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Summary  

Diapause, most of the time, plays a key role in the life history of many insect 

species. As an alternative, or sometimes in addition, to escape in space through 

flight, diapause let insects skip the environmental troubles in time. Prolonged 

diapause is the extension of reproductive effort over several reproductive 

seasons or years. This feature is usually important from the anthropogenic view 

when any insect pest is hard to fight with. Pine processionary moth 

(Thaumetopoea pityocampa) is such a pest, having not only economic but also 

health impact on humans, which has adapted the trait of extended diapause. All 

efforts in making prediction of trend of population dynamics as well as 

eradicating this pest in the forests went in vain due  probably to this trait. The 

issue of prolonged diapause should be well understood if we want to put a stop 

into the negative impact of this obnoxious species. Considering the problem, we 

have made a preliminary effort of understanding the ecology and regu lation 

mechanism of this species in Venosta valley, the Southern Alpine region of South 

Tyrol  in Italy. It is a range expansion area of pine processionary where a sudden 

outbreak occurred in 1998 and 1999. Local forest department sprayed Bacillus 

thuringiensis kurstaki (Btk) over infested area from then on to suppress the 

population. Our main objectives of the study were to assess the timing and size 

pattern of normal diapausing and extended diapausing individuals. In addition 

to these, we tried to understand the intensity of prolonged diapause, population 

dynamics over years, and the impact of temperature and rainfall in the timing of 

first emergence each year. Historical data of rearing cage experiment and catch in 

pheromone traps were collected from the forest department with which analyses 

were made. We found at least on average 27 days of gap between the emergence 

of diapausing and non -diapausing individuals where diapausing individuals 

always came out in advance. Significant different in the size of extended 
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diapausing and non -diapausing individuals has initially been found. Cage 

experiment resulted at least seven years of prolonged diapause in the Venosta 

population. Percentage of extended diapausing individuals has been found to be 

very high. Apart fro m this, population dynamics graph showed clear fall in the 

number of population following insecticide spray and establishment of natural 

enemy. We initially found that temperature and rainfall can explain the variation 

in first emergence date each year very well. We recommend further study on 

various issues regarding extended diapause in the species, which will in turn 

make us understand the whole scenario of mechanisms that make it established 

pest. Structured study on the issue may open a new window of ma naging pine 

processionary in an eco-friendly and effective way.  
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1 Introduction  

1.1 Background  

Environmental conditions are not the same everywhere in the earth. These vary 

from time to time and space to space, so do various life forms flouri shed on 

earth. Insects are intriguing creature of nature. Immense number of insect species 

have been predominating the world since the time immemorial. Evolution has 

shaped them achieve this success through modifying their life history so that 

they cope wi th diverse habitats throughout the world. Searching out how insects 

adapt with the adversity or favor of seasonality in different habitats and what 

strategy they follow have been a long-standing thirst for entomologists. Letõs 

take a cursory look on how th e history of study on seasonality approached with 

time.   

At first, temperature was assumed to be the main factor of seasonal 

activity and development of animals and plants. Afterwards, scientists started 

thinking on daylength to be the key factor of plant  development. Soon after 

Garner and Allard (1920, 1923) invented the term photoperiod and 

photoperiodism, other scientists started finding the similar occurrence in other 

life forms including insects (s ee for insects: Marcovitch 1923, Sabrosky et al. 193, 

Kogure 1933, Müller 1960, for birds: Rowan 1926). Photoperiodism could be able 

to explain so many features of plants and animals that Danks (1987) wrote in his 

book, òPhotoperiodism captured the imagination of the scientific world,....ó. 

However, physiolog ists afterwards discovered the role of hormone in diapause. 

Although, huge excitement on insect diapause over the decades of 1960s and 

1970s resulted vast information on hormonal and environmental aspect of 

diapause, soon after, the field entered into diapause (Denlinger 2008). 

Subsequently, breakthroughs in molecular biology widened scope for discussing 
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evolutionary and genetic aspect of diapause, along with evolution of life cycles in 

insect (Danks 1987).  

 

1.1.1 Few terms related to dormancy  

Before going to further discussion, defining few terms is necessary for the 

clarification. Dormancy includes both diapause and quiescence from broad point 

of view. There were few attempts of defining terms previously of which work of 

Shelford (1929), Lees (1955) and Danks (1987) are worth mentioning. Thereafter, 

Koģt§l (2006) reviewed eco-physiological phases of diapause in insects where he 

tried to simplify the terminologies. He defined dormancy as a generic term that 

covers any state of adaptive suppressed development, generally accompanied 

with metabolic suppression. Danks (1987) compared the features of quiescence 

and diapause with synonyms used by other scientists. He featured quiescence to 

be immediate response where environmental factors directly limit development 

and arrested development is simultaneous with adverse condition. Synonyms of 

quiescence tabulated were òphysical restó (Ushatinskaya 1976), òconsecutive 

dormancyó (M¿ller 1965, 1970), òtorpidityó (Ushatinskaya 1957, 1976), and 

òpseudo-diapauseó (Roubaud 1930, 1953). On the other hand, diapause was 

characterized as programmed (delayed) response where environmental factors 

indirectly modify developmental pathways and suppressed development lasts 

longer than adverse condition. Few alternative names for diapause p rovided 

were òphysiological restó (Ushatinskaya 1976), òspontaneous arrestó (Shelford 

1929), òprospective dormancyó (M¿ller 1965, 1970), òauto-dormancyó (Flanders 

1944), and òdiapause vraió (Roubaud 1930, 1953). However, Koģt§l (2006) define 

quiescence and diapause as follows: 
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Quiescence: An immediate response (without central regulation) to a decline of 

any limiting environmental factor(s) below the physiological thresholds with immediate 

resumption of the processes if the factor(s) rise above them. 

 

Diapause: A more profound, endogenously and centrally mediated interruption 

that routes the developmental programme away from direct morphogenesis into an 

alternative diapause programme of succession of physiological events; the start of 

diapause usually precedes the advent of adverse conditions and the end of diapause need 

not coincide with the end of adversity. 

