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Abstract 15 

1. There is growing recognition as to the importance of extreme climatic events 16 

(ECEs) in determining changes in species populations. In fact it’s often the 17 

extent of climate variability that determines a population’s ability to persist at a 18 

given site.  19 

2. This study examined the impact of ECEs on the resident UK butterfly species 20 

(n=41) over a 37 year period. The study investigated the sensitivity of 21 

butterflies to four extremes (Drought, Extreme Precipitation, Extreme Heat, 22 

Extreme Cold), identified at the site level, across each species’ life stages. 23 

Variations in the vulnerability of butterflies at the site level were also 24 
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compared based on 3 life history traits (voltinism, habitat requirement, and 25 

range).  26 

3. This is the first study to examine the effects of ECEs at the site level across all 27 

life stages of a butterfly, identifying sensitive life stages and unravelling the 28 

role life history traits play in species sensitivity to ECEs.  29 

 30 

4. Butterfly population changes were found to be primarily driven by temperature 31 

extremes. Extreme heat was detrimental during overwintering periods and 32 

beneficial during adult periods and extreme cold had opposite impacts on both 33 

of these life stages. Previously undocumented detrimental effects were 34 

identified for extreme precipitation during the pupal life stage for univoltine 35 

species. Generalists were found to have significantly more negative 36 

associations with ECEs than specialists. 37 

5. With future projections of warmer, wetter winters and more severe weather 38 

events, UK butterflies could come under severe pressure given the findings of 39 

this study.  40 

Key-words Butterfly population changes, climate change, life history traits, linear 41 

mixed effects model, sensitivity 42 

Introduction 43 

Climate change is causing direct and substantial changes to biodiversity and to 44 

entire ecosystems (Cramer et al. 2014); species have been altering their growth, 45 

phenology, and distribution (Root et al. 2003; Møller, Rubolini & Lehikoinen 2008; 46 

Chen et al. 2011). While species are changing their distribution in an attempt to track 47 

the climatic conditions optimal for their survival, i.e. their climatic niche, their ability to 48 

do so is often limited. Some species are lagging behind the high velocity of climate 49 
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change (Loarie et al. 2009; Bertrand et al. 2011; Devictor et al. 2012) resulting in 50 

range contractions (Foden et al. 2007). Both widespread and range restricted 51 

species are projected to have range losses and/or increased extinction risks as a 52 

result of changes in mean climate (IPCC 2007; Warren 2011; Foden et al. 2013; 53 

Warren et al. 2013). 54 

Most attribution of climate change impacts on biodiversity (Parmesan, Root & Willig 55 

2000; Root et al. 2003; Chen et al. 2011; Doney et al. 2012), and the projection of 56 

future impacts (Pereira et al. 2010; Bellard et al. 2012; Pacifici et al. 2015), is based 57 

upon the observed or projected change in mean climate, however the impacts of 58 

climatic extremes, such as heatwaves, heavy rainfall, and droughts are much less 59 

frequently studies and the rate and magnitude of these events is likely to increase in 60 

the future (IPCC 2012; Jones et al. 2014).  61 

Extreme climate events (ECEs) have been shown to directly affect species 62 

populations by influencing reproductive and mortality rates (Jiguet, Brotons & 63 

Devictor 2011). Changes in climate variability, as a result of climate change, leading 64 

to changes in the magnitude and frequency of ECEs may be more important for 65 

determining whether a species can persist in a given location, than are modest 66 

increases in average temperature (Parmesan et al. 2000; Bauerfeind & Fischer 67 

2014).  68 

 Butterflies have been used to demonstrate ecological examples of species’ 69 

responses to climate change (Parmesan et al. 1999; Warren et al. 2001; Wilson et 70 

al. 2005; Franco et al. 2006; Thomas, Franco & Hill 2006; Pöyry et al. 2009; 71 

Diamond et al. 2011) and due to their ectothermic characteristics are a good 72 

taxonomic group to look at effects of extreme climatic events.  ECEs, such as 73 

drought and heavy precipitation events, have been shown to be detrimental to the 74 
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survival of butterflies, causing local extinction events (McLaughlin et al. 2002; Oliver 75 

et al. 2015) which highlights the importance of incorporating these ECEs in 76 

ecological studies (Easterling et al. 2000; Jentsch & Beierkuhnlein 2008; Smith 2011; 77 

