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1 Abstract 
 
Arctic insects face harsh Arctic environmental conditions with pronounced 
seasonality. However, many insect species have been able to adapt to these challenges 
and survive remarkably well. The phenological adaptation of insects, which is the 
seasonal timing of biological events during the year, is determined by different 
environmental cues and is fundamental to their success. Many insects in the Arctic are 
herbivorous and are temporally restricted to feeding on a certain plant resource or 
quality, in which temporal disassociation may have detrimental effect on survival. 
Because current global climate change is most pronounced in the Arctic, insects living 
in this region may be particularly prone to the negative impact of increasing temporal 
dissociation with their plant resources, and to their natural enemies such as 
parasitoids. 
 
The aim of this thesis, that comprise four separate studies, was to increase our 
knowledge of gall-inducing sawflies (Tenthredinidae: Nematinae: Pontania nivalis, P. 
glabrifrons and P. arcticornis) on Salix spp., such as that of life history adaptations in 
the European high north with a particular focus on environmental cues that determine 
the timing of important life history events.  
 
The first study, an eclosion experiment, investigated diapause adaptation, in which 
morphogenesis is supressed during dormancy. Subsamples were successively 
transferred indoors (23 °C) at 14-day intervals from October to April in a test of 
development time to eclosion and survival ratio. The three Pontania spp. had similar 
eclosion patterns and followed the common outline for overwintering insects. 
Diapause intensity prevented resumption of morphogenesis in early winter and turned 
into a post-diapause quiescence mid-winter. During post-diapause quiescence, there is 
potential for morphogenesis but supressed by hostile environmental conditions (i.e. 
low temperature). In this study, the three Pontania spp. showed increasing 
synchronous eclosion towards spring. In addition, a few specimens of P. nivalis and 
P. glabrifrons did eclose prior to sub-zero temperatures and shortly after diapause 
induction in autumn. Chilling, a period of sub-zero temperatures needed for eclosion, 
did not seem to be necessary and the refractory period (the genetically determined 
period needed to be able to eclose) was short. However, P. arcticornis showed 
slightly different adaptation and eclosed later and after sub-zero temperatures, 
indicating that chilling may be necessary and that the refractory period may be longer 
than that of the two other species. 
 
The second study focused on spring phenology and the temporal variation in timing of 
eclosion in spring was investigated. The three study species showed the same 
responses. First, the temperature threshold (2.36 °C) and hour-degrees (6909) needed 
for direct development (i.e. post-diapause) was determined by laboratory-rearing in 
order to estimate eclosion timing. The results were corroborated by adult presence in 
field as determined by trapping. Hindcasts of temperature conditions in spring for the 
last 21 years were performed by using meteorological temperature data that were 
correlated with field temperature data. This revealed a highly significant advancement 
in dates of eclosion that was interpreted as evidence of global warming. There were, 
however, large inter-annual differences in eclosion timing, which was suggested to be 
correlated with timing of the spring snow melt. These results indicate that Pontania 
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spp. must be adapted to large inter-annual variation in spring climatic conditions and 
exhibit large phenological plasticity in timing of eclosion. 
 
The third study gave important insight in the behavioural and ecological relationships 
to adjacent trophic levels for Pontania spp., especially female oviposition preferences 
on the host in relation to larval performance and survival. There is a short 
phenological window of opportunity for oviposition on suitable host resources, in 
which female oviposition preference has shown to enhance larval performance for 
gall-inducing sawflies. However, earlier studies of a few species of Pontania spp. 
have not supported this. Furthermore, the three Pontania spp. in this study did not 
show any oviposition preference that enhanced larval performance.  This is probably 
caused by a brief and early spring eclosion when host plant cues (i.e. difference in 
plant module size) are lacking, in which the female respond with a non-discriminatory 
oviposition pattern. Larval survival of Pontania spp. was also relatively high, with 
little mortality caused by parasitoids.  
 
The fourth study focused on diapause preparation during pre-diapause in the autumn 
and showed that gall-inducing sawflies enter diapause in autumn in response to night 
length during pre-diapause. The three Pontania spp. showed a remarkable 
phenological synchronous behaviour with a distinct start on 5 September, in which 
larvae emerge from the galls in search for overwintering sites. The establishment of 
the critical photoperiod for diapause preparation in relation with autumn temperatures 
revealed that night length (i.e. photoperiod) acted as a token stimulus during pre-
diapause.  
 
This thesis provides new information on several aspects of the life history adaptations 
of Pontania spp., showing that they are highly adapted to their high latitude 
environment and their Salix host plants. Although specialist insect species could be 
expected to be especially prone to the negative impacts of climatic change, in 
particular in the Arctic, this study does not provide any clear indications that this 
applies to Pontania spp.. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 9 

2 Introduction 
 

2.1 Seasonal adaptation in Arctic insects 
 
The geographical region north of the Arctic Circle is generally known as the Arctic, 
the circumpolar region of the northern hemisphere. A more biologically relevant 
definition, mean July temperature below 10 °C, corresponds well with the northern 
limit of boreal forest. As from an entomological perspective, the Arctic region 
includes the transition zone between boreal forest and the Arctic tundra, the sub-
Arctic (Downes 1965), in which the northernmost part of Fennoscandia is 
represented. The climate for this region, especially coastal Norway, is mild for its 
latitude, and Arctic and sub-Arctic climatic conditions are only present at the highest 
latitudes, or at high altitudes further south (Danks 1981; Meltofte et al. 2013; Walker 
et al. 2005). 
 
It is remarkable that insects with their limited ability to regulate body temperature are 
able to survive in cold climates at higher latitudes, especially when low temperatures 
are the most important factor insects have to cope with to survive. Insects are, 
however, the most diverse group of animals in the Arctic, even as the harsh 
environmental conditions set constraints on insect’s ability to survive (Danks 1981, 
1986; Hodkinson 2013; Strathdee and Bale 1998). In the northern hemisphere, the 
pronounced seasonal periodicity in environmental conditions is particularly strong, 
especially above the Arctic Circle, due to constant daylight in summer and constant 
darkness in the winter. Insects in the Arctic region must survive short, unpredictable 
summers and long winters through a variety of physiological and behavioural 
adaptations (Danks 1987). Low temperatures and small diurnal fluctuations (i.e. small 
heat budget) set constraints for growth and reproduction during the short summers, 
and a prolonged dormancy period is needed during the long cold winters (Danks 
2004; Downes 1965; Tauber et al. 1986). Insects show a remarkable set of adaptations 
to survive these environmental conditions. However, insect species diversity, 
especially among herbivorous insects, decreases into the Arctic (Danks 1981, 1986, 
2004; Hodkinson 2013; Strathdee and Bale 1998). Species’ geographical origin in 
relation to glaciation events, evolutionary development and the ability to change 
ecological requirements are suggested as causes for this pattern (Danks 1981), but our 
knowledge about biology of insects in the Arctic region is still limited. 
 
Several biological adaptations reflect the requirements needed for survival in an 
insect’s life cycle that is evolutionary perfected to its environment. In the Arctic with 
strong seasonal changes, the timing of seasonal biological events is of vital 
importance for survival (Danks 1981, 2004; Downes 1965; Ring and Tesar 1981; 
Tauber et al. 1986). One of the most fundamental characteristic of an insect’s 
biological adaptation is its phenology, which is seasonal timing of annual cycles in 
biological events, such as eclosion (i.e. adult emergence), mating (i.e. reproduction), 
oviposition (i.e. egg laying) and diapause (i.e. dormancy) (Danks 1987, 2004; Tauber 
et al. 1986). In their preparation for changing environmental conditions, insects are 
able to perceive and induce environmental cues that signals for seasonal changes, in 
which specific physiological, behavioural and morphological modifications occur 
(Danks 1987; Hodgson et al. 2011; Singer and Parmesan 2010; Tauber et al. 1986; 
van Asch et al. 2007).  
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For insects living in the short Arctic growing season (i.e. summer), it is an advantage 
to resume morphogenesis as soon as environmental conditions allow it, in order to 
prolong development as long as possible. As a result, many species exhibit 
synchronous early spring eclosion, which maximizes reproduction opportunity and 
success, and particularly herbivorous insects synchronize eclosion with suitable host 
plant resources for oviposition and larval development (Danks 2004; Hodek and 
Hodková 1988; Kostál 2006; Ring and Tesar 1981).  
 
The response to approaching hostile environmental conditions (i.e. winter) is a 
species-specific dormancy adaptation. During dormancy, insects in the Arctic must 
survive sub-zero temperatures, either through frost tolerance (i.e. survival of ice 
formation within the body) or supercooling (i.e. avoiding freezing) (Danks 1981; 
Humble 2006; Miller 1982; Miller and Werner 1980; Nilssen and Tenow 1990; Ring 
and Tesar 1981; Tanno 1970). The most common dormancy adaptation among insects 
in the Arctic is diapause, in which growth and development is arrested (Danks 1987; 
Saunders 2009; Tauber et al. 1986). Diapause intensity determines the duration of 
diapause, which is regulated by induced environmental cues such as photoperiod and 
temperature that acts as token stimuli (Danks 1987; Tauber et al. 1986). Diapause 
initiation occurs before the hostile environmental conditions set in in autumn, and 
diapause usually terminates mid-winter and what appears to occur spontaneously for 
many overwintering insects (Denlinger 2002; Masaki 2002). During post-diapause 
there is a period of quiescence, when there is potential for morphogenesis, but this is 
supressed by low temperatures. When temperatures rise in spring, the resumption of 
morphogenesis is often followed by synchronous spring eclosion. Processes 
regulating diapause initiation, duration and termination may not only be triggered by 
environmental cues, but also influenced by genetic factors (Danks 1987, 2004; 
Saunders 2002, 2009; Tauber et al. 1986) (see 3.2 for a detailed description of the 
eco-physiological phases of diapause). However, the complex physiological processes 
that initiate, regulate and terminate diapause are still today not fully understood 
(Danks 2005; Denlinger 2002; Kalushkov et al. 2001; Saunders 2002, 2011, 2012, 
2013, 2014).  
 
Hymenopterans make up a significant proportion of the Arctic insect fauna (Danks 
1981). Among them are gall-inducing sawflies (Tenthredinidae: Nematinae), that 
have a circumpolar distribution, are common in the Palearctic and Nearctic and found 
at high densities as far north as the northern Yamal Peninsula (72 °N), Russia 
(Roininen et al. 2002). Most are strictly monophagous as a result of a close adaptation 
with their host plant (Salix spp.), limiting their distribution (Hjältén et al. 2003; 
Kopelke 1991; Nyman et al. 2006a; Nyman et al. 2000; Roininen et al. 2002; 
Roininen et al. 2005; Zinovjev 1998). Information concerning the distribution and 
ecology of gall-inducing sawfly species in the Arctic is, however, in general very 
limited (Danks 1981; Humble 2006; Kopelke 1985b, 1991; Ring and Tesar 1981; 
Zinovjev 1993; Zinovjev 1998). 
 
