa1!s. s!1s and peat) after potatoes or other root irops
(Gough, 1947, 1957a). Apart from this, difierences in the degree 

-of

attack-car frequently be related to the efiect of the previous ciop on
oviposition. Attacks in difierent localities and on difierent -soils

throughout the wheat-growing areas were severest after fallows and
potatoes, Iess after peas and roots and least after cereals, beans and
pastures (Gemmill, lg27; Petherbridge, lg44; Goueh. 1947. t94g).
Gough (1957b) states that in potato-growing areas ihe likelihood 6f
damage by Wheat Bulb Fly is greater the liigher the proportion of
land under potatoes. On thi relativelv u-niform c^lar/ loam of
Rothamsted the severity of attack is abt related to tlie previous
grop: t}_rus the heaviest attacks follow fallows or soil ploughed
during the eggJayng period; smaller infestations follorv lbw cirops
such as potatoes which do not form a dense, continuous cover; smill
attacks follow tall crops, such as beans and cereals, and least severe
are those after the mat cover of grass (l-ong, 1957b, 1958c).

This may possibly be explained by the behaviour of the fly, which
usually does not descend more than 18 inches into the crLp: tall
crops may thus discourage oviposition. The effect of the pievious
crop, therefore, might be interpreted in ierms of the opportunitv for
the fly to come into contact $ith the soil. However, soii attracG the
flies, which alight on large areas of bare land, areas unknown be{ore
agriculture. Atall standing crop influences the path of flight down
to .bar€ soil a1d. leducq eggJaying for a horizontal distance up to
twice its own height. Crop height may also afiect flight behavibur,
for no more eggs lr'ere laid in wheat that had bein drasticallv
thinned than in a normal stand (Long, 1959).

(bl Efea oJ soil. lrealments. Some of the severest attacks on
Broadbalk freld were in the dung plot, and severe attacks have been
noted inother fields on plots treated with dung up to 5 years earler
(Raw, 1954; Long, 1958c). These observationi werc'made after
dry summers, and Raw suggested that ovipositing flies were attracted
by organic residues in the soil. He failed to d;monstrate this ex-
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perimentally (Raw, 1955), perhaPs because his experiments were in
the wet summer of 1954.

Rostrup (1924) observed that cultivation appeared to afiect ovi-
position, aird Gough (1947) stated that compacted cloddy soil under
potatoes appeared to be preferable to light open soil under a weed
cover. Extensive experiments, both in micro-plots and on com-
mercial farms (Raw, 1955, l96o), showed that heavier infestations
fotlow a fallow with rough tilth and cultivations in the eggJaying
period than fouow smooth tilth and no cultivation. Raw sugtests
ihat a rough tilth favours oviposition because it exPoses more
surface o[ 6il with -or" possible oviposition sites in cracks and
crevices, and the number oi sites is increased by cultivation. Flies
lav eees mainlv in fallow land on hearry soil and in potato croPs
ori tig"n1 soit, possibly because light soils are seldom falloued and
cultiiated ..eis l""rr" a smooth 

-iilth. 
Furthermore, uncultivated

heary soil frequently " pans ", which might render oviposition more
difrcult.

MonrerlrY

Bremer (1929) recorded that 80% of eggs were emPty or,dead by
October, and Gough (1947) obsened that many disaPPeared in l94i|
but not in 19,14;-Raw (196O) found that few had disappeared by
February. The number of eggs that die probably depends on their
position in the soil, on seasonal factors and on the abundance of
predators and pathogenic organisms. In a dry season expos:d eg-gs

ioon shrivel and die; itt a wet season they may be retarded or die
when soil becomes waterlogged, Fungi cause some losses, but the
large autumnal losses reporlid by Bremer (1929) and Gough (1947)

weie probably caused by predators; Bardner and Kenten (1957)

suggeited thai speciesof Cofembola, Staphylinid beetles and mites are
reiionsible. Irifertile eggs \rere estimitea as between l5o/" (Raw,
1960) and 25ol. (Gough, 1947).

The hn'a is vulnerable between hatching and entering its first
shoot. The t,?e of soil and the distance between the egg and the
plant is most iniportant: thus 739lo of eggs died in 9 inches of sandy
ioit- but 98oZ in 0 inches of pcatv soil. Deaths are more in acid
soils below iH s 1t-ong, 1960). 

"Rau (lg#) suggested that the
number of shoots available {or inlestation is very imPortant; it
affects the survival both of newly hatched lan-ae and of older larvae
moving from shoot to shoot. The number of shoots is often directly
retated to seed rate and so is the number of surviving larvae (Long,
I958a; Raw, 1959).

