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STELLINGEN

I
Door de grote verscheidenheid in de aard van de periodieke rusttoestand van
insekten en de mechanismen die hieraan tengrondslag liggen is elke klassifikatie
van de rusttoestand, gebaseerd op externe ekologische faktoren (Miller) of op
interne fysiologische veranderingen binnen het insekt (Mansingh) gebrekkig en
daardoor betrekkelijk zinloos.

Miller H,J. (1970) Nova Acta Leopoldina 35, 1-27.

Mansingh A. (1971) Can. Ent. 103, 983-1009.

Dit proefschrift.

IT
Het verdwijnen van de kutikulaire pigmentatie als kriterium voor de diapauze
dient met voorzichtigheid te worden gehanteerd.

Dit proefschrift.

IIT
Konklusies als die van Hirano betreffende de larvale groei van Chilo suppressalis
en de drooggewicht bestanddelen van het door deze rijststengelboorder gemuttigde
voedsel zijn aanvechtbaar.

Hirano C. (1964) Bull. Nat. Inst. Agr. Sci., Ser. C., no. 17.

Dit proefschrift.

v

De konklusie van Chippendale en Reddy dat de induktie van diapauze in de
"southwestern corn borer" Diatraea grandioszlia een "extremely temperature-
dependent process" is, waarbij fotoperiode een onderpeschikte rol speelt, berust

op onvoldoende gegevens.
Chippendale G.M. and Reddy A.S5. (1973) J. Insect Physiol. 19, 1397-1408.

)
De bewering van Usua dat er een kausaal verband bestaat tussen het optreden
van diapauze in de mais stengelboorder Busseola fusca en gelijktijdig voor-
komende veranderingen in de samenstelling van diens waardplant is zuiver
spekulatief.

Usua E.J. (1973) Ent. exp. & appl. 16, 322-328,



VI

Het toekennen van een keuringscertifikaat aan bepaalde fruitgewassen door de
NAK-B" is geen enkele garantie voor de levensvatbaarheid van die gewassen indien
ze in het najaar in pakketten worden aangeboden en is dus misleidend voor de
kongument .

+ . . .-
NAK-B Nederlandse Algemene Keuringsdienst voor Boomkwekerijgewassen.

VII

De diskrepantie tussen de automatische vermelding van de man in het paspoort
van zijn echtgenote en de onmogelijkheid voor de man zijn echtgenote in zijn
paspoort te vermelden is een symptoom van de opgedrongen onafhankelijke rol
van de man in de huidige maatschappij.

Pagpoort instruktie Nederland 1952, art. 23.

VIII
Door de sterke imvloed van "tribalism" op de maatschappelijke struktuur van
vele derde wereld landen, worden tal van ontwikkelingsprocessen ernstig

bemoeilijkt.

IX .
De bezwaren van Kenyase autoriteiten tegen het dragen van de traditiomele kledij

door de Masal 2zijin onjuist en leiden slechts tot onnodige irritatie,

X
Vele Nederlanders tomen plotseling een beter begrip voor het levensritme van
volkeren in tropische gebieden tijdens een hittegolf dan tijdens normaal in

Nederland voorkomende temperaturen.

Proefschrift van P. Scheltes

Ecological and physiolegical aspects of aestivation-diapause in the larvae of
two Pyralid stalk borers in Kenya.

Wageningen, 6 september 1978.
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1 General introduction

Stem borers are being considered as major pests of many Gramineae all over
the world (JEPSON 1954, METCALF and FLINT 1967, HILL 1975). All important
graminaceous crops such as maize, millet, rice, sorghum and sugarcane - often
the subsistence food crop in developing countries - may sericusly be affected.

In the temperate regions relatively few important stem borers are known. Very
nctorious are the southwestern corn borer Diatrasa grandiosella and the European
corn borer Ostrinia wubilalis, both Pyralidae. In the subtropics and the tropics
stem borers are much more abundant. Well-known destructive examples are found
among the Noctuidae e.g. the maize borer Busseola fusca (maize, sorghum), the
pink stalk borer Sesamia calamistis (maize, sorghum, millet, rice, sugarcane),
and the purple stem borer 5. inferens (rice, sugarcane) and among the Pyralidae
e.g. the spotted stalk borer Chilc partellus (maize, sorghum, millet, sugarcane,
rice), the coastal stalk borer C. c¢richalcociliella (maize, sorghum, millet,
sugarcane), the rice stem borer Chilo suppressalie (rice, maize), the sugarcane
stalk borer EFldana saccharina (sugarcane, maize, sorghum) and several Tryporyza
spp. (rice) (HILL 1975).

The life-cycle and damage of all borers is very similar, Normally eggs are
1aid on the undersurface of young leaves or between leaf sheaths and stems. After
hatching the young larvae feed actively on the tender leaves but as soon as their
size increases they bore into the stems. In young plants larvae attack the
growing peint and cause so called 'dead hearts'. In older plants the caterpillars
bore into the main stem, which subsequently is hollowed out cver a considerable
length. Plants thus affected have a poor growth, a reduced yield and are more
susceptible to wind damage and secundary infections. Small and weak plants
usually suffer more from borer attack than healthy plants. In tropical East Africa
where crops are regularly grown under adverse conditions {unpredictable rainfall,
poor soils) this has often been demonstrated {COAKER 1956, MATHEZ 1972, HILL 1975).
In such cases stem borer damage may be disastrous. When larvae are fully grown,
they start preparing for pupation by cutting an exit hole in the stem to enzble
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the emerging moths to escupe. The life cycle may be continuous in areas where
suitable conditicns for growth of the host plant are permanently present. Usually
however the cycle is interrupted by a cold or dry season during which plant growth
is impossible. The larvae then enter diapause (called 'hibernation' when occurring
during a cold season and 'aestivation' when in the dry season) inside the old
stems or stubble. On return of favourable conditions, pupae develop and the
emerging moths oviposit on the newly planted host plants.

Chemical contrel of stem borers has often proved to be rather unsuccesful.
Best results are obtained in the early season against the young larvae which have
just hatched from the eggs laid by moths which had developed from diapausing
larvae. Older larvae have penetrated the stalks in which they are well protected
against insecticides. The duration of larval development, varies widely within one
population of stem borers and after the more or less synchronous development of
the 1st generation attacking the crops, all developmental stages of borers can
soon be found within one field. From that time chemical control, unless applied
very regularly, is little effective (SCHMUTTERER 1969, HILL 1975).

