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Abstract 

Phenotypic plasticity and local adaptations are important factors in predicting range expansions and 

shifts of pest insects in a changing climate. We reared two lepidopteran forest pests, Lymantria 

monacha and L. dispar, at three climatically different field sites from central Germany to northern 

Finland to investigate differences among populations in plasticity in the timing of pupation and adult 

emergence (measured as cumulative temperature sums, degree days > 5 °C), pupal mass, and 

duration of the pupal period. We also compared the phenologies of continental and boreal L. 

monacha populations feeding on Scots pine (Pinus sylvestris) to reveal possible local adaptations. 

Lymantria dispar was reared on different host plants – Quercus robur, Betula pendula and B. 

pubescens ssp. czerepanovii – to evaluate the possibilities of a range expansion northwards. There 

was stronger indication of adaptive phenotypic plasticity, which enables species to cope with 

changing environmental conditions, in continental L. dispar and boreal L. monacha populations than 

in the continental L. monacha population. Differences between boreal and continental L. monacha 

populations may denote adaptation to local conditions. All three host plants used for L. dispar 

proved suitable for the species, revealing that host plant availability would not limit its range 

expansion in Northern Europe.  

 

Keywords: Climate change, Local adaptation, Lymantria monacha, Lymantria dispar, Phenotypic 

plasticity  
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Introduction 

The influence of climate change on butterflies and moths – especially charismatic, conspicuous 

species and those considered as forest or agricultural pests – has been investigated intensively in 

recent years (e.g., Björkman & Niemelä 2015). The effect of rising temperatures on the distribution 

ranges of Lepidoptera has been considered (e.g.,Parmesan et al. 1999, Vanhanen et al. 2007, Jepsen 

et al. 2008, Ammunét et al. 2012, Yasukevich et al. 2015), as well as the possibility for phenological 

mismatches in synchrony between trophic levels, such as defoliator larvae or pollinators and their 

host plants (e.g., Buse & Good 1996, van Asch & Visser 2007, Memmott et al. 2007, Jepsen et al. 

2011, Visser & Holleman 2001, Foster et al. 2013, Hindle et al. 2015). Several authors have voiced 

the need to take phenotypic plasticity as well as local adaptations (and even local adaptations of 

phenotypic plasticity) into account in such studies, as geographically distant populations of the same 

species may have developed the ability to thrive in different conditions and even to cope with a 

continuously changing climate (Ammunét et al. 2011, Valtonen et al. 2011, Kaitaniemi et al. 2012, 

Valladares et al. 2014). 

Presumably insects optimize their life cycle in relation to prevailing conditions to obtain maximum 

fitness. This is facilitated by adaptive phenotypic plasticity of the life stage duration and timing, 

such as egg hatching, diapausing, pupation, adult emergence and oviposition – in other words by the 

ability to flexibly adapt the phenology to prevailing environmental conditions (Nylin & Gotthard 

1998, Valtonen et al. 2011, Saikkonen et al. 2012, Valladares et al. 2014). In the life cycle of a 

univoltine insect, phenological events are commonly dependent on the accumulated temperature 

sum. Global climate change may influence the rate of temperature accumulation and the average 

dates when a required temperature sum is reached. However, day length – a variable not influenced 

by climate change – also commonly controls the timing of insect life cycles either independently or 

as a modifier of temperature effects (Danks 1987, Tauber et al. 1990, van Asch & Visser 2007, 

Valtonen et al. 2011). With sufficient adaptive phenotypic plasticity allowing insects to follow these 

environmental cues, many species may rapidly become established in new environments, or continue 
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thriving in the changing climate of their current distribution range, without a risk of asynchrony with 

their host plants before any genetic adaptation takes place. 

In this paper we report the results of a field study where we investigated plasticity in the timing of 

pupation and adult emergence (measured in relation to accumulating temperature sums), pupal mass 

and the duration of the pupal period in different populations of two forest pests, the nun moth 

(Lymantria monacha (Linnaeus)) and the gypsy moth (L. dispar (Linnaeus) (Lepidoptera: Erebidae, 

Lymantriinae)). We examined the phenological differences between the L. monacha populations 

from continental mid-Germany and boreal Southern Finland when individuals from these both 

populations were reared in the same conditions, as these differences may indicate recent local 

adaptations in the Finnish population. We also investigated, whether L. monacha or L. dispar 

individuals, originating from the same population, differ in development timing when mesh bag-

reared in climatically different field locations – both in areas where the species occur naturally, and 

more northern ones where they are not present. A further aim was to examine the timing of life cycle 

events of L. dispar to assess whether it could expand its range northwards in Northern Europe to 

areas where it is not yet present but where L. monacha is currently spreading (Leinonen et al. 2016). 

Finally, we wanted to compare L. dispar development on different host plants, namely oak (Quercus 

robur L.), silver birch (Betula pendula Roth.) and mountain birch (B. pubescens ssp. czerepanovii 

(Orl.) Hämet-Ahti) under field conditions. 

Materials & Methods 

2.1 Study species 

Lymantria monacha and L. dispar are both univoltine medium-sized nocturnal moths that overwinter 

as small, fully developed larvae diapausing in eggs (Leonard 1974, Bejer 1988, Majunke et al. 