\Vhen the number oI larvae approaches the number of shoots
mortalitv is slishtlv increased bv two or sometimes more larvae
enterine"the sarie siroot and dvini as a result: Goueh (1946) foundentering the same and dying as a result: Gough (1946) found

a .nnt2inF.t more than one larva. Larvaethat up to 3% of shoots contained more than one
mor'" inostly'in the surface la1'ers of -soil, and -weather probablymove mostly rn the surlace lavers oI sou, anq w(
affects their sur\.ival there, as they are liable to dryaf{ects theiriunival there, as they are liable to dry up quickly and
die: partially dehydrated lan'ae, ho*'ever, drink readily (YeUanby
& French, tO;S) 

-ana 
might be kept aliYe by a shower of rain.

Estimates of deaths of larvae are 70|o (Gough, 1947) and 75o/o (Long,
1960b), which may partly be attributed to losses associated with

& Frinch, 1058) and might be
Estimates of deaths of larvae are

later iarval movehent. \Vithin the plant, larvae appear to be
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remarkably free from parasites or predators, although a few may be
attacked by pathotenic organisms. Throughout the lawal period,
most deaths probably happen because of failure to locate and infest
the host plant.

Some pupae may be destroyed by parasites and predators. Of
4,800 pupae examined l0% v/ere parasitised: 8o/. by Staphylinitls
Aleochara bipustulota L. and A. inconspicua Aub6 (Dobson, 196O).
Pupae are also parasitised by Hymenoptera, notably a qnipoid
parasite lTrybliographer sp.) ar,d. occasionally the Ichneumonoids
Phyga.deuon olrositlts Thoms. and P. bichops Thoms. (Bardner &
Kenten, 1957; Dobson, 1960). Various soil artfuopocls, including
Amara sp., attack the pupae. Long (1960b) considered 160/o of
pupae to be parasitised, and total pupal mortality may exceed this.

Very little is knorm about predators that attack adult flies, but
spiders and dung flies (Scopeuma sp.) prey on them (Bardner &
Kenten, 1957). Flies are attacked by pathogenic organisms;
Gough (1947) observed a few killed by a fungus, presurnably Erzlzsa
muscae. Anolher fungus from the field, forming a cyst in the
abdomen, killed many flies in laboratory cultures (Long, 1956) and,
with t*'o other fungi suspected of pathogenicity, were experimentally
examined with inconclusive results (Buxton, lg58; I-ong, 1958a).

Factors afiecting mortality at difierent stages will vary con-
siderably between difierent localities and difierent years so that
estimates must be interpreted cautiously. Table I summarises
existing estimates.

Curruner CoNrnot

It was early suggested that \\'heat Bulb Fly could be controlled
by not sowing wheat after a root crop or a fallow (Gemmill, 1927).
However, Gough (f946) pointed out that this is often neither de-
sirable nor convenient, and estabIshed (1949), by showing that there
is a small permanent population in both wheat after cereal and in
areas not ploughed for 30 years, that changes in crop rotation could
not eradicate the fly. Other suggestions of Gemmill were to sow
after mid-February and lose the advantage of winter-sown wheat, to
avoid deep sowing so as to encourage tillering and to clear away
couch grass. Rostrup (1924) advocaled trap fallows sited near in-
fested fields and later planted with a non-host crop. In less-inten-
sive wheat-growing areas, field results (I-ong, Ig58b, lg58c) suggest
that attacks can be decreased by siting susceptible crops foilhe
following year well away from currently infested fields.

Wheat which is well established by the time infestation occurs is
best able to withstand attack, and so early sowing has been ad-
vocated. This is not always possible, and on heav"g land it may
encourage btack grass and increase the risks of a winter-proud crop.
eyespot and lodging (Gough, 1957a). Early sown .rops bear moie
tillers which assist the survival of larvae, so that culturat methods
aimed at decreasing the damage in one year may increase the fly
population and the risk oI future da.mage (Raw & I-oftv, l959i.
However, late sowing is to be avoided: ana because larva rio*alitv
can be greater at low plant densities, Raw (1960) recommends thai
the seed rate should be kept to the economic minimum for a high

P
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yield and that, if the intended site is fallow, it should have a f,ne tilth
and not be cultir.ated during the oviposition period.

Errecr oN Yrpro

Gough (1917) found that good yields were obtained when 39 and
66% of the plants had been infested in the spring, but with in-
Iestations of 79 and 819/0 crops failed. However, yields are much
iafluenced by other factors, such as season, soil fertility and disease,
although the last is seldom serious after a fallow, when \Vheat Bulb
Fl1, may be numerous. Therelore Raw & Lofty (1957) and Raw
(f96O) assessed the effect of attack on leld by direct experiment.
Areas of Iallow, both at Rothamsted and at farms elsewhere, were
covered by fine-mesh terylene screens durint the oviposition period,
and the larval infestation and leld of these areas were contrasted
with those oI the surrounding wheat. Yields from small plots of
wheat on Pennells Piece at Rothamsted, where cultivation and tilth
experiments had altered levels of infestation, were also compared,