Cultural control of stem borers is most frequently aimed at a destruction of
the diapausing larvae from which the next crop infestation originates. Uprooting,
burning, ploughing and flooding of the old stems are widely adopted methods, but
only effective when applied at a large scale. In developing countries many
individual farmers cultivate a large nmumber of small plots and such a common
approach is therefere difficult to accomplish. This is especially so when old
stems are utilized e.g. in Tanzania maize stems were found to be used as building
material (SWAINE 1857) and in Kenya I observed cut maize stems as boundaries of
terraces on slopes. It is common practice to abandon maize and sorghum plants in
the field after harvest in Kenya. If stems are cut (mainly for fodder) stubble is
normalily left behind. All these cultural practices increase the chances of
survival for diapausing larvae during the dry season.

Aestivation-diapause of stem borers has often been referred to as a crucial
link in the life-cycle which enables the insect to overcome the unfavourable hot
and dry season (SCHMUTTERER 1969, HILL 1975). Nonetheless, thusfar almost all
attention has been focused on the phase of the insect which is directly doing the
damage and hardly amny to the phase from which this damage initially results. The
aim of this research was to fill this omission. Investigations were carried out on
the factors which induce, maintain and terminate aestivaticn-diapause in two
tropical stem borers. A better knowledge of the factors determining their seasonal
activity may ultimately lead tc a better control of these destructive insectss



2 The incidence of aestivation-diapause as related to
climate

2.1 INTRODUCTION

Diapause (hibernation) has been thoroughly studied for a large number of
insects in the temperate regions (LEES 1955, 1968, DANILEVSKII 1961, BECK 1968).
In contrast very little attention has focused on aestivation-diapause of the
tropics. The present research examines our knowledge of the climatclogical
factor(s) that may induce aestivation-diapause in 2 species of Pyralidae in Kenya.
The experimental spotted stalk borer Chilo partellus (Swinhoe} and the coastal
stalk borer Chilo orichalcociliella (Strand), are major pests of maize in East
Africa. An understanding of this crucial link in the life cycle of these insects
may lead to better techniques of control in the future.

At the start of this research in Kenya, little more was lmown than the
existance of a larval resting stage in old mature and cften dry stalks or
stubble of the host plant left in the field after the growing season {NYE 1960,
SCHMUTTERER 1969, MATHEZ 1972}. Hardly any information is available on the
seasonal incidence of the aestivation-diapause or on the environmental conditions
that induces the arrested develcpment., In this paper we will concentrate on the
role of climate factors in the induction of diapause. The role cof the host plant
will be dealt with later (chapter 4).

2.2 LITERATURE

Criterion for diapause The most frequently used criterion for larval diapause
of Lepidoptera is the failure of the mature larva to pupate within an

arbitrarily determined length of time after cessation of feeding. The critical
length of time significantly exceeds the normal pericd required for pupation. The
diapause of larvae of the European corn borer dstrinia mubilalis (MUTCHMOR and
BECKEL 1959, BECK and HANEC 1960), the pink bollworm Pectinophora gossypiella
(ADKISSON et al. 1963, KHALIFA et al. 1975), the rice stem borer Chilc suppres-—
saliz (FUKAYA 1967) and the southwestern corn borer Diatruaea grandioseila



(CHIPPENDALE and REDDY 1973) was determined in this manner. Larvae are usually
kept under dry conditiens, without food, in vials with moist absorbent filter-
paper. Sometimes- they are provided with the natural material in which diapause
takes place e.g. EL-SAYED and RUSTOM (1960) and HASSANEIN and GALAL (1969)
supplied field collected larvae of P. gossypiella with fragments of cotton fibre
to prevent cannibalism and to facilitate the construction of cocoons. Such fibres
obviously can not be considered as adequate food. The use of this method implies
that diapausing larvae are capable of surviving starvation and drought (without
pupating). The quality of diapausing larvae to resist starvation can be attributed
to the usually high content of metabolic reserves and to the very slow expenditure
thereof because of the low overall activity. In the tropics resistance to desicca-
tion is of great importance since aestivating larvae are usually exposed to
extremely dry conditions. Solid data on this however are rare. USUA (1974) demon-
strated that at all relative humidities the percentage weight loss by non-dia-
pausing larvae of the maize stem borer Busseole fusea is at least double that of
diapausing larvae. His experiments were carried out near thermal death point. But
even at a more normal temperature of 23°C CHIPPENDALE and REDDY (1972) found that
both field and laboratory collected mature larvae of D. grandicsella (originally
a tropical insect) when placed in vials with only moist absorbent paper have a
high rate of weight loss until they ecdyse to an unspotted form associated with
diapause. Thereafter weight loss is about twice as low. The increased drought
resistance may well be caused by changes in the respiratory (intermittent opening
of the spiracles} as well as the cuticular (reduced permeability) transpiration
as has been found for many other insects (LEES 1956, BARTON-BROWNE 1964,
CLOUDSLEY - THOMPSON 1975}.

Field collected larvae have not always been tested for diapause in the
absence of food. KATIYAR and LONG (1961) provided field larvde of the sugarcane
borer Diatraza saccharalis with pieces of young maize stems during the peried of
(winter) diapause determination and the same method was adopted by USUA (1970,
1973} for B. fusca to investigate the incidence of aestivation. In both cases
larvae did actively feed on the maize, although among diapausing larvae the
feeding rate was distinctly lower.