The main subjects of gall-inducing sawflies studies have been host association 
(Kopelke 1985a; Kopelke 1986, 1991; Kopelke 1994; Kopelke 1998, 1999), female 
preferences and larval performance (Carr et al. 1998; Craig et al. 1989; Ferrier and 
Price 2004; Fritz et al. 2000, 2003; Hjältén et al. 2003; McGeoch and Price 2004, 
2005; Price and Craig 1984; Price 1991, 1992, 1994, 2003; Price et al. 2004; Zinovjev 



 11 

1998), natural enemies and their parasitoids (Clancy et al. 1986; Humble 2006; 
Kopelke 1985a, 1994; Kopelke 2003; Nyman et al. 2015; Price and Clancy 1986), 
phylogeny and evolution (Nyman 2000; Nyman et al. 2007; Nyman et al. 2015; 
Nyman et al. 1998; Nyman et al. 2000; Nyman et al. 2006b; Price et al. 1998; Price 
1994, 2003).  
 
One aspect that has not been comprehensively studied is the phenological adaptation 
of gall-inducing sawflies. As in many other insect species, gall-inducing sawflies 
exploit food sources that are restricted in both time and quality, in which their 
development and eclosion need to be in synchrony to that of the host plant. The short 
cool summer in the Arctic environment constrains larval development and survival, 
and hibernation needs to occur before hostile climatic conditions set in in autumn. A 
few sawfly species have been previously studied with regard to overwintering 
adaptation and strategies (Humble 2006; Knerer 1983, 1993; Knerer and Marchant 
1973; Miller 1982; Miller and Werner 1980; Ring and Tesar 1981), but the focus has 
been on cold tolerance during winter hibernation, which shows that they are highly 
adapted to cold environment during dormancy. The larvae synthesize small amounts 
of sorbitol functioning as an anti-freezing agent (a supercooling point of -9 °C), but 
being also freezing-tolerant, they overwinter in a frozen state (Humble 2006; Ring 
and Tesar 1981). They have also been shown to survive extremely low temperatures, 
at least 20 °C below the supercooling point (Humble 2006; Miller and Werner 1980).  
 

2.2 Host plant interaction in gall-inducing sawflies 
 
Much of the information needed for studying population ecology and environmental 
adaptation of herbivorous insects is documented in nature (Price 2003). However, 
knowledge about abundance, population dynamics and adaptation requirements 
needed to survive in the Arctic is in general poor (Danks 1981, 1986, 2004; Ring and 
Tesar 1981; Strathdee and Bale 1998), and due to the harsh environmental conditions, 
population fluctuations are more common compared to insects living at lower 
latitudes (Danks 1981, 1986, 2004; Downes 1965; Ring and Tesar 1981; Strathdee 
and Bale 1998). Among herbivorous insects in the Arctic, spatial and temporal 
variations in suitable host plant resources can severely affect their performance and 
survival (Singer and Parmesan 2010). As a consequence, spring phenology, i.e. timing 
of eclosion, mating and oviposition, is an important part of the life cycle and is 
evolutionary fine-tuned and often in synchrony with host plant leaf flush, when 
resource quality and accessibility is optimal. Outside this window of opportunity, host 
plant quality deteriorates and sets constraints on oviposition success and larval 
performance, and ultimately survival (Hanhimaki et al. 1995; Hunter 2000; Hunter 
and Elkinton 2000; Martel and Kause 2002; Mopper 2005; Singer and Parmesan 
2010).  
 
Comparative studies between species have become increasingly common in the effort 
to detect adaptations (Clancy and Price 1986; Hjältén et al. 2003; Hunter 1992; Jepsen 
et al. 2011; Martel and Kause 2002; Price 2003; Price et al. 1994; Price et al. 2004), 
and among comparative studies involving herbivorous insects, distinct differences in 
oviposition preference and larval performance have been detected among gall-
inducing sawflies (Tenthredinidae: Nematinae) (Craig et al. 1989; Price 2003). It has 
been shown that female oviposition preferences for certain plant module sizes (e.g. 
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shoot length, leaf size and leaf position) or growth rates influence gall induction 
success and larval performance (i.e. fitness) and survival (Cornelissen et al. 2008; 
Craig et al. 1989; Ferrier and Price 2004; Hjältén et al. 2003; Price 1991). This may 
be especially evident among gall-inducing sawflies (Craig et al. 1989; Price 2003; 
Price et al. 2004), but has also been detected among other insect taxa, reviewed by 
Price (2003).  
 
The plant vigor hypothesis (Price and Craig 1984; Price 1991) suggests that 
oviposition preference and larval performance pattern is derived from the close host 
adaptation of female oviposition choice in which there is a feedback from larval 
performance and that there is a preference-performance correlation based on plant 
module choice (Price 1991, 2003). In addition, the plant constraint hypothesis 
suggests that gall-inducing sawflies are phylogenetically constrained by their 
ovipositor, meaning that the females are restricted to oviposit on matching soft plant 
resource (Price 1994; Price et al. 2004). 
 
However, even if this preference and performance linkage has been shown to be 
common among sawflies (summarized in Price (2003)), a few gall-inducing sawfly 
species show no ovipostion preferences for long, vigorous growing plant modules (i.e. 
shoots) that enhance larval performance and survival (called non-conformist species) 
(Price et al. 2004). This is suggested to be due to the timing of oviposition being early 
in spring, when there are no clues as to what will become fast or large growing plant 
modules (i.e. shoots) and those that will not (Price et al. 2004). Pontania spp. are 
among the non-conformist species, including P. arcticornis in the present study.  
 

2.3 Climatic and environmental change in the Arctic 
 
The global climate is currently changing, and the increase in temperature will be 
greatest in the Arctic region (Kattsov et al. 2005). Many studies on the response of 
species to climate change have been published, in which plants and birds dominate. 
Furthermore, Arctic ecosystems are underrepresented, whereas among insects, certain 
charismatic groups are overrepresented (Høye 2014; Høye et al. 2007; Parmesan 
2006). Due to their intimate adaptations to a cold climate, rapid climate warming may 
have a negative impact on Arctic insects. There is thus need to increase the 
knowledge about species’ response to climate change (Danks 2004; Høye 2013; Høye 
and Forchhammer 2008a; Høye et al. 2007). The increasing temperature in the Arctic 
has been shown to have a large impact on environmental conditions, especially in 
winter. As a result, changes in snow cover and timing of snowmelt are shown during 
the advancement of spring. Eclosion phenology in Arctic insects is in general 
determined by the timing of snowmelt, and has been shown to advance in recent years 
as a response to earlier snowmelt (Høye et al. 2007) (see also Barstad and Nilssen 
(2015)). This may disrupt the fine-tuned phenological synchronicity between 
interacting species, such as herbivorous insects and their host plants (Jones and 
Despland 2006; Martel and Kause 2002; Singer and Parmesan 2010). Among 
herbivorous insects, there is a phenological window of opportunity for oviposition 
and larval development, and beyond this period host plant resources and/or quality 
deteriorate and set constraints on progeny performance (i.e. lower fitness). As a 
consequence, temporal disassociation in phenological synchronicity may have a large 
impact on survival.  
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2.4 The main objectives  
 
The aim of this thesis was to study various questions involving life cycle adaptations 
in the Arctic environment for three common congeneric gall-inducing sawfly species, 
Pontania spp. (Tenthredinidae: Nematinae). In particular, we investigated the various 
stages of dormancy, i.e. diapause initiation, maintenance and post-diapause in relation 
to token stimuli, such as photoperiod and temperature. Phenological adaptation is 
another interesting subject in which spring phenology may exhibit large temporal 
disassociation between years in the Arctic, and in which the timing of the host plant 
leaf flush is essential for oviposition. Phenology during pre-diapause in autumn is 
another important phase in the life cycle, as preparation for diapause occurs in 
advance of climatic deterioration. Neither of these subjects have been previously 
studied for Pontania spp., even though they are essential in the understanding of 
environmental and phenological adaptation. Female oviposition preference in spring 
and larval performance in summer have been comprehensively studied among 
sawflies, but not investigated for P. nivalis and P. glabrifrons that are included in this 
study. Larval survival was investigated in relation to the preference-performance 
linkage, but also mortality caused by the major specialist predators, parasitoids, was 
studied. To summarize, the study addressed how well gall-inducing sawflies are 
adapted to the Artic environment, and what are the main factors for their success. 
 
The specific aims presented in the articles (I-IV) were: 
 

I. What are the main factors regulating diapause duration, and when does 
diapause terminate?  

 
II. How does climatic variation affect temporal spring phenology? 

 
III. Do the focal Pontania species have any ovipostion preference-larval 

performance correlation enhancing survival during summer? 
 

IV. To investigate the phenological adaptation during pre-diapause in relation 
to token stimuli, photoperiod and temperature. 
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3 Study system 
 

3.1 The focal species and its associated host plants 
 

3.1.1. Gall-inducing sawflies  
 
Gall-inducing sawflies belong mainly to the subfamily Nematinae (Hymenoptera: 
Symphyta: Tenthredinidae) comprising over 200 species that are common in the 
Arctic and sub-Arctic region on their willow (Salix spp.) host plant, although some 
occurs on poplars (Populus spp.) (Price and Roininen 1993). They are among the 
insect species that have been able to colonise temperate and polar regions in the 
northern hemisphere, and have a circumpolar distribution suggesting a long 
evolutionary history that is also reflected in their choice of food plants, mainly 
willows (Salix spp.) (Benson 1950, 1960). Gall-inducing sawflies are closely adapted 
to their host plants, in which they modify host plant tissue in order to make a gall in 
which the larvae can live. The evolution of gall-induction among sawflies has 
occurred several times, as oviposition preferences and gall formation have evolved 
and shifted towards more central parts of the plant. The result is that most species are 
strictly host-specific and utilize a short window of opportunity for oviposition on 
suitable host plant tissue (Nyman et al. 2006a; Nyman et al. 1998; Price 2003; 
Roininen et al. 2005; Zinovjev 1998). 
 
