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Introduction 

“The pulse of life with the seasons is a classic theme of biology, equally 
capturing every man’s curiosity about early and late milestones of 
every years’ cycle and the critical physiologist’s inquiry into life’s subtle 
signals and responses” 

Helmuth Lieth, Phenology and Seasonality Modeling 1974, p. v 
 

Introduction to phenology 
Events in animal and plant life that come as signs of changing of the 
seasons, such as when the migrating birds return to their breeding 
grounds in the spring or when the leaves of deciduous trees start to 
change colour in the autumn, have long captivated people. The study of 
such seasonal events of animal and plant life cycles is called phenology, a 
term coined by the Belgian botanist Charles Morren in 1853 (Puppi, 
2007). The oldest known phenological records are from China and date 
back to the 11th century BC (Lieth, 1974; Schwartz, 2013). Some other 
famous older phenological records of wild flora and fauna include the 
Marsham records from 18th century UK and the natural events depicted 
by Henry Thoreau in his essay Walden; or Life in the Woods from the 
19th century. At present day many are interested in signs of the changing 
seasons and citizen science data, reports of sighting of animals and 
plants from volunteers, have become important and widespread in many 
countries. Examples include Artportalen in Sweden, UK phenology 
network in the UK and De Natuurkalender in the Netherlands (van Vliet 
et al., 2003). These large databases of citizen science recordings are great 
resources for investigating phenological patterns across space or change 
across time. They have been very useful in research into the phenology of 
wild species, which has increased significantly together with research on 
the impact of climate change. Changes in phenological traits are the most 
obvious and among the most common responses to the changing climate 
(Parmesan, 2006; Menzel et al., 2006; Walther, 2010; Forrest & Miller-
Rushing, 2010).  
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Prior to the increase of studies into climate change effects, phenological 
research was mainly used in, and tightly connected to, agricultural 
practices. For species of agricultural or economic importance models 
have long since been developed and can be highly accurate, include 
multiple life stages and account for several environmental factors 
(Dunham, 1938; Fishman, Erez, & Couvillon, 1987; Gray, 2009). For wild 
species, whose phenological change many researchers now are interested 
in, this level of understanding is unavailable. Many of these studies focus 
on one environmental variable and on one life stage (Sparks & Yates, 
1997; Phillimore et al., 2012; Valtonen et al., 2014; Posledovich et al., 
2014; Roy et al., 2015). Research into the phenology of wild species could 
gain from a better mechanistic understanding by investigating how a 
given phenological trait is controlled endogenously and what 
environmental variables affect it and how (Forrest & Miller-Rushing, 
2010; Kingsolver et al., 2011; Forrest, 2016).  

Life cycle adaptation to seasonal variation 
All animals living in temperate areas have to deal with substantial 
seasonal variation. The degree of such variation differs among regions. 
For example, the range of temperatures between the height of summer 
and midwinter is greater in northern Sweden compared to southern UK 
(Fig. 1). The transitions between seasons can also vary and spring arrival 
tends to differ between these two countries, with the change being faster 
and more drastic in Sweden compared to the UK (Fig. 2). In order to 
time life cycle events appropriately and synchronise phenology to 
conspecifics, animals and plants must exhibit adaptations in one or 
several aspects of control of phenology which would allow for fine-tuning 
to the local climate variation. Such adaptations can occur in several 
phases of the life cycle and by using various external cues (Kingsolver et 
al., 2011; Forrest, 2016). The most common cues are photoperiod, 
temperature, or a combination of the two (Hard, Bradshaw, & Holzapfel, 
1993; Bradshaw & Holzapfel, 2008; Valtonen et al., 2011, 2014). In 
regions or during times of the year that experience high interannual 
variation in environmental conditions, temperature becomes a superior 
cue for phenology. It is therefore often the main cue for spring species at 
mid to high latitudes (Scriber, 2002; Valtonen et al., 2011) and spring 
phenology is consequently often reported as being plastic in relation to 
spring temperatures. In addition, phenology is affected by the 
relationship between metabolic rate and temperature (Hodgson et al., 
2011; Roy et al., 2015). Temperature is indeed the major abiotic factor 
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affecting the life cycle of insects (Bale et al., 2002). As ectotherms, 
insects are dependent on the weather and responsive to environmental 
temperatures (Hodgson et al., 2011; Forrest, 2016). Each of the various 
stages of insect life cycles can be affected by temperature as well as in an 
idiosyncratic manner (Hodgson et al., 2011; Kingsolver et al., 2011).  

At northern latitudes most insects overwinter in diapause, a state of 
reduced metabolic and developmental activity (Tauber, Tauber, & 
Masaki, 1986; Kostál, 2006; Denlinger, Yocum, & Rinehart, 2012). 