Fischer, Klockmann & Reim 2014). Warmer, wetter winters have been negatively 78 

associated with changes in population growth rates as has heavy rainfall (Pollard 79 

1988; WallisDeVries, Baxter & Van Vliet 2011).  80 

Univoltine and multivoltine species are under different selective pressures due to 81 

differing numbers and timings of life stages. Life stage can be incorporated into the 82 

analysis to allow identification of sensitive stages within a butterfly’s lifecycle to 83 

particular extremes (WallisDeVries et al. 2011; Radchuk, Turlure & Schtickzelle 84 

2013). 85 

Impacts of ECEs can be examined at a large scale (Pollard 1988; Roy et al. 2001; 86 

WallisDeVries et al. 2011) or take into account site specific information to avoid 87 

hiding population losses in one area due to gains in another (Wilbanks & Kates 88 

1999). By analysing the impacts of ECEs at site level these losses and gains can be 89 

unmasked, allowing for attributions to be identified that may not have been in a 90 

broader scale study (Pearce-Higgins 2011; Newson et al. 2014). Site specific 91 

differences may be a function of a species’ local site adaption to regional climate 92 

variables (Ayres & Scriber 1994) and habitat availability and characteristics also 93 

affect species responses to ECEs. Oliver et al. (2015) showed that reducing habitat 94 

fragmentation was effective at countering negative drought effects on butterfly 95 

populations and reducing landscape-scale habitat fragmentation may influence a 96 

species ability to withstand weather-mediated population declines (Newson et al. 97 

2014). 98 
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ECEs have been defined using specific arbitrary thresholds (WallisDeVries et al. 99 

2011), such as extreme heat being anything above 30°C. This only identifies heat as 100 

an issue during the summer, excluding the possibility that heat may also play a role 101 

during other periods of the year and other stages of a species’ life cycle.  102 

This study takes a new approach to identifying species responses to extremes, 103 

accounting for both the life stage and site specific effects thus providing a more 104 

dynamic and biologically relevant approach in identifying climatic extremes for an 105 

organism. This study aims to assess the impacts of ECEs on UK species over the 37 106 

year period from 1976- 2012. This study will (i) examine the influence of ECEs on 107 

butterfly population change over a 37 year period; (ii) determine which butterfly life 108 

stages are sensitive to which ECEs and (iii) determine whether butterfly population 109 

changes are more associated with extremes of temperature or precipitation? 110 

Materials and Methods 111 

The Datasets 112 

The butterfly dataset – UKBMS 113 

Site level butterfly population indices were obtained from The UK Butterfly Monitoring 114 

Scheme (UKBMS), a comprehensive dataset for UK Butterflies consisting of records 115 

from thousands of volunteers across the UK. This data covers a period from 1976 116 

(38 monitored sites) to 2012 (878 monitored sites). In total over the 37 year period 117 

there have been 1,802 different recording sites. At monitored sites, weekly counts of 118 

adult butterflies were made over a 26 week period between the beginning of April 119 

and the end of September on fixed routes provided the weather conditions were 120 

favourable for butterfly activity (Pollard & Yates 1993). This procedure is repeated 121 

yearly allowing for comparisons between years at that particular site but also 122 

between sites. Full details of the sampling methodology can be found in (Pollard, 123 
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Hall & Bibby 1986). Population indices are based upon all generations that fall within 124 

the recording period, the indices are not split by generation.  125 

Species with fewer than 10 sites and/or less than 15 years of data were removed 126 

from the analysis as in (WallisDeVries et al. 2011) limiting the number of species 127 

included in the analyses to 41 of the 59 regularly occurring UK butterflies. A separate 128 

model was created for each species to account for different lifecycle timings, 129 

numbers of generations and overwintering strategies.  130 

Information on life history traits (voltinism: univoltine / multivoltine, species range: 131 

Northern range limited / widespread species, habitat generalist / habitat specialist 132 

species) were collated using (Asher et al. 2001). 133 

 134 

The weather observations dataset  135 

Daily maximum, minimum temperature and precipitation data on a 0.25 degree 136 

regular lat/long grid were obtained from the E-OBS dataset for the UK between 1950 137 

and 2012 (Haylock et al. 2008). Site specific daily data was extracted using the 138 

latitude and longitude of the survey sites from the UKBMS dataset. For more 139 

information on how the data is interpolated into its gridded format see (Haylock et al. 140 