The focal species in this thesis, Pontania nivalis (Vikberg 1970), P. glabrifrons 
(Benson 1960) and P. arcticornis (Konow 1904) are Holarctic, common in the 
Palearctic as well as in the Nearctic, but less known in North America (Hjältén et al. 
2003; Roininen et al. 2002; Roininen et al. 2005). They are monophagous and 
exclusively associated with their willow host, Salix glauca, S. lanata and S. 
phylicifolia, respectively (Kopelke 1991; Vikberg 1970; Zinovjev and Vikberg 1999), 
and belong to the Pontania- viminalis group that induce pea-shaped galls on the 
underside of leaves (Kopelke 1999; Zinovjev 1993; Zinovjev 1998) (Fig. 1 a, b, c and 
d). They have an obligate univoltine life cycle (see Fig. 2 for details), characterized by 
a short pupal phase in early spring, followed by short period of eclosion synchronized 
with host plant leaf flush, as there is preference for oviposition on young growing 
leaves. Host plant phenology greatly influences the life history of associated gall-
inducing sawfly species, especially the timing of ovipostion and larval feeding. Adults 
are short lived and are dedicated to reproduction, host seeking and oviposition. They 
have a relatively poor flight ability, and consequently, a low capacity to migrate. 
Mating may therefore take place at the eclosion site or even in the same willow shrub 
in which they were born (Knerer 1993; Price 1992; Price et al. 2004; Viitasaari 2002). 
During oviposition, the female injects a secretion together with the egg that initiates 
gall formation, and gall growth is maintained by secretions during larvae feeding on 
gall tissue (Kopelke 1994; Viitasaari 2002; Zinovjev 1993; Zinovjev and Vikberg 
1998). During the summer, the larvae go through five developmental phases (instars) 
that together may last up to eight weeks. In autumn, after larval development has 
ended, the larvae emerge from the gall to hibernate on the ground among the leaf litter 
(Kopelke 1999; Nuorteva 1971; Zinovjev and Vikberg 1998).  
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Gall-inducing sawflies are also facultative parthenogenetic, i.e. they exhibit asexual 
reproduction, in which growth and development occur without fertilization. 
Unfertilized eggs produce males, whereas fertilized eggs produce females (Knerer 
1993; Viitasaari 2002). This adaptation is common among many Arctic insects, an 
adaptation eliminating the necessity for mating during particularly severe climatic 
conditions and securing population survival, as females can respond to sudden 
climatic changes. However, there is limited information concerning which conditions 
parthenogenesis occurs among gall-inducing sawflies (Craig and Mopper 1993; 
Danks 2004; Viitasaari 2002).   
 
 
 
 
 
 

 

 a)      b) 

 c)      d) 
 
Fig. 1 Species-specific Pontania-viminalis galls on a) S. glauca b) S. lanata c) S. 
phylicifolia and d) unidentified gall-inducing sawfly (Photos: Trond Elling Barstad). 
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Fig. 2 The life cycle of gall-inducing sawflies (Pontania spp.) illustrating the different 
eco-physiological stages during diapause and the main annual events.  
 

3.1.2 Willows  
 
Willows (Salix spp.) comprise over 350 species in the Northern Hemisphere, are both 
taxonomically and ecologically very diverse and are most common in riparian habitats 
(Argus 1997). Willows contain a wide range of chemicals that function as feeding or 
oviposition deterrents, making willows a challenging food source. However, many 
insect herbivores, including gall-inducing sawflies have adapted to and utilize willows 
as food (Price et al. 1998; Roininen et al. 2005). Willows are among the earliest leaf 
flushing deciduous shrubs and trees (Saska and Kuzovkina 2010; Tsarouhas et al. 
2003), and temperature acts as the main factor in timing of leaf flush (Hänninen 1990; 
Lennartson and Ögren 2004). However, there may be large inter-annual variations in 
the timing of leaf flush due to a strong association between winter and early spring 
temperatures and dormancy release (Myking and Heide 1995).  
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3.2 Eco-physiological phases during diapause 
 
Dormancy is the general term that refers to a seasonally reoccurring period 
(phenophase) in which growth, development and reproduction are suppressed in the 
life cycle of a plant or animal. In most cases among insects, dormancy is diapause-
mediated and controlled chiefly by seasonal periodicities at earth’s surface or by other 
periodicities that give seasonal information (Danks 1987).  
 
Dormancy enables insects to survive adverse seasonal periods and to exploit 
seasonally fluctuating resources (Danks 1987; Kostál 2006). The majority of cases of 
dormancy are diapause-mediated, which mainly occurs in response to seasonal 
periodicity. Specific seasonal cues, especially photoperiod and temperature acting as 
token stimuli, inform that seasonal changes are approaching, and allow insects to start 
specific physiological and behavioural preparations prior to the unfavourable 
environmental conditions (Danks 1987, 2004; Tauber et al. 1986). It is widely 
accepted that dormancies can be classified in two broad categories, diapause and 
quiescence (i.e. morphogenesis is supressed in both categories). The term dormancy 
should only be used when there is no clear distinction between these two categories. 
Insect diapause is a process that includes several dynamic phases during dormancy 
(Danks 1987; Hodek 1996, 2002; Kostál 2006; Tauber et al. 1986). Today this is 
widely accepted (Kostál 2006) and was pioneered by Andrewartha (1952), who used 
the term “physiogenesis” to distinguish processes during diapause from direct 
development that occurs after diapause has ended. The terminology of the processes 
and successive phases during diapause has been debated. Tauber et al. (1986) and 
Danks (1987) were the first to discuss and pinpoint the usage of various terms. The 
need for standardizing the usage of terms has, however, been discussed several times 
by Hodek (1996, 1999, 2002, 2003). Among insects, there is a wide diversity in 
diapause expression that complicates the general usage of terms (Danks 1987; Danks 
1991a, b; Danks 2002; Hodek 1996, 2002). This thesis mainly follows the outline by 
Kostál (2006) (Fig. 3), who has simplified and generalized the terminology, which fits 
well with the processes that occur during dormancy with regard to gall-inducing 
sawflies. Ontogeny (i.e. morphogenesis) during diapause can be divided into three 
distinct phases; pre-diapause, diapause and post-diapause, but each phase may include 
different sub-phases (Danks 1987; Hodek 1996; Kostál 2006; Tauber et al. 1986). 
These phases are expressed by physiologically changes in relation to environmental 
conditions, and regulated by both endogenous and exogenous factors, hence the term 
eco-physiological phases (Kostál 2006).  
 
This thesis (Articles I, II and IV) investigates the phenological events during the 
different diapause phases that occur in autumn, winter and spring in relation to token 
stimuli, photoperiod and temperature, and the following sections give detailed 
information about each phase and sub-phase. 
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Fig. 3 Eco-physiological phases during diapause for Pontania spp.. Modified after 
Kostal (2006). 
 

3.2.1 Pre-diapause  
 
In advance of harsh environmental conditions in autumn, diapause preparation begins 
during the pre-diapause, which can be separated into an induction and a preparation 
phase. During the pre-diapause, direct morphogenesis continues in response to 
environmental signals and prepares for the diapause phase.  
 
During the induction phase, especially photoperiod and/or in combination with 
change in daily temperature act as token stimuli for behavioural and physiological 
changes (Danks 1987; Tauber et al. 1986). Photoperiod and temperature may have 
different influential power as token stimuli, and one may even outweigh the other and 
regulate the response. However, the photoperiodic response has evolved several times 
during the insects’ expansion into higher latitudes, and insects at higher latitudes have 
been shown mainly to use photoperiod as a diapause-inducing cue. Photoperiod is 
very reliable as diapause inducing cue, because sunrise and sunset follow the yearly 
changing circadian rhythmicity, whereas temperatures vary from year to year and 
therefore have less predictability (Saunders 2009, 2012; Tauber et al. 1986) (see also 
Barstad and Nilssen (2016)). 
 
Below a critical threshold of photoperiod, possibly in combination with temperature, 
preparation for induction of diapause will start. In the preparation phase, certain 
behaviour and physiological changes occur (Kostál 2006). The individuals migrate 
and search for suitable micro-habitats for dormancy or moult into a morphologically 
distinct stage. Change in larval colour and a build-up of energy reserves, which are 
needed for a long period in dormancy, are also among changes seen during pre-
diapause (Danks 1987; Denlinger 2002; Saunders 2002).  
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3.2.2 Diapause  
 
During diapause, direct development (i.e. morphogenesis) is arrested. Other 
physiological processes, however, still proceed and are regulated by changing 
environmental conditions. The actual physiological processes that occur during 
diapause, have proved difficult to study in detail and are still today mostly unknown 
(Denlinger 2002; Saunders 2002). However, the three distinguishable sub-phases 
during diapause (initiation, maintenance and termination) respond differently to 
changes and variability in the environmental conditions (Danks 1987; Kostál 2006). 
This is shown by differences in diapause intensity that prevent inappropriate timing of 
eclosion (see section 3.2.3 below for detailed information on diapause intensity). The 
occurrence of diapause is detected by increasing synchronicity in development time to 
eclosion through a trial period during dormancy (Danks 1987; Hodek 1996; Kostál 
2006; Masaki 2002). In insects that exhibit overwintering dormancy, diapause can be 
detected by keeping sampled insects at low temperature, either under natural 
conditions (as done in this thesis) or under experimental indoor conditions. Batches of 
the sampled insects are then incubated over a period of time at markedly higher 
experimental temperatures, and the response in time to eclosion and eclosion success 
is detected (Hodek 1996).  
 

3.2.3 Diapause intensity  
 
Diapause intensity is a physiological trait that can be defined by the relative duration 
of diapause (developmental arrest) at a given moment under given environmental 
conditions (Danks 1987; Hodek 1996; Kostál 2006; Masaki 2002), which are shown 
by duration to eclosion and success in eclosion experiments. Diapause intensity 
determines the duration of diapause, and high initial diapause intensity prevents 
eclosion during favourable (i.e. high temperatures) environmental conditions in 
autumn and early winter. Timing of diapause termination is primarily determined by 
decreasing diapause intensity and secondly regulated by environmental cues. Seasonal 
and geographical adaptation in diapause intensity is genetically and phenotypically 
determined, which is regarded as a programmed process (Masaki 2002). In general, 
diapause intensity increases during the diapause initiation phase and decreases during 
the diapause maintenance phase (Kostál 2006) (see Fig. 3). 
 