Figure 1. Temperature profiles for four localities in the United Kingdom and 
Sweden. Solid lines are mean temperatures for the years 2000-2009. The 
transparent areas show the ranges of the average minimum and maximum 
temperatures over the same time period. 
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During diapause the insect in insensitive to external cues. Diapause 
termination can occur while conditions are still unfavourable, but the 
insect may remain in a state of reduced metabolic activity, called post-
diapause quiescence, which lasts the until the external conditions allow 
for continued development, post-diapause development (Tauber & 
Tauber, 1976). Diapause can occur in any life stage, but generally only 
does so in one stage for a given species. Diapause allows for survival 
during adverse times of the year (Tauber & Tauber, 1976; Kostál, 2006; 
Denlinger et al., 2012) and serve to synchronise populations to the 
benign seasons when resources are available (Xiao et al., 2013; Chen et 
al., 2014). Synchronising the life cycle to conspecifics (mates) and 
heterospecifics (e.g. host plants) has great impact on fitness of 
herbivorous insects. Fine-tuning of phenology is therefore important at 
the individual level and interesting to study in terms of life cycle 
adaptations to regional variation in climate, that may be visible at the 
population level. For pupal-overwintering butterflies, which are the focus 
of this thesis, fine-tuning can be accomplished in a number of ways, e.g. 
i) how temperature relates to spring development until adult eclosion, ii) 
how winter condition affects spring development, iii) at what threshold 
spring temperature development occurs, iv) at what threshold winter 
cold is accounted for and v) if these thresholds are stable or dynamic 
with developmental progress.  

Phenotypic plasticity and local adaptation in phenology 
Genetic and plastic factors together form the temporal and spatial 
patterns of phenology (Gienapp et al., 2008; Phillimore et al., 2010). The 
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Figure 2. A. Localities used in 
this thesis. B. Typical spring 
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when A. cardamines is first 
observed. The solid line show 
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2013. Shaded areas show av-
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degree to which these genetic and environmental elements control 
phenology affects the ability of a species to respond to short term 
environmental variation and long term ecological change (Gienapp et al., 
2008). By disentangling them one can make inferences about local 
population structure and predict future responses to climate change 
(Hard et al., 1993; Bradshaw, Quebodeaux, & Holzapfel, 2003; Gienapp, 
Hemerik, & Visser, 2005; Phillimore et al., 2010). Though most of the 
observed phenological changes in response to climate change are plastic, 
some studies have successfully shown evolutionary change (Bradshaw & 
Holzapfel, 2001; Réale et al., 2003; Bearhop et al., 2005). Phenological 
traits are highly important for fitness and selection pressure on 
phenological traits should therefore be relatively high. How much of the 
phenological variation is controlled by genetic and environmental factors 
should be affected by variation in environmental conditions. If there is 
much variation through space but little through time, we would expect 
much genetic differentiation between populations and control of 
phenological traits. If the reverse is true phenological traits should be 
mostly plastically controlled. 

The relationship between temperature and phenology means that life 
cycle traits are often studied across latitude or altitude, where 
corresponding temperature gradients exist (Berner, Körner, & 
Blanckenhorn, 2004; Gienapp, Väisänen, & Brommer, 2010). These 
studies can give insight to adaptation and trade-offs in life history traits 
(Blanckenhorn & Fairbairn, 1995) but also provide information for 
predictions for the future. There are two commonly studied trends of 
local adaptation across geographic gradients; cogradient and counter-
gradient variation (Conover & Schultz, 1995). Cogradient variation 
occurs when there is local adaptation among populations across latitude 
or altitude and that this pattern is strengthened by the plastic 
relationship with the covarying environmental variable (often 
temperature), resulting in a pronounced cline in the phenotype across 
the geographic area (Conover & Schultz, 1995). This has been observed in 
voltinism in moths in Finland, where the direct development route was 
more likely at higher temperatures and longer day lengths (Pöykkö & 
Tammaru, 2010). In the case of countergradient variation, however, the 
plastic relationship is reduced or even eliminated by genetic variation 
among population acting in an opposing manner (Conover & Schultz, 
1995; Baumann & Conover, 2011). This is often referred to as hidden 
variation and the phenomenon is of high importance in adaptations to 
seasonality. A great number of examples of countergradient variation in 
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growth rate along a latitudinal gradient exist, such as in the American 
water strider, Aquarius remigis, where the southern populations develop 
at a relaxed rate compared to the northern populations (Blanckenhorn & 
Fairbairn, 1995). 