Many Lepidoptera larvae inhabiting the tropics or of tropical origin offer
- next to the failure to pupate and the drought resistance - a third widely used
criterion for diapause: at the beginning of diapause they loose the cuticular
pigmentation of their pinnaculi and turn into an unspotted morph. Such a transi-
tion has been ohserved for Diatraea lineolata (HYNES 1942, KEVAN 1944),
Seirpophaga (= Tryporyza) innctata (VAN DER GOOT 1925, ROTHSCHILD 1971),



Contesta ignefusalis (HARRIS 1962), B. fusea (HARRIS 1962, USUA 1970), Chilo
partellug (GONQALVES 1970, MATHEZ 1972, DELOBEL 1975b), Chilo orichalecciliella
(MATHEZ 1972, DELOBEL 1975a), D. saccharalis (KATIYAR and LONG 1960) and

D. grandiosella (CHIPPENDALE and REDDY 1972).

Climatic factovs inducing diapause Diapause in the temperate and subtropical
climates is primarily induced by short days and low temperatures. Generally the
critical daylength is dependent on the latitude where the insect is found and the
incidence of diapause in inversely proportional to the prevailing temperature
(BECK 1968). Examples of borers are the rice stem borer Chile suppressalis
(INOUYE and KAMANO 1957, KISHINO 1969) and the Buropean corn borer Osirinia
nubilalie (MUTCHMOR and BECKEL 1959, BECK and HANEC 1960, SKOPIK and BOWEN 1976).
KATIYAR and LONG (1961) working with the sugarcane borer Diatraea saccharalis in
Louisiana (USA) also indirectly suggested that diapause in the larvae is induced
by short photoperiods since pupation no longer occurs from October (during which
month the temperature is still '"well above the treshold for pupatien™) and since
diapausing larvae were collected from stems which were ''green and succulent and
appeared to constitute a satisfactory food supply'. In spite of this the authors
did not exclude a food effect altogether. It should be mentioned here that in the
tropics D. saccharalis was not found to diapause (KEVAN 1942). Another insect in
the south of the U.S. of which diapause is controlled photoperiodically is the
pink bollworm Pectincphora gossypiella. High temperature can largely nullify the
short day effects, while also food {a high fat content) has a diapause inducing
effect under short days (ADKISSON et al.1963, MENAKER and GROSS 1965, ANKERSMIT
and ADKISSON 1967). Although larvae of the southwestern corn borer Diatraea
grandioseilla - an originally tropical insect that recently migrated intc the
southern US - enter diapause under the influence of temperatures as high as 23-
250C and a short photoperiod (12L:12D),1t was suggested by the authors (CHIPPEN-
DALE and REDDY 1973) that temperature was the more important factor of the two.
Their evidence was based on the overriding importance of temperature for the
induction of diapause {without respect to photoperiod ne diapause at constant
temperatures of 27-30°C and 100% diapause at ZOOC), and on the observation that
diapause in the field is induced when night temperatures start falling below
20°C whereas the daylength is still diapause averting. No photoperiodic effect
could be reldted to development of the lesser cornstalk borer Elasmopalpus
lignosellus. Moderately low temperatures significantly prolong the development
but this retardation could according to HOLLOWAY and SMITH (1976) not be consider-
ed as diapause.



At lower latitudes seasons depend less upen changes in daylength. Tempera-
ture and other factors e.g. moisture (rain) and changes in the composition of
the host-plant which are of minor importance in the temperate regions tend to
play a major role in the tropics {chapter 4). But even at these latitudes photo-~
period can be involved. This is best examplified by Nomadacris septemfosciata
which responds to photoperiod in an area (Tanzania) where the difference between
the longest and the shortest day is only 1 hr. (NORRIS 1965). However other
factors are reported to induce diapause or quiescence more frequently.

Pupal diapause of the Sudan bollworm Diparopstis waterst? is in Cameroon
primarily dependent on temperature; alternating low nocturnal temperatures and
high diurnal temperatures during the larval life induce diapause (JACQUEMARD
1976). GALICHET (1964) came to the same conclusion in Chad but he thought that
the period of fluctuating temperatures needed to be followed by a period of very
high temperatures (38°¢C during 6 hrs/day) after pupation. He also mentioned that
photoperiod is not related to the induction of diapause. The incidence of dia-
pause in larvae of the white rice borer Rupela albineila in Surinam is normally
very low throughout the year but suddenly rises to 50% of the larval population
during a period of relatively high temperatures. Compared to the same period of
other years, neither food, dry period nor rainfall could be indicated as the
agent causing diapause; ageing of the host plant stimulates diapause (HUMMELEN
1974).

In Egypt, larval diapause of the pink bollworm Pectinophora gossypiella
seems to be primarily initiated by low temperatures. Again composition of the
food (cotton boll) which changes towards the end of the season plays an im-
portant additional role (EL-SAYED and RUSTOM 1960, HASSANEIN and GALAL 1969).
Results of PREVETT (1971) are very similar: the Indian meal-moth Plodia inter—
punctelia collected from Pretoria (South Africa) entered a pre-pupal dia-
pause at temperatures below 20°C. Time required for larval developmerit at 17.5°C
is more than 14 x longer compared to time at 30°C but larvae from a strain
collected in Kano, Northern Nigeria, develop only 3.5 x slower at the lowest
temperature. PREVETT considered the difference in developmental time at the two
temperatures as normal for the Nigerian strain. He suggested that the diapause
factor is bred out in strains inhabiting warm climates. The influence of photo-
period was not studied for Plodia nor for Pectinophora although in both cases
the latitudes (South-Africa, Egypt) are such that an effect might be expected.

The spotted stalk borer (hile partellus has a distribution in southern
Asia from Afghanistan in the west to Thailand in the east (HILL 1975) and in East
Africa from Sudan in the north (SCHMUTTERER 1969) to Mozambique (GONGALVES 1970}



and Madagascar (DELOBEL 1975b) in the south The environmental stimuli which
lead to preparations for diapause of the larvae are however quite different. In
North India larvae do not pupate below 13°C (BUTANT 1955). Also observations of
other scientists indicate that the diapause of ¢. partellus in South Asia is
governed by low temperatures (PANT and KALODE 1964, KHAN and KHAN 1968, MOIZ and
QURESHI 1969). In East Africa however we find less agreement. It is not even
clear whether diapause exists in all areas. In Mozambique for example, €. partel-
lus develops continuously but has "a low activity” from May to September
(GONGALVES 1970). INGRAM (1958) even specifically mentioned the absence of a
resting stage in Uganda, but also he stated that ''the development is probably
slowed down in the dry season'. When later NYE (1960) did find a few aestivating
larvae this incidence was attributed to the extremely dry host plant in which
they were located. Another example of a continuous life-cycle the whele year
around was found in Sudan "during the rainy seascn or under favourable condi-
tions in irrigated areas"; larval diapause occurs in areas with a conspicucus
dry or dead season (SCHMUTTERER 1969). The more severe dry season in the Lake
District of Tanzania was held responsibie for the presence of aestivating larvae
(NYE 1960). From these examples it appears that the diapause of . partelius is
a facultative one only emerging when the environmental conditions - in which
moisture seems to be crucial - deteriorate. This may well also be the case in
Kenya where aestivating larvae are found under similar circumstances (SCHELTES
1976). The situation seems to be somewhat different in Madagascar where again
relatively low temperatures are thought toc be of prime importance in the dia-
pause of €. orishaleceiliella {DELOBEL 1975a) and C. partelilus (DELOBEL 1975b).
But again next to temperature DELOBEL mentioned impoverishment of food, drought
and even daylength as factors which possibly stimulate the retarded larval
development.

