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Stellingen

Om te komen tot een meer betrouwbare, vroegtijdige plaagvoorspelling
van de Afrikaanse legerworm in Qost-Afrika dient vooral diens fenologie
tijdens de lange droge periode nader bestudeerd te worden.

Dit proefschrift.

Voor een beter begrip van de plaagonitwikkeling van de Afrikaanse
legerworm dient in daaromtrent te verrichten veldsiudies het relatieve
belang bepaald te worden van de omgevingsfactoren: waardplantkwali-

teit, waardplantleeftijd, regenval en natuurlijke vijanden.
Dit proefschrift.

Uit het oogpunt van opbrengstderving bij mais, vercorzaakt door de
Afrikaanse legerworm, verdient bestudering van het tritrofische systeem
‘bodem-plant-herbivoor’' de voorkeur boven bestudering van het tritro-

fische systeem ’plant-herbivoor-natuurlijke vijand'.
Brown, E.S. & Mohammed, A.K.A. (1972). E. Afr. Agric. For. J. 37: 237-257.

Het genereren van hypotheses ter verklaring van droogte-plaag relaties,
waarbij ter ondersteuning vervolgens uitsiuitend, zonder nadere toetsing,
indirect bewijsmateriaal wordt aangedragen, hesft niet geleid tot grotere
duidelijkheid wat betreft het mechanisme dat aan deze relaties ien
grondslag ligt.
White, T.C.R. (1976). Oecologia 22: 118-134.
Mattson, W.J. & Haack, R.A. (1987). In: F. Slansky, J.G. Rodriguez (eds.), Nutritional
Ecology of Insects, Mites, Spiders, and Related Invertebrates. John Wiley & Sons, New
York: 147-175.

Voor effectief gebruik van satellieten in de bestrijding van migrerende
plaaginsekten is een gedegen kennis vereist van de ecologie van de

betreffende insekten.
Hielkema, JL.U. (1990). FPhil. Trans, Roy. Soc. London B328: 705-717.
Milford, J.R, & Dugdale, G. {1990). Phil. Trans. Roy. Soc¢. London B328: 689-704.

Voor het leggen van relaties tussen onderdelen van het EPG-patroon C
en styletpenetratie-activiteit bieden witteviiegen grotere mogelijkheden

dan bladluizen.
Janssen, J.AM., Tiallingfi, W.F. & Lenteren, J.C. van {1989). Entomol. exp. appl. 52
69-81.
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Dat kaswittevlieg (Traleurodes vaporariorum) zlleen persistente virus-
sen overbrengt is beter te begrijpen wanneer men het styletpenetra-
tiegedrag van dit insekt nauwkeurig kent.

Bird, J. & Maramorosch, K. (1978). Adv. Virus Res. 22:; 55-110.

Janssen, J.AM., Tjaflingil, W.F. & Lenteren, J.C. van (1989). Entomol. exp. appl. 52:

69-81.

Eigenschappen van de apoplast dichtbij het bladopperviak spelen een
hootdrol bij de selectie van voedingsplaatsen door kaswittevlieg ( Trialeu-

rodes vaporariorum).
Janssen, J.AM., Tallingii, W.F. & Lenteren, J.C. van (1989). Entomal. exp. appl. 52:
69-81.

Voor een optimaal gebruik van de sex ratio bij de beoordeling van de
kwaliteit van Trichogramma soorten in een massakweek dient de sex
ratio in afwezigheid van superparasitering als referentiewaarde geno-

men te worden.
Bigler, F., Cerutti, F. & Laing, J. (1991). Proc. 5th workshop of the I0BC warking group
"Quality control of mass reared arthropods™: 200-201.

De tegenwoordig veelvuldig gebruikelijke korte-termijn financiering van
wetenschappelijk onderzoek veriraagt de voortgang op wetenschapsge-
bieden waar het uitvoeren van langlopende experimenten volstrekt
onontbeerlijk is.

Het niet accepteren door ftijdschrifiredacties van wetenschappelijke
bijdragen die slechts tot gedeeltelijke verificatie van een hypothese
hebben geleid, ondergraaft een gezonde voortgang van wetenschap-
pelijk werk.

Het unieke van iemand die Jan Janssen heet berust niet alleen op zijn
naam.

Stellingen behorende bij het proefschrift "African armyworm outbreaks: why
do they occur after drought?” door J.A.M. Janssen.

Wageningen, 4 juni 1993
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Preface

In the days that | was close to finishing my biology study, | contacted Prof.Dr.
Louis Schoonhoven at the Department of Entomology of the Wageningen
Agricultural University to discuss the possibilities of doing research and
writing a doctor’s thesis. Within a few minutes we were talking about the
project here described. | soon realized that the project would offer me an
ideal opportunity to gain further knowledge in the field of insect-plant refation-
ships. Moreover, | would be able to extend my knowledge to an essential
part of every ecosystem: the soil. Less than a month later 1 was informed
that | would be the man on the job. Louis, thank you for your trust in me.
Thank you alse for giving me ample space to develop and discuss own ideas
and to conduct my research in an independent way. As supervisor you were
always available when | needed your valuable help and advice.

Soon after the start of the project | came in contact with Prof.Dr. Ginter
Findenegg of the Department of Soil Science and Plant Nutrition of the
Wageningen Agricultural University. He became my second important
supervisor. Glnter, thank you for your excellent suggestions throughout the
research period and the pleasant discussions during the completion of the
thesis.

Of course many more people have generously contributed in one way or
another to the completion of this doctoral thesis. At this place | would like to
express my sincere thank to all of them. A few | wani to name.

Dr.ir. Victor Houba and Dr.ir. Bert Janssen were of great help when |
made my first steps in the field of soil science. Their advice profoundly
influenced an important part of my work.

