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1. Since widespread monitoring began in 1976 in the U.K., habitat-specialist butterfly 22 

populations have declined dramatically. The main driver is habitat degradation, caused 23 

primarily by land-use change, perhaps interacting with changes in vegetation phenology.  24 

2. Here, we focus on two declining species: Boloria selene [Dennis & Schiffermüller] and B. 25 

euphrosyne L., Lepidoptera: Nymphalidae.  We hypothesise that these species differ in 26 

their preferred breeding habitat, and this is driven by differences in their temperature 27 

preferences, mediated by vegetation cover. 28 

3. We use mark-release-recapture techniques and oviposition observations to characterize 29 

and compare adult distribution, habitat use and oviposition site preferences of the two 30 

species.              31 

4. Egg-laying females of both species are shown to occur in areas with relatively high 32 

abundance of the larval food plants, Viola spp. (violets), principally V. riviniana, and they 33 

oviposit where Viola spp. abundance is locally high.  However, in contrast to B. selene, 34 

ovipositing B. euphrosyne tend to occur in areas with relatively short and sparse cover of 35 

vegetation.  36 

5. B. euphrosyne oviposit in sites with a relatively high plant surface temperature 37 

irrespective of ambient temperatures, in contrast with B. selene in which the 38 

temperature of oviposition sites increases as ambient temperature increases. These 39 

differential temperature strategies likely underlie differences in breeding habitat 40 

preference. 41 

6. Microclimatic cooling caused by increased vegetation growth in spring may be one 42 

reason B. euphrosyne is declining in the U.K., while both B. euphrosyne and B. selene 43 

may be affected by declining Viola spp. availability.   Our data provide further evidence 44 

that drivers of butterfly declines can be multi-factorial, and paradoxically, that 45 

thermophilic species do not necessarily benefit from climate warming if responses of 46 

other species result in cooling of their habitats.          47 



Introduction 48 

In recent decades, much of the globe has seen a marked decline in insect biomass (van Klink et al., 49 

2020, Wagner et al., 2021, Wagner, 2020), leading to predictions that 40% of insect species may be 50 

at risk of extinction, with habitat loss identified as the principal driver (Sánchez-Bayo and Wyckhuys, 51 

2019).  Globally, Lepidoptera are reported to be one of the taxa most at risk (Sánchez-Bayo and 52 

Wyckhuys, 2019), and in north-west Europe butterfly diversity declines since the 1930s have been 53 

documented, but with some evidence that the rate of decline has slowed in recent decades 54 

(Carvalheiro et al., 2013).  In the U.K. over the past three decades, 80% of butterfly species have 55 

declined in either abundance or distribution. On average, across all species, abundance has declined 56 

6%, while distributions have constricted by 42% (Warren et al., 2021; Fox et al., 2022). Similarly, a 57 

study of c. 900 larger moth species in Britain concluded that 41% had declined, while total 58 

abundance decreased by 33% since 1968 (Fox et al., 2021).   Although some butterfly species exhibit 59 

expanding range and increasing abundance, and those species without tight habitat requirements 60 

are only moderately affected, habitat specialists have experienced a serious abundance and 61 

distribution declines of 27% and 68%, respectively since 1976 (Warren et al., 2021; Fox et al., 2022).  62 

In common with insects in general, habitat degradation is thought to be the principal cause of 63 

lepidopteran decline, and the main drivers are intensification of land use alongside abandonment of 64 

traditional land-management practices.  However, it is likely that these direct anthropogenic effects 65 

on habitats occur in parallel with indirect effects mediated by climate change and pollution.  Recent 66 

decades have seen advancement of spring in Britain with significant shifts in the flowering time 67 

(Fitter and Fitter, 2002) and photosynthetic activity, while the start of growing season has advanced 68 

1.4 days per decade across the northern hemisphere resulting in higher spring productivity 69 