 

1.1.2 Why study diapause  

Though the study of diapause stems mainly from the curiosity to unveil the 

mystery of the world, scientists and technologists started find out practical 

implication of the knowledge (Danks 1987). Denlinger (2008) wrote an excellent 

entry on the potentiality of studying diapause. He argued for diapause not only 

to be necessary for understanding life history of insect, but also as potential tool 

for inventing new technologies, in addition to provision of fundamental insights 

into critical issue in development. The areas he pointed out in bold letter as the 

direct beneficiaries of diapause researches are:  population modeling, 

manipulat ion of diapause for control, exploitation of diapause traits for pest 

management, managing domesticated species, increasing shelf-life and utility of 

biological control agents, cryopreservation, foundational studies of insect 

hormones, a fascinating question in developmental biology, links to aging 

research, model for obesity, tools for blocking disease transmission, and 

pharmacological prospecting. In addition, interesting insights on the molecular 

basis of aging can come out from the study with diapause ( Denlinger 2002). 

Danks (1987) also exemplified few prospects of diapause research in his 

monograph on insect dormancy (see page 2).  
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1.1.3 Stages of diapause  

Diapause in insects is conceived as a process rather than just a status (Tauber 

1986, Danks 1987, Denlinger 2000, 2002). Yet, there has been debate among 

authors on phases of this process. Danks (1987) showed various stages of 

diapause in his monograph. He pointed out two main problems hindering the 

attempts of defining terms. First, there is no obvio us marker indicating gradual 

internal changes. Second, attempts to subdivide phenomena that are continuous. 

However, former problem is now solved since the gap of knowledge is filled by 

the molecular or physiological study and later problem is nothing but a general 

methodological one (Koģt§l 2006).  

 

 

 

Table 1: Stages of diapause with synonyms (adapted from Danks 1987 and Koģt§l 2006) 

Stage and indicator Synonyms 

1. Pre-diapause 

1.1 Preparation 
         (storage of information about  

developmental destiny, different behavioral 
activities or physiological process, food storage, 
some changes in development rate etc.) 

1.2 Induction [sensitive period]  
          (diapause programmed 

endogenously (for obligatory) or by exogenously 
(cues or token stimuli))  

 
Preparation phase (Mansingh 1971) 
Prediapause preiod (Tauber et al. 1986)  
 
 
 
Part of diapause induction period (Tauber 

et al. 1986) 

 

2. Diapause  

2.1 Initiation [responsive stage] 
           (direct development ceases; 

regulated metabolic suppression; mobile diapause 
stages may continue accepting food; building energy 
reserves and seeking suitable microhabitat; probable 
physiological  preparation for adverse period and 
increased intensity of diapause) 

 
2.2 Maintenance  
           (persistence of developmental arrest 

though having favorable condition for direct 
development; specific token stimuli may help 
maintain diapause; relatively low and constant 
metabolic rate; gradual decrease of diapause 

 
Entry (Danks 1987) 
Onset, beginning, start; part of diapause 

induction period, and diapause intensification 
(Tauber et al. 1986) 

 
 
 
 
Diapause development (Andrewartha 1952, 

Lees 1955, Tauber and Tauber 1976, Danks 1987) 
Physiogenesis (Andrewartha 1952, Tauber 

and Tauber 1973) 
Condi tioning (Morden and Wa ldbauer 

1980, Waldbauer 1978, Waldbauer and Stenburg 
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intensity and increase of sensitivity to diapause 
terminating condition due to unknown 
physiological process(es). 

 
 
 
 
 
 
 
 
 
 
2.3 Termination  
           (competence to resume activity if 

conditions are permissive) 

1978) 
Restoration period (Ushatinskaya 1976) 
Refractory period (Mansingh 1971) 
Endogenous phase (Dobrinojeviļ 1980) 
Acquisition of competence (Williams 1956)  
Maturation (Agrell 1951 ) 
Diapause process (Zolotarev 1947) 
Diapause ending process (Schneiderman 

and Horwitz 1958)  
Latent development (Agrell 1951)  
Reactivation (Danilevsky 1965) etc. 
 
 
End of diapause development (Danks 1987) 
Completion (Hodek 1964) 
Quiescent phase (Dobrinojeviļ 1980) 
Termination or termination phase (Tauber 

and Tauber 1973, Hinton 1957, Mansingh 1971, 
Waldbauer and Sternburg 1973) 

Diapause broken  
Post-diapause transitional period - 

quiescence (Tauber et al. 1986) 
3. Post-diapause 

        (reorganization before full activity)  
Post diapause development (Danks 1987) 
Morphogenesis (Andrewartha 1952, Tauber 

and Tauber 1973, 1976) 
Growth development (Andrewartha 1952)  
Post-diapause transitional period - 

morphogenesis (Tauber et al. 1986) 
Completion  

      (activity resumes) 
Reactivated (Way 1962) 

Non -diapause development  

     (uninterrupted development)  
Continuous development  

 

A question might arise if there is any taxonomic or geographic effect in 

determining diapause stage. The answer varies. General observation shows 

related groups to be dormant in the same stage. But, otherwise is true as well. 

Moreover, many insect species have more than one diapausing stage (e.g., see 

Thiele 1977). Type of life cycle and species determine entry in diapause of 

Schiomyzid flies (Berg et al. 1982). However, stages are most of the time fixed 

within genus or species (LõVovsky 1975) with rare exceptions. In addition, a few 

species can experience more than one diapause during their life cycle (Danks 

1987).  

For arctic species, larval stage is quite common for the diapause (Johansen 

1921, Danks 1978), whereas this commonness reduces in the relatively southern 

latitudinal temperate species (Danks 1987).   
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1.1.4 Classification of diapause  

Different authors have tried to classif y diapause; therefore, different schemes are 

available. Danks (1987) tabulated various attempts of classification in his 

monograph. I review here very concisely few schemes of diapause classification 

presented in Danks (1987) with little adaptation.  

Müller  (1970) classified diapause based on the diapause inducing and 

terminating environmental condition. Classes are:  

 

Table 2: M¿llerõs classification of diapause 

Category Characteristics 

Oligopause Induced by suboptimum factor and terminated by same factor. Appears and ends 

with a delay.  

Eudiapause Induced usually by photoperiod, while ended by factors other than inducing one. 

Clear induction phase present. 

Parapause Obligatory; not dependent on environment for induction. Terminated by one or two 

alterations in one environmental factor.  