In Wageningen the research depended on the assistance of numerous
people. Birgit Nibel now knows how difficult it is to culture the African
armyworm successfully. Her assistance during some of the laboratory
experiments was indispensable. Willeke de Bruin invariably surprised me with
her eagerness to prepare the endless numbers of soil and plant samples for
analysis. During the actual analysis she was often assisted by Eric Heij, Arie
van den Berg, Winnie van Vark and Frans Mdller of the Service Laboratory
at the Department of Soil Science and Plant Nutrition. Otto van Geffen,
Simon Maasltand and Willem Menkveld were always more than willing to help
with the construction of experimental designs.

During my annual visits to Kenya, | enjoyed the friendship of many



Preface

people. The Regional Armyworm Project of the Desert Locust Control
Organization for Eastern Africa functioned as my home at Nairobi. Dr. Derek
Rose, Dr. Charles Dewhurst, Dr. Bill Page and Dr. Peter Odiyo were terrific
supervisors. Their enthusiastic determination to improve the control of the
African armyworm worked very contagiously. Derek and Charles, the way in
which you got me going in 1988 during my first two weeks in the tropics was
most admirable. Just in time we were ready for the first rains! Bill, our
lunches at the Carnivore during my short visits to Nairobi from Kitui did not
only provide an essential contribution to my weight but also to my knowledge
of the biology of the African armyworm.

At Nairobi valuable relations were maintained with the Fertilizer Use and
Recommendation Project and the Kenya Soil Survey of the National Agricul-
tural Laboratories, the Kenya Meteorological Department and the East
African Herbarium. In paricular, | want to thank Dr. Pieter Pietrowicz for his
most stimulating advices during the first two years.

Most of the time during my stays in Kenya, however, | spent in Kitui
District. This home area of the African armyworm was a true home for me as
well, thanks to the hospitality of its inhabitants. The Officers’ Rest House in
Kitui deserves a special mention, as it enabled me to do my work properly in
all four years. 'Asante sana’ to all of youl!

Several students have helped to develop my ideas in the course of the
project. | thank Miranda in 't Veld, Jan van der Stoep, Arja van Breugem and
Evelien Viaardingerbroek for their contributions. Piet Kostense made some
beautiful illustrations and designed the cover of this thesis.

Karen, thank you for your special friendship. The moments that you
were of great help are too numerous to recall here. In spite of the fact that |
frequently put your patience to the test, | could always rely on you both
spiritually as well as physically.

Tenslotte een speciaal woord van dank aan mijn ouders. Jullie hebben
mij de mogelijkheid gegeven om te gaan studeren. Ondanks het feit dat ik
mij bekwaamde in een voor jullie wat vieemds wereld, hebben jullie me altijd
van harte gesteund en kon ik voortdurend rekenen op jullie volste begrip en
vertrouwen.

Jan Janssen
January 1993
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Summary

The African armyworm, Spodopiera exempta (Walker)(Lepidoptera;
Noctuidae), feeds almost exclusively on plants of the families Gramineae and
Cyperaceae. It is a severe pest of crops, including maize, sorghum and
millet, especially on the eastern side of the African continent where a marked
seasonal occurrence of outbreaks coincides with the rains. First outbreaks of
a season can arise soon after the start of the short rains (October-Novem-
ber) in the so-called primary outbreak areas, which are located in the zone
separating the lower desert area to the east from the highlands to the west in
Kenya and Tanzania. Adults from these primary outbreaks migrate downwind
on the prevailing eastery winds to give rise to subsequent generations
further west in secondary outbreak areas. The outbreak seascn subsequently
ends during the long dry season. No further outbreaks are reported, and
densities remain very low, until the start of the following short rainy season.
Current control aims to destroy, with insecticides, any outbreaks that are
critical in terms of their potential to generate upsurges in following gener-
ations. Many primary outbreaks are critical in this sense.

Outbreak development of the African armyworm is known to vary greatly
between years in eastern Africa: in some years hardly any outbreaks are
reported while in others severe infestations occur over very large areas.
Drought (below average precipitation) in particular, has often been associ-
ated with the most severe outbreak seasons. As outbreaks usually seem to
develop on plants which are free of drought stress but that are growing on
soils that have previously been subjected to severe drought for a consider-
able time, the existence of a delayed indirect effect of drought on outbreak
development of the African armyworm is postulated. It is hypothesized that:

Periods of more severe drought encourage the occurrence of
more severe outbreaks by stimulating the mineralization pro-
cess in the soil when it is remoistened by rainfall as the
drought breaks. This results in higher soil nitrate levels and,
consequently, higher nitrogen levels in host plants of the Afri-
can armyworm, thus increasing larval developmental rate and
survival (especially of very young larvae) as well as the fec-
undity of subsequent adults.
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This hypothesis is based on the knowledge that the decomposition of organic
material by bacteria in a soil after wetting is correlated with the duration and
temperature of the drying period to which the soil has been exposed (the so-
called 'Birch-effect’), and that higher nitrogen contents in host plants have
often been observed to increase herbivore fitness. The aim of the present
study has been to test this hypothesis.

The effect of different climatological conditions on the availability of
nitrogen, phosphorus and potassium in socils and correlations with the levels
of these minerals in host plants of the African armyworm have been studied
in a primary outbreak area during the first month after the start of the short
rainy season in the years 1988 to 1991 (Chapter 2). In addition, intrapiant
variation (in time and space) in the concentration of these minerals as well
as in the water content of maize plants has been assessed in the field
{Chapter 3). The results show that more intense drought results in soil
heating to extreme temperatures towards the end of the long dry season.
This stimulates the nitrogen mineralization process during the subsequent
short rainy season, especially in soils which are not excessively poor in
organic carbon and total nitrogen. The average mineral nitrogen concentra-
tion in the soil during the first month of the short rainy season is also influ-
enced by the rainfall pattern: excessive rain (more than 40 mm in a few
days) can seriously decrease the nitrate level in the upper 25 cm of soil
through leaching. No consistent effect of drought intensity on soil phosphorus
and potassium levels has been found. Large differences between years in
soil nitrate level, due to different drought intensities and rainfall patterns,
result in large differences (up to 2% dry wt.) in the average organic nitrogen
content in host plants of the African armyworm; such differences in phos-
phorus and potassium levels are relatively small. in the primary outbreak
area under study, outbreaks of the African armyworm only seem to develop
in years in which organic nitrogen concentrations of about 5% or more are
found in young grasses.