_ In Nigeria USUA (1968, 1973) studied the temperature effect on the larvae
of the maize stem borer Busseola fusea. The rate of larval development was
fastest at 28-30°C. Higher temperatures (32°C) were lethal, lower temperatures
(23°C) resulted in delayed growth which however was not regarded as diapause by
USUA, The onset of (iapause was shown to be primarily induced by the state of
maturity of the host plant. Barlier SWAINE (1957) and SMITHERS (1959) had
suggested a similar relation for the same insect in Tanzania and southern
Rhodesia respectively. They, however paid main attention to the moisture content
of the plant. Important evidence to do so came from observations that B. fusca
continues to develop in irrigated maize fields grown out of season (and in

tillers of wild grasses and sorghum containing relatively much water) whereas



the development of the larvae in non-irrigated fields during the dry season
ceases. Also for other tropical stem borer larvae diapause was thought to be
primarily induced by the host plant: e.g. Tryporyza innotata (VAN DER GOOT
1925), 7. incertulee (ROTHSCHILD 1971), D. lineolata (HYNES 1942, KEVAN 1944),
Further details on the food condition in relation to diapause will be presented
in chapters 4 and §,

2.3 MATERIALS AND METHODS
2.3.1 Rearing methods

The celony was started with larvae collected from maize fields in the
Coastal Province near Kikambala, Kenya (about 4° socuth of the Equator). Although
two different species of Chilo (€. partelius and . orichaleociliella) occur in
this area, only C. partellus was reared in the laboratory. This species is not
only the more important one of the two in East Africa but is also a major pest
in South Asia where C. orichalcoailiella is absent (HILL 1975). Larvae were
reared on a wheat-germ diet [after CHATTERJI et al. 1968) which was slightly
modified to obtain better microbial control. The composition of the diet is
given in table 1.

Within 24 hrs of hatching eggs were transferred to a corked glass tube (dia-
meter 2.5 cm, length 7.5 cm) that on the bottom contained about 15 ml diet which
was slightly loosened from the tube wall with a needle. In the field newly hatched

Table 1| Cowmposition of the artificial diet for rearing Chilo partellus

component weight (g} volume (ml)
wheat germ 15.00
vitamin-free casein 17.50
glucose 11.50
Wessons'salt + 5.00
cellulose 2.50
vitamin fortification mixture
(Vanderzant) + 7.00
agcorbic acid 1.70
aureomycin 0.18
methyl para hydroxybenzoate 0.75
agar 12.50
KOH 4M 2,50
formaldehyde 107% 2.00
water 450,00

+ Obtained from Nutritional Biochemical Corporation, Cleveldnd, Ohiec.




larvae tend to be gregarious while feeding in the humid enviromment of young
rolled leaves. The minute space between the tube wall and the diet proved to be
an ideal place for young larvae. To prevent larvae from crawling around in the
tube without reaching the diet, the tubes were placed upside down towards a weak
light source (the early larval instars are positively phototropic and negatively
geotropic). The corks covering the tubes were provided with a hole and were lined
with fine stainless steel gauze to prevent escape.

Third instar larvae were transferred with a fine brush to a layer of 1 cm
diet in hard-plastic boxes {11.5 x 17.5 x 4 cm) with screened holes, where they
stayed till pupation. The diet was changed twice a week. Pupae collected from the
diet were put on a tray containing moist cotton wool and placed in a cylindrical
cage (diameter 15 cm, length 30 ¢m) made from a plastic drain-pipe and covered
with a muslin cloth. The walls of this cage were lined with creased wax-paper to
provide suitable oviposition sites for emerging moths. Egg masses were cut cut
daily from the wax-paper and transferred intc closed plastic boxes containing
moist cotton wool to maintain high humidity. All tubes and boxes used for rearing
were scaked overnight in a 1% sodium hypochlorite solution before use. The insect-
ary was maintained at a temperature of 27 + 1.5°C, a relative Wumidity between
70 and 85% and a 12L:12D photoperiod. Rearing of ¢, partellus in this way was
carried out without interruption during five consecutive years or about 40 genera-
tions. Occasionally fresh larvae from the field were added to the insectary-stock,
but this was done only to reduce the possibilities of an inadvertent selection
that might make compariscn with the natural field population unreliable.

2.3.2 C(riterion for diapause

Experiments were undertaken to investigate the possibilities to use the
"failure to pupate criterion” for diapause of Chilo partellus (see 2.2). When
aestivating larvae are supplied with fresh food (diet or maize) diapause is
rapidly terminated (unpublished observations). The use of dry food or no food at
all (as done for most insects) may however be equally unreliable. It has often
been suggested that dry food induces aestivation-diapause in stem borers (HYNES
1942, KEVAN 1944, SWAINE 1957, SMITHERS 1959, NYE 1960). This hypothesis first
needed to be tested. We therefore compared the survival and the loss in body
weight under dry conditions of 50 aestivating larvae and 50 non-aestivating
larvae. The aestivating larvae were collected from a maize field near Kikambala
three days before the experiment was started. Judged from the presence of



exclusively unspotted larvae and no pupae over a period of more than 2

moniths these larvae could safely be regarded as aestivating. Non-aestivating
larvae, obtained from the ICIPE insectary, were 20 days old and in the early 6th
instar (normally males have six, females seven larval instars). Since larvae
regularly have to be observed to determine their survival the effect of disturbance
(handling and removal of cocoon) was included in these experiments. This was

done by subdividing the 50 aestivating and nen-aestivating larvae into groups of
25 larvae each. The individuals of one group were put into corked glass tubes

(2.5 x 7.5 cm). Larvae were taken from their tube twice a week and their eventual
cocoon was removed. The larvae which remained undisturbed throughout the experiment
were placed in small (1.5 x 0.5 cm) cylinders made from stainless steel
small-mesh gauze. These larvae were weighed directly inside their cylinders and
survival was checked by observing movements. When a very thick cocoon made this
observation impossible, a tiny window was made with a fine needle.