The effect of damage on yield depended largely on plant growth
in the crop. Thus on Broadbalk, infestations up to 30o/o of plants
did not afiect yields of gain or straw. On Pennells Piece plant
infestations of 37-8lo/o decreased grain by up to 6 c\it./acre, but at
Herkstead Hall and Fowes Farm no decreases were observed with
infestations up to 860,00O larvae/acre (equivalent to 73% of plants).
Yielils of 30.5 crt. grain/acre were obtained with 8lo/o infestation at
Rothamsted and 32.6 cwt./acre with 73o/o infestation at Fowes
Farm. Raw observes that these results show that wheat can with-
stand or compensate lor attack considerably, and suggests that there
may be a critical balance between crop {ailure and recovery.

FoREcAsTING

To Iorecast attack by \Yheat Bulb Fly which would be of value
to the farmer, we need to know the expected level of attack by tarvae
in the spring and the probable efiect of the damage on yield. The
possibility of basing {orecasts on egg counts was studied by Bremer
(1929) and by Criiger & Ktirting (1931), and from their results the
amount oI damage appeared to be related to egg number. However,
the considerable variability in the local distribution of eggs, in
viability and ir mortality, together with unknown variability in
factors afiecting mortality of larvae, render such estimates too un-
reliable in my opinion for practical purposes, and Gough (1947) con-
sidered that egg counts would probably be valueless.

Although weather seems to influence outbreaks (Gough, 1947),
attempts to find the important factors have failed (Kleine, 1915;
Petherbridge, l92l; Rostrup, 1924; Schnauer, 1929; Bremer,
l93l), perhaps because the efiect of weather on egg lalng only
was considered, whereas that on plant growth may be the most im-
portant.

At present, therefore, there is little hope of making long-term
forecasts of attack, but it remains possible to forecast in the spring
the possible effect on yield from observations on plant groMh and
inlestation in the field. Simple estimates of larval population do
not serve this pu4)ose, as Gough (1947) found a crop failed with a
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pgpulation of I8O,000 larvae/acre, whereas Raw (1960) observed no
efiect on yield with a population of 860,000 laiwaeiacre. Goueh
(1953) lists plant vigour, rveather, soil consolidation, date of sowiie
and soil fertility as determining the effect of the attack.

Crop recovery has two major inler-related factors: the recoverv
of attacked plants and compnsatory growth in adiacent un-
attacked plants. The size of the plant at the time oi attack is
obviously rmportanJ, and, if the atiack is very heavy, as in lg53,
m_ay be critical. Gemmi[ (1927) suggested that atiacked plants
tiller more readily than unattacked plants, but such planis are
usually retarded (Irng, 1960b). Horverer, fewer attaclied plants
die than was 6rst supposed, for some recover if soil conditions and
weather are favourable. The extent o{ infestation coupled with soil
fertility and weather govem compensatory growth in unattacked
plants, and the relativi numbers oi attack;d"and unattacked plant
at different stages of the infestation must be considered. However,
the availability and size of plant shoots appear to determine both
larval growth and mortality, and so to influence the course of the
infestation. Thus the close study now in progress of the interaction
between the_development of infeitation and aisociated plant groMh
may,reveal Iactors which will make possible more accurate forecasts
of effect of infestation on yield.
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THE EXHAUSTION LAND SITE
An Accouttt of E*fei*ents made beforc and.

d.uring thc Peiod of Soil Exhaustion

Bv

Il. G. WannrN & A. E. Jorwsror
The Exhaustion Land site is a strip oI 2j acres of arable land at

the north end of Hoosfield and derived its name from the unmanured
cereal cropping which began in lg02 to measure the residual eflects
of marures that had been applied in prerious experiments. From
1852 to 1902 Las'es and Giibert used the site for a succession of three
experiments. The first, rvhich lasted onll'4 years, was a test of the
I-ois \\reedon system oI husbandry and was followed by a 2Gyear
wheat experiment consisting of a few of the Broadbalk fertiliser
treatments. In the last 26 years before the exhaustion period began
there rvas a manurial experiment on potatoes.