3.2.4 Initiation phase  
 
Diapause initiation begins when direct development (morphogenesis) ceases. This can 
be easily recognized as in most cases distinguishable changes happen. The most 
characteristic change seen is the formation of a cocoon or change in colour and shape 
(Danks 1987). A detectable decrease in metabolic rate is also characteristic for this 
phase, and developmental processes are blocked (Danks 1987; Denlinger 2002; 
Tauber et al. 1986). The termination of morphogenesis during the initiation phase is 
regulated by several factors at the cellular and molecular levels, which involves a 
complex “soup” of hormones (Denlinger 2002). Other physiological preparations may 
also occur, e.g. biochemical changes in which cold-hardiness (i.e. cryoprotection) is 
needed to survive cold temperatures. However, cold-hardiness in relation to diapause 
induction may be complex, as both are dynamic processes regulated by internal (i.e. 
cellular and molecular) and external (i.e. environmental) factors. In gall-inducing 
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sawflies (Pontania spp.), the larvae synthesize small amounts of sorbitol that 
functions as anti-freezing agent, which makes them capable of surviving extremely 
low temperatures (Humble 2006; Miller and Werner 1980; Ring and Tesar 1981). 
Chilling, a minimum duration of cold temperature, or a genetically determined 
refractory period (or combination of both), may also induce physiological preparation 
that is a prerequisite for terminating diapause in many insects (Danks 1987; Humble 
2006; Ring and Tesar 1981). 
 
Diapause intensity increases during this phase, preventing the resumption of direct 
development even if favourable environmental conditions (i.e. high temperatures) 
allow it (Danks 1987; Hodek 1996). However, the detection of the actual transition to 
diapause is challenging and involves detailed examination.  
 

3.2.5 Maintenance phase 
 
In the maintenance phase, individuals are locked in developmental arrest with low and 
constant metabolic rate, even if environmental conditions still favour direct 
development. This phase is regarded as the “true” diapause phase and is maintained 
for weeks, even months, before resumption of direct development (morphogenesis) 
can occur (Danks 1981; Kostál 2006). There is, however, still very little known about 
the physiological processes that retain this diapause phase. Diapause intensity 
gradually decreases during this phase, and/or in combination with diapause-
terminating condition progresses into the termination phase (Denlinger 2002; Sawyer 
et al. 1993; Tauber et al. 1986)  
 

3.2.6 Termination phase 
 
Diapause may terminate in what appears to be a spontaneous fashion in mid-winter, 
still during hostile environmental condition. Little is known about the mechanisms 
that terminate diapause, but are influenced by both internal physiological processes 
and environmental cues (Danks 1987; Hodek 2002; Hodek and Hodková 1988; 
Kalushkov et al. 2001; Kostál 2006). During this eco-physiological phase, diapause 
intensity decreases to its minimum level, and the insects lose their ability to maintain 
diapause in which the potential to resume morphogenesis (i.e. post diapause 
development) may occur (Danks 1987; Hodek 2002; Hodek and Hodková 1988; 
Tauber et al. 1986).  
 

 3.2.7 Post-diapause  
 
The transition from diapause to post-diapause occurs when token stimuli no longer 
prevent resumption of direct development, but there may be a short transitional period 
of metabolic change between diapause and post-diapause (Danks 1987; Tauber et al. 
1986). The environmental conditions when diapause terminates can greatly differ 
from those favouring resumption of direct development (morphogenesis), in which a 
period of post-diapause quiescence supresses the ability to resume direct development 
(Hodek 1996; Kostál 2006; Tauber et al. 1986). This is particularly true for winter-
diapausing insects in which diapause ends mid-winter and turns into post-diapause. 
During the period of post-diapause quiescence, the characteristics are the same as 
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during diapause. However, when environmental conditions (i.e. temperature) rise 
above a threshold, resumption of direct development immediately occurs (Tauber et 
al. 1986). Because of the absence of token stimuli during post-diapause quiescence, 
there is no delay in the direct development that synchronizes spring eclosion in a 
population (Danks 2004; Hodek 2002; Hodek and Hodková 1988; Masaki 2002). 
Under experimental conditions with constant high temperatures, post-diapause 
development (i.e. no period of post-diapause quiescence) and the following eclosion 
pattern show increasing eclosion success and eclosion synchronicity as time 
progresses towards the natural eclosion period of the species (Hodek 2002; Kostál 
2006).  
 

4 Materials and methods 
 

4.1 Material sampling 
 
Three of the most common gall-inducing sawfly species in northern Norway are 
included in this thesis, Pontania nivalis, P. glabrifrons and P. arcticornis that induce 
pea-shaped galls on underside on leaves on Salix glauca, S. lanata and S. phylicifolia, 
respectively. This thesis includes three study sites in northern Norway (see Fig. 1, 
article III). Two were in Finnmark, Komagdalen at Varanger Peninsula (70 °N, 30 
°E), and 100 km further west, Ifjordfjellet (70 °N, 27 °E) (article I, II, III and IV). 
This region belongs to the low Arctic tundra inhabited by erect shrub mainly at low 
altitudes (Virtanen et al. 1999; Walker et al. 2005). The third study site was 420 km 
further southwest in Troms, Nakkedalen (69 °N, 19 °E) (article II, III and IV), where 
the climate is sub-Arctic and is inhabited by a mixed vegetation of willow shrubs 
(Salix spp.) and birch trees (Betula spp.). Fieldwork was carried out in Finnmark in 
2008-2009, and in Troms in 2012-2013.  
 
The fieldwork was conducted in autumn for all sites where shoots with leaf galls were 
randomly collected from different clones of the three Salix species. Host preference 
data, shoot length, node position of leaf with gall and total number of nodes (total 
leaves) were recorded prior to further preparation (article III). Single leaf galls were 
placed in plastic cups with peat moss (Sphagnum) and stored under natural outdoor 
conditions. Pre-diapause activity (larvae emergence from galls) was recorded in 
September (article IV) and larvae that emerged from galls (alive larvae) were 
included in eclosion experiments (article I and II, see below). Death caused by 
parasitoids was investigated at the Finnmark study sites, and survival was recorded 
for all sites and years (article III). In Nakkedalen, 2012 and 2013, malaise traps were 
used to monitor adult flight period, and the occurrence of gall formation and 
measurement of gall growth during larval development were also monitored (article 
II).  
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4.2 Eclosion experiments  
 

4.2.1 Eclosion synchrony and diapause termination (article I) 
 
To investigate diapause adaptation and progression (i.e. when diapause turn into post-
diapause quiescence shown by change in eclosion synchronicity) for the three 
Pontania spp., batches of random samples of the three Pontania species were placed 
indoors (mean temperature of 23.12 °C (SD 1.27 °C and relative humidity inside 
plastic cups 80-90 %) in autumn after winter hibernation had occurred in 2008 and 
2009.  New batches were taken indoors at 14 day intervals, from October until May, 
and monitored for adult eclosion every second day to study development time (time to 
eclosion) and survival (eclosion success).  
 

4.2.2 Development zero and hour degree requirements (article II) 
 
Pontania spp. galls were collected in 2012 using same method as described above 
(4.1 Material sampling). Galls were stored outdoors through the winter and taken 
indoors in late March 2013. By this time, diapause should have ended for most 
specimens and turned into post-diapause quiescence according to results in article I. 
The larvae are able to monitor temperature, and post-diapause development can occur. 
By transferring portioned samples into chambers with four different temperatures (9, 
15, 13, 28 °C), the rate of development and the following eclosion to adults occur at 
different times due to the different experimental temperatures. The samples were 
monitored every day for adult eclosion, and the sex of eclosed specimens was 
determined.  
 
To calculate development zero (also called threshold temperature (abbreviated as T0)) 
and hour-degree requirements, the rate of development (1/days) was linearly 
regressed on rearing temperatures (9, 15, 13, 28 °C) (see Baker (1980)). The 
regression can be expressed as R=aT0 + b, where R is rate of development, 
T=temperature, and a and b are coefficient and constant, respectively. 
 

4.3 Temperature recordings (articles II and IV) 
 
Temperature loggers (inside plastic containers in shaded locations within study sites) 
were used in Komagdalen (2008 and 2009) and Nakkedalen (2012 and 2013) and 
recorded temperature every second hour throughout the summer. In article II, 
temperature data were used in the calculation of eclosion dates in spring and 
temperature correlation with meteorological weather stations (see section below). In 
article IV, comparison of mean daily temperature and day degree accumulation above 
the developmental zero (T0) between study sites and year were calculated. 
 
Temperatures, recorded four times a day (at 0100, 0700, 1300 and 1900) were 
obtained from loggers in the field or from nearby official meteorological stations 
when temperature loggers were not present at the field sites (article II). Following 
Baker (1980) recommendation (see also Worner (1992)), we selected the 
meteorological station that gave the best fit (i.e. highest R2) to the field meteorological 
data in linear regression analyses. Studies have shown this to work well, as there is 
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often a strong correlation between field temperatures and nearby meteorological 
stations (Baker 1980; Nilssen 1997; Worner 1992). The estimated temperatures were 
then used to calculate eclosion date for selected years for both study areas. This was 
performed for Komagdalen and Nakkedalen for the years 1993-2013 (hindcasting) 
(article II).  
 

5 Results and discussion 
 

5.1 Winter: Hibernation adaptation (article I) 
 
The results from the eclosion experiment revealed that the three Pontania spp. 
exhibited increasing survival (Fig. 4, article I) and decreasing development time as 
winter progressed towards spring eclosion (Fig. 3 article I), following the general 
pattern shown by Danks (1987, p. 147). The long development time to eclosion and 
high mortality during the early stage of the experiment is suspected to be due to high 
diapause intensity. Under natural environmental conditions, high diapause intensity 
prevents morphogenesis and diapause termination during warmer and unstable 
climatic periods in late autumn and early winter. Diapause intensity would then 
progressively decrease with stable sub-zero winter climatic condition, which is 
common among overwintering insects (Danks 1987; Hodek 2002; Kostál 2006; 
Masaki 2002).  
 
There may also be a refractory period (i.e. minimum required duration of diapause), 
genetically programmed “timer” or biological clock that prevents diapause 
termination in the early phase of diapause (Danks 1987; Hodek 2002; Kalushkov et 
al. 2001; Kostál 2006; Nunes and Saunders 1999; Saunders 2002). The three Pontania 
spp. showed slightly different first time eclosion. However, the refractory period was 
quite short as some specimens still succeeded to eclose in autumn, and for most 
specimens, high initial diapause intensity prevented morphogenesis and diapause 
termination.  
 