(Gonsamo et al., 2018).  Advancement and increased productivity of vegetation can result in 70 

microclimatic cooling, whereby the cooling effect of tall green vegetation affects the development of 71 

species, particularly those overwintering as eggs or larvae whose development in the spring is highly 72 



temperature dependent (WallisDeVries and van Swaay, 2006).  Vegetation structure is particularly 73 

important for early-successional species and for thermophilous species at the edge of their range 74 

that may require warm microenvironments within the landscape for larval development. The 75 

availability of suitable habitats for egg and larval development is usually more limiting than adult 76 

habitat (Bourn and Thomas, 2002; WallisDeVries and van Swaay, 2006). Evidence from the 77 

Netherlands shows that the negative impact of spring microclimatic cooling is aggravated by 78 

nitrogen deposition, and such effects have been implicated in the decline of species such as 79 

Lasiommata megera (Klop et al., 2015).  Climate-driven changes in vegetation likely interact with 80 

climate-driven changes in the phenology of butterflies as pupal duration and the rate of larval 81 

development have also been shown to respond to climate change (Stalhandske et al., 2015).  In such 82 

a period of changing annual dynamics of vegetation growth in response to environmental change, it 83 

is crucial that we revisit the requirements of declining species, re-define breeding habitat, and 84 

develop management strategies to ensure a persistent supply of such habitat.    85 

Land-use change resulting from abandonment of traditional management practices is of particular 86 

importance for woodland species, many of which are associated with woodland edges or open 87 

spaces within woodland, such as rides or clearings.  Such open habitats are features of most 88 

managed woodlands where access rides are present or in coppicing, for example, which entails 89 

rotational harvesting of woodland plots (or coupes), resulting in a mosaic of regrowth ages providing 90 

spatial variation in canopy cover, understorey structure, floral composition and abiotic conditions.  91 

Widespread cessation of coppice management and dense re-planting of coniferous trees has, 92 

therefore, reduced the availability of suitable habitat for many woodland species (Fartmann et al., 93 

2013). Similarly, in more marginal grasslands, abandonment of managed grazing has allowed scrub 94 

encroachment causing changes to butterfly communities (Eriksson, 2021; Mora et al., 2022). The 95 

Viola-feeding fritillaries is one group of species affected by land-use change, with several species, 96 

particularly those associated with early successional or woodland edges and clearings, in severe 97 

decline in the U.K.. Two such species, Boloria euphrosyne (L.) and B. selene [Dennis & Schiffermüller] 98 



typically occur in seral stages produced by rotational coppice management, though both species also 99 

persist in more open moist habitats (B. selene) or in scrub and bracken-dominated habitats (Eeles, 100 

2019).  While B. selene and B. euphrosyne larvae both feed exclusively on Viola spp., their larval 101 

niches are distinct with B. selene reported to prefer larger plants on moist soils, whereas B. 102 

euphrosyne is reported to prefer smaller plants in warm microsites (Thomas et al., 2011; Randle, 103 

2009).  Both species are relatively widespread in Europe occurring as far north as northern 104 

Scandinavia, though B. euphrosyne extends further south than B. selene into Italy and Greece 105 

(Kudrna et al., 2011). As in the U.K., in continental Europe B. euphrosyne tends to occur in more 106 

xerothermic habitats and inhabits earlier successional stages in forest clearings than B. selene, 107 

although in Scandinavia B. euphrosyne is reported to inhabit bogs utilising alternative foodplants 108 

(Fragaria, Rubus, Vaccinium uliginosum) (Eliasson et al., 2005).  B. selene also occurs in humid 109 

grasslands, fens, and bog edges, as well as forest clearings (Eeles, 2019). 110 

Attempts to conserve habitat specialists in the U.K. have focused on the definition of high-quality 111 

habitat followed by targeted management to increase the quality of habitat and its availability at the 112 

landscape scale (Ellis et al., 2011; Ellis et al., 2019).  Site-scale habitat quality is of importance in 113 

butterfly metapopulations because productive sites have more stable local populations and act as 114 

source populations for colonisation on other sites in the network (Thomas et al., 2001, Thomas et al., 115 