2004). Both are considered serious forest defoliators and exhibit frequent though irregular outbreaks 

in at least some parts of their respective distribution ranges. Lymantria monacha occurs in most parts 

of temperate Europe and Asia (Vanhanen et al. 2007) and prefers conifers, namely Norway spruce 
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(Picea abies (L.) H. Karst.) and Scots pine (Pinus sylvestris L.) as its host plants, although it can also 

successfully feed and develop on a wide range of other conifer and broadleaf species (Keena 2003). 

The distribution range of L. dispar is slightly more southern than that of L. monacha. It comprises 

most of Europe (except for central and northern Fennoscandia and the British Isles) and Asia as well 

as parts of North America where it was introduced in the mid-19th century and where it quickly 

became a major pest species (Forbush & Fernald 1896, Liebhold et al. 1992, Liebhold et al. 2000). 

Lymantria dispar is a highly polyphagous generalist feeding on a large range of different tree 

genera, with Quercus, Betula, Fagus, Larix and Populus species being among the preferred hosts 

(Lechowicz & Mauffette 1986).  

Previous studies on environmental variables controlling the life cycle of L. monacha are scarce. In L. 

dispar egg diapause and hatching are controlled chiefly by temperature, the effect of which may 

slightly be inhibited by a short day length (Tauber et al. 1990, Gray et al. 1991, Keena 1996, Gray 

2010, Wei et al. 2014). An increase in temperature has also been shown to decrease the time needed 

for larval development for both species. At least in the range between 15 °C and 25 °C higher 

temperatures also increase survival rates for L. dispar but the effect is the opposite for L. monacha 

(Karolewski et al. 2007). Bogach et al. (1966) and Kireeva (1969) showed that the duration of the 

pupal phase of L. dispar is influenced by both light and temperature, with longer days and higher 

temperatures advancing the pupal development. 

2.2 Locations 

The study was conducted at three different sites in central and northern Europe with approximately 

ten latitudinal degrees between the two subsequent sites (Table 1, Fig. 1). The southernmost 

(henceforth referred to as “Tharandt”) site was located in Tharandter Wald in Saxony, Germany, 

where both L. monacha and L. dispar occur naturally. Here, as in all other locations, L. monacha 

larvae were reared only on P. sylvestris, while L. dispar was reared on both Q. robur and B. pendula. 

The second site (“Turku”) was located in Southern Finland, Turku, where L. monacha has become 
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more common during the recent decades (Leinonen et al. 2016), but where L. dispar is not present. 

Here all the L. dispar and some of the L. monacha larvae were reared at the Ruissalo botanical 

garden, while the remaining L. monacha larvae were reared on naturally regenerated Scots pines 

near the campus of the University of Turku, 6.5 km apart, due to the shortage of P. sylvestris in the 

botanical garden. In Turku L. dispar was reared on Q. robur only. The northernmost site (“Kevo”) 

located at the Kevo Subarctic Research Station in Utsjoki, close to the northern border of Finland, is 

well beyond the natural range of both Lymantria species. Here L. dispar larvae were reared on B. 

pubescens ssp. czerepanovii, the most abundant broadleaved tree found there, as B. pendula does not 

grow this far north. 

2.3 Field experiment 

Lymantria monacha eggs were obtained from females reared in mesh bags under field conditions in 

Tharandter Wald, Germany during the summer 2013, and they represent a second generation bred in 

captivity. The original females were collected in Brandenburg, Germany (later referred to as the 

“continental” population, following the definition of biogeographic regions in Europe by the 

European Environment Agency (2012)) and in the archipelago of South-Western Finland (later 

referred to as the “boreal” population) in summer 2012. Lymantria dispar eggs were collected from 

tree trunks in Brandenburg in August 2013. All the eggs were stored in closed glass vials in a 

climate chamber (Binder KBF 720) in Tharandt. The temperature was gradually lowered being 19.6 

°C on 28th of July when the first L. monacha eggs were laid, 15.9 °C as the newly collected L. dispar 

eggs were added on 21st of August and reaching 0 °C on 25th of November. On 17th of December, all 

the eggs were moved into a freezer at the temperature of -5 °C.  

On 3rd of April 2014, the eggs were randomly assigned to experimental groups, although clearly 

unfertilized red or flat eggs were omitted. Seven broods of continental L. dispar and L. monacha 

eggs as well as five broods of boreal L. monacha eggs were divided into batches of 16 eggs, with all 

the eggs in a batch coming from the same brood. Table 1 shows the batches assigned to the three 
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different field sites. All the egg batches were further divided into two glass vials with eight eggs in 

each to prevent crowding in later phases of the experiment.  

All the eggs for the field site in Tharandt were transferred to an open shed on 3rd of April and to the 

forest on 7th of April, at all times together with a temperature logger. The eggs for Turku were stored 

at -5 °C until transported from Tharandt to Turku together with a temperature logger by express mail 

on 6-7th of May. For the following days, the eggs were kept at room temperature during the nights 

and outdoors during the days until transferred to the field sites at the Botanical Garden and at the 

campus on 10-17th of May.  The eggs for Kevo were stored at -5 °C in Tharandt until they were sent 

by express mail to Turku on 13-14th of May. They were subsequently transported in a cool box by 

car to Kevo and there stored in a fridge at +2.6 °C until 28th of May when the experiment was 

started.  