Another factor that prevents too early diapause termination in many insects is chilling, 
i.e. a period of low temperatures (Danks 1987; Hodek and Hodková 1988). Some 
specimens of both P. nivalis and P. glabrifrons exhibit first time eclosion prior to sub-
zero temperatures (October and early November), indicating that chilling is not a 
prerequisite for diapause termination. As for P. arcticornis, that did not eclose prior to 
sub-zero temperatures, we cannot conclude that chilling is not important for diapause 
termination. However, during the progression of the eclosion experiment, we 
observed higher survival, earlier eclosion and increasing synchronous eclosion, which 
indicates that chilling may aid diapause termination (as specimens of the three 
Pontania spp. was stored under natural outdoor winter conditions prior to exposure to 
experimental indoor condition) (Bartelt et al. 1981; Hodek and Hodková 1988; 
Humble 2006; Ring and Tesar 1981). 
 
This study is also the first to display the life history adaptation, protandry, in Pontania 
spp., in which males eclose earlier than females (Fagerström and Wiklund 1982; 
Wiklund and Fagerström 1977).  In the eclosion experiment, males had shorter 
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development time and eclosed 1-2 days earlier than females, although both exhibit the 
same eclosion rate (Fig. 3, article I). Protandry suggests that earlier eclosion of males 
maximizes mating and reproduction opportunity. This may be especially important for 
species that have a short phenological window for reproduction and oviposition on 
suitable host plant resources. For Pontania spp. with a short adult life mostly 
dedicated to mating and reproduction, and with synchronized eclosion around host 
plant leaf flush suitable for oviposition, this adaptation may be beneficial (Viitasaari 
2002). However, further studies are needed on the topics of mating and reproduction 
success at the adult stage. 
 

5.2 Spring: Spring phenology (article II) 
 
This study is, to our knowledge, the first to show a trend of earlier eclosion in insects 
of northern Europe as a result of climate change. Historical temperature data were 
used to hindcast the time of spring eclosion, in the life cycle of three Pontania spp.. 
Eclosion dates were estimated from the two climatically different sites (Arctic and 
sub-Arctic), in Northern Norway in the period 1993-2013. Even with great inter-
annual differences, there was a significant trend towards earlier eclosion at both sites, 
indicative of global warming. The same trend has been shown for several insect 
species in Greenland (Høye et al. 2007). 
 
In spring, there is a short phenological window of opportunity for oviposition during 
host plant leaf flush, outside of which leaf characteristics set constraints on 
oviposition success, gall formation and larval performance (Craig et al. 1989; Hunter 
1993; Hunter 2000; Hunter and Elkinton 2000; Jones and Despland 2006; Martel and 
Kause 2002). Like many insects, Pontania spp. synchronize eclosion with host plant 
leaf flush. As shown in article I (Fig. 5), diapause for Pontania spp. ends mid-winter 
and during post-diapause quiescence, eclosion is synchronized towards spring. This is 
due to time-degree accumulation above a certain threshold temperature that dictates 
and synchronizes eclosion (Danks 1987; Hodek and Hodková 1988; Kalushkov et al. 
2001; Kostál 2006), an event that is of vital importance for mating and oviposition. 
Plant leaf flush is also predictable due to the same mechanisms of hour-degree 
accumulation above a certain development threshold (Ahas et al. 2002; Heikinheimo 
and Lappalainen 1997; Hänninen 1990; Lappalainen et al. 2008). Time of leaf flush 
has, however, not been investigated for the three Salix species used in this study.  
 
To estimate eclosion timing (i.e. eclosion dates) in spring for the Pontania spp., 
article II established the development threshold (also called development zero) 
needed to calculate hour-degree requirements for estimating eclosion dates (Baker 
1980). The Pontania spp. were reared in late March at constant temperatures of 9, 15, 
23 and 28 °C, when diapause had terminated and turned into post-diapause 
quiescence (article I). The development threshold was established to be 2.36 °C, 
which is the minimum temperature requirement for post-diapause morphogenesis, and 
the calculated hour-degree requirements to eclosion was calculated to be 6909, which 
is the temperature sum needed to finish morphogenesis (and adult eclosion) (Fig. 2 in 
article II that shows rate of development time during post-diapause morphogenesis). 
There were no significant differences in response between the three Pontania species 
or sexes, hence species and sexes were pooled  (comparable results, i.e. no significant 
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differences between the species, were also shown during the eclosion experiment in 
article I).   
 
Every year, eclosion occurred earlier at the sub-Arctic site, Nakkedalen, than at 
Komagdalen, the low Arctic study site that inhabiting on of the world’s northernmost 
populations of Pontania spp. (Hjältén et al. 2003; Roininen et al. 2002) over the 21-
year period (mean difference 16 days). The maximum difference in estimated 
eclosion dates between the study sites in the study period was almost 2 months (30 
July in Komagdalen, 1996, and 4 June in Nakkedalen, 2013). The estimated eclosion 
events for two years (Nakkedalen 2012 and 2013) were confirmed by comparison 
with actual eclosion using malaise traps catching adults during their flight period. The 
peak flight period matched the estimated eclosion dates (Fig. 6 and 7, article II).  It is 
worth remarking that the climatic conditions in spring were extremely different for 
these two years, thus enhancing the results (see Fig. 6, article II). 
 
An advancement of spring over the last 20 years has been shown in several studies, 
but was mostly based on mean temperatures (Ahas et al. 2002; Heikinheimo and 
Lappalainen 1997; Høgda et al. 2013; Høye and Forchhammer 2008b; Høye et al. 
2007; Karlsen et al. 2009; Lappalainen et al. 2008; Valtonen et al. 2014). Høgda et al. 
(2013) showed an earlier start of the growing season for the period 1982-2011, in 
which mean May and June temperatures increased and correlated significantly with 
the start of growing season, caused by decreasing snow cover and snow cover length 
in the period. The above estimated eclosion dates for Pontania spp. is the first to show 
this trend for insects in northern Europe. However, Høye and Forchhammer (2008b); 
Høye et al. (2007) showed the same trend (i.e. earlier spring phenology) among 
insects from the high-Arctic site Zackenberg in Greenland. They concluded that this 
was caused by earlier snowmelt in spring.  
 

5.3 Summer: Oviposition preference and larval performance (article 
III) 
 
One of the strongest oviposition preference-larval performance linkages for 
herbivorous insects has been shown among gall-inducing sawflies (Craig et al. 1989; 
Price 1991, 1994, 2003; Price et al. 2004). However, some leaf galling species 
(Pontania-viminalis group) do not follow this pattern (Price 2003; Price et al. 2004). 
This study confirms that the leaf gallers, P. nivalis, P. glabrifrons and P. arcticornis, 
have no oviposition preference that enhances larval performance (Figs. 2 and 3, 
article III). Hence, two new species can be added to list of non-comformist species; 
i.e. species that do not follow the plant vigor hypothesis (i.e. having oviposition 
preferences that enhance larval performance) as presented by Price et al. (2004) (P. 
arcticornis has earlier been added to the list, and functions as a reference species in 
this study).  
 
Herbivorous insects living in the Arctic show a wide range of adaptations to the 
severity and seasonality of the climate (Danks 1981, 1986). An important 
phenological event is timing of spring eclosion and its synchronicity with the host 
plant leaf flush. Outside the window of opportunity for oviposition, host plant quality 
changes and sets constraints on larval performance and survival (Hanhimaki et al. 
1995; Hunter 2000; Hunter and Elkinton 2000; Martel and Kause 2002; Mopper 
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2005). The three Pontania spp. in this study had similarly high survival rates (Fig. 2 
and 3, see also Fig. 5a, 5b and supplementary Tab. 1, article III), and shoot lengths 
did not differ between the species. There were also no differences in shoot length 
between living and dead late-stage larvae (Supplementary Fig. 2a, b, c and Fig. 3, see 
also supplementary Tab. 1, article III). Hence, no shoot length preferences were 
found.  
 
Furthermore, there are no oviposition cues to distinguish differences in shoot lengths, 
growth rates or node positions in early spring. Hence, short duration and early spring 
ovipostion generates into a narrow range of node preference pattern (Price 2003; Price 
et al. 2004), which was also shown in this study (Fig. 3, article III). In article II, we 
showed that the adult flight period (i.e. indicative for eclosion), in which mating and 
oviposition occurs, was brief with duration of the peak flight period was just a few 
days (max. 20 days) (Fig. 7, article II), which confirm the narrow node preference 
pattern shown.  There was also significant correlation in shoot length and node 
position (i.e. longer shoots had higher node position) (Fig. 4, article III). This pattern, 
however, is a consequence of female to oviposition choice, constrained to oviposite 
on the youngest available. During the oviposition period, as shoots grow, the quality 
of leaves low on shoots may deteriorate and become unsuitable for oviposition. As a 
result, only leaves higher on the shoot (i.e. higher node position) become suitable for 
oviposition as growth season progresses (i.e. in correlation with adult flight period, 
shown in Fig. 7, article II).  
 
In general, Pontania spp. emerge from galls in autumn in search for overwintering 
sites on the ground to pupate (Fig. 2a, article IV). However, the phenomenon in which 
larvae do not emerge from the gall and rather pupate inside the gall has been 
overlooked. This study confirms that this is quite normal for the three Pontania spp. 
(P. nivalis 17.8 %, P. glabrifrons 17.0 % and P. arcticornis 8.9 %), and that they also 
show no difference in oviposition preference (i.e. shoot length and node position) 
compared to pupation outside the gall (supplementary Fig. 3, article III, see also 
supplementary Fig. 2a,b and c, article III). There is no clear explanation for this 
behaviour, but it could be due to lower larval fitness caused by poor food quality or 
other unknown factors. This could prolong larval development, and due to the 
shortness of time in which to find an overwintering site to pupate, they rather pupate 
inside the gall. However, further studies on this subject are needed. 
 
Mortality caused by parasitoids is common among gall-inducing sawflies. However, 
parasitoids species assemblages and attacks decrease into higher latitudes, in which 
parasitoids may have less impact on survival in the Arctic (Kopelke 1985a, 1994; 
Price and Pschorn-Walcher 1988; Roininen et al. 2002). Results from this study show 
that Pontania spp. survival rates was in accordance with other Palearctic studies  
(ranged from 7.7 % to 34.5 %, mean = 25.4 %), of which the death caused by 
parasitoids was low (P. nivalis, mean = 12.3 %, P. glabrifrons, mean = 10.9 % and P. 
arcticornis, mean = 4.1 %) (details in supplementary Tab. 1 and 2, article III) 
(Kopelke 2003; Nyman et al. 2015; Roininen et al. 2002).  
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5.4 Autumn: Pre-diapause (article IV) 
 
This study is the first to show that the token stimulus needed for gall-inducing 
sawflies (Pontania spp.) to enter diapause in autumn, is caused by night length (i.e. 
photoperiod). The phenological event during pre-diapause is larval emergence from 
the galls in search for an overwintering site to pupate (as prepupae), which is an 
important event in preparation for diapause. Larval emergence from galls showed a 
distinct peak on 5 September for all three Pontania spp. for two different sites and 
between four years (Komagdalen 2008, 2009 and Nakkedalen 2012, 2013) (Fig. 2a, 
article IV). The night length on 5 September for Komagdalen was 9 h 17 min and 9 h 
7 min for Nakkedalen, respectively (Fig. 2b, article IV), which indicates that the 
critical night length is 9-9 ½ hours for diapause preparation during pre-diapause, 
which is essential in establishing when natural populations starts preparing for winter 
diapause. 
 