2011).  To halt the decline of Viola-feeding fritillaries, conservation management has focused on 116 

habitat management to improve site quality as well as improving connectivity in the landscape (Ellis 117 

et al., 2011; Ellis et al., 2019).  For most temperate-zone butterflies, habitat quality is defined by the 118 

availability of the larval host plant in the optimum growth form or micro-habitat, often governed by 119 

the amount of light and shade (Thomas et al., 2011).  Defining optimal habitat for Viola-feeding 120 

fritillaries is therefore a key prerequisite of effective conservation action.    121 

Despite good understanding of the larval requirements of B. selene and B. euphrosyne and the 122 

implementation of management intended to provide suitable habitat, species declines are still 123 



evident in many regions.  In England, national population indices reveal a long-term trend (1978 - 124 

2019) of -55% for B. selene and -72% for B. euphrosyne, alongside a decline in distribution of -76% 125 

and -95% respectively (Fox et al., 2022).  These population trends have resulted in B. euphrosyne 126 

designated as a priority A species (requiring urgent action across all occupied sites) and B. selene as a 127 

priority B species (action necessary on some sites) by Butterfly Conservation U.K. The Morecambe 128 

Bay limestone habitats, in the northwest of England, have seen extensive management for Viola-129 

feeding fritillaries covering 185 ha over 70 different sites (Ellis et al., 2019).  The region is regarded as 130 

a national stronghold for B. euphrosyne (Ellis et al., 2012) and the species is the subject of targeted 131 

management in the region, however the species continues to decline and since 2001 has 132 

disappeared from 11 of the 17 sites in the region which are monitored by the U.K. Butterfly 133 

Monitoring Scheme (Blomfield, 2021; Botham et al., 2020).      134 

Here we focus on one of the principal sites for B. euphrosyne and B. selene in the Morecambe Bay 135 

Limestones network.  As immature stages of butterflies are relatively immobile, maternal oviposition 136 

choices largely determine the environmental conditions under which larvae develop and is therefore 137 

a key determinant of growth and survival (Gripenberg et al., 2010; Janz, 2005).  Therefore, we report 138 

female oviposition choice as an indicator of larval habitat preference. We use Mark Release 139 

Recapture techniques to define the distribution of these species at the site, and we used detailed 140 

micro-habitat assessment at oviposition and control sites to compare the oviposition requirements 141 

and to infer differences in oviposition site selection between the two species.  We hypothesise that 142 

1) Gravid females of both species select habitat with high larval food plant availability, 2) 143 

Interspecific differences in breeding habitat selection are not caused by phenological changes in 144 

vegetation, but by selection of different microhabitats by the two species, and 3) Differences in 145 

breeding habitat selection are driven by different temperature preferences, with B. euphrosyne 146 

exhibiting thermophily to a greater extent than B. selene.        147 

 148 



Materials and Methods  149 

Study site 150 

The study site was Warton Crag Nature Reserve (2.7799°W 54.1484°N) in the north-west of England.  151 

The reserve is one of the principal sites for Viola-feeding fritillaries in the Morecambe Bay 152 

Limestones area.  Viola riviniana (common dog-violet) is the most abundant and widespread Viola 153 

species in the areas occupied by Boloria spp., although V. reichenbachia, V. odorata and V. hirsuta 154 

occur in small numbers elsewhere on the site.  The site has three sections (Figure S1), managed 155 

independently by the Arnside and Silverdale Area of Outstanding Natural Beauty (AONB), the Royal 156 

Society for the Protection of Birds (RSPB) and the Wildlife Trust (WT) respectively.  Each section has 157 

a UKBMS butterfly transect that have been operational since 1989 (AONB), 1990 (RSPB) and 1992 158 

(WT). The site covers 86 ha and comprises secondary woodland dominated by ash and hazel, 159 

limestone grassland, limestone outcrops and scree, scrub and bracken beds.  Boloria spp. are 160 

widespread at the site occupying the open habitats and woodland clearings/rides.    161 