Ecological importance of phenology: biological 
interactions 
In terms of biological relevance phenology is important because of 
species interactions (Visser & Both, 2005). The fact that the winter moth, 
Operophtera brumata, has advanced its phenology is relevant because 
oak budburst, on which the winter moth larvae depend, has advanced by 
less and the great tits that rely on the larvae to feed their young has 
moved their breeding up but not in synchrony with the larvae. Species at 
different trophic levels will likely have different mechanisms to control or 
cue phenology and will therefore have different responses to climate 
change. It has been reported that species from different trophic levels 
have changed their phenology to a varying degree at present (Thackeray 
et al., 2016). Visser and Both (2005) suggest that phenological change 
should be measured against that of the species with which the focal 
species interacts. As herbivorous insects, butterflies rely on the 
availability of host plants for their larvae. Phenological matching to host 
plants can therefore be of vital importance (Singer & Parmesan, 2010). 
For the orange tip butterfly Anthocharis cardamines, for example, early 
phenology of the host plants at oviposition is imperative for fitness 
(Posledovich et al., 2015b).  

Objectives 
Life cycle adaptations of animals and plants that inhabit temperate 
regions are ubiquitous and intricate. These regions show significant 
variation in environmental condition throughout the year and the life 
cycle of flora and fauna must accommodate these. Investigating 
phenological control can provide insights into how populations respond 
to environmental variation on a short time scale as well as predict 
responses to long-term climatic change. This thesis investigates the 
spring phenology of butterflies. Paper I uses a statistical method based 
in quantitative genetics to investigate the spring phenology of A. 
cardamines in the UK in terms of plastic and genetic contribution to the 
geographic pattern in relation to spring temperature. Experimentally I 
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investigate the effect of spring temperature (Paper II) and winter 
condition (Paper III) on spring phenology of this species in Sweden and 
the UK. Paper IV combines results from paper II and III to 
statistically show the impact of spring and winter condition on phenology 
on five butterfly species. Paper V examines the importance of phenology 
of host plants in oviposition of A. cardamines to emphasise the relevance 
and importance of phenological matching for interacting species. 
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Methods 

The Study System 
All five papers of this thesis concern the orange tip butterfly, Anthocharis 
cardamines (Fig. 3). The range of A. cardamines spans over most of 
Europe and far into Asia. The females of A. cardamines oviposit on 
several species of Brassicacae plants, and the butterfly species is 
considered a phenological specialist as the larvae mainly feed on flowers 
and seedpods of the host plants (Wiklund & Åhrberg, 1978; Courtney & 
Duggan, 1983; Posledovich et al., 2015b). 

Figure 3. An orange tip resting on its one of its commonly used host plants C. pratensis 
in a field in county Durham, UK. Photo by Sandra Stålhandske. 
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The species is obligately univoltine throughout its range (Wiklund & 
Åhrberg, 1978; Courtney & Duggan, 1983). The adults hatch from pupae 
in the spring, mate and lay eggs during a relatively short time window in 
the spring (Wiklund & Åhrberg, 1978; Courtney & Duggan, 1983). The 
larvae feed and go through five instars before pupating in the beginning 
of summer. Once in their pupal state the A. cardamines go into diapause, 
a state of reduced developmental and metabolic activity, and remain in 
this state until diapause is terminated sometime during the winter or 
early spring and the butterflies can develop once the environmental 
conditions allow (Fig. 4). 

As one of the species that has changed its phenology the most in recent 
decades A. cardamines is an ideal species to study phenological changes 
in relation to climate variation (Diamond et al., 2011; Karlsson, 2013; 
Navarro-Cano et al., 2015). In addition, since it is dependent on the 
phenological stage of the host plants, the A. cardamines – hostplant 
system is great for studying the effects and impact of phenological 
change through species interactions.  

Figure 4. The life cycle of A. cardamines. The adult hatches in the spring, mates and lays 
eggs on host plant inflorescences. The plant depicted here is garlic mustard, A. petiolata, 
and is a popular host plant. The egg hatches and the larvae consumes the flower heads 
and seed pods. The larva goes through five instars before pupation. The pupae, that 
looks like a dried curled up leaf, overwinter in a state of diapause ready to hatch the 
following spring. 
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In paper IV the scope is extended to include four other butterfly 
species: Callophrys rubi (green hairstreak), Celastrina argiolus (holly 
blue), Pieris napi (green-veined white), and Pyrgus malvae (grizzled 
skipper) (Fig. 5). These species are from three families (Pieridae, 
Lycaenidae and Hesperiidae) but all overwinter as pupae, as does A. 
cardamines. 

Paper I 
Paper I used statistical methods based in quantitative genetics methods 
to analyse within and between population differences using citizen 
collected observation data of A. cardamines sightings and flowering 
times of the two host plant species Alliaria petiolata and Cardamine 
pratensis. Using the large citizen science data sets it is possible to 
calculate the reaction norm of phenology against spring temperature 
within and between populations. The reaction norm of the between 
population phenology would be the result of plasticity of phenology in 
relation to temperature as well as local adaptation and the reaction norm 

Figure 5. Species included (in addition to A. cardamines) in paper IV. A Callophrys 
rubi (green hairstreak), B Celastrina argiolus (holly blue), C Pieris napi (green-veined 
white), and D Pyrgus malvae (grizzled skipper). Source: Wikimedia commons.  