Among most sawflies (Hymenoptera: Symphyta), studies involving diapause 
induction have shown that larval development needs to end before they can respond to 
diapause-inducing cues (i.e. mainly photoperiodic response), but this has not 
previously been shown for Pontania spp. (Knerer 1983, 1993; Knerer and Marchant 
1973; Philogène and Benjamin 1971). Article II (Fig. 8) showed that larval 
development for Pontania spp. is complete in late August, in which there is a short 
period to respond to photoperiodic cues (i.e. during pre-diapause induction phase), 
prior to diapause preparation that starts on 5 September (Fig. 2a, article IV) (only a 
few individuals started earlier).  
 
The association between the circadian rhythmicity and photoperiodic time 
measurement in diapause induction among insects is strong, and the response to night 
length has shown to be of greater importance than day length. The manipulation of the 
light and dark component of the circadian cycle in experimental studies has shown 
that diapause induction is highest with long nights and close to natural circadian 
conditions. Manipulation of day length, on the other hand, resulted in lower 
occurrence of diapause induction (Saunders 2010, 2013, 2014).  
 
With regard to photoperiod and temperature acting as token stimuli, temperature has 
only a minor influence on diapause induction, in which photoperiod acts as the token 
stimulus (Knerer and Marchant 1973; Nunes and Saunders 1999; Saunders 2012, 
2014). The mean temperatures in August and September in this study were 
significantly different (p < 0.05) between sites and years (Fig. 3a and b, article IV). 
Day-degree accumulation above 0 °C between 1 August and 5 September (i.e. during 
pre-diapause), were very different between the two sites and years (Komagdalen 2008 
and Nakkedalen 2013, 430 and 281 day degrees, respectively) (Fig. 4, article IV). In 
addition, the synchronous diapause preparation behaviour shown by Pontania spp. in 
September at the sites and years (Fig. 2a, article IV), supported the observation that 
temperature plays a minimal role in diapause induction and timing of diapause 
preparation.  
 
Photoperiodic response has probably evolved several times during expansions of 
species into higher latitudes, but knowledge about the phenotypic modifying effect 
temperature sensitivity has on photoperiodic induction during diapause preparation is 
in general still lacking. It has been shown, however, that phenotypic plasticity in 
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critical photoperiodic responses along a latitudinal gradient may occur within the 
same species, and that temperature response may also show phenotypic modification. 
At higher latitudes, however, temperature dependence on photoperiodic response 
during diapause induction has shown to be minimal (Danks 1986; Danks 2003; 
Denlinger 2002; Goncalves et al. 2009; Ishihara and Shimada 1999; Masaki 1999; 
Saunders 2014; Tauber et al. 1986).  
 

6 Conclusion 
 
This thesis presents information on life history adaptations for gall-inducing sawflies 
that have not previously been studied, and gives a clearer picture of their life cycle at 
high latitudes.  The three Pontania spp. studied are very abundant on their host plant 
(Salix spp.) in the Arctic. Increasing our knowledge about their adaptation to the 
strongly seasonal fluctuating environment in the high north would give important 
insight into the factors that regulate their abundance and population dynamics. As for 
ecological studies involving diapause, the aim was to analyse and predict population 
response to the seasonal changing environment, and to increase precision in the 
knowledge of responses to environmental factors change.   
 
The diapause adaptations for the three Pontania spp. were very similar and followed 
the common outline for overwintering insects in general. However, chilling was not a 
prerequisite for diapause completion. In addition, protandry was documented during 
the eclosion experiment. Development threshold and hour-degree requirements were 
established in order to estimate eclosion timing, and these estimates were supported 
by adult presence as documented by trapping in field. Hindcasting climatic conditions 
in spring for the last 21 years, revealed a highly significant advance in eclosion dates, 
a consequence of global warming. However, there were great inter-annual differences 
in eclosion timing. Hence, Pontania spp. must be adapted to variation in spring 
climatic conditions and exhibit large phenological plasticity in timing of eclosion. The 
three Pontania spp. showed a remarkable phenological synchronous behaviour (i.e. 
preparation for diapause) during pre-diapause with a distinct start on 5 September. 
The establishment of the critical photoperiod for diapause preparation revealed that 
night length (i.e. photoperiod) acts as a token stimulus during pre-diapause, while 
autumn temperature played an insignificant role in this respect. 
 
This thesis also give new insights into the behavioural and ecological relationships 
with adjacent trophic levels for Pontania spp.. The three Pontania spp. did not show 
any oviposition preference with regard to larval performance, which is probably 
caused by a brief and early spring eclosion when host plant cues are lacking for any 
discriminatory behaviour. Pontania spp. also showed a relatively high larval survival, 
in which mortality caused by parasitoids was low.  
 
In light of the current attention on climate change, there is need for more information 
on the consequences this has on life history and population dynamics in Arctic 
insects. Temperature plays an essential factor in several life stages and may cause a 
strong response and have great effect on phenology and development. Among 
trophically interacting species that have evolved phenological synchronicity, temporal 
disassociation at a certain life stage may have a detrimental effect on survival due to 
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different responses to changing climate (Høye et al. 2013). However, for Pontania 
spp., with their close evolutionary adaptation to its host plants, temporal 
disassociation in spring phenology is likely to be small. As for temporal 
disassociation with parasitoids, it may either be beneficial or detrimental for survival. 
However, due to the relative low impact parasitoids have further south on Pontania 
spp. (Kopelke 1985b, 1999), climate change will probably not have a large effect on 
mortality caused by changes in parasitoid attack. Furthermore, Arctic willows are 
likely to expand their distribution with a warmer climate, and there is no indication 
that gall-inducing sawflies, that are highly adapted to the Arctic, will not follow.  
 
Even though this thesis presents valuable information on life history adaptation for 
the three Pontania species, there are especially two subjects that should be addressed. 
First, how does the rigidly synchronous behaviour during pre-diapause affect survival 
during the early stage of diapause, especially in relation to longer and warmer 
autumns due to climate change. And second, even though article II showed a trend for 
earlier eclosion due to climate change, there is need for more long-term studies on 
spring phenology, and especially in relation to Pontania spp. host plants. 
 

7 References  
 
Ahas R, Aasa A, Menzel A, Fedotova VG, Scheifinger H (2002) Changes in 

European spring phenology. Int J Climatol 22:1727-1738 
Andrewartha HG (1952) Diapause in relation to the ecology of insects. Biol Rev 

27:50-107 
Argus GW (1997) Infrageneric classification of Salix (Salicaceae) in the New World. 

Syst Bot Monogr 52:1-121 
Baker CRB (1980) Some problems in using meterological data in forecast the timing 

of insect life cycle. EPPO (Eur Mediterr Plant Prot Organ) Bull  10:83-91 
Barstad TE, Nilssen AC (2015) Spring phenology and the response to global warming 

in gall-inducing sawflies. Polar Biol 38:1503-1513 
Barstad TE, Nilssen AC (2016) Phenology during pre-diapause in gall-inducing 

sawflies and the influence of night length. Manuscript.  
Bartelt RJ, Kulman HM, Jones RL (1981) Effect of temperature on diapausing 

cocoons of the yellowheaded spruce sawfly, Pikonema alaskensis. Ann 
Entomol Soc Am 74:472-477 

Benson RB (1950) An introduction to the natural history of British sawflies. Trans 
Soc Brit Entomol 10:45-142 

Benson RB (1960) Studies in Pontania (Hym., Tenthredinidae). Bull Brit Mus (Nat 
Hist) Entomol 8:367-384 

Carr TG, Roininen H, Price PW (1998) Oviposition preference and larval 
performance of Nematus oligospilus (Hymenoptera: Tenthredinidae) in 
relation to host plant vigor. Environ Entomol 27:615-625 

Clancy KM, Price PW (1986) Temporal Variation in three-trophic-level interactions 
among willows, sawflies, and parasites. Ecology 67:1601-1607 

Clancy KM, Price PW, Craig TP (1986) Life history and natural enemies of an 
undescribed sawfly near Pontania Pacifica (Hymenoptera, Tenthredinidae) 
that forms leaf galls on arroyo willow, Salix Lasiolepis. Ann Entomol Soc Am 
79:884-892 



 30 

Cornelissen T, Fernandes GW, Vasconcellos-Neto J (2008) Size does matter: 
variation in herbivory between and within plants and the plant vigor 
hypothesis. Oikos 117:1121-1130 

Craig TP, Itami JK, Price PW (1989) A strong relationship between oviposition 
preference and larval performance in a shoot-galling sawfly. Ecology 
70:1691-1699 

Craig TP, Mopper S (1993) Sex ratio variation in sawflies. In: Wagner MR, Raffa KF 
(eds) Sawfly life history adaptations to woody plants. Academic Press, Inc., 
San Diego, pp 61-92 

Danks HV (1981) Arctic arthropods: a review of systematics and ecology with 
particularly reference to the North American fauna. Entomol Soc Can, Ottawa 

Danks HV (1986) Insect plant interactions in Arctic regions. Rev Entomol Quebec 
31:52-75 

Danks HV (1987) Insect dormancy: an ecological perspective. Biol Survey Canada, 
Natl Mus Nat Sci, Ottawa  

Danks HV (1991a) Life cycle pathways and the analysis of complex life cycles in 
insects. Can Entomol 123:23-40 

Danks HV (1991b) Winter habitats and ecological adaptations for winter survival. In: 
Lee Jr RE, Denlinger DL (eds) Insects at low temperature. Chapman & Hall, 
New York, pp 231-259 

Danks HV (2002) The range of insect dormancy responses. Eur J Entomol 99:127-
142 

Danks HV (2003) Studying insect photoperiodism and rhythmicity: Components, 
approaches and lessons. Eur J Entomol 100:209-221 

Danks HV (2004) Seasonal adaptations in Arctic insects. Integr Comp Biol 44:85-94 
Danks HV (2005) How similar are daily and seasonal biological clocks? Journal of 