 162 

Mark Release Recapture 163 

The mark-release-recapture study took place through May and June in two consecutive years (2016 164 

and 2017). Sampling encompassed all open areas of the site and the entire site was covered in a day 165 

when weather conditions permitted, and a different starting point was used each day. When 166 

weather prevented the coverage of the entire site in a day, the following day’s sampling began with 167 

areas not covered in the previous visit. Where fritillaries were seen, they were caught with a net and 168 

unmarked individuals were marked through the net on the underside of the hindwings with a unique 169 

identification mark using a fine water-insoluble marker pen. Individuals were kept in the net for the 170 

minimum time possible during marking and released immediately after at the site of capture. The 171 

mark-release-recapture study involved one main marker/recorder with some assistance in both 172 

years and effort was approximately equal over the two years. For each capture/recapture the GPS 173 



location (Garmin Etrex 20x, accuracy c.3 m), unique identification number, date and time of capture, 174 

and sex of the butterfly were recorded.  175 

 176 

Oviposition observations 177 

Female oviposition choices were used to define optimal larval habitat for each species (Thomas et 178 

al., 2001).  Oviposition observations were made throughout the flight periods in the same areas used 179 

for the mark-release-recapture study, in which gravid females displaying characteristic searching 180 

behaviour were followed until they oviposited. When inspecting a plant, a female typically walks 181 

around on plant leaves or litter whilst moving antennae and lowering her abdomen.  Eggs are 182 

deposited on the food plant or on other live or dead plants in the vicinity of Viola spp. (Eeles, 2019).  183 

An oviposition event was recorded when the female was observed to curl its abdomen and deposit 184 

an egg. Rejected sites were also marked (2017 only) if the female exhibited antennal movement and 185 

abdomen lowering, but no egg was released. To ensure that the females were indeed gravid and 186 

displaying oviposition behaviour, rejected sites were only considered if the same female oviposited 187 

during the same observation period. Oviposition and rejected points were marked, coordinates 188 

using a GPS, and in 2017 only, five replicate temperature measurements were taken immediately on 189 

the plant/litter surface at the marked points using an IR thermometer (GoolRC, 0.1°C resolution, 190 

accuracy 1.5%).  Ambient air temperature was also recorded at the same time at waist height in the 191 

shade (Thlevel, 0.1°C resolution, accuracy 1.0%).     192 

For each oviposition point a local control point was identified as a random point within a 5 m radius 193 

of the oviposition point (restricted to areas of similar habitat). Microhabitat data were recorded for 194 

each oviposition, rejected and local control point as soon as possible after the oviposition event.  In 195 

2017, in addition to the local control points, flight-area control points were identified to give an 196 

indication of general vegetation during the flight season of each species. Control points were 197 

selected in each of the three UKBMS transect routes, 10 in May and 10 in June to represent the 198 

oviposition period of each species.  Transect sections where Boloria spp. are consistently recorded 199 



were selected and quadrats were placed at random positions along the transect route several paces 200 

from the path to ensure the vegetation was not disturbed.  This recording regime meant that three 201 

separate control sets were available for oviposition points:  rejected points - representing sites 202 

investigated but rejected by egg-laying females; local controls – representing the local area (5 m 203 

radius) in which oviposition behaviour was occurring; and flight-area controls – representing the 204 

broader area occupied by each species during their flight periods.    205 

For all points, microhabitat was sampled by centring a 1 m2 quadrat on the marked point and 206 

recording visual estimates of percentage cover of bare ground, bracken, live grass, total live 207 

vegetation, Viola spp., litter/thrash.  In addition, sward height was recorded as the mean resting 208 

height of five drop-disc (30 cm diameter; 230 g) samples taken at the corners and centre of the 209 

quadrat.  Litter depth was recorded as the mean of five measurements of the highest dead plant 210 

material at the same points as the drop-disc measurements.  Finally, violet density was recorded as 211 

the number of individual Viola spp. plants within the quadrat.  212 

 213 

Data analysis 214 

All statistical analyses were done using R Statistical Software V4.1.2 (R Core Team, 2021). For the 215 

mark-release-recapture study, capture histories of each marked individual were based on half-week 216 

sampling periods to ensure that all the sampling area had been covered in each period. Population 217 

estimates were calculated using a log-linear Jolly-Seber model calculated assuming an open 218 

population in the package RCapture (Baillargeon and Rivest, 2007).  Euclidean distances between the 219 

two most distant capture points for each recaptured individual were calculated in ArcMap 10.4 (ESRI 220 