A B 

C D 
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for the within population would show only the plasticity. By quantifying 
these reaction norms one can simply subtract the effect of plasticity from 
the combined effect of local adaptation and plasticity to get an estimate 
of the amount of between population genetic variation.  

Papers II and III 
Papers II and III are experimental studies on fine-tuning of spring 
phenology of A. cardamines. For paper II the individuals were collected 
as eggs in the wild from three localities in the UK (Bournemouth (Lat 
50.72N, Lon 1.88W), Cambridge (Lat 52.20N, Lon 0.12E), and Durham 
(Lat 54.68N, Lon 1.57W)) and three localities in Sweden (Skåne (Lat 
55.49N, Lon 14.05E), Ljusterö (Lat 59.30N, Lon 18.35E), and 
Ångermanland (Lat 63.03N, Lon 18.19E)). The eggs were hatched and 
reared in the lab in a common garden setting with ad libitum access to A. 
petiolata. For paper II the effect of spring temperature was examined 
after five months of winter treatment (0L:24D, 2°C) by putting equal 
numbers of individuals from each locality in different temperature 
treatments (11°C, 13°C, 15°C, and 17°C). The pupal development until 
eclosion was investigated by weighing the pupae every 48h. The weight 
loss was equated to metabolic activity.  

Paper III investigated the effect of winter duration on pupal 
development of A. cardamines. The eggs were from lab-reared 
individuals from paper II. Following the same rearing treatment 
individuals from the northern and southern localities in Sweden and the 
UK got to experience different winter durations (2, 3 and 4 months) 
(0L:24D, 2°C) before being put into spring conditions (16.2±0.3°C, 
18L:6D). Again the weights of the pupae were recorded. For a subset of 
the individuals metabolic rate was also measured.  

Paper IV  
Paper IV used citizen collected observation data from Sweden 
(artportalen) and the UK (UK butterfly monitoring scheme, UKBMS) to 
statistically analyse the effect of spring condition and winter duration on 
phenology using partial least squares (pls) regression for five butterfly 
species (A. cardamines, C. argiolus, C. rubi, P. napi and P. malvae). Pls 
regression allows for correlation between explanatory variables, which is 
often the case for many environmental variables (spring temperature 
during different periods and winter temperature as well as duration). In 
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addition, parameters from paper II and III were used to model 
phenology of A. cardamines, which allowed for thorough investigation of 
the effects of winter and spring conditions in the different regions. 

Paper V 
Paper V investigated the importance of phenology for A. cardamines 
through biotic interactions, as an experimental study into host plant 
choice of female A. cardamines. Females from four populations were 
used, northern and southern localities in Sweden and the UK. The 
females were released in large cages (3 × 5 × 10m) with ten potted host 
plants placed inside the cage; five individuals each of C. pratensis and A. 
petiolata. The plants were of different heights and at different 
phenological stages. The females, that tend to lay eggs singly, were 
allowed to lay five eggs before they were removed. 
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Results in short 