On the study trees the eggs – and later the larvae – were kept in 40 × 100 cm mesh bags of fine 

voile, each of which enclosed a branch on which the larvae could move and feed freely. The 16 eggs 

of each batch were kept in two bags on the same tree, except for a few cases where no trees large 

enough to support two bags were available. In these cases, two trees close to each other were used to 

host one of the two bags of a batch each.  

At all three sites the experiment was started close to the time of oak or birch budburst to ensure that 

the neonate L. dispar larvae could start feeding directly after hatching. In Tharandt and Turku some 

of the pines had male cones during the experiment, producing pollen which is a preferred – though 

not obligatory (personal observation) – food source for L. monacha larvae. Temperature data for the 

field sites was obtained from nearby weather stations (Tharandt: “Wildacker Tharandter Wald”, 

Turku: “Artukainen”, Kevo: “Kevo”) and complemented with data logger measurements. Data on 

day length was obtained using an online calculator (Gerding 2016). 
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The mesh bags were first checked weekly for damages and defoliation. If the branch in the bag was 

almost completely defoliated (which occasionally happened in the late instars), the larvae were 

moved to a new bag on another branch.  

When the first larvae reached the last instar, the bags were checked at two- or three-day intervals for 

pupae. When the exact date of pupation was not evident, an approximation was used – if the control 

interval had been three days, the date in the middle was recorded as the pupating date; if the interval 

had been two days, every second pupa found that day was recorded for the first day in the interval 

and every second for the second day in the interval. The pupae were placed individually in plastic 

cups on a wad of moist Sphagnum moss and the cups were covered with a loose lid (except for 

Tharandt where they were covered with voile net) and stored in an open shed, out of direct sunlight.  

The pupae were sexed and weighed with a precision scale 6-10 days after pupation. Each pupa was 

weighed three times consecutively on the same day and the average of the three measurements was 

recorded as the pupal mass. In capital breeders, i.e. moth species that do not feed as adults, the pupal 

mass of females correlates with the number of eggs they are able to produce (Hough & Pimentel 

1978, Gilbert 1984, Honěk 1993, Tammaru & Haukioja 1996).  

A set of five L. monacha and five L. dispar pupae from a parallel laboratory breeding were weighed 

once per day from the 5th to the 14th day of their pupal period to assess whether the pupal mass 

changes as the pupae mature. No considerable changes in pupal mass occurred between the 6th and 

the 10th day of the pupal period, thus we consider all the pupal masses measured in the experiment to 

be reliably comparable with each other.  

The plastic cups were checked with one- to three-day intervals for emerged adults. The date of 

emergence was calculated in the same way as the date of pupation. The duration of the pupal period 

was measured in days.  

We used degree days above 5 °C (dd5), i.e. the cumulative sum of daily average temperatures 

exceeding the base level of 5 °C, as a measurement for timing of the pupation and adult emergence. 
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The temperature sum was used instead of days, as temperature is much more likely to affect insect 

lifecycle than the simple passing of arbitrary time units. The 5 degrees Celsius threshold was chosen 

not because of its likely biological relevance for the phenological processes of the study species, but 

because it is well suited for comparing the progress of spring and summer on the three study sites 

(Figs. 1, A1). The true developmental threshold temperatures for the different life stages of these L. 

monacha and L. dispar populations are not known, and using a temperature threshold that differs 

from the one recognized by the moth may lead to false interpretations of differences between moths 

originating from the same population but reared in different locations. To avoid this problem, we 

compared the results obtained using the 5 °C threshold with the results from the same statistical 

analyses performed using 2-10 °C with one degree Celsius intervals as threshold values. The 5 °C 

threshold for the analyses of pupation and emergence timing gave, most of the time, similar results 

as higher (up to 10 °C) thresholds and was rather conservative in comparison to lower (down to 2 

°C) thresholds, which tended to reveal more significant differences between the test groups reared at 

the different sites. Thus, if the true developmental thresholds for L. monacha and L. dispar are 

higher than 5°C, the results remain valid, and if they are lower than that, the evidence for the 

differences we found would be even stronger. The cases where the results obtained using 

temperature thresholds other than 5 °C strongly conflict with the ones obtained using 5 °C are 

pointed out in the results. 

2.4 Statistical analysis 

Because the experimental design (e.g., numbers of host plants and populations of different origin) 

differed between Lymantria monacha and L. dispar, they were analysed separately. Nevertheless, 

the final data available for the analyses did not satisfy full factorial design for either species (see 

below and Table 1), obscuring tests of interactions among explanatory factors like the host plant, 

field site, sex, and population of origin. To obtain the highest possible number of treatment 

combinations per species, we were forced to merge field site, sex and, in the case of L. monacha also 

the population of origin, into one fixed factor, henceforth referred to as the test group. This yielded, 
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for example, “continental females reared at Kevo” and “boreal males reared in Tharandt” as two 

separate groups for the analysis. 

Henceforth we refer to differences between test groups of individuals originating from the same 

population but reared in different locations (such as boreal males reared in Tharandt and boreal 

males reared in Turku) as intrapopulation differences. Correspondingly, differences between test 

groups of individuals of different origins but reared in the same location (such as continental females 

reared at Kevo and boreal females reared at Kevo) are here called interpopulation differences. 