To relate the fitness of the African armyworm to the nitrogen, phos-
phorus, potassium and water content of maize leaves, two experimental
designs have been used in the laboratory: an excised leaf system (Chapter
4) and a gravel culture system (Chapter 5). Both yield a consistent picture:
development, survival and fecundity of the African armyworm are generally
only slightly affected by differences in the levels of the four plant constitu-
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ents. Fecundity is strongly dependent on adult weight. Only extremely low
phosphorus levels (below 0.15% dry wt.) decrease larval growth and survival
very significantly. Extremely low nitrogen levels (below 1.5% dry wt.)
decrease larval growth slightly and probably affect fecundity negatively, but
do not influence larval survival. However, these concentrations rarely occur in
the primary outbreak area during the first month after the start of the short
rainy season.

Thus, the above mentioned hypothesis is only partly supporied by these
results. Whilst the observed weather-soil-plant interactions agree with the
hypothesis, the assumed plant-armyworm interaction, as studied under
laboratory conditions, seems to be incorrect. The observed large differences
between years in plant nitrogen level are therefore probably not of key
importance in explaining the differences between years in outbreak develop-
ment of this insect.

This conclusion is further supported by field data from a fertilization
experiment with maize plants (Chapter 7). These data also indicate that the
nitrogen status of host plants, within the range encountered in the field during
the first month of the short rainy season, is not affecting the fitness of young
larvae. Moreover, they show that the mortality of young larvae under field
conditions is much higher than in the laboratory. Apart from natural enemies,
rain and high relative humidity seem to be detrimental to young caterpillars in
the field.

The question of how the African armyworm survives the long dry season
(Chapter 6) has increased in importance towards the end of the present
study as the original hypothesis seemed inadequate to explain the drought-
outbreak relationship in this pest species. Furthermore, large differences
between years have been observed in the moth numbers caught in the
primary outbreak area at the start of the armyworm season. It is important to
recognize that the caterpillars preceding these moths have presumably not
been able to feed on host plants in the area. This would probably exclude
host plant quality as a factor possibly influencing these moth numbers. Thus,
the question of survival during the fong dry season seems to be of great
importance.

Although it can not be excluded with certainty, it seems most unlikely
that moths can survive for the duration of the long dry season. While
diapause seems not to exist, moths can live for 4 to 5 weeks under certain
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conditions. Such extreme longevity has never been reported before for this
insect, but is still insufficient for survival during the entire long dry season.
Moths also appear to be capable of delaying their reproductive development
to some extent under dry season conditions but this seems, at best, to offer
them an improved chance of locating suitable oviposition sites in the eastern
African lowiands during this period. These results raise the question of
whether this area really is unsuitable for sustaining armyworm larvae
throughout the long dry season.

Future studies on the epidemiology of the African armyworm should
concentrate on further validation of the laboratory results concerning host-
plant quality, obtained in the present study, under field conditions (Chapter
7). Simultaneously, the effects of other, presumably more important, determi-
nants of the fitness of the African armyworm (plant age, rainfall and natural
enemies) ought to be assessed. In addition, the dry-season phenology
should be subjected to further study. Such field studies will increase our
understanding of the observed drought-outbreak relationship of this species
and possibly also of other notorious pest species with similar life-history
strategies. Until we know the underlying mechanism of this relationship, long-
range forecasts of outbreaks are unlikely to be improved. Adequate knowil-
edge on this mechanism should be considered of crucial importance for a
more reliable anticipation of the severity of an armyworm season and a
further reduction of the area over which control is required.




Samenvatting

De Afrikaanse legerworm, Spodoptera exempta (Walker){Lepidoptera;
Noctuidae), voedt zich nagenoeg uitsluitend met planten uit de families
Gramineae en Cyperaceae. Het insokt kan ernstige plagen veroorzaken in
gewassen als mais, sorghum en millet, met name aan de oostkant van het
Afrikaanse continent waar een opmerkelijk seizoensgebonden voorkomen
van plagen samenvalt met de regentijden. De eerste plagen van een seizoen
ontstaan spoedig na het begin van de korte regentijd (oktober-november) in
de zogenaamde primaire plaaggebieden. Deze zijn gelokaliseerd in de zone
die het lage, in het oosten gelegen, woestijnachtige gebied scheidt van de
meer naar het westen gelegen hooglanden in Kenya en Tanzania. Adulten
die voortkomen uit deze primaire plagen migreren westwaarls met de
overheersende oostelijke winden mee, om vervolgens nieuwe generaties
voort te brengen in verder naar het westen gelegen secundaire plaaggebie-
den. Het plaagseizoen loopt vervolgens ten einde tijdens de lange droge tijd.
Geen plagen worden dan meer waargenomen en dichtheden zijn bijzonder
laag tot het begin van de volgende korte regentijd. Momenteel is de bestrij-
ding van het insekt erop gericht om met behulp van insecticiden elke plaag
te vernietigen die kritisch is wat betreft zijn potentie tot grotere plaagontwik-
keling in volgende generaties. In dit opzicht kunnen vele primaire plagen als
kritisch bestempeld worden.