 

Witsackõs (1981) scheme was an extension of M¿llerõs (1970) work. His 

classification includes: 

Table 3: Witsackõs classification of diapause 

Category Characteristics 

Oligopause Induced by unfavorable conditions while ends by unfavorable conditions 
as well. Appears and ends with a delay relative to conditions.  

Eudiapause One factor is responsible for the induction while different factor ends 
diapause.  

Parapause 
 

Primary parapause 
Secondary parapause 

Optimal conditions initiate diapause. Unfavorable condition is responsible 
for the end.  
Unfavorable condition can prevent this type of diapause  
Prevention is not possible 

Hyperpause Both induction and termination determined genetically. This diapause is 
obligatory.  

Superpause High intensity diapause  

 



 
 

9 

Mansingh (1971) developed another sort of scheme and classifies 

dormancy based on seasonal constraints. In relation to conditions, according to 

his classification, dormancy is of following types.  

 

1) Hibernation: It occurs due to temperature below the optimum.  

2) Aestivation: Temperature higher than optimum induce this dormancy.  

3) Athermopause: It happens due to factors other than temperature. 

 

He classifies dormancy according to the depth as well. Those are: 

1) Oligopause: Mild and long -term adversity make this happen. Organism 

takes preparation right before constraint; short refractory phase is present. 

2) Diapause: Extreme and long-term adversity causes this dormancy. 

Individuals take preparation long before adversity; long refractory phase 

present. There are two types of diapause: 

2.1) Ateleodiapause: Low intensity diapause.  

2.2) Teleodiapause: High -intensity diapause.  

 

Ushatinskaya (1976) modified the approach of Mansingh (1971) and 

included depth of dormancy in the type Aestivation and Hibernation. The 

follow ing depth has been identified in both type of dormancy:  

1) Sleep: Daily relaxation of tension  

2) Oligopause: Intermediate between sleep and diapause 

3) Diapause: Deep and continuous diapause 

4) Superpause: Diapause for more than one adverse season. 

 

Horotelic and tachytelic process of diapause development:  

Morphogenesis after diapause can be resumed through two types of 

process of diapause development. The processes that progress at a lower rate are 
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dubbed as horotelic (or spontaneous), while accelerated processes are called 

tachytelic (or inductive) (Hodek 2002, Zaslavsky 1988).  

 

1.1.5 Regulation of diapause  

Diapause is regulated at several levels. Interaction of environment and genetic 

pre-programming combines with physiological process in this case. Fortunately, 

we have excellent entries on the environmental (Tauber et al. 1986, Danks 1987), 

Hormonal (Denlinger et al. 2005), and genetic (2002) regulation of diapause. In 

addition, Saunders et al. (2002) discussed in detail the role of photoperiod in the 

regulation of diapause.  

Seasonality is very important for the diapause of temperate insect species.  

Some physical environmental factors regulating diapause are photoperiod, 

thermoperiod, temperature level, moisture, sunshine, and wind. Non -physical 

environmental cues include occurrence of other organisms, food, and metabolic 

state of host (Danks 1987). However, interaction among factors (Danks 1987) is 

common and worth taking into account. Nevertheless, photoperiod seems to be 

the most reliable cue for the diapause (Danks 1987, Saunders et al. 2002).  

Apart from environmental regulators, several key hormones are involved 

in the regulation of diapause. Those important hormones are ð juvenile hormone, 

diapause hormone, and prothoracicotropic hormone (Denli nger et al. 2005). On 

the other hand, though in the rudimentary level, works on the molecular 

regulation of diapause are producing significant insights into dynamic process of 

diapause, such as changes in the expression patterns throughout the 

development of diapause (Denlinger 2002, Yocum et al. 2011).   

 

1.1.6 Prolonged diapause  

Emergence after diapause is not always restrained in the same reproduction 

year. Cases are common where insects remain in the diapause for more than one 
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adverse season.  Different authors have named this phenomenon differently- 

prolonged diapause, extended diapause, perennial diapause, superpause, super 

diapause, remanance, überli egen etc. (Danks 1987, Saulich 2011). Few parasitoids 

may go on extended diapause in the first instar larva and wait until their host 

resumes development (Danks 1992). Parasitic larvae can diapause on the tissue 

of their diapausing host (Saulich 2011). Danks (1987) enlisted species that can 

remain in diapause for more than one adverse season. Saulich (2011) reported 

over 150 species from different taxa having extended diapause.  In spite of 

having variability in emergence, in most cases, superpause last for around 2 to 3 

years, but it may extend to more than a decade in extreme cases (Danks 1987, 

1992, Hanski 1988). This prolonged diapause has been identified as one of the 

four mechanisms for long life cycle in insects (see review by Danks 1992 and 

Saulich 2011). Other three mechanisms are slow larval development, 

prolongation of the adult stage with repeating reproductive period and 

combination of all previous three mechanisms in one  life cycle. An interesting 

case of larval development is wood feeding buprestid Buprestis aurulenta, which 

emerged up to 51 years after their infestation (Linsley 1943 and Smith 1962 cited 

in Danks 1987). 

Prolonged diapause may take place in different stages of development in 

different order of insects. However, ability to enter superdiapause in a particular 

stage is fixed at the species level (Saulich 2011). Percentage of superdiapausing 

individuals may vary according to the severity of the climate thus d ifferent 

latitudes. Duration of superpause is extremely varied. It varies between different  

species, between populations of the same species, even between individuals 

within the same population. Genetic heterogeneity is obvious from the 

observation that the progeny of the same female may vary in the duration and 

intensity of the diapause (Saulich 2011). 

Superdiapause is a characteristic of numerous phytophagous insects with 

wide fluctuations of abundance and periodical outbreaks (Dan ks 1992, Saulich 
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2011).  The number of superdiapausing pronymphs of the European pine sawfly 

varied not only from season to season, but also in different age of planted pine 

stands. Older stands provided more favorable condition for superdiapausing 

than younger plantation (Minder  1973). Unfavorable diet (old needles or spring 

pine shoots) was more favorable than usual diet (previous year pine needles) for 

entering superdiapause (Stadnitskii 1964). Stadnitski (1971) supposed that the 

regulating factor would be same both for onset o f the superdiapause and bud 

formation in the food plant. Saulich (2011) suggests from few experimental data 

that superdiapause should occur more frequently in the regions where larvae 

develops in the second half of summer with days shorter than 16 hours. This 

condition is common in at high latitudes and in the mountains.  