Insect Physiology:609-619 
Denlinger DL (2002) Regulation of diapause. Annu Rev Entomol 47:93-122 
Downes JA (1965) Adaptation of insects in the Arctic. Annu Rev Entomol 10:257-

274 
Fagerström T, Wiklund C (1982) Why do males emerge before females? Protandry as 

a mating strategy in male and female butterflies. Oecologia 54:164-166 
Ferrier SM, Price PW (2004) Oviposition preference and larval performance of a rare 

bud-galling sawfly (Hymenoptera: Tenthredinidae) on willow in northern 
Arizona. Environ Entomol 33:700-708 

Fritz RS, Crabb BA, Hochwender CG (2000) Preference and performance of a gall-
inducing sawfly: a test of the plant vigor hypothesis. Oikos 89:555-563 

Fritz RS, Crabb BA, Hochwender CG (2003) Preference and performance of a gall-
inducing sawfly: plant vigor, sex, gall traits and phenology. Oikos 102:601-
613 

Goncalves SJMR, Moreira GRP, Isaias RMS (2009) A unique seasonal cycle in a leaf 
gall-inducing insect: the formation of stem galls for dormancy. J Nat Hist 
43:843-854 

Hanhimaki S, Senn J, Haukioja E (1995) The convergence in growth of foliage-
chewing insect species on individual mountain birch trees. J Anim Ecol 
64:543-552 

Heikinheimo M, Lappalainen H (1997) Dependence of the flower bud burst of some 
plant taxa in Finland on effective temperature sum: implications for climate 
warming. Ann Bot Fennici 34:229-243 



 31 

Hjältén J, Roininen H, Danell K, Price PW (2003) Distribution and oviposition 
preference of galling sawflies in Arctic Canada. Polar Biol 26:768-773 

Hodek I (1996) Diapause development, diapause termination and the end of diapause. 
Eur J Entomol 93:475-487 

Hodek I (1999) Environmental regulation and some neglected aspects of insect 
diapause. Entomol Sci 2:533-537 

Hodek I (2002) Controversial aspects of diapause development. Eur J Entomol 
99:163-173 

Hodek I (2003) Role of water and moisture in diapause development (A review). Eur 
J Entomol 100:223-232 

Hodek I, Hodková M (1988) Multiple role of temperature during insect diapause: a 
review. Entomol Exp Appl 49:153-165 

Hodgson JA, Thomas CD, Oliver TH, Anderson BJ, Brereton TM (2011) Predicting 
insect phenology across space and time. Global Change Biol 17:1289-1300 

Hodkinson ID (2013) Terrestrial and freshwater invertebrates. In: Meltofte H (ed) 
Arctic biodiversity assessment. Status and trends in Arctic biodiversity. 
Conservation of Arctic flora and fauna. Narayana Press, Denmark, pp 247-276 

Humble LM (2006) Overwintering adaptation in arctic sawflies (Hymenoptera: 
Tenthredinidae) and their parasioids: cold tolerance. Can Entomol 138:59-71 

Hunter AF (1993) Gypsy moth population size and the window of opportunity in 
spring. Oikos 68:531-538 

Hunter AF (2000) Gregariousness and repellent defences in the survival of 
phytophagous insects. Oikos 91:213-224 

Hunter AF, Elkinton JS (2000) Effects of synchrony with host plant on populations of 
a spring-feeding Lepidopteran. Ecology 81:1248-1261 

Hunter MD (1992) A variable insect-plant interaction: the relationship between tree 
budburst phenology and population levels of insect herbivores among trees. 
Ecol Entomol 16:91-95 

Hänninen H (1990) Modelling bud dormancy release in trees from cool and 
temperated regions. Acta For Fenn 213:1-47 

Høgda KA, Tømmervik H, Karlsen SR (2013) Trends in the start of the growing 
season in Fennoscandia 1982-2011. Remote Sens 5:4304-4318 

Høye T (2013) Arctic entomology in the 21st century. Can Entomol 145:125-130 
Høye T (2014) Reducing uncertainty in species' response to climate change. Curr 

Zool 60:186-188 
Høye T, Forchhammer MC (2008a) The influence of weather conditions on the 

activity of high-arctic arthropods inferred from long-term observations. BMC 
Ecol 8:8 

Høye T, Forchhammer MC (2008b) Phenology of high-arctic arthropods: effect of 
climate on spatial, seasonal and inter-annual variation. Adv Ecol Res 40:299-
324 

Høye T, Post E, Meltofte H, Schmidt NM, Forchhammer MC (2007) Rapid 
advancement of spring in the high arctic. Curr Biol 17:R449-R450 

Høye T, Post E, Schmidt NM, Trøjelsgaard K, Forchhammer MC (2013) Shorter 
flowering seasons and declining abundance of flower visitors in a warmer 
Arctic. Nat Clim Change 3:759-763 

Ishihara M, Shimada M (1999) Geographical variation in photoperiodic response for 
diapause induction between univoltine and multivoltine populations of 
Kytorhinus sharpianus (Coleoptera: Bruchidae). Popul Ecol 28:195-200 



 32 

Jepsen JU, Kapari L, Hagen SB, Schott T, Vindstad OPL, Nilssen AC, Ims RA (2011) 
Rapid northward expansion of forest insect pest attributed to spring phenology 
matching with sub-Arctic birch. Global Change Biol 17:2071-2083 

Jones BC, Despland E (2006) Effect of synchronization with host plant phenology 
occur early in the larval development of spring folivore. Can J Zool 84:628-
633 

Kalushkov P, Hodková M, Nedved O, Hodek I (2001) Effect of thermoperiod on 
diapause intensity in Pyrrhocoris apterus (Heteroptera Pyrrhocoridae). J 
Insect Physiol 47:55-61 

Karlsen SR, Høgda KA, Wielgolaski FE, Tolvanen A, Tømmervik H, Poikolainen J, 
Kubin E (2009) Growing-season trends in Fennoscandia 1982-2006. Clim Res 
39:275-286 

Kattsov VM, Källén E, Cattle H, Christensen J, Drange H, Hanssen-Bauer I, 
Jóhannesen T, Karol I, Räisänen J, Svensson G, Vavulin S (2005) Future 
climate change: modeling and scenarios for the Arctic. In: Symon C, Arris L, 
Heal B (eds) Arctic climate impact assessment. Cambridge University Press, 
Cambridge, pp 99-150 

Knerer G (1983) Diapause strategies in diprionid sawflies. Naturwissenschaften 
70:203-205 

Knerer G (1993) Life history diversity in sawflies. In: Wagner MR, Raffa KF (eds) 
Sawfly life history adaptations to woody plants. Academic Press Inc., San 
Diego, pp 33-59 

Knerer G, Marchant R (1973) Diapause induction in the sawfly Neodiprion rugifrons 
Middelton (Hymenoptera: Diprionidae). Can J Zool 51:105-108 

Kopelke J-P (1985a) Biologie und parasiten der gallenbildenden blattwepse Pontania 
proxima (Lepeletier 1823). Senckenbergiana biol 65:215-239 

Kopelke J-P (1985b) Über die biologie und parasiten der gallenbildenden 
blattwepsenarten Pontania dolichura (THOMS. 1871), P. vesicator (BREMI 
1849) und P. viminalis (L. 1758) (Hymenoptera: Tenthredinidae). Faun -Ökol 
Mitt 5:331-344 

Kopelke J-P (1986) Zur Taxonomie und biologie neuer Pontania-arten der Dolichura 
-gruppe. Senckenbergiana biol 67:51-71 

Kopelke J-P (1991) Die arten der viminalis-gruppe, gattung Pontania O. Costa 1859, 
Mittel- und Nordeuropas (Insecta: Hymenoptera: Tenthredinidae). 
Senckenbergiana biol 71:65-128 

Kopelke J-P (1994) Der schmarotzerkomplex (brutparasiten und parasitoide) der 
gallenbildenden Pontania-arten (Insecta: Hymenoptera: Tenthredinidae). 
Senckenbergiana biol 73:83-133 

Kopelke J-P (1998) Eiablage-strategien bei gallenbildenden arten der blattwespen-
gattungen Pontania, Euura und Phyllocolpa (Hymenoptera: Tenthredinidae: 
Nematinae). Entomol Gen 22:251-275 

Kopelke J-P (1999) Gallenerzeugende Blattwespen Europas − Taxonomische 
Grundlagen, Biologie und Ökologie (Tenthredinidae: Nematinae: Euura, 
Phyllocolpa, Pontania). Cour Forsch Senck 212:1-183 

Kopelke J-P (2003) Natural enemies of gall-forming sawflies on willows (Salix spp.) 
(Hymenoptera: Tenthredinidae: Euura, Phyllocopla, Pontania). Entomol Gen 
26:277-312 

Kostál V (2006) Eco-physiological phases of insect diapause. J Insect Physiol 52:113-
127 



 33 

Lappalainen HK, Linkosalo T, Venäläinen A (2008) Long-term trends in spring 
phenology in a boreal forest in central Finland. Boreal Env Res 13:303-318 

Lennartson M, Ögren E (2004) Clonal variation in temperature requirements for 
budburst and dehardening in Salix species used for biomass production. Scand 
J For Res 19:295-302 

Martel J, Kause A (2002) The phenological window of opportunity for early-season 
birch sawflies. Ecol Entomol 27:302-307 

Masaki S (1999) Seasonal adaptations of insects as revealed by latitudinal diapause 
clines. Entomol Sci 2:539-549 

Masaki S (2002) Ecophysiological consequences of variability in diapause intensity. 
Eur J Entomol 99:143-154 

McGeoch MA, Price PW (2004) Spatial abundance structures in an assemblage of 
gall-forming sawflies. J Anim Ecol 73:506-516 

McGeoch MA, Price PW (2005) Scale-dependent mechanisms in the population 
dynamics of an insect herbivore. Oecologia 144:278-288 

Meltofte H, Huntington HJ, Barry T (2013) Introduction. In: Meltofte H (ed) Arctic 
biodiversity assessment. Status and trends in Arctic biodiversity. Conservation 
of Arctic flora and fauna. Narayana Press, Denmark,  

Miller K (1982) Cold-hardiness strategies of some adults and immature insects 
overwintering in interior Alaska. Comp Biochem Physiol 73 595-604 

Miller K, Werner R (1980) Supercooling to –60°C: an extreme example of freezing 
avoidance in northern willow gall insects. Cryobiology 17:621-622 

Mopper S (2005) Phenology-how time creates spatial structure in endophagous insect 
populations. Ann Zool Fennici 42:327-333 

Myking T, Heide OM (1995) Dormancy release and chilling requirements of bud 
burst of latitudinal ecotypes of Betula pendula and B. pubescens. Tree Physiol 
15:697-704 

Nilssen A, Tenow O (1990) Diapause, embryo growth and supercooling capacity of 
Epirrita autumnata eggs from northern Fennoscandia. Entomol Exp Appl 
57:39-55 

Nilssen AC (1997) Effect of temperature on pupal development and eclosion dates in 
the reindeer Oestrids Hypoderma tarandi and Cephenemyia trompe (Diptera: 
Oestridae). Physiol Chem Ecol 26:296-306 

Nunes MV, Saunders D (1999) Photoperiodic time measurement in insects: a review 
of the clock models. J Biol Rhythms 14:84-104 

Nuorteva M (1971) Die Sägewespenfauna (Hym., Symphyta) von Vuohiniemi, 
Südfinnland. Ann Entomol Fenn 37:179-189 

Nyman T (2000) Phylogeny and ecological evolution of gall-inducing sawflies 
(Hymenoptera: Tenthredinidae). Dissertation, University of Joensuu, Finland.  