Het is bekend dat de plaagontwikkeling van de Afrikaanse legerworm in
Oost-Afrika van jaar tot jaar sterk varieert. Terwijl in sommige jaren nauwe-
lijks plagen worden gerapporteerd, komen in andere jaren ernstige plagen
voor over grote opperviakten. Met name droogte (minder dan gemiddelde
neerslag) is vaak met de ernstigste plaagseizoenen in verband gebracht.
Plagen lijken gewoonlijk tot ontwikkeling te komen op planten die vrij zijn van
droogte-stress, maar die groeien op bodems die daarvoor gedurende een
aanzienlijke periode wel bloot hebben gestaan aan intense droogte. Op
grond hiervan is het bestaan van een vertraagd, indirect effect van droogte
op de plaagontwikkeling van de Afrikaanse legerworm gepostuleerd. Dit heeft
geleid tot de formulering van de volgende hypothese:

Perioden van intensere droogte bevorderen het voorkomen
van ernsligere plagen door het mineralisatieproces in de
bodem te stimuleren nadat deze is bevochtigd door de regen




Samenvatting

die de droogte breckt. Dit resulteert in hogere nitraatgehalten

in de bodem en hogere stikstofgehalten in waardplanten van

de Afrikaanse legerworm, met als gevolg een loename van de

ontwikkelingssnelheid en overleving van de larven (met name

van de jongste larven) alsook van de voorplantingscapaciteit

van de adulten.
Deze hypothese berust op de kennis dat het afbraakproces van organisch
materiaal door bacterién in een bodem na bevochtiging correleert met de
duur en de temperatuur van de droogperiode waaraan de bodem is blootge-
steld (het zogenaamde 'Birch-effect’), en dat hogere stikstofgehalten in
waardplanten vaak blijken te resulteren in een grotere fitness van herbivoren.
Het doel van de voorliggende studie is geweest deze hypothese te toetsen.

Het effect van verschillende klimatologische condities op de beschik-

baarheid van stikstof, fosfor en kalium in bodems en de correlaties daarvan
met de gehalten van deze mineralen in waardplanten van de Afrikaanse
legerworm zijn bestudeerd in een primair plaaggebied, tijdens de eerste
maand na het begin van de korte regentijd in de jaren 1988 tot 1991 (Hoofd-
stuk 2). Tevens is de intraplant variatie {in tijd en ruimte) in de concentraties
van deze mineralen alsook in het watergehalte bepaald bij maisplanten in het
veld (Hoofdstuk 3). Uit de gegevens blijkt dat intensere droogte extreme
bodemverhitting tegen het einde van de lange droge tijd tot gevolg heeft en
dat deze het stikstofmineralisatieproces tijdens de daarop volgende korte
regentijd stimuleert, vooral in bcdems met niet extreem lage gehalten aan
organische koolstof en totaal stikstof. Bovendien blijkt het gemiddelde
minerale stikstofgehalte in de bodem tijdens de eerste maand van de korte
regentijd te worden beinvloed door het regenvalpatroon: overvicedige regen
(meer dan 40 mm in enkele dagen) kan het nitraatgehalte in de bovenste 25
cm van een bodem sterk doen afnemen door uitspoeling. Er is geen consis-
tent effect van droogte-intensiteit op het fosfor- en kaliumgehalte in de
bodem gevonden. Grote verschillen tussen jaren in het nitraatgehalte van
bodems, als gevolg van fluctuaties in droogte-intensiteit en regenvalpatroon,
blijken te resulteren in eveneens grote verschillen (tot 2% droog gewicht) in
het gemiddelde organische stikstofgehalte in waardplanten van de Afrikaanse
legerworm. Zulke verschillen in fosfor- en kaliumgehalten zijn relatief klein. In
het primaire plaaggebied waar de studie is uitgevoerd, lijken plagen van de
Afrikaanse legerworm zich alleen te ontwikkelen in jaren waarin in jonge
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Samenvaltting

grassen organische stikstofgehalten van ongeveer 5% worden waarge-
nomen.

Om de fithess van de Afrikaanse legerworm te relateren aan het
stikstof-, fosfor-, kalium- en watergehalte van maisbladeren zijn onder
laboratoriumcondities twee proefopzetten gebruikt: een afgesneden bladsys-
teem (Hoofdstuk 4) en een gravelcultuur systeem (Hoofdstuk 5). Beide tonen
een consistent beeld: de ontwikkeling, overleving en voortplantingscapaciteit
van de Afrikaanse legerworm wordt in het algemeen nauwelijks door verschil-
len in de gehalten van de vier plantbestanddelen beinvioed. De voortplan-
tingscapaciteit is sterk afhankelijk van het popgewicht. Alleen extreem lage
fosforgehalten (lager dan 0.15% droog gewicht) verminderen de larvale groei
en overleving zeer significant. Extreem lage stikstofgehalten (lager dan 1.5%
droog gewicht) verminderen de larvale groei enigszing en beinvioeden
waarschijnlijk de voorplantingscapaciteit negatief, maar blijken niet van
invioed op de larvale overleving te zijn. Deze gehalten worden echter zelden
tildens de eerste maand na het begin van de korte regentijd in het primaire
plaaggebied aangetroifen.

De bovenvermeide hypothese wordt dus slechts gedeeltelijk door deze
resultaten ondersteund. Terwijl de waargenomen weer-bodem-piant interac-
ties overeenstemmen met de hypothese, lijkt de veronderstelde plant-leger-
worm interactie, bestudeerd onder laboratoriumcondities, foutief te zijn. De
waargenomen grote verschillen tussen jaren in het stikstofgehalte in waard-
planten zijn derhalve waarschijnlijk niet van wezenlik belang voor het
verklaren van de betrokken verschillen in de plaagontwikkeling van dit insekt.

Deze conclusie wordt verder ondersteund door veldgegevens van een
bemestingsexperiment met maisplanten (Hoofdstuk 7). Deze geven ook aan
dat het stikstofgehalte van waardplanten, binnen het bereik dat tijdens de
eerste maand van de korte regentijd in het veld gevonden is, de fitness van
jonge larven niet beinvioedt. Eveneens is gebleken dat de mortaliteit van
jonge larven onder veldemstandigheden veel hoger is dan in het laboratori-
um. Afgezien van natuurlijke vijanden, lijken regen en een hoge relatieve
luchtvochtigheid nadelig te zijn voor jonge rupsen in het veld.