This thesis dives into the control of phenology of pupal overwintering 
butterflies and the phenological patterns though space and time. Paper 
I reports a strong negative plastic relationship between spring 
temperature and phenology; the warmer it is during the spring the 
earlier the butterflies fly (Fig. 6). The same goes for the two host plant 
species investigated, A. petiolata and C. pratensis (Fig. 6). In fact the 
butterfly species shows similar a reaction norm to temperature as both of 
the host plant species. The between population relationship between 
phenology and temperature of the butterflies, however, reveal that the 
steepness of the temperature-phenology relationship has been reduced 
over a larger spatial scale (Fig. 6). This is consistent with countergradient 
variation, a form of local adaptation where the genetic variation causes 
variation in the phenotype in the opposite direction that the 
environmental variable does. Here it means that in the north where 
temperatures tend to be lower the butterflies have a higher develop-
mental rate for any given temperature compared to individuals in the 
south. Paper II, an experimental study into the effects of spring 
temperature on phenology, shows a discordant geographical pattern to 
the one reported in paper I in spring developmental rate
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Figure 6. Within and between population relationships of phenology against 
temperature for: A. A. cardamines, B. C. pratensis, and C. A. petiolata. Graphical 
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within population slopes (grey lines, equivalent to plastic reaction norm of phenology 
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Figure 7. Properties of post-winter development of A. cardamines. A. Reaction norms of 
overall developmental rate of development (1/days in development) for the six 
populations. B. Reaction norms of developmental rate of first phase of post-winter 
development (r1). C. Reaction norms of developmental rate of second phase of post-winter 
development (r2). D. Proportion of post-winter development (in time) at which the switch 
between the first and second phase of development occur for each of the six populations. 
All error bars show confidence intervals. 
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quadratic fitted weight loss models are plotted 
in thin grey lines. The individual was from 
Southern Sweden and the temperature treat-
ment was 11 degrees.  
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This study shows no latitudinal gradient in development rate in three 
populations in the UK, with the most southern population being fastest 
and the central population being the slowest (Fig. 7). In Sweden there is 
a cogradient pattern in three populations, where the more southern 
populations develop faster than the northern populations (Fig. 7). This 
study also shows that rate of development is not linear with the 
progression of development, but that there is a four-fold ramping up of 
the rate after about 70% of the time spent in development. These two 
phases are linear and are separated by a smooth transition (Fig. 8). The 
ramping up near the end of development may serve to synchronise 
eclosion of individuals at the local level, as well as increase the likelihood 
of emerging in good weather (during a high pressure). The differences 
among populations lie mainly in the first phase of post-diapause 
development, particularly between individuals from the UK and Sweden. 
This may reflect the different progressions of spring between the two 
countries as it is during this time that the biggest difference in climate 
between the UK and Sweden exists (Figs. 2, 7).  
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Figure 9. Effect of cold duration on post-winter development. Error bars show the 95% 
confidence interval of the mean. A, D. Effect of cold duration on development time from 
removal from winter conditions to hatching for the four populations. B, E. Effect of cold 
duration on the time to development initiation following introduction to spring 
conditions. C, F. Effect of cold duration on the time in post-diapause development. 
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The first two papers focus on the effect of spring temperature on spring 
phenology. Paper III, however, shows that winter condition also affects 
phenology (Fig. 9). Cold duration has an inverse relationship to spring 
phenology; a short winter slows spring development down in both 
Swedish and British populations. All populations require a period of cold 
in order to hatch. After a threshold of 120-150 days winter duration no 
longer has any effect and phenology is mainly determined by spring 
temperature. The southern British population requires the least amount 
of cold in order to hatch. Individuals from this population also initiates 
development fastest after being introduced to warm conditions. From the 
subset of individuals with metabolic information we find a correlation 
between weight loss and metabolic rate. Though the pattern for 
metabolic rate does not share the hyperbolic shape of the weight loss but 
shows an exponential pattern. From this data it is possible to separate 
the diapausing state from developing state, but the transition is difficult 
to pinpoint (Fig. 10).  
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Figure 10. Example of weight loss and respiration of an individual from a short cold 
treatment (top) and an individual from a long cold treatment (bottom). A, C. Weight 
(grey) and mass corrected CO2 production (blue) for an individual from southern UK, 
from day of introduction to warm treatment until hatching. B, D. Mass corrected CO2 
production per 45 min cycle. 22-24 cycles were measured overnight. Here, each cycle is 
represented as a point on the graph. Dashed vertical lines show estimation of 
termination of diapause based on weight loss. Solid grey line shows cut-off weight loss 
slope for diapause termination. 
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 Paper IV uses pls-regression to show that the geographical pattern of 
phenology observed in paper I can be caused by the combined effects of 
spring and winter conditions (shown in paper II and III) for A. 
cardamines. For three out of the five investigated butterfly species there 
is a contrasting effect of winter duration and spring warmth. A short 
winter leads to delayed phenology and a warm spring leads to earlier 
phenology (Fig. 11). The observed geographical pattern of phenology is 
therefore a result of the combination of winter condition and spring 
temperature. This is shown to be true for A. cardamines, as when cold 
duration and spring condition are both accounted for the resulting 
geographical pattern is countergradient in the UK and cogradient in 
Sweden (Fig. 12). In paper IV the phenology of A. cardamines was also 
modelled. The effects of variation in winter duration and spring 
condition were teased apart by altering experiences weather during a 
given year (Fig. 13). Winter cold duration effects on phenology of A. 
cardamines are most pronounced in the southernmost investigated 
areas, i.e. southern UK. In this region the natural variation in winter 
duration causes variation in phenology of about 20 days whereas the 
natural variation in spring temperature has less of an impact causing 
variation of about 10-15 days when applied over a month’s time in the 
spring.  