Field collected larvae were routinely supplied with their natural 'diapause
environment’, i.e. pieces of dry maize stems containing 10-20% of water, when the
presence of diapause was investigated. In order to find the critical length of
time which a larva has to exceed before it can be called diapausing we determined
death and pupation of non-diapause larvae of different ages (at least 50 larvae
in each age group) in dry maize. Field collected larvae surviving in dry maize for
a longer period than 95% non-diapausing larvae do under the same conditions were
considered to diapause. This criterion is in fact based on the capacity of an
aestivating larva to survive dry conditions. In the following text and figures we
will therefore refer to dormant larvae for which the aestivation was established
this way as to '"larvae resistant to drought". This in contrast to larvae for which
the loss of the cuticular pigmentation is used as criterion for aestivation (see
2.2). These diapausing larvae will be called "unspotted larvae'.

All experiments mentioned above were carried out in a constant temperature
room (25.0 + I.OOC) where a relative humidity of 70-80% amd a photoperiod of
12L/12D was maintained.

2.3.3 PField experimente

Experimental fields Field research was carried out at the Coast Agricultural
Research Station in Kikambala, Coast Province, Kenya. The experimental fields
from which samples were obtained were sized 1000-2000 m2 (i-1 acre) and were
planted with maize (Coast Composite). Samples were taken from maize grown under
two different conditions: a. maize grown during the wet season (April-August/
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September); These plots were subject to the natural weather conditions. b. maize
grown during the dry season (December/January-March/April); fields were irrigated
twice a week as indicated in the experiments concerned.

Sampling Samples of larvae and pupae were collected on regular weekly intervals.
Samples were collected by uprooting one maize plant after a fixed mumber of steps
(depending on the nmumber of plants present in the field) when going thrcugh the
rows of plants. Sample size always consisted of at least 100 stems/field. Stems
were dissected immediately after collecting and the number of larvae and pupae in
each stem was recorded. Usually within the same day larvae (placed inside maize
stems from the sampled field) and pupae were sent to Nairobi by taxi-cab.

Observations Temperature, relative humidity and rainfall were recorded daily at
a weather station situated in an open field next to the experimental fields. Cn
the day of sampling the growth stage and the condition of the maize plant was
described. The role of the plant in the induction of diapause will be described
later {chapter 4 + 5}. The analysis of the larval material (of which in this chap-
ter only the cuticular pigmentation and the resistance to drought are mentioned,
but in the next chapter alsc some physioclogical characteristics) normally took
place at the ICIPE laboratories in Nairobi within 3 days after sample collection.
The figures on the seasonal changes in population levels and on the incidence of
aestivation were combined for the two species Chilo partellus and Chilo _
ortehaleoctiiella, This had to be done because the larvae can only be
distinguished on the base of differences in the pattern of the cuticular spots
(MATHEZ 1972) which gradually disappear as the larvae enter diapause. No
behavioural or other differences related to diapause could be detected between
the two species.

For the determination of aestivation-diapause only larvae were used which had
at least reached the fifth instar (determined by the size of the head capsule).

2.3.4 Effects of photoveriod and temperature

The development of larvae obtained from the insectary was checked under
different photoperiodic and temperature regimes, comparable to the natural
environment in which larvae live,

To determine the effect of photoperiod three groups of 100 1st instar larvae
cach were subjected to photoperiods of 121, 12 and 11} hrs per day respectively
at a temperature of 25°C. Food was always changed during the photophase.

1
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Temperature effects on Ist, 3rd and 5th instar larvae were observed under
abhr (> 25°C): 18 hr (25°C) thermoperiod. The tested temperatures during the
6 hr thermoperiod were 25, 30, 33, 35 and 37°C. The high temperatures always
coincided with the begimming of the photophase of the photopericd which in
these experiments was kept at 1ZL:12D. Each experiment was started with
100-150 tst, 50-60 3rd or 35-50 5th instar larvae.

Time required for pupation was recorded for each experiment. Experiments
were contimued until all surviving larvae had pupated. Larvae dying during the
observation period were not taken into account.

2.4 RESULTS
2.4.1 Drought resistance ae criterion for diapause

The suitability of drought resistance as a criterion for aestivation-dia-
pause was investigated. Experiments were carried out to study survival and loss
of body weight of aestivating and non-aestivating larvae under dry conditions
and to evaluate the effects of disturbance on the larvae.

Fig. 1 shows that 30 days after the experiment was started almost mo non-
diapausing larvae had survived whereas 60% of the undisturbed diapausing larvae

1004 0——0 DIAPAUSING LARVAE UNDISTURBED
g & DIAPAUSING LARVAE DISTURBED 2xWEEK
3 *—— NON DIAPAUSING LARVAE UNDISTURBED
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?
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20 Fig.l., Effects of dryness
and disturbance on the sur-
vival of diapausing and non-
dizpausing larvae of Chilo

. partellus. Each group con—

b 1 20 I 4 S 60 W 0 %0 tained 50 larvae when the

TIME AFTER START EXPERIMENT ( DaYS ) experimenl: was started.
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were still alive. Disturbance reduced survival of both types of larvae. The
effect was however more obvious in aestivating larvae, especially after 30 days.
By 90 days all diapausing larvae that had been disturbed twice a week died. By
contrast about 50% of the undisturbed larvae were still alive after 90 days.

Similar results were obtained for the effect of dryness and disturbance on
the larval weight of diapausing and non-diapausing larvae (fig.2.). Weight
decreased rapidly imnmediately after larvae were exposed to dryness. This decrease
was slower for the diapausing larvae than for non-diapausing ones. After 30 days
all surviving non-diapausing larvae were reduced to about 30% of their initial
body weight. By that time disturbed diapausing larvae dropped to 50% of their
original weight and undisturbed larvae to 75%.