2008).  141 

Identification of Extreme Weather Events and their biological relevance 142 

Calendar dates were identified for all life stages of each butterfly (Ovum, Larvae, 143 

Pupae, Adult and Overwintering) according to their phenology (Eeles 2014). 144 

Overwintering period was set as a fixed period for all species (WallisDeVries et al. 145 

2011), starting on the 1st of November and finishing on the 28th of February. The 146 

phenology of each species can vary from year to year in addition to the site to site 147 

variation (Van Strien et al. 2008; WallisDeVries et al. 2011). In this study we use 148 
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fixed phenology dates for the butterflies to identify the start and end of each lifecycle 149 

for 37 years of data which the UKBMS covers.  150 

Once the phenologies of each life stage for each species were identified, the climate 151 

data set was used to detect and extract any extreme climate events occurring during 152 

each life stage for each species at each site based on all 63 years covered by the 153 

climate data. Four types of ECEs were defined using site and species-specific 154 

thresholds, and the number of days exceeding that threshold was calculated 155 

(WallisDeVries et al. 2011), Table 1.Two standard deviations was chosen to set the 156 

extremes for temperature (Beaumont et al. 2011) and the 97.5 percentile to set 157 

extremes for precipitation as they were hypothesised to identify temperatures and 158 

precipitation beyond the climatic norm for species in each area. This was carried out 159 

at the site level over the 63 year period covered by the E-OBS dataset. All extremes 160 

were defined as the number of days exceeding the threshold criteria identified by the 161 

above methods for a given butterfly’s life cycle stage.  162 

The ECE definitions adopted give more flexibility, biological application and meaning 163 

in relation to time of the year and location of the extreme impacts than arbitrary 164 

thresholds. Each extreme is tailored specifically to each individual species. In 165 

addition to this it accounts for the historical climate a species has experienced at a 166 

given site for a given life stage. Arbitrary thresholds of temperature, such as 30°C 167 

used in previous studies, limit our capacity to understand how temperature may 168 

affect life stages that do not fall during the hottest periods of the year. This study 169 

uses site and species specific life stage climatic extremes enabling an understanding 170 

of how extremes occurring in different stages of the life cycle may impact on 171 

population change. 172 

 173 
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Statistical Analysis 174 

Species-specific models 175 

Species-specific linear mixed models were built which relate the annual adult 176 

butterfly abundance of a particular species to the ECEs previously identified for the 177 

different stages of that butterfly species’ life cycle: ovum, larva, pupa, adult, 178 

(repeating in multivoltine species) and overwintering period. These models assess 179 

the impacts that identified extremes during each butterfly’s life stages had on the 180 

butterfly’s adult population across the UK. The dependent variable was chosen as 181 

the log of the indices of adult abundance from one year to the next and was used 182 

rather than just the indices for adult abundance in order to satisfy model 183 

assumptions of normality. The log transformation has been used as in similar studies 184 

(Roy et al. 2001; WallisDeVries et al. 2011) to  account for the varying numbers of 185 

butterflies present at a site (Freeman 2009). Site was included as a random variable 186 

(Mair et al. 2014) to account for site specific adaptation between different 187 

populations of the same species due to issues such as habitat differences amongst 188 

sites. Counts of the number of ECEs identified for the different stages of that butterfly 189 

species’ life cycle: ovum, larva, pupa, adult, and overwintering period were 190 

incorporated as fixed explanatory variables. Backwards stepwise selection using 191 

Akaike’s Information Criterion (AIC) as recommended by (Thiele 2012) was used to 192 

remove variables that don’t explain the variation in butterfly populations. Due to the 193 

possibility that several models may fit our data suitably well, the Pdredge function in 194 

the MuMIn package in R statistical software was used to dredge for all the possible 195 

model options using the variables selected for by the backwards stepwise selection. 196 

Any model with a Δ AIC of less that 4 was deemed similar to the best fit model and 197 

was incorporated in the model averaging which has been increasingly backed and 198 
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applied in similar studies and is recommended for prediction and forecasting (Thiele 199 