Figure 11. Estimated effect of cold duration on observed median flight of A. cardamines 
in the A. United Kingdom and B. Sweden. Note that the x and y-axes of plot A cover 
twice the range of plot B. The figure was constructed using the effects package in R and 
is based on a linear model fit, which gives very similar fitted coefficients as pls-
regression. 
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Figure 12. Model estimated overall A. cardamines pupal developmental rate (1/days) at 
15 °C, together with the effect of variation in cold duration in A. the UK and B. Sweden. 
Black solid line: developmental rate at 15°C and 150 days cold, as a function of the 
climate defined geographic covariate, the predicted first day of summer. Grey dots and 
grey shaded area show the corrected developmental rate, after estimated cold duration 
effects have been taken into account. Red solid lines show regressions of corrected 
developmental rate on geographic covariate 
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Figure 13. Predicted effects on the day of A. cardamines emergence of changes in spring 
temperature and cold duration in the southern UK and Swedish localities. Standard 
deviations (units of standard deviations on x-axes) of the variation in temperature and 
cold duration are calculated from E-OBS data for the sites during the years 2001 – 
2013. A-B. Effect of temperature change during the spring months. C-D. Effect of cold 
duration variation during the winter months All scales are centred around the mean 
experienced during the given years for the given locality. 
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Phenology and control of phenology should be considered in its 
biological context. The importance of phenology lies the interaction with 
con- and heterospecific individuals (Visser & Both, 2005; Posledovich et 
al., 2015b). Paper V investigated the phenological matching of A. 
cardamines to its host plants, where the field experiment showed that 
phenology is the most important aspect of host plant choice of the 
butterfly (Fig. 14). Females from the four different populations, did not 
differ in host plant species preference. There was an effect of size of the 
plant on oviposition preference, but the natural range of phenological 
states and sizes gives the effect size of phenological state of host plant a 
larger importance for oviposition in the field (Fig. 14).  
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Figure 14. Observed number of eggs laid on the plants. A. Observed number of eggs laid 
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host-plant species. 
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Discussion 

This thesis focuses on life cycle adaptations to a seasonal environment, 
and the spatiotemporal pattern that these adaptations, as well as 
environmental variation, give rise to. Through statistical analysis of 
citizen collected data, paper I shows that the combined outcome of 
phenotypic plasticity of phenology in relation to spring temperature and 
the local adaptation of phenology of A. cardamines in the UK, gives rise 
to a countergradient variation pattern. That is to say that the northern 
populations have higher developmental rates at any given temperature 
compared to the more southern ones. However, the first experimental 
study (paper II) directly disproves this conclusion by showing that there 
is no latitudinal cline in spring temperature reaction norm of 
development in the UK in a common garden setting. The discrepancy in 
geographical pattern between the two studies can to some degree be 
explained by taking winter condition into account. Paper III shows 
through an experimental study that winter duration affects spring 
phenology of A. cardamines. Paper IV aimed to disentangle the effects 
of highly correlated climate variables concerning spring and winter 
condition in a statistical study of citizen science data of five butterfly 
species. The study shows that the effects described in the two 
experimental studies can in combination give rise to the geographical 
pattern identified in paper I. Together these four papers bring insight to 
the genetic and environmental elements that affect phenology of 
butterflies, and A. cardamines in particular. There is substantial genetic 
variation between populations that affects phenological traits, but in 
terms of the populations studied in this thesis, environmental variation 
causes the larger patterns of phenology and also underlies the majority of 
the temporal variation at any given site.  

Broad scale patterns of phenology 
The spatiotemporal pattern of phenology of the butterflies results from a 
complex relationship between correlated environ-mental variables and 
endogenous characteristics of the butterflies, exemplified by fig. 12. The 
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impact of the environmental variables is most important in forming the 
broad scale pattern of phenology. However, they have a complex 
relationship through space and time themselves, making the effect of the 
variables difficult to disentangle. The correlations exist through space, in 
that areas that tend to have cold winters also tend to have cold springs, 
as well as through time, as a year with a long winter also tends to have a 
cold beginning of the spring. Recently much effort has gone into 
attempting to separate the effects of temperature on phenology during 
different times of the year (Yu, Luedeling, & Xu, 2010; Roberts et al., 
2015; Thackeray et al., 2016). These studies have shown counteracting 
effects of winter and spring warmth on species from different trophic 
levels. This is important when considering geographic variation in 
phenology as the areas where spring is warm, are also the areas that tend 
to have short winter durations. The relative impact of spring and winter 
condition will therefore depend on the region. In southern UK winter 
condition is significant in determining spring phenology (Fig. 13) as cold 
durations in southern UK tend to be short enough that the phenology 
should be regularly and substantially delayed (paper III). In northern 
Sweden, however, winter will nearly always be long enough for the 
threshold of winter effect be reached and phenology solely dependent on 
spring condition. With future climate change winter duration may 
become a more important factor in the control of phenology. More so 
because winter conditions are expected to be the most affected by climate 
change (IPCC, 2014; Vautard et al., 2014). The impact of winter 
condition is also likely to become larger at higher latitudes as these are 
the regions which are predicted to change the most in Europe (Vautard et 
al., 2014). 