Although the results show that 20 days old non-diapausing larvae were not
capable of surviving dry conditions, this is not true for larvae of all ages.
Fig. 3 shows the relation between larval age and death or pupation (the opposite
of survival) on dry maize. Young larvae less than 14 days old always die when
reared on dry maize stems. Thereafter the percentage pupation increases with
larval age. Fig. 4 shows for the same experiment the time needed for the larvae
to die or pupate. The longest time which a larva could survive (without pupating
or dying) was 7.5 + 0.6 days (mean + S.E.) (fig.4.). This was when larvae were 21
days old. The upper confidence limit (p = 0.05, student t-test) for this distribu-
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tion is 15.71 days. Thus, if a larva survived in dry stem and at 25°C (when

disturbed biweekly} for more than 15 days it was considered to be in diapause.
2.4.2 Fleld experiments
2.4.2.,1 (limate during the field experiments

The climatic conditions (rainfall, relative humidity and maximum and minimum
temperatures) showed very similar fluctuations during 1973, 1974 and 1975 (fig.
5-8). Rains were frequent in June and continued during part of July. After that
period dry conditions'prevailed but were interrupted occasionally by rain.
Relative humidity was somewhat higher during the rains and thereafter than during
periods of drought. Decreases in humidity were usually accompanied by increases
in temperatures. Normally rains began in early April, but in 1974 the rains only
started on the 25th of May.
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2.4.2.2 Seascnal fluctuation in the larval and pupal populaticns

Fluctuaticns in the larval and pupal populations of Chi7o in the experimental
maize fields during the growing seasons of 1973, 1974 and 1975 are shown in
figures 5A, 6A and 7A. For irrigated fields where maize was grown during the dry
seasons of 1974 and 1975 data are given in fig. 8A. Seasonal and yearly
variations were considerable. The populaticns showed some similarity during the
wet seasons of 1973 and 1974 (fig. 5A and 6A) after an initial peak in the number
of larvae early in the growing season. 13-2 months after sowing, there was a
rather rapid decrease in the larval population to levels of about half the
previous size or even less. Thereafter the mumber of larvae remained quite
constant during a period of at least Z months after which numbers dropped to ne
more that 10-2¢ larvae per 100 stems at the end of the experimental peried.
Results of 1975 (fig. 7A) were different: a second larval peak, higher than the
previous one, occurred sbout 3i months after the maize was sown.

Crops grown later in the (rain) season had a higher initial larval
population than crops grown earlier: in 1973 the highest peak of larvae in maize
sown 21 April was 67 larvae/100 stems; in maize sown 4 June 126 larvae/100 stems.
In 1974 there were 68 larvae/100 stems in maize sown 23 April and 98 larvae/

100 stems in maize sown 20 June.

Pupae almost completely disappeared at the end of the growing season. At
that time quite high levels of larvae (obviously entering diapause or in diapause}
could still be found. Occasionally pupation of diapausing larvae took place. This
however could usually be related to rains (1973, fig. 5).

Fig. 8A shows what happened when maize was irrigated during the dry season.
In 1974 irrigation was only centinued till the end of January. The larval
population initially increased but collapsed scon thereafter. After mid-March
hardly any pupae were found. In 1975 the irrigation took place nearly throughout
the observations. This resulted in an extremely high larval populaticn density
(an average of more than 5 larvae/stem) and a continuous presence of pupae.

2.4,2,3 Seasonal incidence of diapause
The incidence of aestivation-diapause in mature larvae collected from the
field was usually determined by both observing the cuticular pigmentation and the

drought resistance. An exception is 1973 when diapause was merely based on the

loss of cuticular spots. Results concerning the dormancy during the wet season in
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1973, 1974 and 1975 are given in fig. 5B, 6B and 7B respectively. In fig. 8B dry
season results are shown. When considering the cuticular pigmentation, it is
striking that only very little unspotted larvae could be found during the rainy
period of the year. These observations include the biweekly irrigated maize
field during the dry season of 1975 (fig. 8). When rains had passed, nearly
always an uninterrupted gradual increase in numbers of white larvae followed. The
only exception may be 1973 (fig. 5) where in the first sown crop temporarily no
further increase in unspotted larvae occurred from 8 August till 5 September. -
This period was characterized by a high rainfall, When the percentapes of
aestivating larvae arte considered (determined by means of their potential to
resist drought} it can be seen that 20-25% aestivation may already be present
during a rainy period (1974 and 1975, fig. 6 and 7). But again the most drastic
increases occurred when rains were rare or absent. No correlation between other
climatic facters and the incidence of diapause could be found. Diapause was
observed both during the 'wet" season with average minimum and maximum
temperatures of 21° and 27°C respectively and relative humidities up to 884
(1975, fig. 7}. But it also occurred during the dry season when minimum
temperatures were about 23°C, maximum temperatures 320C and the relative
humidity was about 70% (1974, fig. 8).

2.4.3 Effects of photopericd and temperature

Effects of photoperiod When larvae were reared throughout larval life at
rhotopericds which are close to natural conditions in Kenya no effect on the

rate of development was found (table 2).

Table 2. Effect of different photoperiods on the rate of development of larvae 8f
Chile partellue from first instar larva to pupa at a constant temperature of 25 C.

photoperiod number of surviving number of days required
larvae for pupation (mean + S.E.)

123 L : 11§D 3t 32.2 + 1.4

12 L:12 D 45 33,9 F 1.1

13 L : 124D 39 33.7 + 1.3

Effects of temperature The effects of temperatures on larval development were

determined.
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The test temperatures applied in this experiment were derived from the internal
temperatures of maize during sunny days and in a field in which pre-diapause
larvae were abundant. These data were obtained with thermocouples connected to a
recorder which printed the temperature at } hr intervals. A period of at least
24 hrs was covered. Results are given in table 3. Maximum temperatures were
35-36°C. We therefore used 37°C as the upper limit in our experiments. Lowest
temperatures in stems were around 20°C. Since these temperatures are only
occurring during a period of 1-2Z hrs just prior to sunrise and since the
temperature during the rest of the evening and night is closer to 25°C, we used
the latter as the fixed night temperature in the experiments. The length of the
thermoperiod (6 hr "high" temperature: 18 hr 25°C) is rather arbitrarily but
still reflects the averages met in the field (table 3).

A relation between the degree of desiccation of a maize plant and its
internal temperature was suspected. Since the maize stems in table 3 are roughly
grouped together according to their water content, the individual relation
between moisture content and temperature is somewhat masked. A closer examination
of individual stems (not shown here) revealed that such a relation is not apparent.