The " Lois Weedon " Plots at Rothqmsted., 18i2-55
In 1849, during an agricultural depression, the Rev. Samuel

Smith promised, in a pa.mphlet entitled ,4 Wod, in Seasot to tha
Farmer, a profit of {4-{6/acre to those rvho adopted his slstem of
growing wheat year alter year without manure, The- system,
devised and employed by trIr. Smith on the hea\.y land poriion of
his l2-acre farm at Lois Weedon, Towcester, Northants, was not
continuous wheat as on Broadbalk (until 1925), but was a succession
of wheat and fallow strips across the field so that only half the area
was in wheat each year. Each strip was 3 feet wide, uas sown with
three widely spaced rows of wheat at the lorv seed rate of l-2 pecks
(lS-30 lb.)/acre and was cropped and fallo\ved in altemate years.
Al essential feature of the system was the intensive cultivation of
the strips when they were in fallow, during which the subsoil was
broken up and alowed to weather before it was mixed with the
surface soil. The results from this system of growing wheat on the
heary land part of the Lois Weedon farm are summarised bv Mr,
Smith in his book I ois Weedot Husbandry (I-ondon, James Ridgway,
1856):

" The ten years' average from this moiety of the acre has
been thirty-four bushels; a very high average on any plau from
a whole acre. And here, too, therefore, the proverb holds good

-The hall is more than the whole."

I-awes is most widely known in connexion with superphosphate
and experiments testing the efiects of difierent manures-on inaiviauat
crop6 gro\r'tr continuously on the same land. However, Lawes and
Gilbert were a.lso interested in crop rotations, and in l85l they began
preparations for some " Lois \ltedon " plots at Rothamsted on the
site at the north end of Hoosfield. At the same time they also
started on I acre of land adjoining the " Lois Weedon " plots i com-
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parison of wheat after fallow for which normal methods of cultivation
were to be used and the crop grown without manure. This com-
parison developed into a long-term experiment, known as the
Alternate Wheat and Fallow Experirnent. On the " Lois Weedon "
plots Lawes and Gilbert followed the operational details as published
by Mr. Smith. The fallow strips were, in fact, trenched to 14 or
15 inches.

The " Lois Weedon " plots failed to give the good results that
Mr. Smith obtained on his own farm. Not only were yields lower
than on the Alternate \Vheat and Fallow Experiment but also lower
than those of the continuously cropped unmanured plot on Broad-
balk. The " Lois \\reedon " experiment on Hoosfield was ended
after the harvest of 1855. During the cours€ of the experiment hal{
the land had been trenched once and the other half t$ice.

14inter Whut Experimenl 1856-74

I-awes and Gilbert rvere sure that the low lelds on the " Lois
Weedon " plots at Rothamsted were caused by the low seed rate
prescribed for the system, but neverthelcss they began a search for
the reasons that would explain the success of the system at Lois
Weedon and the failure at Rothamsted. Smith suggested that a
deficiency of minerals u'as one of the causes of the Iailure on Hoos-
freld at Rothamsted, but Lawes and Gilbert thought that the amount
of assimilable nitrogen in the soil was more important. Broadbalk
up to this time had demonstrated the greater importance oI nitrogen
for wheat. To confirm this for the Hoosield soil they started in
1856 to test some of the Broadbalk manurial treatments on the site
of the I-ois Weedon strips. There were four plots, each containing
an equal proportion oI the trenched fallow and stubble ground, and
the four treatments selected were unmanured, ammonium salts only,
minerals only and ammonium salts rdth minerals; the fertiliser rates
were the same as those of plots 5, I0 and 16 on Broadbalk, 1855. The
land was prepared in the autumn of 1855 in the normal way, manures
including the ammonium salts were applied in the autumn, and
winter wheat sown at about 2 bushels/acre. On the north side of
the plots there was another unmanured strip. This was narrower
than each oI the lour plots and later Iormed part of plots I and 2 of
the potato experiment, t 876-1901.

The results of the first year of this wheat experiment rvere similar
to those for the comparable plots on Broadbalk and led Lawes and
Gilbert to make the following statement in their account of the Lois
Weedon System (J. R. agric. Soc. 17 (lst Series), 1856, p. 591) :

" Hundreds of other experiments, and the whole range of
recorded agricultural experience, conspire to show, that in
ordinarily cropped and cultivated soils, the available mineral
supplies are generally in excess relatively to the available supply
of nitroten of the soil and season, in the case of the wheat crop:
in fact that, excepting in cases of very special and unusual
exhaustion of the mineral or soil-proper constituents, the direct
supply of them by manure for wheat does not increase the crop
in any practicable and agricultural degree, unless there be a
liberal provision of atailable and. assimilabl,e nilrogen in the soil."
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The results showed that a supply of " available " nitrogen was more
important than deep cultivation on the Hoosfield soil but did not
explain the success oI the system at Lois Weedon. Lawes and
Gilbert never offered a satisfactory solution to this problem, for they
drew no conclusions from their figures for total nitrogen in the soil
and did not supply any figures to indicate the amount of " assimil-
able " nitrogen in the soil. It can be said now that, as the land at
Lois \!'eedon had been old grassland it probably contained more
" available " nitrogen than the Rothamsted soil. The turf had been
pared ofi and used on other land Ior root crops, but the remaining
soil evidently contained ample mineralisable nitrogen, because Smith
made the following comment in his book:

" This fresh-broken up land for several years produced over-
luxuriant crops and very frequently the usual evil results."