When interpreting larger geographical patterns or predicting 
phenological change over time it is clear that multiple environmental 
factors must be taken into account (Thackeray et al., 2016). A species 
whose phenology is not shifted earlier by increased spring temperatures 
would erroneously be reported as not responding to warmer springs, if it 
at the same time responds with delayed phenology to increased winter 
temperatures (Cook, Wolkovich, & Parmesan, 2012). Indeed winter 
chilling has been well studied in plants, in experimental as well as in 
observation and field studies (Yu et al., 2010; Cook et al., 2012; Laube et 
al., 2014; Roberts et al., 2015). However, for insects this has not been so 
well investigated and phenology is mainly studied using spring 
temperature (Sparks & Yates, 1997; Phillimore et al., 2012; Valtonen et 
al., 2014; Posledovich et al., 2014; Roy et al., 2015). This thesis clearly 
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shows the necessity to take both winter and spring condition into 
account when interpreting geographical patterns, as what was incorrectly 
interpreted as countergradient pattern of phenology in the UK (paper I) 
in effect was a result of variation in winter climate (paper IV) (Fig. 12). 
However, there is still no investigation into how other environmental 
factors can affect phenology of these species, such as amount of 
precipitation, or the dynamic relationship between winter temperature 
and duration and spring temperature. 

Fine-tuning of phenology and phenological synchrony 
The studied populations vary in several aspects of overwintering and 
spring development. From the amount of ramping up of development 
towards the end of post-diapause development to the amount of cold 
needed in order to break diapause, the populations exhibit a number of 
ways through which they can fine-tune phenology. It is also these 
diapause characteristics or aspects of post-diapause development, where 
population differences are observed, that can evolve and have potential 
for change with climate change. For example, the A. cardamines 
populations studied differ in their diapause duration (paper III) but 
previous studies have suggested that Swedish populations do not differ 
in their sensitivity to winter temperatures (Posledovich et al., 2015a). 
Post-diapause development of A. cardamines occurs in two linear 
phases. Differences in post-diapause development among populations, 
between countries as well as between sexes, are mainly caused by 
differences in the first phase. The largest difference is seen between the 
UK and Sweden, where Swedish butterflies have a higher developmental 
rate for any given temperature (Fig. 8). The difference observed may be 
adaptive based in the spring progressions in the two countries (Fig. 2B). 
An increased ramping up of development of individuals in the UK, that 
experience no sharp increase in temperature to mark the coming of 
spring compared to Sweden, may serve to increase emergence at the local 
scale. 

Fine-tuning has several aspects that are important for fitness. Synchrony 
to conspecifics or heterospecifics, such as to mates and host plants is 
vital for short-lived butterflies. The phenomenon of ramping up 
described in paper II can serve to increase local synchrony but also 
increase the chance of emerging in good weather allowing for mating and 
egg laying immediately. For butterflies, fitness is positively correlated to 
flight time, making it costly to emerge in poor conditions (Courtney, 
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1982; Kingsolver, 1983). Female A. cardamines tend to have egg shortfall 
in the wild, meaning that they often die before laying all their eggs 
(Courtney, 1982). Thereby, loss of a flight day because of poor weather 
pose a real fitness cost. In addition, for A. cardamines it is important to 
be synchronous with its host plants. Paper V shows that this is the 
major host plant phenotype female A. cardamines use in oviposition 
choice. Previous studies show clear fitness impact of phenology of the 
host plants at oviposition (Posledovich et al., 2015b). For synchrony to 
remain between the interacting species, they require similar reactions to 
the different environmental variables that may affect phenology. Even if 
the butterfly has a similar reaction norm to spring temperature as its 
host plants, synchrony can only be maintained if they also have similar 
responses to winter duration. A study on 10 003 species has revealed that 
though species from different trophic levels tend to be temperature 
sensitive during similar time periods throughout the year, the sensitivity 
or response to temperature variation varies, with primary consumers 
having the highest sensitivity and secondary consumers the lowest 
(Thackeray et al., 2016). Despite that paper I suggests similar reaction 
norms between A. cardamines and its host plants, the demand for high 
synchrony to host plants has led to the usage of multiple host plant 
species (Wiklund & Åhrberg, 1978; Courtney, 1982). Though there is 
likely a strong selection pressure on the butterfly to remain locally 
synchronous, a host plant species shift is more likely in the event of 
butterfly and the most commonly used host plant becoming un-
synchronised. Synchrony to the abiotic environment may also be of 
importance as frost may damage animals and plants that initiate their 
development too early in the year (Inouye, 2008). However, preliminary 
experiments show that developing pupae of A. cardamines are very cold 
tolerant and that even adults handle temperatures below freezing well, 
emphasising the importance of temporal matching to host plants for this 
butterfly. 