When we look into the effect of the different thermoperiods on the
development of the larvae (fig. 9) it is clear that temperature does have an
influence, The development was fastest when temperatures were 30-33°C during the
6 hr period of the 6:18 (ZSOC) thermoperiod. When larvae were exposed to lower or
higher temperatures during this period, there was a clear increase in the time

required for pupation.

Table 3. Temperatures in the interior of maize stems located in three different
experimental fields with pre-diapausing and diapausing larvae of Chile partelius.

date no. water content mean number of hours with mean temperatures
of of stems the following temperatures in °C (range)
stems (range)

25%¢ 25-30%¢  30%C

early 4 77.7 - B4.7 143 2 7l 26.2 {19.6 - 36.0)
Aug. '74 2 67.6 - 69.9 15 17 71 26.0 {19.1 - 135.3)

3 67.5 - 74.6 14 2 8 26.8 (22.1 - 33.5)
mid ] 71.7 - 79.5 13 3 8 27.3 (19.7 - 35.4)
Oct, '74
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2.5 DISCUSSION

The experiments on drought resistance of larvae showed that aestivating
larvae are more capable of surviving dry envirommental conditions without food
than non-aestivating larvae. This capacity can not be explained by the larger
size and weight of the dormant larvae at the start of the experiments, because
heavy non-diapause larvae were found to die (or pupate) on dry maize whereas
small dispause larvae were found capable of surviving long dry periods. It is
more likely that the increased drought resistance of aestivating larvae is caused
by their reduced mobility within their resting sites and by physiological changes
such as increased fat content, depression of the metabolism and a resistance to
desiccation. In this paper some evidence for drought resistance is given. During
a dry period the body weight of non-diapause larvae decreased more rapidly and to
lower values that that of diapause larvae. This decrease should largely be
contributed to desiccation. Non-diapause larvae contained on the average 10-15%
more moisture than diapause larvae. The differences in weight decrease however
were much larger and can therefore only partially be explained by the different

initial moisture contents. Changed properties of the cuticle and/or in the
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transpiration through the spiracles probably also have played a role. Weight

loss could have been caused by the expenditure of metabolic reserves. Non-
diapause larvae require more energy since they are mobile and have a relatively
high metabolism. Diapausing larvae have reduced energy requirements, although

the spinning of a new "diapause chamber" which was invariably done must have
affected the reserves. This may explain why even undisturbed aestivating larvae
lost much weight during the first ten days of exposure to dryness. During this
period 25% of the body weight was lost but thercafter the weight was rather
constant and only went down for another 10% during the next 80 days. In the field
decrease in body weight is probably even less since aestivating larvae are better

protected inside a dry maize stem than inside the gauze of the experiments.

Disturbed aestivating larvae appeared to continue losing weight under dry
conditions.

Before drought resistance could be appiied as a criterion for aestivation-
diapause it was necessary to make sure that drought (dry maize) never can induce
diapause in non-diapause larvae. With a biweekly disturbance (needed for observa-
tion and essential for the final critical number of days which a larva has to
survive before it can be considered as aestivating) this turned out to be the
case. All non-diapause larvae either died or pupated (often precociously) under
dry conditions.

During the wet season in the Coast Province of Kenya, a large variability in
the size of the larval population in the different years and also during one
season could be demonstrated. Similar variations were alsc found in the same
regions by LA CROIX {1967) and MATHEZ (1972). The average numbers of larvae found
in the present research (40-60 larvae/100 stems in 1973 and 1974 and about 100
larvae/100 stems in 1975) were at least half as low as the levels found by the
authors mentioned above. Peaks in the larval population were found 13-2 months
after the sowing date of the maize which is in agreement with the data of MATHEZ,
and perhaps also with those of LA CROIX who observed the first larvae on maize
always 20-24 days after it was sown. In spite of this he invariably found the
first peak of larvae in the begirming of June, independant of the sowing date of
maize (in his experiments early and late April and early June). The results of
this paper are not fully comparable since maize was only sown at the end of April
and in June.

There is no doubt that the first peak of larvae found in the early sown (end
of April) maize fields represents the progeny of the diapause generation. LA CROIX

came to the same conclusion, A second peak of larvae later in the season was
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usually found by both LA CROIX and MATHEZ, and in my maize fields populations
tended to fluctuate similarly although the 2nd peak was not always as distinct
(except in 1975). An explanation may be the great variability of the factors
which are determining the rate of development at that time. The first generation
could still develop rather synchronously because of 1) the similar starting point
of the development (after termination of the diapause}, 2) the presence of very
nutritive food {young maize) of fairly constant quality and 3) the optimal weather
conditions (rain). All these factors become more and more variable as the season
proceeds. In particular the maize plants showed large individual qualitative
differences during their development (see later chapter 4}. Morecver we observed
that Chile larvae vary considerably, even under constant environmental conditions,
in their time required for pupation. After the second "peak’ the number of larvae
gradually decreased. Since pupation was still extremely low or absent, it appears
likely that the death rate of diapausing larvae was rather high.

A fairly low larval population was found in 1974. This may be explained by
the very late start of the rainy season {25 May) whereas the maize was already
sown on 23 April. A similar observation was made by MATHEZ (1972). No further
relation between seasonal population fluctuations and climate could be
demonstrated. Crops grown late in the rainy season were more heavily infested
than crops planted earlier. The most obvious reason is of course that the number
of moths which start the infestation has increased enormously compared to the
previous generaticn of moths which originated from the diapausing population.
Young maize also offers more attractive oviposition sites than more mature plants
(INGRAM 1958).

The pupal population decreased during the dry periods following the rainy
season. If pupation occurred late in the season it could often be associated with
temporary rainfall. This means that drought tends to prevent and rain to favour
pupation. This seems to be confirmed by the experiments during the dry season. As
long as irrigation took place, pupae could be found. Some time after cessation of
the irrigation however, pupae became rare.

The. incidence of aestivation-diapause in the field, whether this is based on
the colour change of the larvae or on its increased drought resistance, could not
be associated with any climatic factor other than rain. Absence of rain seems to
provide a stimulus for diapause. Since it was shown in this paper that diapause
can net be induced by dry environmental conditions alone, the lack of rain must be
perceived by the stem borer through some other medium such as the host plant. A
relation between the incidence of diapause and the condition of the plant has
often been suggested for many stem borers (VAN DER GOOT 1925, HYNES 1942, KEVAN
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1944, SWAINE 1957, SMITHERS 1959, NYE 1960, USUA 1973, DELOBEL 1975b) and also
seems to be important for €. partelius. This subject certainly deserves attention
in future.