The wheat experiment on Hoosfield continued until 1874. The
results for the first 6 years |[. R. agric. Soc.25 (2nd Series), 1864,
p. -149) continued to resemble those on Broadbalk, but in later years
the yielcls of wheat in the Hoos6eld experiment were lower and the
response to nitrogen less. The average yields for S-year periods
from 1856 to 1870 for Hoosfield and Broadbalk are given in Table l.

Tenr.r I
Yield.s oJ uhzd on HoosfzW and Broailbalk, 1856-70

Five-Jrear averages of drcssod gaiD, bushels/acre
Treetment

Years

t85m ...
t86l-65 ...
180G70 ...

-{mmoDium
Urlmaaured salts
H' B H R

Ammodum
salts and

llinerals miEerals
HBHB

16 16 29 21 18 20 37 36
l0 15 18 28 14 lE 36 42
l0 l3 t3 24 t3 15 20 32

Fertiliser Dressings per acre:
-A.mmonium salts-

200 lb. ammodum sulphate
200 lb. ammodum chloride

Minerals.-
20O lb. potassium sulphate t
100 lb. sodium sulphate
100 lb. magnesium sulphate
Superphosphate prepared from 200 lb. calcined bone ard l5O lb.

sulphuric acid.

' H: Hoosfleld; B - Broadbalk.
t 300 lb. potassium sulphate, 200 lb. sodium subhate in the thrce yea$

1866 58; the quantities were then rcduced asthey were on Broadbalk.

Lawes and Gilbert did not comment on the difference between
the behaviour of the Broadbalk ard Hoosfield wheat plots during
the years 186l-70. A note in the record book of the Hoosfield
experiment, however, stating that the land was very foul with weeds
in 1870, may partially explain the lower yieltls. The site was
fallowed in l87l and 1872 and was a6ain cropped with wheat in 1873
and in 1874, the first of the two crops was unmanured. For the 1874
crop the minerals were not given and the ammonium salts were
uithheld until the slring and. then appUed at only half the usual rate.
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The yielrts were higher than those on the corresponding Plots on
Broadbalk and the response to nitrogen Sreater- It is worth noting
here that the time of appllng ammonium salts on Broadbalk, except
Plot 15, was changed lrom autumn to spring for the 1878 crop and
altered again for the 1884 crop to a divided dressing, part being
given in autumn and part in sprint. Starting in 1873, Plot 15
ieceived all its ammonium salts in spring, then for the 1878 crop all
the nitrogen was applied in autumn, the current practice. The
Hoosfield experiment ended with the 1874 crop, and the land was
Iallowed in 1875.

P olalo E rl etirnent 1 87 6-190 1

In 1873, after a virulent attack oI potato disease in the previous
year, a special committee of the Council of the Royal Agricultural
Society initiated investigations on the potato crop. As a part of
these investigations a questionna.ire on the cultivation of the crop
v/as sent to leading growers. In the report on the questionnaire by
Jenkins fI. R. agric. Soc. 10 (2nd Series), 1874, p. a75) one feature
which must have interested Lawes and Gilbert was the considerable
variation in the manuring of the crop, though many Srowers did use
farmyard manure. A few years earlier Voelcker had published the
results of several experiments on the manuring of potatoes in the
lournal oJ thr Royal Agticulturul Sociely l3 (2nd series), 1867, 500;
6 (2nd Series), 1870, 392; 7 (2nd Series), 1871, 3651. Voelcker
concluded that good crops of potatoes could be Srown on light land
comparatively cheaply by using fertilisers consisting of ammonium
sulphate, superphosphate and potassium sulphate. On heary tand
" in good agricultural condition " he considered that ammonium
sulphate could be omitted or less used and that, on this ty?e of land,
sodium nitrate may be more effective than ammonium sulphate,

Iiwes and Gilbert began their manurial experiment on potatoes
in 1876, and although one of the objects was to firrd whether the tyPe
oI manuring was related to the amount of disease in the crop, the
main purpose of the experiment s'as to obtain inlormation on the
nutrient requirements of the potato crop. The wheat site was
extended about 12 links on the north side to make the fifth strip
nearly the same width as the remainder, and the five striPs were then
halved. The new plot numbers of the potato experiment and the
corresponding wheat plot numbers, together with the manurial
treatments, are shown opposite one another in Table 2.

Tesm 2

Wheat Expedmedt Potato Expedment
Plot I (P, K, Na, Mg) Plot I (P) PIot l0 (P, K, Na, Mg)

2 (N, P, K, Na, Ms) 7(N,P,K,Na,Mg) 8(N',P,K,Na,M8)
3 (N) 5 (N) 6 (N.)
4 (O) 3 (dung, P) 4 (duD8, N', P)
6 (o) I (o) 2 (dutrs)

N : AEmoniud salts.
N* : Sodium nit :ate.