2012).  200 

Combined univoltine and multivoltine models 201 

Linear models were created by separating univoltine from multivoltine species and 202 

combining all species in each group to run a combined model for univoltine and 203 

multivoltine species. It displays the differences in response of the butterflies based 204 

on their voltinism. It also helps to understand the relative importance of variables 205 

found as being significant in the individual species models when looking at them 206 

from a univoltine and multivoltine perspective. The relative importance of each 207 

variable within the combined models was assessed using the package relaimpo 208 

(Grömping 2006) in R and defined as the percentage contribution of each predictor 209 

to the R2 of the model. It allows us to give statistical support relevance to counts of 210 

variables gained from species-specific models. 211 

Life history traits sensitivity to ECEs comparison: Welch t tests. 212 

Welch t tests were used to make comparisons between species with different life 213 

history traits and their response to ECEs. Comparisons were based on the mean 214 

percentage of negative responses in relation to total number of possible variables 215 

from the individual species models when divided and grouped based on their life 216 

history traits. 217 

Results 218 

Which life stages are affected by which ECEs? 219 

The percentage of species for which an extreme affected a certain life stage varied 220 

depending on voltinism. Thus results are presented for univoltine and multivoltine 221 

species separately. All quoted percentages in the results for species affected are 222 

based on significant effects in the individual species models.   223 
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Univoltine Species  224 

The adult and overwintering life stages are the most sensitive for 29 univoltine 225 

species (Fig 1.). Extreme heat during the overwintering life stage and extreme cold 226 

during the adult life stage are the most frequently occurring negative extreme 227 

variables both causing population declines (affecting 45% and 35% of species 228 

respectively). Adult and overwintering life stages have opposing population 229 

responses to temperature extremes, extreme heat during the adult life stage is 230 

causes positive population change for 21% of species, while during overwintering it 231 

is associated with negative population change in 45% of species. Another extremely 232 

important variable to which univoltine species are vulnerable to is extreme 233 

precipitation during the pupal life stage affecting 28% of species. Drought appears to 234 

impact on the adult stage most negatively, 24% of the species, but appears to be 235 

beneficial during the ovum life stage also for 24% of species which is shown in the 236 

combined species model to be more importance for univoltine butterfly population 237 

change than its negative impacts, Table. 2. The combined model, including all 238 

univoltine species, identifies which of the variables from the species specific models 239 

to focus on when considering response of univoltine species. The first 5 variables 240 

account for 73.6% of the predictive power of the combined model (Table. 2). 241 

Extreme heat in the overwintering stage and precipitation in the pupal stage have 242 

strong negative effects on univoltine butterfly population trends. Extreme heat in the 243 

adult and pupal life stage drive positive population change in univoltine species. In 244 

summary, univoltine species seem particularly sensitive to temperature extremes at 245 

both ends of the scale (Heat or Cold) and it is the adult and overwintering phases 246 

that are vulnerable to these extremes. In addition to this, extreme precipitation during 247 

the pupal life stage is a detrimental driver of population change in a number of 248 

univoltine species. 249 
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Multivoltine Species 250 

Extreme heat during overwintering and extreme precipitation during 1st and 2nd 251 

generation adult life stages are the most frequently occurring extreme variables 252 

causing population declines in multivoltine species (67%, 58% and 50% of all 253 

multivoltine species affected respectively, Figure 1). As in univoltine species, adult 254 

and overwintering life stages have opposite population responses to temperature 255 

extremes. Extreme heat during the adult life stage is associated with positive 256 

population change in 42% of species. Drought plays a much more important role in 257 

multivoltine species than univoltine species. Drought negatively affects 50% of 258 

species during their 2nd larval life stage but has a positive impact on 25% of the 259 

species during their 1st ovum life stage. In the model combining all multivoltine 260 

species, the 9 most important variables account for 73% of the predictive power of 261 

the combined multivoltine model (Table 3). The multivoltine model is clearly driven 262 

by extremes of temperature, five were extremes in heat and one a cold extreme. 263 