In an effort to seperately analyse the different environmental components in
the field, the influence of photoperiod and temperature on the larval development
was studied under controlled conditions in the laboratory. Photoperiods in
Kikambala range from 11 hrs and 50 minutes in June to 12 hrs and 18 minutes in
December. With the difference of only 28 minutes between the longest and the
shortest day it is not surprising to see that no effect of photoperiod could be
detected. The role of photoperiod can however not be neglected altogether. It
mzy still be that diapause is induced by a short daylength (which is permanently
present in the equatorial regions) but that its effect is counteracted by dia-
pause preventing factors of a stronger nature, e.g. rain, hostplant in full
growth. Only when these factors are absent and/or other diapause inducing factors
come into effect, short day influence may be felt, Experiments with long day-
length - although irrelevant on these latitudes - are required to get a
conclusive answer.

Temperatures only had an influence on the velocity of development, not on
the development itself. Evidence that temperature is not likely to play a crucial
role in the induction of aestivation-diapause was in fact already provided by the
observation that diapausing larvae were found soon after the long rains (August,
2]—27°C) as well as during the dry season (March, 23—32°C]. Further supporting
evidence is provided from experiments with thermoperiods from observations that
larvae developed fastest at thermoperiods of & hrs 30°C: 18 hrs 25°C and 6 hrs
33°C: 18 hrs 25°C. Mean day temperatures are under these conditens 26 and 27°%C
respectively which is equal to the average field temperatures, measured at the
moment that larvae were diapausing or entering diapause. When larvae were reared
under thermoperiods with higher or lower maximum temperatures the rate of
development was slower. But, the retardation represented an over-all slow down
in development rather than a stage specific developmental rest.
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3 The timing of the period of diapause induction; some
behavioural, physiological and morphological aspects
of aestivation-diapause

3.1 INTRODUCTION

In the previocus chapter I investigated the role of climate in the induction
of aestivation-diapause of larvae of the spotted stalk borer Chile partellius
(Swinhoe) and the coastal stalk borer Chileo orichalcoeiliella (Strand). The
principal outcome of this study was that the incidence of aestivation in these
insects can not be associated with any c¢limatic factor other than rain. Dry
environmental conditions strongly retarded larval development. Two criteria were
used to identify aestivating larvae in field collected material: disappearance
of the cuticular pigmentation and the increased drought resistance of resting
larvae. The second criterion was based on the failure of a dormant larva to
pupate (or die) within the time limits which are normally set for non-diapausing
larvae under dry environmental conditions in desiccated pieces of maize stems.
When aestivation-diapause is determined this way it is very likely that cnly
ultimate reactions to the factor(s) which are triggering the diapause are
observed. Thus only larvae which have already entered dormancy are considered
and not larvae which are preparing for diapause. Such observations yield only
rough information on the diapause inducing factor(s). If we want to know these
factor(s) more precisely it is necessary to examine larvae during the pre-diapause
period when they perceive the token stimuli leading to the entrance of
aestivation-diapause.

The present experiments were done for that purpose. Behavioural (comstruction of
resting site, spinning of cocoon, feeding),physiclogical (ecdysial frequency,
respiration, water content, fat content, heart rate and testicular development)
and morphclogical (cuticular pigmentation, width of head capsule) changes during
both the pre-diapause and the diapause period were studied.
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3.2 LITERATURE

Many insects change their behavicur when diapause induciny factors become
effective. They often start looking for a suitable place to overcome the oncoming
unfavourable ,conditions. The larvae of the rice-borer Scirpophaga (= Tryporysa)
innotata move within 3-4 weeks after harvest to the subterraneous parts of the
rice stems where they aestivate. If drought is very severe a cocoon is made (VAN
DER GOOT 1925). Tumnels of as much as 10 cm deep may be cut out in the roots
(LI 1961). Similarly, larvae of the southwestern corn borer Diatraea grandicsella
hibernate in an excavation in the base of the maize stalk below ground level
{CHIPPENDALE and REDDY 1974). The larvae of the 3rd generation of the Gurdaspur
borer Bissetia sterniellus (in sugar cane) suddenly reverse their normal negative
geotropic behaviour at the onset of diapause (ATWAL 1967). In South-Africa the
pre-diapause larvae of the maize stem borer Busseela fusca also move to the lowest
parts of the stem, but such a behaviour was not found in Southern-Rhodesia
(SMITHERS 1959), Uganda (INGRAM 1958), Tanzania (SWAINE 1957) or Nigeria (HARRIS
1962}, where diapausing larvae could be found in any part of the stem. This was
also the case for Chilo partelius and Chilo orichaleociliella in East Africa
{(MATHEZ 1962, DELOBEL 1975a and 1975b) and for the sugarcane borer Piairaea
saccharalis in Trinidad (KEVAN 1944). Sometimes diapause larvae occupy special
structures:in Nigeria the larvae of B. fusea construct a chamber from frass kept
together with silk inside their feeding galleries (HARRIS 1962). Diapausing
larvae of the white rice borer Rupela albirelle spin a "protective cylindrical
paperlike envelope' (VAN DINTHER 1962). Larvae of Twyporyza incertulas and
T. innotata form a '"'strong silken cocoon' in old rice stubbles (ROTHSCHILD 1971).
In the temperate climates hibernacula are often constructed e.g. by the European
corn borer Ostrinia mubilalis (BECK and HANEC 1960). The diapause cocoon of the
codling moth Carpocapsa pomoneila is not only thick walled but even has a
different shape compared to the cocoon of non-diapausing larvae (HANSEN and
HARWOOD 1968).

After a resting site is selected and prepared, movements and feeding
activity are absent or greatly reduced. Pre-diapause T. imnotata larvae stop
feeding as soon as the subterrancous stem parts are reached (VAN DER GOOT 1925,
ROTHSCHILD 1971). Once larvae had starved for several days, even fresh food is
no longer accepted (VAN DER GOOT 1925). The same was observed for C. suppressalis
by FUKAYA and MITSUHASHI (1961), but earlier KOIDSUMI and MAKINO (1958) had
demonstrated reduced feeding by €. suppressalis on dried rice-straw even during
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