Inc. 2016).  221 

To show how habitat differed between oviposition points and respective local control quadrats of 222 

the two species, a NMDS analysis using Bray-Curtis dissimilarity across the recorded habitat variables 223 

was undertaken in the Vegan (Oksanen et al., 2020) package in R Statistical Software V4.1.2 (R Core 224 



Team, 2021).  The significance of factors (oviposition versus control points) was assessed using the 225 

envfit function.  226 

To test for habitat differences between the oviposition points of each species and between the 227 

oviposition points and local control quadrats for each species, each habitat variable was tested using 228 

a mixed-effects model in the Lme4 package (Bates et al., 2015), with quadrat type as the explanatory 229 

variable and year as the random variable. Percentage cover variables were logit transformed and 230 

sward height, litter depth and number of violets were log transformed prior to analysis to improve 231 

model fit.   In all cases, model simplification was done by deletion of terms from the full model with 232 

the term explaining the least amount of deviance in the model deleted at each step until only 233 

significant terms remained (Crawley, 2007).  Model parameters were then extracted from the 234 

minimum adequate model.  For the 2017 data, where habitat data were available for points rejected 235 

for oviposition in addition to local and flight-area controls for each species, linear models were 236 

constructed and a priori contrasts used to test for: (1) oviposition habitat choice of females of each 237 

species i.e. differences in habitat variables between the sites in which female butterflies were active 238 

(oviposition sites, rejected sites and local controls) vs. concurrent flight-area controls; (2) species 239 

differences in oviposition sites, B. euphrosyne oviposition site vs. B. selene oviposition site; and (3) 240 

oviposition site selection: oviposition sites vs. rejected sites for each species. In this way, it was 241 

possible to show how the species differed in the habitat chosen by gravid females in terms of fine-242 

scale oviposition site choice, but also to show which of these effects were a result of real habitat 243 

preferences rather than phenological changes in vegetation due to the differences in flight periods.  244 

 245 

Results 246 

In the mark-release-recapture study, Boloria euphrosyne were recorded from 5 - 30 May in 2016, 247 

and 2 - 26 May in 2017.  B. selene flight period occurred later, but overlapped with B. euphrosyne: 23 248 

May - 27 June in 2016 and 25 May - 26 June in 2017.  This resulted in 9 and 8 half-weekly sampling 249 



period for B. euphrosyne in 2016 and 2017, respectively; and 10 and 12 sampling periods for B. 250 

selene in 2016 and 2107, respectively.  The mark-release-recapture study resulted in estimates of 251 

population size of 332 (± 90 SE) and 366 (± 33 SE) for B. selene in 2016 and 2017 respectively, and 252 

much smaller estimates of 65 (± 6 SE) and 87 (± 4 SE) for B. euphrosyne.  For both species more 253 

males were marked than females across the two years, particularly for B. selene (Table S1). As 254 

population estimates for B. euphrosyne are similar for both sexes, this likely reflects differences in 255 

detectability due to their contrasting behaviours (Adamski, 2004).  Paucity of female recaptures for 256 

B. selene prevented female population estimates (Table S1). Though there was some spatial overlap 257 

in the distribution of captures of the two species, and both were largely restricted to open areas and 258 

woodland clearings, the majority of the B. euphrosyne captures were to the south of the site, 259 

principally on a south-facing slope, while B. selene occupied higher sections to the centre of the site 260 

(Figure 1).  Both species occurred to the north of the site where the terrain is relatively flat.  By 261 

contrast, oviposition points were largely spatially segregated and restricted to small areas within the 262 

ranges of the two species (Figure 1).   The largest maximum distance recorded between captures for 263 

individual females was 373 m for B. selene and 421 m for B. euphrosyne, and for males 660 m and 264 

381 m respectively, though long-distance movements outside the study area would not have been 265 

recorded (the maximum distance possible between occupied areas of the site is approximately 950 266 

m).  Both sexes in both species exhibited skewed distribution with the majority of individuals 267 

recorded to move relatively short distances (overall median = 113 m).   While there was no 268 

difference in distance moved between females of the two species, on average males of B. selene 269 

moved longer distances than those of B. euphrosyne (Table 1).  In B.  euphrosyne, there was no 270 

difference between males and females in the maximum distance moved by individual butterflies, 271 

whereas there was a marginally significant difference between males and females of B. selene, 272 

though these comparisons lack power due to the relatively small number of female recaptures 273 