Unlike univoltine species however, multivoltine seem to be susceptible across all life 264 

stages with ovum, larvae, pupae, adult and overwintering all being represented in the 265 

nine most important variables in the combined model. Species’ vulnerability to 266 

extremes appears to be most prominent in the 1st generation and is primarily driven 267 

by exposure to extreme heat with the exception of the negative impacts of 268 

precipitation during the adult stage. Multivoltine species have a significantly higher 269 

proportion of negative responses to ECEs across their life stages than univoltine 270 

species (t(25)=-2.86, p=0.008), Table 4. The results suggest that multivoltine species 271 

are more sensitive to extremes than univoltine species.  272 
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Within univoltine species there is no significant difference in the number of negative 273 

responses when comparing specialist with generalist species (t(20)=-1.6, p=0.122) 274 

Table 4.  275 

There is no significant difference between widespread and northern range limited 276 

species nested in univoltine species, (t(20)= 1.69, p=0.102) Table 4. However when 277 

nested in multivoltine species, widespread species show more responses to 278 

extremes across their life stage than northern range limited species (t(8)=3.76, 279 

p=0.004) Table 4.  280 

Discussion 281 

UK butterfly populations are influenced by extreme climatic events. Extreme 282 

temperature events play a significant role in determining the population changes in 283 

species from year to year in both multivoltine and univoltine species. Previous 284 

studies found that cold weather during the adult phase negatively affect population 285 

change, while warm weather has positive associations to population (Calvert, 286 

Zuchowski & Brower 1983; Roy et al. 2001; Warren et al. 2001; WallisDeVries et al. 287 

2011). The benefit of heat on butterfly populations is to be expected given their 288 

poikilothermic nature. This study examined the effects of extreme temperature and 289 

precipitation variables on all butterfly life stages, for both univoltine and multivoltine 290 

species. For UK butterflies the overwintering stage was found to be particularly 291 

sensitive to extremes. Butterfly populations are negatively affected by hotter 292 

temperatures while overwintering and benefit from colder winters. This concurs with 293 

previous studies such as (Radchuk et al. 2013; Oliver et al. 2015) who found in their 294 

laboratory experiments that the overwintering larval stage was extremely sensitive to 295 

increases in temperature. This study identified negative associations of high 296 

temperatures during the overwintering stage but did not find that this sensitivity was 297 
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confined to species overwintering in their larval stage. Radchuk et al. (2013) argue 298 

that elevated temperatures during the overwintering period increase rates of 299 

mortality due to increased incidences of disease and fungi both of which are more 300 

abundant in milder winters (Harvell 2002). Whilst this may be the case, we 301 

hypothesise that in the case of butterflies overwintering as larvae or adults it may be 302 

due to extreme hot temperatures acting as a cue for butterflies or their larvae to 303 

come out from overwintering too early, decoupling from photoperiod cues, (Wiklund, 304 

Lindfors & Forsberg 1996) and subsequently killed off by temperatures returning to 305 

colder conditions or potentially the destruction of their food plant due to similar 306 

mechanisms (McLaughlin et al. 2002). 307 

This study did not account for annual variation in butterfly phenology (Van Strien et 308 

al. 2008), the life stage periods were fixed based on the average of the last 37 years 309 

thus life stage exposure to extremes may have been less well quantified in years or 310 

sites with advanced or delayed phenology. Overall our approach is likely to be robust 311 

since it accounts site variability (by including the effects of climatic extremes at the 312 

site level), and includes a long-term data set (37 years) to quantify country wide 313 

species population responses to ECEs. These results should not be extrapolated 314 

beyond the UK due to issues such as local adaptation, it is prudent to expect 315 

potential differences in the responses of continental European populations of the 316 

same butterflies. 317 

Single generation vs multi-generation species 318 

All life stages for univoltine species showed sensitivity to ECEs during the 319 

overwintering stage, with extreme cold events being beneficial and extreme heat 320 

detrimental on butterfly populations. One of the more prominent and consistent 321 

negative contributors to univoltine species’ population change is precipitation events 322 

during the pupal and larval periods. This is an important finding as it hasn’t been 323 
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identified in previous studies but would be expected from heavy rainfall events 324 