The fertiliser treatments Irom the wheat were continued in the
potato experiment, ard new treatments with farmyard manure and
sodium nitrate were added.
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The results oI the first 12 years of the experiment were given in
a lecture by Gilbert at the Roya.l Agricultural College, Cirencester,
in 1888 and published n the Agricultulal slude gazette, New Series,
4, part 2. The average yields during the first and second Gyear
periods are given in Table 3, together with the average yields during
the remaining years of the experiment, 1888-l9of.

TABLE 3

Aoerage annual yiells oJ lolalox groww
codinuously on Hoosfidn 187A-U01

Plot Treatment
Yeals

1876-8r 1882-87 1888-t901
I
5
6
I

l0
7
8
2
3
4

UtrmaEured 2.28
N 2.5t
N. x.20
P 3.98
P, K, Na, Mg 1.11
N, P, K, Na, Mg 7-52
N., P, K, Na, llt 7.7A
F.Y.M.$ 5.23
F.Y.M., P .i 5.58
F.Y.M., N*, P I 7.lt

I.60
2,07
2.M

3.39
5.94
5.52
3.05
4.25
4.0t

0.84
l.l9
r.6s
l.sr
2.17
1,t2
4.38
1.48
4.62
4.71

Fertiliser rat6 per acre :

200 lb. ammonium sulphate + 200 lb. ammonium chloride
650 lb. sodium Ditrate
1876-1890 3+ c\it. oI superphosphate

N
N.
P

1807-1001 400 lb. basic slag
K 300Ib. potassium sulphate
Na l00lb. sodium sulphate
MC 100 lb. ma8lesium sulpMte
F.Y-!I. Farm),.ard manure 14 tons

$ f876-8f, larmyard manure: 1882-1901, unmanured.
t 1876-82, {arm}.ard manure and superphosphate, 1883-1901, turm}.ard

oaly.
i l87G8l, farmyard manure, sodium nitrate aod superphosphate; 1882,

farmyard matrure aDd superphosphate: I883-1901, {armyard Eatrure ooly.

Yields from diflerent treatments must be compared only in the same
period, as the variety of potato grown changed during the exper!-
ment. Changes were also made in the three farmyard manure
treatments. Further, in this experiment with only a few plots and
with each treatment represented by one plot, the results from the
single nutrient tests (plots 5, 6 and 9) do not give useful information
on the requirements of the potato crop. It is also necessary to
mention that the yields of plot 9 (P) may be misleading, at least Ior
the early years, because it received P and K fetilisers each year
during the preceding experiment on wheat. The wheat crops prob-
ably used not more than one{uarter of the added K and left
appreciable residues in the soil. The best information is derived
from comparing the yields on the plot which received minerals
only (10) with those of plots that had minerals and nitrogen (7 and 8)
or had iarmyard manure (2, 3 and 4). In the first 6 years of the
experiment the full complement oI Iertilisers gave yields above the
average for the country and above the yield obtained by farmyard
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manure alone- Both Iorms of fertiliser nitrogen, ammonium sul-
phate and sodium nitrate, at 86 lb. N/acre on plots 7 and 8 did
equally well aud produced about 3.5 tons more tubers per acre than
the minerals alone (p1ot 10). The yields on the three farmyard
manure plots for the same period indicate that the farmyard maaure
contained much less available nitrogen than rvas supplied by the
complete fertiliser treatments. Adding superphosphate to the farm-
yard manure increased the leld by only { ton, whereas adding
superphosphate and sodium nitrate gave nearly 2 tons more tubers
pei aire. Although the experiment showed that the 14 tons of
iarmyard manure wets more deficient in nitrogen than phosphorus,
it provided no evidence on the potassium status of the manure. In
the second 6-year period the complete fertilisers continued to tive
higher yields than fa.rmyard manure, but in the last 14 years the
average yield from farmyard manure was 0'4 ton/acre more than
from the complete fertilisers.

The determination of the amounts of nitrogen, phosphorus and
potassium in agricultural crops was arr important part of Lawes' and
Gilbert's investigations. The large differences they found between
the N, P and K contents oI a crop and the amounts in the manures
applied to the crop led them to make single plot tests to measure
the effect of the unused nutrients on succeeding crops. In several
of their experiments (e.g., Broadbalk, Hoosfield barley and Park
Grass) a manurial treatment was discontinued but the land was
cropp"d ". 

usual. The three farmyard manure treatments in the
Hooifield potato experiment were modified to produce further in-
Iormation on the effett of residues, and they published several papers
on the valuation of unexhausted manure, their principal concern
being with the cash value of manurial residues from difierent ieeding-
stufii. In the last paper (J. R. agric. Soc. 8 (3rd Series), 1897,
674) thev gave the follou'ing conclusions from the Rothamsted
experimenti on the effect of manurial residues on succeeding
croPs:

l. Hearry and repeated dressings of organic manures must
be given before eflective residues are built up in the soil. Plant
nutrients are released only slowly from the residues, more
slowly in heary soils than in light ones. Three-quarters oI the
increased yield of barley given by the farmyard manure comes
from nitrogen in the residues.