(Table 1).         274 



In total, 17 (from 15 females) and 27 (26 females) oviposition points were recorded for B. selene in 275 

2016 and 2017, respectively, compared with 19 (18 females) and 16 (15 females) for B. euphrosyne 276 

in the same years.  Oviposition events were distributed throughout the flight periods and, for the 277 

majority of females, only a single oviposition event was recorded: for B. selene two oviposition sites 278 

were recorded from two females in 2017 and from one female in 2016; for B. euphrosyne, one 279 

female contributed two oviposition sites in 2017 and three females contributed two oviposition sites 280 

in 2016.  NMDS analysis (Figure 2) of the combined quadrat data from both years showed significant 281 

separation in oviposition habitat characteristics between the species (local control and oviposition 282 

points combined; r2 = 0.22; p < 0.001) with B. selene points characterised by higher cover of live 283 

vegetation and grass in particular, while B. euphrosyne points showed higher cover of bare ground, 284 

plant litter and bracken.  For each species there was also a shift consistent with higher Viola spp. 285 

density and lower sward height and litter depth for oviposition sites relative to their respective local 286 

controls (a concurrent randomly located point within 5 m radius of the oviposition site), though 287 

there remains overlap in the centroid confidence intervals for each species indicating that these 288 

shifts are not statistically significant.  These differences in habitat characteristics between species 289 

are associated with both spatial and temporal separation of the two species with B. euphrosyne 290 

oviposition events being recorded on average 29 days earlier than B. selene in both 2016 and 2017, 291 

and oviposition occurring in different locations at the site (Figure 1).  292 

The oviposition habitat differences between the species suggested by the NMDS analysis were 293 

confirmed by general linear models of the 2017 data.   B. euphrosyne oviposition sites were shown 294 

to have lower grass (t151 = 5.1; P < 0.001; est = -1.32 [logit %]) and, more generally, lower live 295 

vegetation cover (t151 = 5.1; P < 0.001; est = -0.6 [logit %]), and shorter sward height (t151 = 3.9; P < 296 

0.001; est = -0.53 [log cm]) than B. selene oviposition sites (Figure 3 A-C).  There were also 297 

differences in cover and depth of litter with B. euphrosyne oviposition sites having higher litter cover 298 

(t151 = 4.4; P < 0.001; est = 1.75 [logit %]), but lower litter depth (t151 = 3.0; P = 0.003; est = -0.40 [log 299 

cm]) than B. selene oviposition sites. As with the NMDS analysis, these differences reflect both the 300 



earlier stage of vegetation development during the B. euphrosyne flight period and differences in 301 

habitat selection between the two species.  Comparisons of the flight-area controls of the two 302 

species show higher sward height (t151 = 3.4; P < 0.001; est = 0.43 [log cm]) and live vegetation cover 303 

(t151 = 0.34; P = 0.003; est = 0.34 [logit %]), but lower bare-ground cover (t151 = 2.5; P = 0.026; est = -304 

0.63 [logit %];  for B. selene compared with B. euphrosyne, which likely result largely from 305 

phenological vegetation change, though B. selene flight areas were also characterised by lower litter 306 

cover (t151 = 3.7; P < 0.001; est = -1.31 [logit %]), and lower bracken cover (t151 = 3.5; P < 0.001; est = -307 

1.34 [logit %]) , which are contrary to the phenological trend and therefore likely reflect habitat 308 

selection.  Although it is difficult to partition vegetation phenology from habitat choice, the 309 

comparison of vegetation characteristics in areas used by gravid females with the vegetation at the 310 

site during the flight season of each species helps us to identify which habitat variables drive female 311 

oviposition independent of seasonal changes in vegetation.    312 

Comparison between areas occupied by egg-laying female B. euphrosyne (defined as oviposition 313 

sites, rejected sites and local controls) with the flight-area controls showed that oviposition habitat 314 

choice of B. euphrosyne favoured areas that had relatively low cover of grass (t151 = 5.1; P < 0.001; 315 

est = -3.3 [logit %]), live vegetation  (t151 = 4.0; P < 0.001; est = -1.3 [logit %]) , shorter sward height 316 