Concluding remarks 
The broad geographical pattern of phenology is formed by counteracting 
environmental variables, but there are also significant population 
differences that enable fine-tuning of phenology according to the 
seasonal progression and variation at the local scale. The five papers that 
make up this thesis emphasise the importance of understanding the 
biology of the study system in order to make inferences about 
geographical structure of populations or predicting future phenological 
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changes for populations. The two experimental studies increase the 
understanding of phenological control of butterflies and provide insights 
that are useful to the more ecologically general statistical analyses of 
citizen observation data. 
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Svensk sammanfattning 

De händelser i djur- och växtliv vilka signalerar årstidernas gång har 
fångat mångas intresse och väckt stor nyfikenhet hos de som studerar 
livshistorieanpassningar. Livscykeln hos de djur och växter som lever vid 
höga breddgrader måste vara anpassad till ett år med markanta 
variationer i den omgivande miljön mellan säsonger. Läran om dessa 
cykliska företeelser, som sker i flora och faunas livshistoria, kallas 
fenologi. Forskning inom fenologi har ökat markant under de senaste 
årtiondena, särskilt i samband med den ökade forskningen angående 
klimatförändringarnas effekter, då fenologiska aspekter på livscykeln är 
beroende både av temperatur och av andra miljövariabler. Att undersöka 
fenologi kan därför ge insikt hur djur- och växtpopulationer kan svara på 
kortsiktiga miljövariationer och långsiktiga klimatförändringar. 
Skillnader i fenologiska egenskaper mellan populationer kan också öka 
förståelsen för hur livshistorieanpassningar sker. I den här avhandlingen 
undersöker jag fenologi hos fjärilar, främst aurorafjärilen, Anthocharis 
cardamines, genom statistiska studier av medborgarvetenskapligt 
insamlat data samt genom experiment. I den första studien, som är 
baserad på medborgarvetenskapligt data från Storbritannien, visar jag 
att det finns ett latitudinellt mönster av lokal anpassning i när 
aurorafjärilens flyger på våren i förhållande till medeltemperatur på 
våren. Detta mönster visar att fjärilar från nordligare populationer 
utvecklas snabbare (tidigare fenologi), än deras sydligare släktingar, vid 
alla temperaturer. I min andra studie, en experimentell studie av effekten 
av vårtemperatur på aurorafjärilens fenologi, visar jag däremot att detta 
inte kan stämma. I den studien syns ingen latitudinell trend i utveckling 
hos aurorafjärilen i Storbritannien. Däremot påvisar jag här finskalig 
anpassning av fenologi till typiskt vårförlopp hos de populationer ifrån 
Sverige och Storbritannien jag har undersökt. Skillnaden i slutsats 
mellan de första två studierna kan ligga i att fler miljövariabler än 
vårtemperatur påverkar fenologin. Det visar jag i min tredje studie, där 
jag undersöker vinterlängdens effekt på aurorafjärilens fenologi i Sverige 
och Storbritannien. Kortare vintrar har en försenande effekt på flygtiden 
på våren. Även i den tredje studien var anpassningar hos populationer 
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till de typiska säsongerna synliga. Vintertemperaturerna är de som 
förväntas öka mest med de förutspådda klimatförändringarna. Det 
betyder att effekten av vinterförhållanden kommer att få en allt större 
effekt på fenologin samt att denna effekt kan komma att påverka fenologi 
vid allt nordligare breddgrader och högre altituder. I den fjärde studien 
använde jag mig igen av medborgarvetenskapliga data. Jag visar i den 
studien att den gemensamma effekten av vår- och vinterlängd kan ge 
upphov till det mönster som hittades i den första statistiska studien. Vår- 
och vinterförhållanden visar flera korrelationer som gör det svårt att 
separera effekterna; i norr, där vintern är lång, tenderar våren att vara 
kall och under år som är kalla påverkas vinter- och vårklimat i samma 
riktning. Fenologin hos tre fjärilsarter resulterar från en komplex 
relation av flera miljövariabler. Vill man dra slutsatser angående fenologi 
över större geografiska områden eller förutspå förändringar över tid 
måste man ta hänsyn till flera miljövariabler men även ha en god 
förståelse för vilken eller vilka variabler som påverkar den egenskap man 
studerar. I den femte och sista studien betonar jag varför fenologi är 
viktigt. Att fjärilen har ändrat sin fenologi med en eller två veckor på tio 
år spelar ingen roll såvida den förändringen inte är satt i dess biologiska 
sammanhang. Det som spelar roll för fjärilen är att den ska vara väl 
tidsmatchad med sina värdväxter. Jag visar i den sista studien att det är 
det fenologiska stadiet på värdväxterna som är viktigast för honan när 
hon väljer värdväxt för sin avkomma. Sammanfattningsvis så pekar den 
här avhandlingen på att de större geografiska mönster av fenologi som 
observeras hos de studerade fjärilsarterna, formas av motverkade 
miljövariabler, men att det också finns substantiella populationsskillna-
der vilka möjliggör finjustering av fenologi på den lokala skalan. 
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