2. The-use of inorganic N fertilisers over long periods may
give residual efiects because the croP residues IeIt in the soil are
increased. For wheat the efiect is small.

3. A considerable portion of the P and K added as fertilisers
is fixed in the soil aad is only slowly available to subsequent
crops-

Thc Exhaustion Land Experitnent 190 58

After Lawes died in 1900 and Gilbert in r90r, Hall decided to
end the potato exp€riment because the physical condition of the soil
that had not received farmyard malure was poor and unsuitable for
potatoes.
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At the end of the wheat and potato experiments the Plots on the
Exhaustion Land site had received the following treatments:

Number of dtessings* each llol receired, 1856-1901

Plot no. ... ... I 2 3 4 5 6 7 8

Trcatment:
Farmyard manure - 6 26 26 - -PK-4242p__- 7 7

N... 6 44 44 44 U

sl0

t7 42
25-

Average drersiog per acre: farmyard mdtrure l't tons. superPhosphate 3
cu.r., amrionium salta 3! cwl. or sodium nitrale 5 c\lt., potassium sulphate
2+ crt.

* The rumber of dressings given in Proc- Fertil. Sor. 1956, No. 37, have
been corected here to allolv {or ure omission of N in I year and PK in 3 years.

The amounts of nitrogen, phosphorus and potassium removed in the
wheat and potato crops cannot be estimated precisely, because only
a few oi the crops were analysed, but a large part of the P and K
applied was IeIt in the soil.

- -After the potato experiment the site was cropped from 1902 to
19.10 without manure to measure the duration of the residual efiects
o{ the previous manures. The croPs were cereals, mainly barley,
except bn plots 5 I0, where there was a soil inoculation trial on
clover, I905-lI. The yields of the cereals were recorded regularly
only till 1922. Beginning in l94l the cereals received 9i cwt./acre
of a.mmonium sulphate each year, and from 1949 the yields were
agair recorded. Table 4 gives the yields oI cereals for three periods,
l0124,lgl7-22 ar.d 1949-53. In 1902, the first year alter manuring
had ended, barley yielded well (28 34 c*t. grain/acre) on the plots
that had previously received farmyard manure or N fertilisers, and
the residues from these treatments increased yieid by 18 cwt. and
t{ cwt. of grain/acre over the unmanured plots, Only the farmyard
manure plots. however, continued to yield well in the next 2 years.
IJaJJ (The Book of the Rothamsted. Ex?erinents,1905) considered that
the large l-year residual efiects on the N fertiliser plots came from
the increases in crop residues in the soils of these plots rather than
from any accumulation of unchanged fertiliser ammonium or nitrate.
By l9l7 the yietds of all plots were very lorv and the farmyard
manure residues gave onJy small increases in the years I9l7 22.
The yields of the fertiliser plots, including those which had not
received N in the wheat and potato experiments, were also a [ttle
higher than those of the unmanured plots, but clover residues
probably still remained in these plots and provided a little nitrogen
for the cereal crops.

The method of measuring residual effects so far adopted, without
new additions of any o{ the three nutrients N, P, K, gave no informa-
tion on the contribution to yield of any one of the nutrients contained
in the residues; nor d-id it indicate whethe, one nutrient in the
residues was limiting the efiects of the others. In the last period,
1949 53, for which yields are given in Tabie,1, the efiects were
restricted to the combined effects of the P and K residues by apply-
ing a basal N dressing. The increases in yield were large and
wire similar for the PK fertiliser residues (10 cwt. bartey grain/acre)
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and the farmyard manure rcsidues (Il cwt./acre). From the large
increases on the old farmyard manure plots from 1949 to 1953,
compared with the small ones from l9l7 to 1922, it was concluded
that after a long period of cereal cropping the organic manure
residues supplied very little N and that the amounts of available P
and K they contained were much more important. I-awes' con-
clusion that N caused three-quarters of tlie eflect of farmyard
manure residues was derived from the results of barley grown on
new and relatively new residues. Although the large efieits of the
farmyard manure and PK fertiliser residues could, when basal N was
given, result from the combined effects of P and K, Warren (Pzoc.
Fertil. Soc. 19i6, No. 37) concluded Irom rhe analysis of the crops
that the increases with barlev resulted alrnost entirelv lrom F-
The analvses of the barley crops also showed that ,1-5 Ib. niore P/acre
was _remor'-ed each year from the PK fertiliser and farmyard manure
residue plots than from the unmanured plots. This extra P is a
small annual recovery and is equal to only 0.5o/o of the total P
applied either as superphosphate or farmyard manure in the years
before 1902. For K the extra amount removed was l5-Ig lb.facre,
which also represents only a small annual recovery of the K residues.
_ In 1953 parts of the plots in the west half of tLe experiment were
found to be acid. Differential chalk dressings were applied to the
acid area in lhe winter 195,1,55. The whole site continuid in barlev
during the period 1954 56, but in 1957 six crops (barley, sprh"g
wheat, potatoes, sugar beet, swedes and kale) were eror.n- in dtripi
across the plots (1, 3, 5, 7 and 9) in the east half of t-he experimeut.
The crops rvere separated by fallow strips which were used for the
crops in the next year. Each strip was divided into microplots, and
new additions o[ P and K were superimposed on the old triatments.
All plots received a basal dressiaf of N fertiliser, basal P fertilisers
were,given when K was being teJted and basal i{ was given where
test dressing-s of P were applied. All fertilisers were apflied broad-
cast except for potatoes where they were put in the bouts. Table E
shows increases in yields produced by niw additions of p and K
for the six crops grown in each year.