 

1.1.6.1 Characteristics of superdiapausing individuals  

There is very less difference between superdiapausing and one-year diapausing 

individuals. However, Intensity of respiratory metabolism duri ng superdiapause 

is 10-40 times less than in the active state and 2-3 times lower than at the peak of 

hibernation in colorado potato beetle (Ushatinskaya 1983). Loss of weight in 

Chrysopa regalis and Chrysopa dorsalis after superdiapause is less than that of after 

hibernation (Volkovich 2007). Body mass was found greater in the pronymph of 

the spruce seed moth Laspeyresia strobilella (Nesin 1984) and older instar larvae of 

the fungus weevil Exechesops leucopis (Matsuo 2006). Degree of pigmentation of 

the pupal cuticle is an indicator of superdiapause in pharate adults of Barbara 

colfaxiana. Superdiapausing individuals in this case has pale cuticle (Sahota et al. 

1985). Though Saulich (2011) states that females after superdiapause have similar 

level of fecund ity as of one-year diapausing female in colorado potato beetle, 

Wang et al. (2006) found the female with superdiapause to be highly fecund than 

their regular diapausing counterparts in Colaphellus bowringi. However, lower 

fecundity and higher mortality in the individuals with extended diapause have 
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also been reported (see for example, Sullivan and Wallace 1967, Sims 1983). 

Despite insufficient study conducted for extended diapause, available data 

advocate that, superdiapause differs from annual diapause in a deeper level of 

metabolism suppression as a means of increasing chance of avoiding adverse 

external conditions (Saulich 2011).   

 

1.1.6.2 Regulation of prolonged diapause  

Most of the species show decreasing pattern in emergence in the successive 

years, where most of the individuals emerge after only one winter or summer 

(for example, see for sawfly Gilpinia hercyniae (Prebble 1941), for blumaggot 

Rhagoletis mendax (Lathrop and Nickels 1932), for walnut husk fly Rhagoletis 

completa (Boyce 1931), for the gall midge Contarinia sorghicola (Baxendale and 

Teetes 1983) and for the cabbage beetle Colaphellus bowringi (Wang et al. 2006)). 

However, Barnes (1958) reported anomaly of the previous case in gall midge 

Sitodiplosis mosellana. This pattern was assumed to be due to response to 

environmental cues. Danks (1987) accumulated few examples supporting this 

phenomenon, where prolonged diapause was associated with an abnormally hot 

dry summer after the first year in the apple maggot Rhagoletis pomonella (Allen 

and Fluke 1933), cool summer temperature in the larch sawfly Pristiphora 

erichsonii (Drooz 1960), low temperature and high humidity in eonymphs of 

Neodiprion sertifier (Minder 1981), density in the same species (Eichhorn 1983), 

lower temperature in laboratory experiment  but low cone crop in the following 

year in field experiment  in cone moth Barbara colfaxiana (Hedlin et al. 1982), year 

with lower cone crop production in several species of cone and seed feeding 

insects (Hedlin et al. 1981), photoperiod in Neodiprion abi etis (Wallace and 

Sullivan 1974), photoperiod and temperature in Neodiprion sertifer (Sullivan and 

Wallace 1967), and light sandy soils in Leptinotarsa decemlineata (Ushatinskaya 

1966, 1972). Moreover, prolonged diapause may be induced in the Swaine jack 
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pine sawfly Neodiprion swainei according to the depth of the soil at which the 

cocoons are located (Price and Tripp 1972). In addition, Volkovitch (2007) found 

high temperature as favorable factor for superdiapausing of lacewings in the 

temperate zone of Russia. Miller and Hedlin (1984) found no correlation with 

parental diapause habits while Ushatinskaya (1966, 1972) found heavy, moist 

and clay soil to be impossible for prolonged diapause in Leptinotarsa decemlineata. 

Though there might be correlation betwe en frequency of superdiapause 

occurrence and the individual factors, itõs almost impossible to find out factor 

playing key role (Saulich 2011). 

Internal physiological factors may also determine the prolonged diapause 

in insect. Soula and Menu (2005) identified the role of initial lipid content in the 

prolongation of diapause in the chestnut weevil. Researching with the same 

species, Menu and Desouhant (2002) found, in addition to late-emerging 

character, bigger chestnut weevil to have increased probability of prolonged 

diapause. They hypothesize that variability in life cycle duration relies on the 

metabolic resource, such as lipid, of individual.  

Apart from environmental and physiological factors discussed above, 

genetic component is an important regulating  factor in prolonge d diapause (e.g., 

Eichhorn 1977, Sims 1983, Tauber et al. 1986), as the onset and duration of 

diapause is a result of interaction between environmental cues (Danks 1987) and 

genetic programming (Mousseau and Roff 1987). Genetic differences control the 

onset or depth of many prolonged diapause (Danks 1992). In addition, conditions 

during induction may determine the duration of prolonged diapause in some 

species (for example, Sullivan and Wallace 1967 and Minder 1981). However, the 

duration  of superpause may not be predetermined during onset of diapause 

(Higaki et al. 2010). Hadlington (1965) suggested moderate levels of sex linkage 

for the incidence of prolonged diapause. In addition, in the case of sex linkage, 

phenotype of a male offsprin g is entirely dictated by the maternal allele on X 

chromosome (Morgan 1909). French et al. (2012) demonstrated the heritability of 
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extended diapause trait and strong influence of female parent in Northern corn 

rootworm.   

 

1.1.6.2.1 Termination 

Environmental cues, such as drought (Ingrisch 1986) or higher temperature 

(Miller and Ruth 1986) in the preceding summer may terminate extended 

diapause. In some tropical silkmoths, wetting may influence emergence from 

diapause (Danks 1992). Powel (1974) experimented on individuals in prolonged 

diapause of 33 months, where artificial watering made those individuals come 

out from superpause. He thus suggested sporadic rainfalls to be a terminator of 

prolonged diapause. Prolonged diapause can be terminated through repeated 

temperature cycle in several species (e.g., Neilson 1962, Higaki and Ando 2000, 

Higaki 2005, 2006 etc.). Intensity of prolonged diapause in chestnut weevil is 

dynamic and depends on the condition of ambient temperature (Higaki  et al. 