(Pollard 1988). Indeed, Hill et al. (2003) have previously hypothesised the potential 325 

importance of precipitation having a detrimental impact on both the larval and pupal 326 

stage, which is clearly supported by our analysis of univoltine species. The impacts 327 

of drought are difficult to interpret in this study as species do not seem to respond as 328 

uniformly to this extreme as the other extremes. However, during the ovum life stage 329 

our combined species models have indicated it plays an important and significant 330 

role in determining increases in population size.   331 

It would appear that univoltine species prefer warmer, drier climates outside of winter 332 

periods. Current predictions forecast that the UK will have a warmer climate with 333 

drier summers (Jenkins et al. 2009) which on the face of it would seem to benefit 334 

most univoltine species however this may not be the case as warmer, wetter winters 335 

could potentially be a driving force behind many population changes as in (Radchuk 336 

et al. 2013).  337 

Temperature extremes are the primary driving factor when analysing the impact of 338 

ECEs on multivoltine butterfly populations. As in the univoltine species, hot weather 339 

during overwintering period is negative with extreme cold being beneficial. The adult 340 

stage is extremely sensitive to extremes in temperature but primarily the second 341 

generation stage, Table 3. This is probably due to the timing of the second 342 

generation for most multivoltine species, which have their flight period during 343 

summer. Temperature has been shown to be extremely important during these 344 

summer periods (Roy et al. 2001). Similar to the univoltine species, multivoltine 345 

appear to be positively impacted by drought conditions during the 1st generation 346 

ovum and adult stages. This apparent benefit of drought may indicate that the levels 347 

of drought identified in this study are not at a level that is detrimental to butterflies. 348 
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Our analysis shows that univoltine species are less sensitive to ECEs than 349 

multivoltine species. These results need to be interpreted with caution taking into 350 

account the small number of multivoltine (n=12) species included in the analysis. 351 

This may be a due to exposure to extremes during more life stages, more 352 

generations in a year may put more selection pressures on a species.  (Radchuk et 353 

al. 2013) emphasise the importance of a resource based habitat approach and it is 354 

clear that more life stages would put more selection pressures on the species or 355 

potentially due to the fact that an extreme in one year can affect two consecutive 356 

generations when life stages overlap. 357 

Generalists vs specialists 358 

Generalist species have more significant negative associations with ECEs than 359 

specialist species. This suggest that ECEs may affect population change in 360 

generalist species, especially in populations on the edge of their climatic range 361 

(Hellmann et al. 2008), while population change of habitat specialists species is 362 

controlled by other factors (e.g. habitat loss and degradation) (Warren et al. 2001). 363 

We hypothesise that generalist species are more vulnerable as they are filling their 364 

climatic niche and hence many populations within the species range may be situated 365 

on the climatic range edge and be more vulnerable to increased climate variability 366 

outside of their comfort zone. In contrast specialist species are confined to particular 367 

host plants which may not ubiquitous across the specialist species’ climatic niche, 368 

hence those specialist species are not filling their climatic niche and are effectively in 369 

or close to their core range and are not subjected to ECEs that are outside their 370 

ability to adapt and cope. It is also possible that specialist species are being buffered 371 

by their habitats where they have been able to persist (Oliver, Brereton & Roy 2013). 372 
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Widespread vs Northern range limited species 373 

No significant difference in the number of negative associations between widespread 374 

and northern range limited species was found when nested within univoltine species. 375 

The opposite was found for multivoltine species with widespread species having 376 

significantly more negative associations when nested in multivoltine species. These 377 

results need to be interpreted with caution as mentioned previously. If validated this 378 

result may indicate that widespread species may be subjected to a much higher 379 

variation in climatic conditions than northern range limited species and as such may 380 

be subject to temperatures and precipitation levels that are detrimental. 381 

Conclusion 382 

This study has identified a hitherto unknown sensitivity of univoltine species to 383 

extreme precipitation during their pupal life stage. In addition, this study although 384 

using novel ECE definitions, found an agreement with previous studies, indicating 385 

that warm and even climatically extreme hot summers are beneficial to butterfly 386 

populations, while extremely wet cold summers are detrimental to their populations. 387 