We used linear mixed models with the test group as the fixed factor to explain the following 

response variables: temperature sum at date of pupation, temperature sum at date of adult 

emergence, pupal mass and duration of pupal period. A priori contrasts were used to determine 

significant pairwise differences between the test groups of interest. To control for possible effects of 

genetic differences between the eggs of different females, batch was set as a random explanatory 

factor in all the models. Similarly, mesh bag (nested within batch) was set as a random factor to 

account for possible differences (e.g. in shade) between the two bags that each batch was divided 

into. The significances of the variation that the random explanatory factors accounted for were tested 

using likelihood-ratio tests (LRTs). A significant difference here means that part of the observed 

variation in the results can be explained by differences between broods or between the two mesh 

bags the eggs of a brood were divided into. Investigation of these random effects were not among the 

aims of this study, but they were accounted for in order to achieve more powerful tests for the fixed 

factors that were the main target of the study. 

We refrained from comparing L. dispar groups in Turku, where L. dispar was reared on oak, and 

Kevo, where L. dispar was reared on birch, as the possible differences may have been contributed by 

the different host plants. However, we compared L. dispar groups in Tharandt and Kevo reared on 

the local birch species, B. pendula and B. pubescens ssp. czerepanovii respectively, despite possible 

differences between these two host species. Betula pubescens ssp. czerepanovii is a potential and the 
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most abundant food source for L. dispar in northern Fennoscandia beyond the distribution range of 

B. pendula and was, for the purpose of this study, considered similar enough to B. pendula for a 

comparison to be meaningful.  

To test the effects of host plants on the timing of phenological events and pupal mass of L. dispar in 

Tharandt, a second set of models was used with the same random explanatory variables and host 

plant, sex and the interaction between the two as fixed factors.  

Model assumptions on the normality and homoscedasticity were checked from residuals. 

Denominator degrees of freedom and standard errors of the fixed factors were approximated by the 

Kenward-Roger adjustment, facilitating accurate F-tests of the fixed factors (Kenward & Roger 

1997, Littell et al. 2006). The GLIMMIX procedure in SAS v. 9.4 (SAS Institute Inc., Cary) was 

used for all analyses (Littell et al. 2006, Stroup 2013).  

In certain cases, single measurements or moth individuals were omitted from the dataset. This was 

done in a) 32 cases where the sex of the pupa could not be determined, b) 15 cases where the adult 

moth at Kevo did not emerge from the pupae during the experimental period outdoors, but over a 

month later at room temperature (pupal mass and pupation date was still included in the data), c) 10 

cases where the pupa was parasitized, d) 4 cases where either the emergence or pupation dates were 

uncertain (pupal mass was still included in the data) and e) 3 cases where the pupa was clearly dead 

on the day of weighing (date of pupation was still included in the data, but not pupal mass). In 

addition, continental L. monacha pupae from Kevo were omitted from the analyses, as there were 

only four of them, one male and three of undetermined sex. 

Results 

The number of pupae and emerged adult moths and their share of the original number of eggs in the 

experiment is presented in Table 1. Figure A1 in the appendix shows the development of summer 

temperatures and day length as well as the pupation and emergence periods of L. monacha and L. 

dispar at each field site. 
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3.1 Pupation 

Boreal L. monacha larvae pupated at lower temperature sums than continental ones in both Turku 

and Tharandt (Fig. 2a, b, Table A1). There were intrapopulation differences in the timing of 

pupation for boreal L. monacha. Both males and females pupated at a lower temperature sum at 

Kevo than in Tharandt. In addition the males pupated at a lower temperature sum in Turku than in 

Tharandt, and the females at a lower temperature sum at Kevo than in Turku. No such indications of 

phenotypic plasticity were found in pupation timing between continental L. monacha in Tharandt 

and Turku (Fig. 2a, b, Table A1). The test group (field site, sex and, in the case of L. monacha also 

the population of origin were merged into one variable) was a significant fixed factor in the 

temperature sum model for both species (L. monacha: F9, 111.8=8.2; p<0.0001, L. dispar: F7, 

202.9=42.0; p<0.0001). The batch, as a random factor, was not statistically significant for either 

species (LRTs: L. monacha: p=0.13, L. dispar: p=0.074), while the mesh bag (nested within the 

batch) was a significant random factor for both species (LRTs: L. monacha: p=0.0037, L. dispar: 

p=0.0036).  

Both male and female L. dispar pupated at lower temperature sums at Kevo than in Tharandt. In 

addition, L. dispar females pupated at a lower temperature sum in Turku than in Tharandt, and the 

tendency was the same for males (Fig. 2c, Table A1), although for males the significance of the 

difference varied greatly depending on the temperature threshold used, and could therefore not be 

reliably determined.  

In Tharandt L. dispar reared on oak pupated at a lower temperature sum than those reared on birch, 

the difference in estimates of pupation timing being 55.0 dd5 (SE=11.0). Sex and host plant were 

both significant fixed factors in the host plant model for L. dispar (sex: F1, 101.3=4.08, p=0.046; host 

plant: F1, 104.7=24.9, p<0.0001), while the interaction between host plant and sex was not significant 

(F1, 99.92=2.69, p=0.104). 