2010). In case of winter diapause, relatively warm temperature (such as 20-25 °C) 

is more effective than cold treatment in terminating prolonged diapause in 

several species, provided it might take longer time (2-3 years) (Higaki and Ando 

2000, Higaki 2005). 

 

1.1.6.3 Theory of extended diapause  

Hanski  (1988) has an excellent review on theories of extra long diapause, which 

comprises both premature and prolonged diapause. Since, our concern is about 

prolonged diapause, we will restrain ourselves in this theme.  

Powell (1974) categorized prolonged diapause into two types. All 

individuals in the population enter prolonged diapause in one type whereas only 

a fraction of the individuals enters superpause in the other type. Entrance into 

prolonged diapause by all the individuals may occur if the resource avai lability 
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or some essential environmental factors show strong multiannual cyclic 

component (Hanski 1988).  

Prolonged diapause may be density-dependent or density -independent 

(Hanski 1988). Density-dependent diapause is necessarily extra long diapause 

(premature or prolonged diapause), while simple diapause is characteristically 

density -independent induced by short day -length and low t emperature (Tauber 

et al. 1986, Danks 1987). Despite having less study, it can be assumed that 

density -dependent prolonged dia pause may occur in some forest insects with 

occasional outbreaks (Hanski 1988).   

 

1.1.6.3.1 Density-independent prolonged diapause 

Cohen (1966) worked on annual plants of deserts, where rainfall is highly 

variable and unpredictable. Thus he assumed òrisk spreadingó prolonged 

diapause to be a better solution than simple diapause. Dispersal is an alternative 

to prolonged diapause. Few models predict that frequency of prolonged 

diapause is negatively correlated with dispersal rate. However, if the fluctuations 

are synchronized well across the population, it is supposed that the natural 

selection will favor the extra long diapause instead of dispe rsal (Gadgil 1971, 

Hanski 1988). But, this phenomenon is not tested that much in case of insects 

(Hanski 1988).  

On the basis of list of insect species with prolonged diapause provided by 

Danks (1987), Hanski (1988) concluded three categories of insects with 

superdiapause in terms of micro - and macrohabitat occurrence. In the first 

category, species from the tundra, arctic and arid regions are taken into account. 

He assumed this occurrence of prolonged diapause to be due to the high year-to-

year temporal variability than other regions like temperate one.  He showed 

demonstration in favor of his assumption by drawing example of Pegomya flies 

breeding in Leccinum mushrooms, where the case of prolonged diapause has 
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been found rarely in only one species in southern Finland (see Hackman 1976), 

but all seven common species of Finnish Lapland showed incidence of 

superpause (see Ståhls 1987). More year-to-year variability in mushroom 

production in the northern region than that of south region has been presumed 

as the probable reason for this variability in occurrence of prolonged diapause.  

The second group is comprised of species who breeds in patchy and 

ephemeral microhabitats, such as cones, fruits, nuts, galls, mushrooms, and host 

individuals. Dramatic temporal variation in availability may also describe this 

phenomenon. According to Bulmerõs (1984) model, species using more variable 

resource should have more occurrence of superpause than species using constant 

resource. Annila (1982) has experiment on Megastigmus supporting this view. 

Hanski (1988) hypothesized from the òpredator satiation hypothesisó of Janzen 

(1971) that, prolonged diapause in insects is a counter-adaptation to seed 

predation that results in fluctuation of seed production in many trees. Insects 

must have learnt to òpredictó the size of cone crop in the following year (Hanski 

1988, for example, see Bakke 1963, Stadnitski et al. 1978, Annila 1981, Hedlin et 

al. 1982). Temperature might be one of the environmental cues in this regard 

(Miller and Hedlin 1984).  

However, the third and largest group of insects with extended diapause, 

who are herbivorous, cannot be explained well by the theory of temporal 

variability. However, two taxa in this case are sawflies, many of which are 

familiar outbreak species, and butterflies, whose inclusion may be a bias as they 

are well studied (Hanski 1988).  

1.1.6.3.2 Density-dependent prolonged diapause  

Density -dependent prolonged diapause is a rare phenomenon in the 

nature probably due to its independence from adaptive response to most kinds 

of temporal variability (Hanski 1988). An interesting example of density -

dependence is pine-feeding sawflies. It  has abundant food resource throughout 
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the year. In addition, occasional population outbreak cause the sizes of the 

population of this insect vary. Usually bivoltine Diprion pini, a serious outbreak 

sawfly, becomes univoltine during an outbreak and switche s mostly to 

prolonged cocoon diapause at the end of outbreak (see Eichhorn 1982). 

According to Eichhorn (1982), an instrument of ending outbreak is the decline of 

population growth rate due to increasing frequency of prolonged diapause. 

Alternatively, prol onged diapause might be a cause of population decline. When 

population declines, wish to survival dominates over the wish of reproduction. 

Thus, prolonged diapause can avoid many negative factors (food shortage, 

disease, egg and larval predation, parasitism) occurring at the end of outbreak, 

and increase the chance of survival (for example, see Kolomiets et al. 1979).  

Parasitoids of pine sawflies go to prolonged diapause as well in response to the 

decrease in host population, however, variability in resour ce remains the main 

element of this strategy in parasitoids rather than their density -dependence.  

Density -dependent extra long diapaus should be selected evolutionarily 

where extra long diapause happens not due to environmental variability, rather 

due to population dynamics. This extra long diapause helps individuals exploit 

the favorable breeding opportunity, which is not possible in the case of density -

independent extra long diapause. Density -dependent extra long diapause may 

reduce population fluctuatio ns that led to evolution of extra long diapause at 

first (Hanski 1988).  

 

Apart from density -dependent and density -independent characteristics of 

extra long diapause, Hanski (1988) discussed about multispecies interaction in 

his review. Though the theoreti cal work is absent, he drew few examples of 

interspecific competition and host -parasitoid interaction and discussed on the 

matter. 