Naarmate de studie vorderde, is de vraag hoe de Afrikaanse legerworm
de lange droge tijd overleeft (Hoofdstuk 6) belangrijker geworden omdat de
corspronkelijke hypothese niet in staat leek om de droogte-plaag relatie voor
deze plaagsoort te verklaren. Daarbij komt dat grote verschillen tussen jaren
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zijn waargenomen in het aantal motten gevangen in het primaire plaaggebied
aan het begin van het iegerwormseizoen, waarbij het belangrijk is vast te
stellen dat de rupsen voorafgaande aan deze motten zich vermoedelijk niet
op waardplanten in het gebied hebben kunnen voeden. Dit zou inhouden dat
de waargenomen verschillen in waardplantkwaliteit deze motaantallen
waarschijnlijk niet hebben kunnen beinvioeden. Ook daarom lijkt de vraag
naar de overleving tijdens de lange droge tijd van groot belang te zijn.

Ofschoon het niet met zekerheid kan worden uitgesloten, lijkt het hoogst
onwaarschijnlijk dat motten de duur van de lange droge tijd kunnen overle-
ven. Terwijl het voorkomen van diapauze uitgesloten lijkt, blijken motten
onder bepaalde omstandigheden 4 tot 5 weken oud te kunnen worden. Zo'n
bijzonder lange levensduur is voor dit insekt nooit eerder gerapporteerd,
doch is nog steeds ontoereikend voor overleving van de gehsle lange droge
tijd. Motten blijken verder hun reproduktieve ontwikkeling enigszins te kunnen
vertragen onder condities die voorkomen ftijdens droogte, maar dit lijkt hen
hooguit betere kansen te geven bij het lokaliseren van een geschikte eileg-
plaats in de Oostafrikaanse laaglanden tijdens de betroffen periode. De
vraag dringt zich op of dit gebied voor overleving van legerwormlarven
tijdens de lange droge tijd werkelijk ongeschikt is.

Toekomstig onderzoek betreffende de epidemiologie van de Afrikaanse
legerworm zal de nadruk moeten leggen op het verder valideren van de in
deze studie verkregen laboratoriumresultaten met betrekking tot waardplant-
kwaliteit onder veldomstandigheden (Hoofdstuk 7). Daarbij dienen dan
gelijktijdig de effecten van andere, vermoedelijk belangrijkere, determinanten
van de fitness van de Afrikaanse legerworm (plantleeftijd, regenval en
natuurlijke vijanden) gemeten te worden. Voorts moet de fenologie gedu-
rende de lange droge tijd verder bestudeerd worden. Zulke veldstudies zullen
ons begrip van de waargenomen droogte-plaag relatie van deze soont, en
mogelijk ook van andere notoire plaagsoorten met een vergelijkbare levens-
geschiedenis, vergroten. Zolang we het onderliggende mechanisme van deze
relatie nog onvoldoende kennen, kan vroegtijdige plaagvoorspelling waar-
schijnlijk niet verbeterd worden. Adequate kennis omtrent dit mechanisme
moet voor een betrouwbare anticipatie van de ernst van een legerwormsei-
zoen en voor een verdere reductie van het gebied waarover bestrijding
noodzakelijk is, van groot belang worden geacht.
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1 General introduction

Species are considered a pest when they occur in such numbers that they
have a deleterious influence on human survival and well-being. They might
do damage directly to humans or indirectly to their crops or possessions.
Pest species occur throughout the spectrum of biclogical organisms: viruses,
bacteria and fungi cause many different diseases, plants are often known as
weads, and animals from mice to mites and from birds to nematodes can be
serious pesis. Not all species need to occur in large numbers in order to be
considered a pest. However, to speak of an outbreak of a pest there must be
an explosive increase in the abundance of a particular species over a
relatively short period of time (Berryman, 1987).

Outbreaks of pestiferous organisms have plagued mankind from time
immemorial. The book Exodus tells us that locusts destroyed crops of the
Egyptians in ancient times, and that mosquitoes and blackflies have long
annoyed people relentlessly. Because of their serious interference with
human affairs, pest outbreaks have drawn the attention of numerous scien-
tists. Though initially the main focus was to record outbreaks and devise
means for their control, it was soon realized that the highest ambition must
be to foresee and prevent outbreaks. In order to achieve this, a thorough
knowledge of the complex interplay of the pest organism with its abiotic and
bictic environment is required. This implies that the ecology and phenology of
a species should be the focus in research on pest outbreaks.

Herbivore outbreaks: drought as a possible cause

Outbreak development of herbivorous insects can be the result of increased
survival and/or fecundity. Both performance parameters depend on genetic,
behavioural, and physiological traits of organisms that compromise their
adaptive strategies and that are in a very complex way influenced by their
abiotic and biotic environments (figure 1-1). In these interactions between
organisms and their environment the time factor is of major importance: in
general the influence of biotic factors is slow compared with abiotic ones. In
the course of evolution organisms have evolved their adaptive strategies to
maximize the numbers of their descendents in their habitat which is changing
in time and in space (Southwood, 1977).
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Figure 1-1. The ecological framework in which herbivore outbreaks develop. All
factors in an environment interact with each other to a greater or lesser extent.
While the abiotic environment strongly affects herbivore outbreaks directly as well
as indirectly through its effects on host plants and natural enemies, the biotic
environment mainly interacts with herbivore outbreaks and only slightly influences
parts of the abiotic environment {microclimate, soil). The effect of the environment
on herbivore fitness is dependent on the behavioural, genetic and physiological
traits of the herbivore population.
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Introduction

Herbivore outbreaks are rare events in time and space. Usually popula-
tion size of outbreak species is kept in check by controlling factors like
adverse weather conditions, suboptimal microclimatic conditions, poor food
quality, predation, parasitism and disease. However, when the controlling
factors fail to exert their full influence outbreaks can develop as a result of
the tremendous reproductive ability of most insect species. A decrease of as
small as 1 per cent in the mortality of some species can result in a 100 per
cent increase of the population in the next generation. When looking for
explanations for outbreak development, the aim is to identify a key factor or
set of key factors in the abiotic and biotic environment. Such factors strongly
determine outbreak development because their impact on survival and/or
fecundity is large and variable, and therefore have predictive value (Morris,
1959, Varley & Gradwell, 1960). Different key factors can be predominant in
different situations in time and space (Barber, 1926; Solomon, 1949). When
a key factor fails to control a population at an endemic level, the population
is said to be 'released’ and an epidemic will develop.