3.2 Pupal mass 
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Continental Lymantria monacha females were larger than boreal females both in Tharandt and in 

Turku. There were no significant intrapopulation differences in pupal mass between L. monacha 

individuals reared at different field sites (Fig. 3a, b, Table A1). The test group (see 3.1 for definition) 

was a significant fixed factor in the pupal mass model for both species (L. monacha: F9, 96.9=24.3; 

p<0.0001, L. dispar: F7, 199.2=59.0; p<0.0001). Neither batch nor mesh bag (nested within batch) as a 

random factor was statistically significant for either species (LRTs: L. monacha: batch: p=0.45, 

mesh bag: p=0.49; L. dispar: batch: p=0.19, mesh bag: p=0.38). 

At Kevo the female L. dispar pupae were significantly heavier than in Tharandt (Fig. 3c, Table A1). 

In Tharandt pupae were about 0.11 g (SE=0.046), that is, about 10 %, heavier on oak than on birch. 

Sex and host plant were both significant fixed factors in the host plant model for L. dispar (sex: F1, 

110.9=199.2, p<0.0001; host plant: F1, 111.2=5.9, p=0.017), while the interaction between host plant 

and sex was not significant (F1, 108.3=0.11, p=0.75).  

3.3 Duration of the pupal period 

The only interpopulation difference was the shorter pupal period of continental L. monacha males 

than that of boreal ones in Turku. Intrapopulation differences among the field sites were found for 

continental L. monacha males and boreal L. monacha females, both of which had a significantly 

longer pupal period in Tharandt than in Turku (Fig. 4a,b, Table A1). The test group (see 3.1 for 

definition) was a significant fixed factor in the model for the duration of the pupal period for both 

species (L. monacha: F7, 53.4=8.7; p<0.0001, L. dispar: F5, 107.8=7.6; p<0.0001). Neither batch, nor 

mesh bag (nested within the batch) as a random factor was statistically significant for L. dispar 

(LRTs: batch: p=0.42, mesh bag: p=0.42), but mesh bag was significant for L. monacha (LRTs: 

batch: p=0.36, mesh bag: p=0.014). 

Lymantria dispar had a longer pupal period in Tharandt than in Turku (Fig. 4c, d, Table A1). 

Neither host plant, nor sex or the interaction between the two were significant fixed factors in the 
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host plant model for L. dispar (sex: F1, 73.6=2.54, p=0.12; host plant: F1, 73.3=1.28, p=0.26; 

interaction: F1, 73.0=0.28, p=0.60).  

3.4 Adult emergence  

Continental L. monacha emerged at higher temperature sums than boreal ones (Fig. 5a, b, Table A1). 

Intrapopulation differences were significant only for boreal male L. monacha, which emerged at a 

higher temperature sum in Tharandt than in Turku (Fig. 5b, Table A1). The test group (see 3.1 for 

definition) was a significant fixed factor in the temperature sum model of the timing of adult 

emergence for both species (L. monacha: F7, 73.0=5.4; p<0.0001, L. dispar: F5, 107.7=7.2; p<0.0001). 

Neither batch, nor mesh bag (nested within batch) as a random factor was statistically significant for 

L. dispar (LRTs: batch: p=0.14, mesh bag: p=0.38), but both were significant for L. monacha (batch 

LRT: p=0.021, mesh bag LRT: p=0.033).  

Lymantria dispar adults had the tendency to emerge at a lower temperature sum in Turku than in 

Tharandt, but the significance of the differences in varied greatly depending on what temperature 

threshold was used, and thus nothing certain can be concluded about them (Fig. 5c, d, Table A1). In 

Tharandt, L. dispar reared on oak emerged at a lower temperature sum than those reared on birch, 

the difference in timing being 75.4 dd5 (SE 16.9) which corresponds to 5-6 days (Fig. A1a, Table 

A1). The host plant was a significant fixed factor in the host plant model for L. dispar (F1, 69.5=19.9; 

p<0.0001), while the sex had no effect on the timing of adult emergence (sex: F1, 69.8=0.07, p=0.79; 

host plant × sex interaction: F1, 68.8=0.09, p=0.77).  

4. Discussion 

Individuals from all lymantriin populations in the experiment succeeded in pupating and emerging 

as adults both in Tharandt, Germany and in Turku, Southern Finland. The number of pupae and 

adults was slightly higher in Tharandt for L. monacha and in Turku for L. dispar (Table 1). All L. 

monacha and L. dispar failed to complete their entire life cycle at Kevo in the short, cool summer of 

northern Finland (Fig. A1c). However, a few of the pupae of both species hatched considerably later 
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in mid-October when transferred to room temperature. This suggests that adult emergence in these 

species is regulated by temperature – either the pupal development slowed down considerably in the 

low outdoor temperatures and the process was not yet finished by the time the experiment was 

cancelled, or some threshold temperature or temperature sum crucial for the development was not 

reached. Although we cannot draw any conclusions about the adaptive nature of this delay based on 

our data, it is conceivable that such a temperature dependent delay in pupal development would 

allow the pupae to “wait out” temporary unfavourable cold periods in late summer, postponing adult 

emergence to a time more favourable for flight. 