The detrimental effect of extreme heat during overwintering has been evidenced 388 

previously but fewer studies have shown the sensitivity of the pupal stage to extreme 389 

precipitation events and warrants further attention. Interestingly the perceived 390 

sensitivity of butterflies to drought (Oliver et al. 2015) was not evidenced in our 391 

analysis but this could be due to limitations in our definition of drought.  392 

Sensitivity to ECEs in butterflies was primarily dominated by temperature extremes 393 

which would support our hypothesis that butterfly population changes are more 394 

dependent on heat extremes as shown by both the combined species models and 395 

the proportion of species affected in the species specific models. This study has 396 

identified scope for future work. An interesting augmentation of this study would be 397 

to identify dramatic species decline events and examine the extent to which they are 398 
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associated with ECEs. Finally, building on the work of (Oliver et al. 2015), further 399 

analysis is warranted on the ability of habitats to buffer extremes other than drought 400 

that have been identified as being detrimental by this study. Extreme wind could be 401 

factored into future studies also. Unfortunately, the appropriate data was not 402 

available through the weather sources used in this paper.   403 

The novel identification of the sensitivity of the pupal life stage to extreme 404 

precipitation supports our decision to address the impacts of extremes at a finer 405 

scale than previous studies and has also shown the importance of looking at ECEs 406 

across all life stages given these relatively new findings.  407 

This study has shown that butterflies could potentially benefit from increasing 408 

temperatures in the UK in the future but warmer and wetter winters and increases in 409 

severe weather events that have also been predicted (Defra 2009; Jenkins et al. 410 

2009) could be detrimental to the survival of many of its butterfly species and further 411 

research is needed regarding the balance of importance that these variables could 412 

have and whether the benefits of warmer summers will be outweighed by the 413 

detrimental winter effects. Based on the results of this study, future conservation 414 

efforts hoping to mitigate against ECEs in the future should focus their efforts on the 415 

adult and overwintering life stages of UK butterflies.  416 

 417 
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Tables  650 

Table 1 Extreme Climatic Events (ECEs) included in this study and their definitions (Diaz & Murnane 2008; Beaumont et al. 2011)  651 

Extreme Definition 

Extreme Heat Number of days above 2 standard deviations above the 
mean daily maximum temperature for the life cycle 
period of the species in question at a particular site 

Extreme Cold As for extreme heat but 2 standard deviations below 
the mean of the minimum daily temperature 

Drought 15 days with a combined total of less than 0.02 mm of rain 
with each day on top of this being counted as an extra day 
of drought 

Extreme Precipitation Number of days above the 97.5 percentile for rainfall 
during the life cycle period in question for a particular 
species at that particular site. 2 standard deviations 
were not used in this case due to the shape of 
precipitation data (non-normal).  

 652 

 653 
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Table 2 Significant variables obtained from the combined univoltine species linear model. Bonferroni corrections applied and variables ordered 654 
by relative importance in the model using the relaimpo package. Variables bolded show a negative relationship with univoltine populations. 655 

Univoltine Species 

Variable Estimate Std. Error t value p-value Relative Importance 

Extr. Heat during Overwintering -0.064 0.004 -17.681 <0.0001 19.93% 

Extr. Heat during Adult stage 0.052 0.005 11.068 <0.0001 17.54% 

Extr. Heat during Pupal stage 0.040 0.005 8.309 <0.0001 14.24% 

Extr. Precipitation during Pupal stage -0.051 0.004 -12.915 <0.0001 12.74% 

Drought during Ovum stage 0.044 0.004 11.365 <0.0001 9.14% 

Extr. Cold during Adult stage -0.040 0.004 -10.593 <0.0001 4.93% 

Extr. Precipitation during Larval stage -0.026 0.004 -6.476 <0.0001 3.99% 

Drought during Pupal stage 0.031 0.004 7.259 <0.0001 3.96% 

Extr. Cold during Overwintering 0.030 0.004 8.104 <0.0001 3.96% 

Extr. Heat during Ovum stage -0.023 0.005 -4.560 <0.0001 2.79% 

Extr. Precipitation during Adult stage -0.009 0.004 -2.399 0.0165 2.01% 

Extr. Precipitation during Ovum stage -0.019 0.004 -5.031 <0.0001 1.98% 

Extr. Heat during Larval stage -0.017 0.005 -3.308 0.0009 1.38% 

Drought during Adult stage -0.011 0.004 -2.663 0.0077 0.74% 

Extr. Precipitation during Overwintering -0.015 0.004 -3.954 0.0001 0.69% 

656 
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Table 3 Significant variables obtained from the combined multivoltine species linear model. Bonferroni corrections applied and variables ordered by relative 657 
importance in the model using the relaimpo package. Variables bolded show a negative relationship with univoltine populations. 658 