In the past many hypotheses have been formulated as possible causes
of herbivore outbreaks (Berryman, 1987), all stressing the importance of
another key factor or set of key factors. Probably the most important and all-
encompassing environmental variable causing enormous fluctuations in
herbivore abundance is weather and its seasonality. As stated by Uvarov
(1931) climate, the mean weather during a long period of time, is the ever
present factor from which there is no escape for any living organism. He
stressed that this does not necessarily mean that weather is always the key
factor in determining insect abundance and distribution, but that other
environmental conditions are subordinate to it in importance. Clearly, weather
by itself cannot regulate population densities of animals because it does not
possess the property required to do so: density-dependence (Nicholson,
1933; Klomp, 1962). However, it certainly plays a very important role in
determining the level at which regulation occurs and it can act to regulate
population densities through its influence on other density-dependent factors,
like competition for suitable hiding places (Andrewartha & Birch, 1954;
Klomp, 1964).

In many studies weather has been shown to be a main factor in accoun-
ting for large changes in herbivore numbers (see references in Andrewartha
& Birch, 1954; Mochida et al., 1987; Whitmore, 1991). Because mortality due
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to weather is often very difficult to be demonstrated in the field, not in the last
place because its effects are extremely difficult to disentangle from other
mortality factors, in most studies only a relationship is established between
prevailing weather and the occurrence of infestations (e.g. Richards & Waloff,
1954; Greenbank, 1956; van der Laan, 1959; Symmons, 1959; Silver, 1960;
Casimir, 1962; Baltensweiler, 1968; White, 1969, 1974, 1976). The mechan-
isms by which weather factors exert their influence on insect fitness are
rarely understood in detail.

Weather can affect herbivore fitness in very different ways. While direct
influences of weather factors on insect survival and fecundity have long been
recognized (Uvarov, 1931; Andrewartha & Birch, 1954), more recenily
indirect influences via food plant quality (White, 1974, 1984; Haukioja &
Hakala, 1975; Beck & Schoonhoven, 1980; Rhoades, 1983, 1985), food plant
quantity (Dempster & Pollard, 1981), natural enemies (Marcovitch, 1957;
Debach, 1965) and disease epizootics (Stairs, 1972) have been suggested
as well. Good experimental proof for these influences under natural condi-
tions is generally based on circumstantial evidence. Their relative importance
is yet unclear and certainly variable among outbreaks of different species, at
different times and at different locations (Klomp, 1968). Experimental check
methods seem to be the only satisfactory means of rating the efficiency of
controlling factors under field conditions. They should involve multiple paired
plot comparisons of a suitable size and number in which the different factors
with suspected major effects on herbivore fitness can be isolated.

As a particular weather phenomenon drought has long been recognized as a
key factor in causing severe outbreaks of tree, grass as well as forb feeding
herbivores, among temperate as well as tropical species and in natural as
well as agroecosystems (Mattson & Haack, 1987a, 1987b). This widely
recognized relation between drought and outbreaks seems to ask for a
general underlying, explanatory mechanism. Drought is a meteorological term
and can, rather subjectively, be defined as a sustained period of significantly
below normal precipitation (Oladipo, 1985). The result is a water deficit stress
or drought stress (Levitt, 1980). As a consequence plants might eventually
wilt and under severe drought stress partly or fully die.

To indicate the importance of the factor time in drought-outbreak
relationships, | propose to distinguish two different situations: one in which
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outbreaks develop in an area that is subjected to drought stress, and one in
which outbreaks develop in an area free of drought stress but that has
previously been subjected to severe drought and was virtually free of the
herbivore developing into an outbreak. In both situations outbreak develop-
ment has been observed.

The first situation occurs wherever rainfall is suboptimal for the existing
green plant cover in an area over some time. Severe wilting and death of
host plants due to drought are obviously detrimental to most herbivorous
insects. Under more moderate drought conditions herbivore outbreaks might
develop as a direct result of the generally favourable weather conditions
prevailing during drought. Drought is characterized not only by reduced
precipitation but generally also by lower relative humidity, higher air and soil
temperatures and a higher radiation level than normal. Indirectly, drought can
increase herbivore fitness either through the first trophic level by increasing
host plant quality (White, 1969, 1974, 1976; Haukioja & Hakala, 1975;
Rhoades, 1983, 1985), or through the third trophic level by decoupling
natural enemy-herbivore interactions (Price et al., 1980; Risch, 1987). Host
plant quality can conceivably be improved by increasing the levels of impont-
ant nutrients and by decreasing the levels of secondary plant chemicals due
to compromised defence mechanisms as a result of drought conditions.
Often, however, the concentrations of secondary plant chemicals appear to
increase in response to drought stress {(Gershenzon, 1984). This led Mattson
and Haack (1987a) to hypothesize that drought stress might enhance the
effectiveness of the detoxification systems of herbivores via increased
nutritional quality of their host plants, resulting in increased fitness.

The second situation is most typical for the tropics where dry and wet
seasons alternate. The changes in plants caused by drought generally relax
very quickly when sufficient precipitation is received or might even be absent
in plants that are known to be quiescent during a drought and become
biologically active through germination or regrowth as soon as the drought is
broken. Though weather conditions are then generally less favourable than
during drought, other factors can still promote survival and fecundity of
herbivorous species. When densities of herbivores were greatly reduced by
the preceding drought, numbers of natural enemies are likely to be very low
and locally they might even be absent. In addition, disease incidence levels
may also be reduced. Consequently, natural control is likely to be poor
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during early population buildup of herbivores after drought. Strong selection
during drought might also change the genetic composition of a population in
such a way that herbivore numbers rapidly increase when conditions become
more suitable. However, very little evidence on genetic change associated
with outbreaks is available and no conclusive demonstration that such a
change influences population growth has been reported so far (Mitter &
Schneider, 1987). Finally, plants that have survived drought might be
superior hosts for herbivores.