Tesrr 5
The incrcases in yiel.d.s giuen by Jresh a.dditions of p and R

fertiliserc in the Exhauslion Land expeinent

In*e bom nry dr6in€ los€e hoo DrE dr6itre
ol l.0.rr. Prorra@ of Dorsid tdrili*r. "

No pbcpbate PbGphate No por:6iu pousiuManring in 1856 1e01

Yd...
Beley (ol. ot srain)
Wtet (cEt. oI ini.)
Potatoes {t@ of ttrb.E) ...
SuE het (r(E oI@Ls)...
Sred6 (tds)
R,re (tc) ...

. 1.2 st. KrO/a@ Ior potatc, suge ber d !ale; 0.6 *1. K,O/ade for @eals dit $ed6

Potatoes, sugar beet and kale responded simiJarly in both vears
to new dressings of phosphate where the crops weri grown on soil
that had received no phosphate from I8E6 to lgol (and none since).
The mean yield of sugar beet in Ig58 was 50% .na of Uae ZSoTo

1967 1958 195? 1058 1o5l 1958 7957 10586l505l0ol
?.5 10 0 2 O 1O 0.58 8 4 5-5 6.55, 1X35 45 0 2 0 3.5 0 05130.530r00
662.62702.50
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greater than in 1957; potatoes tave sim.iliu mean yields in the 2
years. On the same soil the response oI swedes to new dressings oI
phosphate was much greater in 1958 (13 tons/acre) than in 1957 (5
ions/'acre): the mean"yield of swedes in 1958 was double that o6-
tainad in 195?. The phosphate residues from the old manuring
were sufrcient for full ciops of barley, rvheat, sugar beet and swedes
in 1957, but not in 1958. In 1958 the phosphate residues were
equivaleot to about one-half to four-fifths of the value of the new
pliosphate fertiliser dressing for these croPs. For potatoes and kale
ihe ihosphate residues were inadequate in both years: each year
the axtrt yield of potatoes from the residues was only half as great
as the inciease given by a new dressing of I cM./acre P"Or. For
kale the corresponding extra yields in the 2 years were about two-
thirds as great as the resPonses to new dressings.

On soil that receiveil no potassium manuring between 1856 and
I90l (and none since) fresh dressings o[ potassium fertiliser greatly
increased yields of potatoes in both years. In 1957 leld of the
other cropi was little increased by the tresh dressings of potass-ium;
in 1958, however, new dressings of potassium also increased the
vields oI suear beet and swedes, but not of cereals or kale. On the
ilotr th"t f,ad received potarsium between 1856 and l90l bartey,
ivheat, sugar beet and swedes obtained enough Potassium in both
vears from theresidues left in the soil. Potatoes, however, responded
wetl to fresh dressings of Potassium in both years, kale gave a
moderate increase in yield in 1957 only.

The a.mount of nitiogen mineralised each year from the farmyard
manure residues was not measured. It is thought to have been
small io recent years, as the average increase in yield from the
residues was only a cwt. grain/acre in the years l9I7-22, when the
residues were sulply'rng adequate amounts ol P and K for cerea.ls.

The experimenti Live -also not assessed the value of the farryyard
manure and PK Iertiliser residues for crops such as beans, clover,
grass and luceme. Because the annual rates of extraction of P and
i( from the residues by croPs was determined over a short period
ontv. the total amount! of P and K that may still be taken up from
the residues cannot be estimated. The experiments indicate,
however, that the percentage recoveries in crops of the P and K
added as farmyard riranure oi fertilisers are treater than is commouly
supposed.
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