Our temperature sum model revealed interpopulation differences – that is, differences between test 

moths originating from different populations but reared in the same location – for L. monacha with 

the boreal ones both pupating and emerging at a lower temperature sum, that is, earlier in the season, 

than the continental ones (Figs. A1a, b; 2a, b; 5a, b). This may reflect a local adaptation to shorter 

summers in the boreal L. monacha population. If so, the adaptation may have developed rapidly, as 

the species was probably established in the country first after the 1950’s (Grönblom & Suomalainen 

1950). However, it would be interesting to compare the Finnish boreal population with its closest 

neighbours in Sweden and Estonia. Jankovic et al. (1960) discovered similar local differences in 

timing of life cycle events between northern and southern L. dispar populations in former 

Yugoslavia, and different strains of the species have also been studied at least by Leonard (1966), 

but to our knowledge no such comparisons have previously been made with L. monacha.  

Intrapopulation differences – here referring to differences between moths originating from the same 

population but reared in different locations – in life cycle timing potentially indicate adaptive 

phenotypic plasticity that allows fast, within-generation reactions to varying environments. Such 

differences between locations were most evidently absent for continental L. monacha. They pupated 

and emerged at approximately the same temperature sum both in Turku and in Tharandt (Figs. 2a, b; 

5a, b; Table A1), which translated to a later date in Turku (Fig. A1a, b). A significant difference in 

pupation and emergence timing could only be found using the lowest temperature threshold, 2 °C, 
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and even then only for males. It appears that the continental L. monacha was not able to adjust its 

life cycle timing within one generation to follow optimally the northern summer season. Instead, it 

attempted to pupate at a similar temperature sum as in its region of origin. The effect was driven to 

its limit in the northernmost location, where only four continental L. monacha succeeded in pupating 

at all. 

For boreal L. monacha and continental L. dispar the picture was more complicated. However, both 

had a tendency to pupate and emerge at a lower temperature sum in the north than in the south, even 

more so when using temperature thresholds below 5 °C (Figs. 2, 5, Table A1). It is possible, that the 

boreal L. monacha population, which struggles at the northern limit of the distribution range of the 

species, has greater adaptive phenological plasticity than the continental population, facilitating 

acclimation to varying environments. According to this hypothesis, L. monacha would display high 

margin plasticity or high leading edge plasticity, as defined by Valladares et al. (2014). However, 

this would not explain the similar results obtained with continental L. dispar. 

Both L. monacha and L. dispar had a tendency towards a shorter pupal period in Turku than in 

Tharandt. This is likely due to faster pupal development at higher temperatures (Fig. A1). Duration 

of the pupal period might also simply be linked to the previous results concerning timings of 

pupation and emergence timing. The progress of both temperature sum and day length is steeper in 

Turku than in Tharandt (Fig. A1a, b), which could mean that limiting cue values for pupation and 

emergence follow each other with a shorter interval in Turku, accelerating the pupal development.  

The experiment revealed that L. dispar was fully able to complete its life cycle in southern Finland. 

In fact, more L. dispar larvae pupated in Turku than in Tharandt. However, the difference in 

numbers of emerged adults was negligible (Table 1), which means that pupal mortality was higher in 

Turku. Interestingly, Lymantria dispar has been observed more frequently in Finland during the past 

decade than earlier (Insect Observation Data Base). Based on our results, it seems possible that the 

species has established a local population on the south coast of the country.  
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Even though no L. dispar adults emerged at Kevo, the larvae were able to complete their 

development and pupate on B. pubescens ssp. czerepanovii, the same being true for larvae on B. 

pendula in Tharandt, which indicates that host plant availability would not limit the range expansion 

of this generalist pest in Fennoscandia, where various Betula species are readily available. However, 

L. dispar developed slightly faster on Q. robur than on B. pendula, and the pupae of larvae reared on 

Q. robur were heavier. All three tree species are listed as preferred host plants for L. dispar by 

Lechowicz & Mauffette (1986), though the specific subspecies of B. pubescens is not mentioned on 

the list. Although we considered the two birch species similar enough for relevant comparisons, 

there does remain a possibility that our results concerning the differences between L. dispar at Kevo 

and in Tharandt are, at least partly, influenced by the host plant. However, we strongly doubt that 

host plant species has influenced the major conclusion that L. dispar is able to finish its life cycle in 

Tharandt and Turku but not in Kevo. 

The data contained certain unexpectedly short pupal periods of both L. monacha and L. dispar. The 

shortest pupal period observed was only 5.5 days (boreal L. monacha in Turku), and a total of 38 

pupae had pupal periods below 10 days, most of them observed in Turku. Generally pupal periods of 

L. monacha and L. dispar are reported to be about two weeks (Campbell 1967), which is clearly 

longer than that reported for most test groups here (Fig. 4). The effect may, at least partly, be 

explained by the longer day in Turku accelerating the pupal development (Bogach et al. 1966, 

Kireeva 1969). The method of determining the date of pupation (see Chapter 2.3) may have led to an 

error of 3-3.5 days in four cases and 2.5 days in eight additional cases, with the error being 

maximally 2 days in all other cases, but this was as more likely to falsely lengthen rather than to 

shorten the pupal period.  