Multivoltine Species 

Variable Estimate Std. Error t value Pr(>|t|) Relative Importance 

Extr. Heat during 2nd generation Adult stage 0.105 0.006 17.921 <0.001 14.81% 

Drought during 1st generation Adult stage 0.076 0.006 13.599 <0.001 8.45% 

Extr. Cold during 2nd generation Larval stage 0.083 0.005 15.740 <0.001 8.31% 

Extr. Heat during Overwintering -0.100 0.007 -14.427 <0.001 8.22% 

Extr. Heat during 2nd generation Ovum stage 0.064 0.006 11.262 <0.001 7.82% 

Drought during 1st generation Ovum stage 0.086 0.005 16.283 <0.001 7.12% 

Extr. Heat during 1st generation Pupal stage -0.066 0.006 -10.533 <0.001 6.59% 

Extr. Heat during 1st generation Ovum stage -0.034 0.006 -5.253 <0.001 6.33% 

Extr. Precipitation during 1st generation Adult stage -0.050 0.006 -8.701 <0.001 5.48% 

Extr. Cold during Overwintering 0.080 0.006 13.284 <0.001 4.25% 

Extr. Precipitation during 2nd generation Ovum stage -0.018 0.006 -2.849 0.004 2.98% 

Extr. Precipitation during 2nd generation Larval stage -0.027 0.007 -3.813 0.000 2.88% 

Extr. Cold during 2nd generation Ovum stage -0.042 0.005 -7.846 <0.001 2.28% 

Drought during 2nd generation Larval stage -0.053 0.007 -7.992 <0.001 1.80% 

Drought during 2nd generation Ovum stage 0.016 0.006 2.400 0.016 1.69% 

Drought during Overwintering -0.031 0.005 -5.700 <0.001 1.61% 

Extr. Cold during 1st generation Pupal stage -0.052 0.005 -9.946 <0.001 1.44% 

Extr. Heat during 1st generation Adult stage -0.021 0.006 -3.468 0.001 1.38% 

Extr. Precipitation during 1st generation Pupal stage -0.036 0.006 -6.144 <0.001 1.37% 

Extr. Precipitation during 1st generation Larval stage -0.032 0.005 -6.089 <0.001 1.37% 

Extr. Cold during 2nd generation Adult stage -0.023 0.005 -4.526 <0.001 1.29% 

Extr. Cold during 1st generation Adult stage -0.031 0.005 -5.788 <0.001 0.62% 

Extr. Precipitation during 2nd generation Pupal stage 0.027 0.006 4.280 <0.001 0.61% 

Drought during 2nd generation Adult stage -0.027 0.006 -4.370 <0.001 0.51% 

Extr. Precipitation during Overwintering 0.012 0.006 2.183 0.029 0.32% 

Drought during 2nd generation Pupal stage 0.014 0.007 2.106 0.035 0.25% 

 659 
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Table 4 Welch T tests results comparing the mean percentage of negative responses in relation to total number of possible 660 

variables from the individual species models when divided based on their life history traits. 661 

Life history Group (Traits being tested tested) t  Statistic 
Degrees of 

freedom Means (% vs %) p-value 

Voltinism (Univoltine versus Multivoltine) -2.86 25.66 (13.62 vs 22.22) 0.008 

Requirement (Specialist versus Generalist) -3.00 35.99 (10.95 vs 19.81) 0.004 

Within Univoltine Species (Widespread versus Northern Range limited) 1.69 25.57 (17.5, 11.25) 0.102 

Within Multivoltine Species (Widespread versus Northern Range limited)   3.76 8.77 (26.98 vs 15.56) 0.005 

662 
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Figure Legends 663 

Figure 1 Percentage of species, from the species specific models, for each life stage which there was a significant (p<0.05) positive 664 

or negative relationship with an Extreme Climatic Event (ECE) related to temperature or precipitation. Univoltine (A and B) and 665 

multivoltine (C and D) species are shown separately.  Impact of temperature extremes (A and C) and precipitation extremes (B and 666 

D) on univoltine and multivoltine species are also shown separately. Columns above the 0 line in the y axis indicate the % of 667 

species positively impacted by ECEs while below indicates the % of species positively impacted by ECEs.  668 
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Figures 669 
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