The effect of drought on nitrogen flux

The natural nitrogen supply for plants is generally largely derived from
mineralization of the soil organic matter, but also from fixation of atmospheric
nitrogen and from nitrogen precipitated by rainfall. During the mineralization
process organic matter is decomposed by bacteria and fungi. Nitrogen is
released in the form of ammonia (i.e. ammonification) which is held by the
soil particles as the ammonium cation. While it can be absorbed by plants as
such, under aerobic conditions it is normally rapidly oxidized to nitrite by one
group of bacteria and then by another group immediately to nitrate (i.e.
nitrification), which is the more usual ion plants absorb to cover their nitrogen
need. The rate of the ammonification and nitrification processes and the
quantity of nitrate released depend on soil type, its pH and aeration, the
amount and nature of organic matter present, and the soil moisture regime
and temperature. Nitrogen losses from the topsoil are due to leaching of
nitrate, to denitrification of nitrate to atmospheric nitrogen under anaerobic
conditions, and to ammania volatilization. Both leaching and denitrification
are enhanced by excessive rain.

When soils are subjected to alternate periods of drying and wetting, they
are known to show marked fluctuations in soil nitrate levels (Hagenzieker,
1957, Kabaara, 1964). In laboratory experiments a flush of microbial activity
was shown to occur on remoistening a dry soil, resulting in more decomposi-
tion of organic material than if the soil was kept continually moist and well
aerated (Birch & Friend, 1956; Birch, 1958a, 1958b, 1960a, 1960b). Birch
(1959b, 1960b) showed that the magnitude of this flush of decomposition
depends on the percentage carbon in the soil and the length and tempera-
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ture of the drying period, without necessarily involving a greater degree of
drying. He (Birch, 1959a, 1959b, 1960b) indicated that the effect of drying
was both an enhanced exposure of organic surface to solution, thus increas-
ing the amount of decomposable organic material going into solution and
stimulating microbial processes on the exposed surfaces upon remoistening,
as well as an increased killing off of the microflora in the soil, thus providing
readily decomposable organic material for a freshly and rapidly developing
population of microorganisms after wetting. However, the underlying mechan-
isms causing the flush and the relative importance of the factors contributing
to it are not yet clear (Jenkinson, 1966; Kieft et al., 1987, de Bruin et al.,
1989; Singh et al., 1989). The peak in microbial activity is reached within a
day from wetting after which a rapid decline occurs, presumably as a conse-
quence of a rapid reduction of the exposed socil surface as a result of
swelling of the organic colloids.

From his findings Birch (1958b) concluded that low rainfall, which is
generally more intermittent than high rainfall, will be associated with a greater
frequency of the drying and wetting cycling and therefore with greater nitrate
production. Especially in the tropics where defined dry seasons occur, soil
drying should have a marked effect on soil fertility, particularly with regard to
nitrogen. Yields of crops planted after the flush is over and the nitrate
leached out, have been shown to be considerably lower than yields of crops
planted in time to catch the flush (Lebedjantzev, 1924; Hagenzieker, 1957).
Particularly in soils low in organic matter (less than 3% carbon) the length of
the dry period and the temperature reached can be critical in producing
adequate amounts of nitrogen to crops once rains have come (Birch, 1960b).

Thus, more intense heating of soils during drought seems to result in
more nitrate production when subsequently rainfall starts. The duration of the
enhanced nitrate level in the topsoil is thought to depend primarily on the
amount, intensity and distribution of the early rains, as nitrate is readily
leached to deeper layers.

The nutritional importance of nitrogen and water

Plant nitrogen and water are often thought to be of key importance in the
nutritional ecology of herbivores (Scriber, 1978a, 1879; McNeill &
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Southwood, 1978; Scriber & Feeny, 1979; Scriber & Slanski, 1981; Slansky
& Scriber, 1985; Mattson & Scriber, 1987), though they are of course not the
only nutritional requirements for normal insect development (House, 1974).
This is mainly due to their pivotal role in the metabolism of all living organ-
isms. In addition, for nitrogen it is argued that herbivores generally have
difficulties in ingesting sufficient amounts of this nutrient because their
tissues contain considerably more nitrogen (7-14% dry wt.) than the plant
tissues they are feeding on (0.03-7.0% dry wt.)(Mattson, 1980) and because
of their very high developmental rates. High levels of both nitrogen and water
tend to coincide with low levels of digestibility reducing compounds like
structural carbohydrates, lignin, silica and tannins. Thersfore, Scriber (1984)
argued that nitrogen as well as water content might effectively reflect the
nutritional quality of host plants to herbivores.

A survey of the literature indicates that the evidence for this generaliz-
ation, at least for the nitrogen part, is not unequivocal (see also Scriber,
1984). Though many positive correlations have been found between insect
fitness parameters and the nitrogen content of their food (Smith & Northcott,
1951; Fox & Macauley, 1977; Shaw et al., 1978; Taylor, 1984; Manuwoto &
Scriber, 1985a, 1985b; Wermelinger et al.,, 1985; Minkenberg & Ottenheim,
1990; Loader & Damman, 1891; Soldaat, 1991), a number of other studies
has shown no (Slansky & Feeny, 1977; Miles et al., 1982; Schroeder, 1986)
or even negative (Smirnoff & Bernier, 1973; Jansson & Smilowitz, 1985)
correlations as well. This apparent inconsistency might at least partly be
explained by the fact that the cited studies represent a wide range of her-
bivore-plant combinations and vary tremendously in their experimental
designs. For example, Jansson & Smilowitz (1985) only created a narrow
range of high nitrogen levels in their host plants. The negative correlation
they found might just have been the upper part of an optimum curve, a
relationship which has actually been shown to exist in several other studies
including a wide range of nitrogen levels (Brewer et al.,, 1985, 1987,
Broadway & Duffey, 1986; Karowe & Martin, 1989). The occurrence of an
optimum relationship with a range of optimal nitrogen levels, due to compen-
satory feeding mechanisms of a species (Simpson & Simpson, 1990), might
even explain the absence of a correlation when all nitrogen levels fall within
the optimum range.
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Thus, a valid generalization seems to be that the fitness of herbivores is
optimized within a range of nitrogen levels, the width of which depends on
the compensatory capacity of a species. While below the optimum fitness is
reduced because the nitrogen deficit can not be compensated for anymore
by the herbivore, above the optimum excess nitrogen is detrimental either as
a consequence of processing costs or increased levels of nitrogen-based
secondary plant compounds (Bernays, 1983).