Nyman T, Bokma F, Kopelke JP (2007) Reciprocal diversification in a complex 
plant-herbivore-parasitoid food web. BMC Biol 5:49 

Nyman T, Farrell BD, Zinovjev AG, Vikberg V (2006a) Larval habits, host-plant 
associations, and speciation in nematine sawflies (Hymenoptera: 
Tenthredinidae). Evolution 60:1622-1637 

Nyman T, Leppänen SA, Várkonyi G, Shaw MR, Koivisto R, Barstad TE, Vikberg V, 
Roininen H (2015) Determinants of parasitoid communities of willow-galling 
sawflies: habitat overrides physiology, host plant and space. Mol Ecol 
24:5059-5074 



 34 

Nyman T, Roininen H, Vuorinen JA (1998) Evolution of different gall types in 
willow-feeding sawflies (Hymenoptera: Tenthredinidae). Evolution 52:465-
474 

Nyman T, Widmer A, Roininen H (2000) Evolution of gall morphology and host-
plant relationships in willow-feeding sawflies (Hymenoptera: Tenthredinidae). 
Evolution 54:526-533 

Nyman T, Zinovjev AG, Vikberg V, Farrell BD (2006b) Molecular phylogeny of the 
sawfly subfamily Nematinae (Hymenoptera: Tenthredinidae). Syst Entomol 
31:569-583 

Parmesan C (2006) Ecological and evolutionary responses to recent climatic change. 
Annu Rev Ecol Evol Syst 37:637-669 

Philogène BJR, Benjamin DM (1971) Diapause in the Swaine jack-pine sawfly, 
Neodiprion swainei as influenced by temperature and photoperiod. J Insect 
Physiol 17:1711-1716 

Price P, Craig TP (1984) Life history, phenology, and survivorship of stem-galling 
sawfly, Euura lasiolepis (Hymenoptera: Tenthredinidae), on the arroyo 
willow, Salix lasiolepis, in northern Arizona. Ann Entmol Soc Am 77:712-719 

Price P, Pschorn-Walcher H (1988) Are galling insects better protected againt 
parasitoids than exposed feeders? a test using tenthredinid sawflies. Ecol 
Entomol 13:195-205 

Price P, Roininen H, Zinovjev A (1998) Adaptive radiation of gall-inducing sawflies 
in relation to architecture and geographic range of willow host plants. In: 
Csóka G, Matteson WJ, Stone GN, Price PW (eds) Biology of gall-inducing 
arthropods. USDA For Serv N Central For Res Stat Gen Tech Rep NC 199, pp 
196-203 

Price PW (1991) The plant vigor hypothesis and herbivore attack. Oikos 62:244-251 
Price PW (1992) Evolution and ecology of gall-inducing sawflies. In: Shorthouse JD, 

Rohfritsch O (eds) Biology of insect-induced galls. Oxford University Press, 
Oxford, pp 2008-2224 

Price PW (1994) Phylogenetic constraints, adaptive syndromes, and emergent 
properties: from individual to population dynamics. Res Popul Ecol 36:3-14 

Price PW (2003) Macroevolutionary theory on macroecological patterns. Cambridge 
University Press, Cambridge 

Price PW, Clancy KM (1986) Interactions among 3 trophic levels - gall size and 
parasitoid attack. Ecology 67:1593-1600 

Price PW, Clancy KM, Roininen H (1994) Comparative population dynamics of the 
galling sawflies. In: Price PW, Matteson WJ, Baranchikov YN (eds) Ecology 
and evolution of gall-forming insects. USDA For Serv N Central For Expt Stat 
Gen Tech Rep NC 174, pp 1-11 

Price PW, Ohgushi T, Roininen H, Ishihara M, Craig TP, Tahvanainen J, Ferrier SM 
(2004) Release of phylogenetic constraints through low resource 
heterogeneity: the case of gall-inducing sawflies. Ecol Entomol 29:467-481 

Price PW, Roininen H (1993) Adaptive radiation in gall induction. In: Wagner MR, 
Raffa KF (eds) Sawfly life history to woody plants. Academic Press, New 
York, pp 229-257 

Ring RA, Tesar D (1981) Adaptation to cold in Canadian Arctic insects. Cryobiology 
18:199-211 

Roininen H, Danell K, Zinovjev A, Vikberg V, Virtanen R (2002) Community 
structure, survival and mortality factors in Arctic populations of Eupontania 
leaf gallers. Polar Biol 25:605-611 



 35 

Roininen H, Nyman T, Zinovjev AG (2005) Biology, ecology, and evolution of gall-
inducing sawflies (Hymenoptera: Tenthredinidae and Xyelidae). In: Raman A, 
Schafer SW, Withers TM (eds) Biology, ecology and evolution of gall-
inducing arthropods. Science Publishers, Inc., New Hampshire, pp 467-494 

Saska MM, Kuzovkina YA (2010) Phenological stages of willow (Salix). Ann Appl 
Biol 156:431-437 

Saunders DS (2002) Insect clocks. 3rd edn. Elsevier, Amsterdam 
Saunders DS (2009) Circadian rhythms and the evolution of photoperiodic timing in 

insects. Physiol Entomol 34:301-308 
Saunders DS (2010) Controversial aspects of photoperiodism in insects and mites. J 

Insect Physiol:1491-1502 
Saunders DS (2011) Unity and diversity in the insect photoperiodic mechanism. 

Entomol Sci 14:235-244 
Saunders DS (2012) Insect photoperiodism: seeing the light. Physiol Entomol 37:207-

218 
Saunders DS (2013) Insect photoperiodism: measuring the night. J Insect Physiol 

59:1-10 
Saunders DS (2014) Insect photoperiodism: effect of temperature on the induction of 

insect diapause and diverse role for the circadian system in the photoperiodic 
response. Entomol Sci 17:25-40 

Sawyer AJ, Tauber CA, Tauber MJ (1993) Gypsy moth (Lepidoptera: Lymantriidae) 
egg development: a simultaion analysis of laboratory and field data. Ecol 
Model 66:121-155 

Singer MC, Parmesan C (2010) Phenological asynchrony between herbivorous insects 
and their host: signal of climatic change or pre-existing adaptive strategy? Phil 
Trans R Soc 365:3161-3176 

Strathdee AT, Bale JS (1998) Life on the edge: insect ecology in Arctic environments. 
Annu Rev Entomol 43:85-106 

Tanno K (1970) Frost injury and resistance in the poplar sawfly, Trichiocampus 
populi Okamoto. Contrib Inst Low Temp Sci Hokkaido Univ B16:1-41 

Tauber MJ, Tauber CA, Masaki S (1986) Seasonal adaptations of insects. Oxford 
University Press, New York 

Tsarouhas V, Gullberg U, Lagercrantz U (2003) Mapping of quantitative trait loci 
controlling timing of bud flush in Salix. Hereditas 138:172-178 

Valtonen A, Leinonen R, Pöyry J, Roininen H, Tuomela J, Ayres MP (2014) Is 
climate warming more consequential towards poles? The phenology of 
Lepidoptera in Finland. Global Change Biol 20:16-27 

van Asch M, van Tienderen PH, Holleman LJM, Visser ME (2007) Predicting 
adaptation of phenology in response to climate change, an insect herbivore 
example. Global Change Biol 13:1596-1604 

Viitasaari M (2002) Sawflies (Hymenoptera, Symphyta) Vol I: a review of the 
suborder, the Western Palearctic taxa of Xyeloidae and Pamphiliodae. Tremex 
Press Ltd, Helsinki 

Vikberg V (1970) The genus Pontania O. Costa (Hym., Tenthredinidae) in the 
Kilpisjärvi district, Finnish Lapland. Ann Ent Fenn 36:10-24 

Virtanen R, Oksanen L, Razzhivin V (1999) Topographical and regional patterns of 
tundra heath vegetation from northern Fennoscandia to the Taimyr Peninsula. 
Acta Bot Fenn 167:29-83 

Walker DA, Raynolds MK, Daniels FJA, Einarsson E, Elvebakk A, Gould WA, 
Katenin AE, Kholod SS, Markson CJ, Melnikov ES, Moskalenko NG, Talbot 



 36 

SS, Yurtsev BA (2005) The circumpolar Arctic vegetation map. J Veg Sci 
16:267-282 

Wiklund C, Fagerström T (1977) Why do males emerge before females? A hypothesis 
to explain the incidence of protandry in butterflies. Oecologia 31:153-158 

Worner SP (1992) Performance of phenological models under variable temperature 
regimes: consequences of the Kaufmann or rate summation effect. Environ 
Entomol 21:689-699 

Zinovjev AG (1993) Subgenera and Palaearctic species groups of the genus Pontania, 
with notes on the taxonomy of some European species of the viminalis-group 
(Hymenoptera: Tenthredinidae). Zoosyst Ross 2:145-154 

Zinovjev AG (1998) Palearctic sawflies of the genus Pontania Costa (Hymenoptera: 
Tenthredinidae) and their host-plant specificity. In: Csóka G, Matteson WJ, 
Stone GN, Price PW (eds) Biology of gall-inducing arthropods. USDA For 
Serv N Central For Res Stat Gen Tech Rep NC 199, pp 204-225 

Zinovjev AG, Vikberg V (1998) On the biology of Nematinae with hiding larvae. 
Beitr Ent 48:145-155 

Zinovjev AG, Vikberg V (1999) The sawfly of the Pontania crassispina-group with a 
key for the genera of the subtribe Euurina (Hymenoptera: Tenthredinidae, 
Nematinae). Entomol Scand 30:281-298 

 