In answering the cause of differentiated length in prolonged diapause in 

four dominant competing species of seed and cone insects of Norway spruce 



 
 

19 

Picea abies, all who are experiencing same level of variation is cone production, 

Hanski (1988) explained two reason. In the first explanation, he identified severe 

competition among seed and cone insects, which may restrict the number of 

coexisting species. There is probability of death of nearly all cones and cone-

breeding insects, if the emerging population is large compared to number of 

cones. Second explanation says about the mutual adaptation of different 

prolonged diapause behavior that increases the chance of avoiding competition 

thus increasing probability of survival.  However, polymorphism may allow a 

species exploiting resource regardless of temporal variability.  

There is the example of simultaneous extended diapause in insects and 

their parasitoids. In few cases, emergence of parasitoid is well synchronized with 

the emergence of hosts. Annila (1981) suggests the same external cue as 

responsible for same timing. However, Solbrek and Widenfalk (2012) reported 

that, two parasi toids of gall midge Contarinia vincetoxici always broke their 

prolonged diapause in advance of breaking of superpause in their host. 

Nevertheless, emergence of parasitoid is sometimes belated than that of their 

hosts (see for example, Kolomiets 1979). Hanski (1988) threw two questions in 

this regard. First, whether the phenomenon of longer length of prolonged 

diapause in parasitoid than that of their hosts is general or adaptive. Second, 

whether the host-parasitoid or predator -prey dynamics only can make host 

and/or parasitoid enter prolonged diapause. If the density of host population 

reaches in equilibrium due to parasitoid, there is narrow chance for the evolution 

of prolonged diapause due to little temporal variation in fitness.  According to 

Bulmerõs (1984) model, however, chances should be increased if the dynamics are 

cyclic or chaotic. Yet, work of Corley et al . (2004) shows modest contribution of 

prolonged diapause in the stability and persistence of host -parasitoid 

interactions.  

In the population l evel, prolonged diapause is important for the marginal 

and poorly adapted populations, who are prone to variable environment. In 
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addition, when the fluctuation is entirely due to population dynamics, prolonged 

diapause can increase the stability of the population (Hanski 1988). 

Danks (1992) recognized unpredictable habitats, unpredictable food 

supplies, and biotic interactions such as escaping intraspecific and interspecific 

competitions and natural enemies as the possible reasons of extended diapause.  

 

1.1.6.4 Strategy of prolonged diapause  

What strategy led the insects to adopt the prolonged diapause remains an 

interesting question. Recent studies suggest an òadaptive bet-hedgingó (Philippi 

and Seger 1989) strategy or òcoin-flipping strategyó(Walker 1986) in following 

variable duration in the life cycle for several species (see for chestnut weevil, 

Menu and Debouzie 1993, Menu 1993, Menu et al. 2000, Soula and Menu 2003, 

for bee Perdita portalis, Danforth 1999, for Pegomiya flies, Hanski and Ståls 1990, 

for Papilio zelicaon, Sims 1983 etc.). According to this concept of òspreading the 

riskó (see den Boer 1968), individual females in prolonged diapause spread the 

risk of their reproductive effort over more than one season that decreases the risk 

of elimination of en tire year-class from unpredictable catastrophic events 

(Griffiths 1959, Sims 1983, Menu et al. 2000, Sterns 1976). From an evolutionary 

point of view, the long -term benefits of prolonged diapause outweigh the 

disadvantage of increased mortality rate (Sims 1983).  

Another type of prolonged diapause is predictive or weather -dependent 

where diapausing individuals wait for an appropriate environmental signal 

representing favorable conditions. A basic difference between risk -spreading and 

predictive diapause lie s on target individual. In the earlier case, breeding 

motherõs fitness is affected only; none of its diapausing offspring take part in 

spreading the risk individually. On the other hand, predictive diapause let all 

diapausing individuals make their own dec ision and increase their own 

reproductive success.  
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A third type of prolonged diapause is disturbance -broken dormancy, 

although it is not present or very rare in insect. This type arises due to lack of 

suitable condition for reproduction (Hanski 1989).  

Prolongation of life cycle into several years was assumed to be a simple 

extension of normal winter diapause (Tauber et al . 1986, Danks 1987, Hanski 

1988, Menu 1993, Danforth 1999). However, Ushatinskaya (1984) did not provide 

any real evidence for her statement that led to this hypothesis. Therefore, Soula 

and Menu (2005) challenged the statement and presented evidence for their 

alternative hypothesis of òlate switchó against previously assumed òearly 

switchó hypothesis. According to òlate switchó hypothesis, short and long-cycle 

insects (chestnut weevil) resume their development after winter diapause and 

long-cycle insects re-enter a second diapause afterwards.  

In addition, prolonged diapause as an adaptive strategy for avoiding 

biotic hazards such as disease, predators, and parasites, has been demonstrated 

in studies with few insects (Price and Tripp 1972, Minder 1973).  

 

1.1.7 Extended diapause in Lepidoptera  

Extended diapause is present in a number of species under the order 

Lepidoptera. Danks (1987) enlisted insect species from different families that 

enter into prolonged diapause mainly during pupal stage (Danks 1987, pp. 181-

183). However, prepupal and larval stages are also common in the list. Longest 

diapause (5-10 year) has been found in the prepupa of Prodoxus inversus (Powell 

1984). Surgeoner and Wallner (1978) found interpopulation variation in 

prolonged diapause in Lepidoptera.  

 

1.1.7.1 Extended diapause in Thaumetopoeinae  

Prolonged diapause is supposed to be typical of Thaumatopoeinae, a subfamily 

of Notodo ntidae (Halperin 1969). Superdiapause has been recorded in the 
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species Thaumetopoea pinivora (Biliotti et al. 1964), Th. processionea (Biliotti 1953), 

Th. wilkinsoni (Wilkinson 1926), Th. solitaria (Halperin 1983) and Th. pityocampa 

(Besceli 1965, Biliotti  1953). Halperin (1969) reported failure of eradication 

campaign due to the prolonged diapause of Th. wilkinsoni in Israel. He found the 

rate of emergence to be highest in the first year and marked fluctuation in the 

following years. Up to 68% of the indiv iduals of this species can enter prolonged 

diapause under laboratory condition. Pupal diapause may persist for six years in 

Th. wilkinsoni (Halperin 1969). Halperin (1983) found prolonged diapause of 1 -2 

year to be a common phenomenon in Th. solitaria. An interesting finding was 

variation of persistence of prolonged diapause in different condition. When he 

took the descending larvae in the pots, superpause either did not occur or lasted 

only for one year. But, transfer into the caged soil plot resulted in 2 -year 

extended diapause. The observation was consistent with the study with Th. 

wilkinsoni (Halperin 1983). On the other hand, Halperinõs (1990) experiment with 

Th. wilkinsoni, a sister species of Th. pityocampa, revealed 1-9 years of extended 

diapause and fluctuating emergence in the species.  