Our study setup was not designed to reveal any possible developmental temperature sum thresholds 

for the studied species. Instead, the temperature sum as a response variable enabled comparison of 

the summer seasons at our three field sites, giving biologically more meaningful measurements for 

”earlier” or ”later” than mere calendar dates would have allowed. Day length, instead of 
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temperature, is estimated to be the most important environmental cue for the timing of phenology in 

temperate insects (de Wilde 1962, Bale et al. 2002). Previous literature confirms that day length also 

plays a role also for at least L. dispar (Bogach et al. 1966, Leonard 1968, Kireeva 1969, Denlinger et 

al. 1992). However, almost all previous research on life cycle timing of our study species concerns 

diapause induction and termination, which occurs in winter during the pharate-larval stage in eggs 

(Tauber et al. 1990, Gray et al. 1991, Keena 1996, Patterson et al. 1999, the latter, however, listing 

the photoperiod as irrelevant for L. dispar diapause control). The triggers relevant for other life cycle 

events are not well understood. There were differences between the summer seasons at our field sites 

not only in the temperatures, but also in day length (Fig. A1). It is conceivable that these differences 

of several hours could hamper the range expansion of L. monacha and L. dispar across latitudes and 

require special adaptations or adaptive phenotypic plasticity in the same way as temperature 

differences do. 

We conclude that, while neither L. monacha nor L. dispar were able to fully complete their life cycle 

in northernmost Finland, both local and continental L. monacha strains as well as continental L. 

dispar, a species not yet established in Finland, performed well when reared outdoors on the south 

coast of the country. Intrapopulation differences in life cycle timing, possibly indicative of adaptive 

phenotypic plasticity facilitating a fast reaction to new environmental conditions, were clearer for 

continental L. dispar and boreal L. monacha than for continental L. monacha. Interpopulation 

differences in life cycle timing and pupal mass were revealed between boreal and continental L. 

monacha, possibly pointing to an adaptation to local environmental conditions. The three host plants 

used for L. dispar, Q. robur, B. pendula and B. pubescens ssp. czerepanovii all proved suitable for 

the species, revealing that host plant availability would not limit range expansion of L. dispar in 

northern Fennoscandia.  
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Tables  

Table 1. The number of egg batches, eggs, pupae and adult moths per species and host 

plant assigned for the three field sites. Each batch consisted of 16 eggs, divided into two 

vials (later two mesh bags). Individuals and single measurement values excluded from 

analyses (see Chapter 2.4) are not shown in the table – the discrepancy between the 

number of pupae used for the pupation time and pupal mass analyses is explained by cases 

where the pupation date was available but the pupal mass was not.  

Field 

site 

Species and  

population of 

origin 

Host 

plant 

number of  

batches/eggs 

Pupae 

for analysis 

(pupation/mass) 

Adults  

for 

analysis 

Tharandt L. dispar DE Birch 7/112 57/57 41 

50°58’N L. dispar DE Oak 7/112 61/61 37 

13°50’E L. monacha DE Pine 7/112 41/40 28 

 

L. monacha S. FI Pine 5/80 56/55 50 

Turku L. dispar DE Oak 7/112 81/77 42 

60°26′N,  L. monacha DE Pine 7/112 21/20 13 

22°10′E L. monacha S. FI Pine 5/80 41/32 20 

Kevo L. dispar DE Birch 7/112 24/20 0 

69°44'N, L. monacha DE Pine 7/112 0/0 0 

27°00' E L. monacha S. FI Pine 5/80 21/21 0 
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Figures and figure captions 

 

Fig. 1. Locations of the three field sites. 
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Fig. 2 Model-derived marginal mean estimates with 95% confidence limits for 

accumulated temperature sums (dd>5 °C) at pupation of L. monacha (A, B) and L. dispar 

(C, D). A priori contrasts marking pairwise differences between the test groups are 

displayed with lines: grey dashed lines (not statistically significant), thick red lines 

(significant interpopulation differences) and thin blue lines (significant intrapopulation 

differences). Exact statistical values are presented in Table A1. 
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Fig. 3 Model-derived marginal mean estimates with 95% confidence limits for pupal mass 

(grams) of L. monacha (A, B) and L. dispar (C, D). A priori contrasts marking pairwise 

differences between test groups are displayed with lines: grey dashed lines (not 

statistically significant), thick red lines (significant interpopulation differences) and thin 

blue lines (significant intrapopulation differences). Exact statistical values are presented in 

Table A1. Note the different scales on the y-axis. 
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Fig. 4 Model-derived marginal mean estimates with 95% confidence limits for the 

duration of the pupal period (days) of L. monacha (A, B) and L. dispar (C, D). A priori 

contrasts marking pairwise differences between the test groups are displayed with lines: 

grey dashed lines (not statistically significant), thick red lines (significant interpopulation 

differences) and thin blue lines (significant intrapopulation differences). Exact statistical 

values are presented in Table A1. 
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Fig. 5 Model-derived marginal mean estimates with 95% confidence limits for 

accumulated temperature sums (dd>5 °C) at adult emergence of L. monacha (A, B) and L. 

dispar (C, D). A priori contrasts marking pairwise differences between the test groups are 

displayed with lines: grey dashed lines (not statistically significant), thick red lines 

(significant interpopulation differences) and thin blue lines (significant intrapopulation 

differences). Exact statistical values are presented in Table A1. 
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Fig. A1The phenology of L. monacha and L. dispar at the three field sites compared to 

local temperatures, temperature sums accumulated above 5 °C and day length. The lines 

below each graph correspond with the pupation period (solid line) and adult emergence 

(dashed line) of the test groups reared at each site. In Turku, there were two boreal L. 

monacha larvae that pupated considerably later than the rest and consequently one adult 

moth that emerged very late. The lines displaying L. monacha phenology in Turku have 

therefore been extended in grey to include these outliers. Removing these from the data 

would not have crucially changed the statistical significance of any of the results. 