Certainly, not only the quantity but also the quality of nitrogen in host
plants (McNeill & Southwood, 1978; van Loon, 1988; Karowe & Martin, 1989;
Felton et al.,, 1989, 1992), or more so the balance of several nutrients,
influences herbivore fitness. In addition, secondary plant substances can
affect the optimum nitrogen range (Reese, 1979), though the influence of
especially qualitative allelochemicals (sensu Feeny, 1975) on adapted
herbivores is generally thought to be insignificant at naturally occurring
concenirations (Rozenthal & Janzen, 1979). Furthermore, levels of nutrients
and allelochemicals are known to show significant diurnal, seasonal and
ontogenetic changes, and for any given herbivore-plant relation the optimum
relationship will depend on the physiologicat state of both interacting organ-
isms and the prevailing environmental conditions. Within this very complex
framework of physical, nutritional and allelochemical factors shaping the
relation between food quality and herbivore fitness, ideally one can only try to
identify those factors with major effects on herbivore performance. Field and
laboratory studies should be combined to achieve this.

The notion of the importance of nitrogen to herbivores led White (1969,
1974, 1976, 1978, 1984) to postulate the hypothesis that a relative shortage
of nitrogen causes high mortality among herbivores, in particular under the
rapidly growing young larvae. He suggested that the relative shortage
disappears when plants are stressed, especially due to weather extremes.
The increased availability of nitrogen in the tissues of stressed plants allows
a high proportion of young herbivores to survive and the population to reach
outbreak levels. Thus, the concentration of available nitrogen in the food of
herbivores is thought to be a key factor driving their population dynamics. It
is important to note that White substantiated his hypothesis only with circum-
stantial evidence. Though the evidence seems quite convincing at first sight,
subsequent detailed experimentation has not yielded an unambiguous picture
(Miles et al., 1982; Watt, 1986).
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In view of this discrepancy, Larsson (1989), while only addressing tree
feeding herbivores, proposed a more precise hypothesis by differentiating
among the various herbivorous feeding guilds each with their own specific
relation of insect fithess to host-tree stress. Based on experimental evidence
from the literature he concluded that sucking and mining insects and
cambium feeders like bark beetles appear to perform better only under
moderate stress levels, while chewing and gall-forming insects never seem to
be positively affected by host-plant stress.

The African armyworm:
occurrence, life cycle, field situation, host plant quality and control

The African armyworm, Spodoptera exempta (Walker)(Lepidoptera; Noctui-
dae), occurs throughout tropical Africa, Asia and Australia, but it has not
been recorded from the Americas apart from Hawaii (Commonwealth Institute
of Entomology, 1972; Haggis, 1986). In his excellent review on this species
Brown (1962) stated: ’(...) it is best represented in Africa, which appears to
be its true home’. Though occasional outbreaks have been reported from
elsewhere, it is especially the east side of the African continent where the
species is a major agricultural problem. This explains why virtvally all work
on this pest has been carried out in this area. The larvae periodically reach
very high densities causing extensive and severe damage to crops such as
maize, sorghum, millet and rice, as well as to pasture and rangeland
grasses. In some years infestations might cover more than 20,000 square
kilometres in Kenya, Tanzania and Uganda only (Cdiyo, 1979). An infestation
of this size at 100 larvae per square metre, which is not unusual under
outbreak conditions, will consume more than 5 million tonnes of green
leaves.

The life cycle of the African armyworm can be completed in as little as one
month when temperature and food conditions are optimal (Hattingh, 1941;
Brown, 1962; ICIPE, 1974; Persson, 1981). The eggs take about 3 days to
hatch. Neonate larvae weigh less than 0.1 mg and are pale green with black
heads. They can produce silken threads on which they float in the wind in
order to disperse and find suitable host plants. The larvae are oligophagous,
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feeding almost exclusively on plants of the families Gramineae and Cypera-
ceae (Brown, 1962; Brown & Dewhurst, 1975). The basis for this oligophagy
of the larvae is thought to be a combination of strong intolerance to chemical
feeding inhibitors and a requirement for a well balanced complex of feeding
stimulants (Ma, 1976; Ma & Kubo, 1977). Initially, they scrape off cell layers
on the underside of leaves resulting in so-called windows. At the third mouit
their mandibles change so that they are able to chew out leaf edges. it is
during the last days of larval development that most damage is done. Plants
can be eaten completely except for the stems and tough mid veins of leaves.
Normally the larvae pass through six instars in 2 to 3 weeks. When fully
developed they may weigh up to 800 mg. They then burrow some 2 cm into
the soil where they spin a thinly lined, silken cocoon, and loose about 70 per
cent of their weight to become prepupae. Usually within two days from
disappearing into the soil pupation takes place, and about eight days later
moths emerge which can live up to 14 days. After moth emergence, disper-
sal and migration take place and subsequent outbreaks may occur hundreds
of kilometres away from the previous site (Brown & Swaine, 1966; Rainey &
Betts, 1979; Rose et al., 1985). Migration occurs pre-reproductively (Brown &
Swaine, 1966). The pre-oviposition period is usually only 2 to 3 days, after
which females can lay up to 1000 eggs. They 