 

1.1.7.2 Extended diapause in Thaumetopoea pityocampa  

Pine processionary moth (Th. pityocampa) typically enters into prolonged 

diapause at high elevation and latitudes. Superpause may occur in this species 

after biotic and abiotic trouble in population growth ( Démolin 1969). In addition, 

Tamburini et al. (2013) assumed the prolonged diapause to be an explanation of 

negative density feedback in the pine processionary population dynami cs. 

However, biotic and abiotic factors behind the prolonged diapause of this species 

still remain unknown. On top, deciphering the prolonged diapause strategy of 

pine processionary moth is particularly critical since it has been described as a 

factor increasing invasion speed in stochastic environments (Mahdjoub & Menu 

2008). Adding insult to the injury, Battisti et al . (2005) demonstrated the 
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latitudinal and altitudinal expansion of pine processionary moth due to 

increased winter temperature.  

Masutti and  Battisti (1990) discussed the life cycles of pine processionary 

moth where they identified few parameters controlling the population cycles. 

Battisti (1989) assumed the higher percentage of pupal diapause during 

decreasing population level compared to inc reasing and outbreak population. In 

addition, fecundity and percentage of female (sex ratio) were presumed to be 

decreased while activity of natural enemies increased during the falling 

population period. Moreover, they opined longer adult emergence period  (2-3 

months) with 2 or 3 peaks to be the characteristic of declining population.   

 

Masutti and Battisti (1990) also hypothesized the duration of feeding 

period in larvae to be correlated with the variations in the percentage of pupal 

prolonged diapause i n different population cycles. To them, food or climatic 

conditions prolong the feeding period of the larvae, thus percentage of 

prolonged pupal diapause. Halperin (1983) reports temperature to be main factor 

for the length of larval development where, lar vae hatched in February stops 

feeding after 50-60 days while larvae hatched in March get warmer weather and 

enough food thus complete development within 42 days. Nevertheless, 

percentage of individual entering prolonged diapause is negatively correlated 

wi th soil moisture, thus rainfall (Markalas 1989). Increased activity of fungal 

parasitoids with increased moisture and temperature could be a reason for this. 

But, we assume, this happens rather due to the mortality, not for prolonged 

diapause itself.  

Démolin  (1990) discussed the mechanism of diapause breaking of pine 

processionary moth (see ANNEX 2). He assumed that both diapausing and non-

diapausing pupae resume their developmental activity about 40 days prior to 

emergence, a time that he called òkey periodó. In this period, both type of 
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individuals start oogenesis, but pupae destined to prolonged diapause 

degenerate oocyte right after formation.  

It was possible to manipulate the emergence time and even the intensity 

of prolonged diapause through putting the pupae in different temperature 

during and before this key period. Both high (Ó 30ÁC) and low (12-14°C) 

temperature can slow down the development and thus emergence time in pine 

processionary. It is also possible for one type of population to switch int o another 

due to the variation in temperature.  

Although we donõt know how he did his experiment, we clearly have 

some intriguing ideas to proceed on. If his ideas are true, it will have significant 

importance in the understanding of ecology of pine proces sionary moth. 

Apprehending the mechanism of temperature in key period may allow us 

predicting population trend of pine processionary moth  in the next year. 

Apart from the temperature, rainfall may have a significant role in the 

seasonal ecology of pine pro cessionary moth. Tauber et al. (1998) hypothesized 

moisture to be potential token stimulus, developmental modulator and 

behavioral cue for diapause related stages. In their earlier paper on Colorado 

potato beetles, Tauber et al. (1994) found the emergence of beetles to be highly 

associated with moisture at the soil surface. However, they conclude that, after 

adequate heat accumulations, moisture acts as a behavioral stimulus for 

emergence from the soil.  

 

1.2 Objectives and research questions  

Since the metabolic activity continues during the diapause, though at a reduced 

level, insects loose energy over time. Although generalization is not easy, it can 

be said that insects need to accumulate energy reserves before entering into 

prolonged diapause to ensure post-diapause survival, fecundity and flight 

capability for dispersal. It is therefore a logical perception that individuals with 
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higher size and energy reserve can enter prolonged diapause. It can thus be 

presumed that individuals with smaller size and energy cannot enter prolonged 

diapause, or, if they enter, they would not be able to maintain as long as the 

bigger ones. Therefore, a threshold of size or energy might exist, which 

determines whether diapause is entered or not, as well as, if entered, how long 

should it be maintained.  Insects can assess their internal level of nutritional 

reserve (see review by Hahn and Denlinger 2007). The maintenance of prolonged 

diapause could thus depend on the availability of resources, in relation to a given 

threshold leve l.  

 

1.2.1.1 Timing of emergence in diapausing and non -diapausing 

individuals  

Earlier emergence can be beneficial for insects, for example, ability of males in 

competing for females with other males. Earlier emergence can also help insects 

to find extra period of time for consuming food, thus accumulating extra reserve 

of energy. However, environmental cues and host status might regulate this 

phenomenon. In pine processionary moth, emergence occurs earlier at colder 

conditions (higher latitudes or elevation), and i s often associated with occurrence 

of prolonged diapause. This is thought to be an adaptation to cope better with 

harsh winter conditions, i.e. having more developed larvae when winter starts. 

We assume that earlier emergence is associated with prolonged diapause, while 

non-diapausing individuals emerge later and are thus incurring in higher risk of 

winter mortality.   

 

1.2.1.2 Size of diapausing and non -diapausing individuals  

Pine processionary moth is a summer diapausing insect, and prolonged diapause 

is common in this species. As the temperature is a powerful regulating factor for 

the speed of metabolism, the issue of summer diapause in this temperate species 
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is more critical . We presume the threshold of size, thus internal energy reserves, 

plays an important role in diapause entrance and intensity in this species. 