 

Table A1. A priori contrast statistics for pairwise comparisons of test groups. Statistically 

significant p-values in bold. Notice, that intrapopulation differences here simply refer to 

differences between test groups of individuals originating from the same population but 

reared in different location and interpopulation differences correspondingly to differences 

between test groups of individuals of different origins but reared in the same location. 
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  Pupation Pupal mass Duration of pupal 

period 

Adult emergence 

Interpopulation differences  

(indicative of local adaptations) Temperature sum Grams Days Temperature sum 

L. monacha     

Tharan

dt 

Bor. vs. 

Cont. 

mal

es 

F1,13.57=10.7, 

p=0.006 

F1,27.03=0.44, 

p=0.511 

F1,19.41=2.31, p=0.145 F1,12.95=10.25, 

p=0.007 

Tharan

dt 

Bor. vs. 

Cont. 

fem

ales 

F1,14.34=9.15, 

p=0.009 

F1,32.98=8.94, 

p=0.005 

F1,40.8=3.70, p=0.061 F1,14.41=6.29, 

p=0.025 

Turku Bor. vs. 

Cont. 

mal

es 

F1,16.71=28.19, 

p<0.0001 

F1,47.48=0.07, 

p=0.799 

F1,60.67=10.44, 

p=0.002 

F1,19.07=25.09, 

p<.0001 

Turku Bor. vs. 

Cont 

fem

ales 

F1,25.01=13.50, 

p=0.001 

F1,110.9=8.72, 

p=0.004 

F1,78.81=1.03, p=0.313 F1,21.76=8.30, 

p=0.009 

Intrapopulation differences 

(indicative of adaptive phenotypic 

plasticity) 

    

 L. 

monacha 

     



 
39 

 

Contin

ental 

Thar. vs. 

Turku 

mal

es 

F1,161.1=0.53, 

p=0.467 

F1,156.2=0.82, 

p=0.368 

F1,104.2=13.73, 

p=0.0003 

F1,99.07=0.60, 

p=0.440 

Contin

ental 

Thar. vs. 

Turku 

fem

ales 

F1,168.8=1.22, 

p=0.270 

F1,144.5=0.07, 

p=0.791 

F1,98.78=0.08, p=0.774 F1,86.18=0.30, 

p=0.588 

Boreal Thar. vs. 

Turku 

mal

es 

F1,155=16.6, 

p<0.0001 

F1,155.4=2.75, 

p=0.099 

F1,97.69=2.10, p=0.151 F1,87.9=13.79, 

p=0.0004 

Boreal Thar. vs. 

Turku 

fem

ales 

F1,155.3=0.28, 

p=0.60 

F1,144.5=0.07, 

p=0.791 

F1,94.41=14.38, 

p=0.0003 

F1,90.55=0.35, 

p=0.553 

Boreal Thar. vs. 

Kevo 

mal

es 

F1,156.8=7.99, 

p=0.005 

F1,141=0.00, 

p=0.976 

- - 

Boreal Thar. vs. 

Kevo 

fem

ales 

F1,149.7=10.7, 

p=0.001 

F1,150.8=0.00, 

p=0.949 

- - 

Boreal Turku vs. 

Kevo 

mal

es 

F1,150.5=0.47, 

p=0.495 

F1,153.1=2.00, 

p=0.159 

- - 

Boreal Turku vs. 

Kevo 

fem

ales 

F1,154.4=7.14, 

p=0.008 

F1,152.8=1.20, 

p=0.274 

- - 

 L. dispar      
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Contin

ental 

Thar. vs. 

Turku 

mal

es 

F1,204.2=2.1, 

p=0.149 

F1,204=1.20, 

p=0.274 

F1,107.6=12.20, 

p=0.0007 

F1,107.4=1.00, 

p=0.320 

Contin

ental 

Thar. vs. 

Turku 

fem

ales 

F1,203.6=5.27, 

p=0.023 

F1,207.1=2.36, 

p=0.126 

F1,113=6.58, p=0.012 F1,110.3=0.39, 

p=0.534 

Contin

ental 

Thar. vs. 

Kevo 

mal

es 

F1,204=145.3, 

p<0.0001 

F1,198=1.64, 

p=0.202 

- - 

Contin

ental 

Thar. vs. 

Kevo 

fem

ales 

F1,201.7=129.69, 

p<0.0001 

F1,208.6=7.20, 

p=0.008 

- - 

Contin

ental 

Turku vs. 

Kevo 

mal

es 

not compared not compared - - 

Contin

ental 

Turku vs. 

Kevo 

fem

ales 

not compared not compared - - 

Influence of host plant on L. dispar  

Oak 55 dd5 lower  

SE=11.0 

F1,104.7=24.9, 

p<0.0001 

 

Oak 0.11 g 

heavier 

SE=0.046 

F1,111.2=5.87, 

p=0.017 

 

(Oak 0.8 days 

shorter) 

SE=0.67 

F1,73.33=1.28, p=0.262 

 

Oak 75 dd5 lower 

SE=16.9 

F1,69.5=19.93, 

p<.0001 

L. 

dispar 

birch vs. 

oak 

 