Prediction is that non -diapausing individuals are smaller than the diapausing 

ones, although this difference should disappear at emergence because the 

diapausing individuals are consuming the extra energy during the additional 

time spent in the soil.    

 

1.2.1.3 Intensity of prolonged diapause and rate of emergence in cages  

A cage experiment was setup in Venosta for monitori ng the extended diapause 

in two cohorts of the pine processionary moth. The annual survey of the 

emergence has allowed identifying  the number of individuals emerging each 

year, the timing, and the total duration of prolonged diapause.  

 

1.2.1.4 Population dynamics in Venosta  

Data of historical pheromone trap catch and pest suppression operations can be 

used to assess the trend of population of the pine processionary moth in Venosta. 

Regulation and ecology of prolonged diapause should be reflected in the 

analytical r esults of regular trap catches, for example by detecting different peaks 

in emergence timing (see 1.2.1.1). In addition, we can understand how important 

prolonged diapause is in the sustenance of population dynamics when pest 

suppression operations are conducted over large areas.  

 

1.2.1.5 Environmental cues and diapause control  

We discussed the responsibility of diffe rent environmental and internal cues to 

insect diapause in our review. Timing of first emergence every year should be 

related to those key players. As a preliminary experiment, we would like to test 

the function of two potentially most important abiotic fa ctors in the timing of 
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emergence. Therefore, our final objective would be to assess the role of 

temperature and rainfall in the first emergence date assumedly typical of 

diapausing individuals of processionary moth in Venosta.  
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2 Methodology  

2.1 Study area 

The Venosta/ Vinschgau Valley  is situated amidst the Southern Alpine region of 

South Tyrol at the borders of Italy, Austria and Switzerland.  It has an eastðwest 

orientation with north -south facing slopes (Battisti et al. 2005). Venosta Valley is 

characterized by its unique arid climate and more than 300 days of sun per year 

(http://www.venosta.net/en/welcome.html).  Itõs a typical Inner-Alpine  dry 

valley with less than 600 mm of annual precipitation 

(http://www.c3alps.eu/index.php/en/vinschgau -val-venosta-it -sidemenu).  

 

 
Figure 1: Position of pheromone traps and their elevation. A rearing cage is also available near traps 

of Sportplatz . (Source: Google Earth) 

.                                                                                            

http://www.c3alps.eu/index.php/en/vinschgau-val-venosta-it-sidemenu
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Figure 2: Position of the cages in Vezzaner and their elevation. (Source: Google Earth)  

 

Venosta valley represents the upper edge of the range of pine 

processionary moth in the central Alps. Although historical occurrence of the 

insect is documented during the 20th century, it was only since 1998 that a large 

outbreak started and the population colonized the upper par ts of the valley and 

the upper slopes, reaching an elevation as high as 1500 m on the south-facing 

and 1200 m on the north-facing slope (Battisti et al. 2005). Since then the 

population has fluctuated in density (Zovi et al. 2006), and plant protection 

measures were adopted (Aimi et al. 2006). Climate change has been invoked to 

explain insect survival at elevations that were considered prohibitive for the 

insect based on previous knowledge. Recent work, however, has documented 

that the thermal ecology of th is species is more complex than expected and that 

local adaptation to climate can be observed (Hoch et al. 2009). 
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As soon as the outbreak occurred, the local foresters started the pest 

surveillance by mapping the infested areas, deploying a pheromone trap  

network, and installing large cages for the monitoring of the prolonged diapause 

intensity. The latter issue was started because it was expected that under extreme 

climatic conditions most of the pupae would enter prolonged diapause (Démolin 

1969). 
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2.2 Methods 

 

2.2.1 Catch data from 

the pheromone 

trap  

Fifteen pheromone traps 

were deployed for capturing 

male moths in three different 

sites namely, Vezzaner Leiten 

(we will dubb this only 

Vezzaner later on), Priel, and 

Sportplatz, in the order of 

increasing elevation, with 5 

traps in each site. Capturing 

started in 1999 and continued till present. In 1999 the           experiment started in 

each site with three traps developed by the Forest Service of Trento district, 

consisting in a funnel -trap with large wings above it, and two traps marketed by 

Serbios as Super Green (http://www.serbios.it/ ), which is a classical funnel-trap 

for large moths.  

The Forest Service traps were progressively replaced by the Serbios traps 

so that from 2007 only Serbios traps were used. Foresters visited traps every 

week during the emergence period and recorded the data. From 2013 foresters 

were asked to preserve in ethanol 95% all the male moths that were alive at the 

time of the check. 

Figure 3: Pheromone trap  

http://www.serbios.it/
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2.2.2 Prolonged 

diapause 

experiment  

During winter 1999 three 

large cages (2x2x2 m) 

were constructed at 

Vezzaner Leiten over an 

elevational gradient (824, 

908, 960 m) and one cage 

was set up at Sportplatz 

(near pheromone traps, with an elevation of 963m). The cages have a wooden 

frame and a wire net (mesh 2 mm) and the walls enter the soil down to a depth 

of 30 cm (Figure 4). In April 1999, a total of 300 nests were collected from the 

same site at an elevation of 800-1000 m. Nests were then randomly assigned to 

each of the three cages, trying to get the same number of larvae per cage. This 

was done based on the assumption that larger nests host about 200 larvae. 

Overall, a number of larvae estimated to be between 4000 and 6000 were added 

to each cage. The larvae were provided regularly with pine branches as food 

until pupation, which was inferred from the time when no more needles were 

eaten. The leftover was then removed and the cages were regularly inspected 

with a weekly f requency during the rest of spring and during summer. 

Emergences were then checked with the same frequency during each of the 

following years, and stopped when no emergences were observed for three years 

(2009). Foresters counted the number of individuals irrespective of the gender 

and did not preserve them. Soil samples were then taken from inside the cages 

and no cocoons were found. 

During winter 2013 the soil inside the cages was checked again and no cocoons 

were found. We then decided to start another cohort of rearing by using nests 

Figure 4 Cage in Venosta (elevation: 908 m) 

 