(t151 = 2.8; P < 0.005; est = -1.0 [log cm]), and higher Viola spp. cover (t151 = 2.9; P = 0.005; est = 1.7 317 

[logit %]) and density (t151 = 2.4; P = 0.003; est = 2.4 [log no. m-2]) compared with flight-area controls.  318 

This shows that gravid B. euphrosyne females occurred in sparsely vegetated areas in the landscape 319 

with relatively high cover of the larval food plant (Figure 3 C-D). Within these areas, oviposition site 320 

selection favoured sites with relatively high Viola spp. cover compared with rejected sites (t151 = 2.8; 321 

P = 0.005; est = 0.8 [logit %]), though there was no significant effect of Viola spp. density.   322 

By contrast, B. selene females did not occupy areas where the vegetation differed significantly from 323 

the general vegetation in the site during the flight season of the species (flight-area controls), other 324 

than in the higher cover of Viola spp. (t151 = 2.1; P = 0.035; est = 1.0 [logit %]), which was the only 325 



significant variable for this analysis. For B. selene, comparisons of oviposition sites with rejected sites 326 

showed that oviposition sites  have higher bare ground cover (t151 = 2.4; P = 0.016; est = 0.9 [logit 327 

%]), although much lower that B. euphrosyne oviposition sites, and higher Viola spp. cover (t151 = 2.1; 328 

P = 0.036; est = 0.6 [logit %]) and density (t151 = 2.3; P = 0.022; est = 0.8 [log no. m-2]) than rejected 329 

sites. Bracken cover was not a statistically significant explanatory variable for either species.  330 

Analysis of the temperature data recorded at the time of oviposition revealed that response to 331 

microhabitat temperature may also be a key difference in oviposition behaviour of the two species.  332 

The mean plant-surface temperature at oviposition sites was significantly higher for B. euphrosyne 333 

(31.6 °C ± 1.2 SE) than B. selene (24.3 °C ± 1.3 SE; F1,41= 14.8; P < 0.001), despite the ambient 334 

temperature being significantly higher for B. selene than B. euphrosyne (F1,41= 9.1; P = 0.004):  15.6 335 

°C (± 1.2 SE) compared with 13.7 °C (± 1.2 SE).  This suggests that B. euphrosyne females actively 336 

located areas of locally high temperature to oviposit.  This is confirmed by the relationship between 337 

ambient air temperature and the plant surface temperature at oviposition sites.  There was a 338 

significant interaction between ambient temperature and butterfly species in determining the plant-339 

surface temperature at oviposition sites (F1,39= 12.7; P < 0.001).  While B. euphrosyne was able to 340 

locate very warm sites to oviposit whatever the ambient temperature, even selecting warmer sites 341 

on cool days, this was not the case for B. selene, which showed a steeply positive relationship 342 

between ambient temperature and the plant surface temperature at the oviposition site (Figure 4). 343 

 344 

Discussion 345 

The mark-release-recapture data reveal that although peak densities of the two species occur on 346 

different parts of the site, with B. euphrosyne occurring predominantly on the sloping south-facing 347 

areas of the site and B. selene occurring at the higher elevations, there was considerable spatial 348 

overlap in the distribution of captures.  However, the sites chosen for oviposition, and thereby larval 349 

development, were largely distinct.  Consistent with previous reports (Eeles, 2019, Thomas and 350 



Lewington, 2014), B. selene was associated with more vegetated areas, while B. euphrosyne 351 

occupied, principally, sparsely vegetated early successional habitat, often where scrub had been 352 

cleared in the previous two or three years.   Females of the two species displayed similar movement 353 

distributions, with the majority of females moving less than approximately 100 m, but with a small 354 

number of individuals of both species moving 350 m or more.  Although the restricted area of the 355 

mark-release-recapture study means that very long-distance movements (> 950 m) would not have 356 

been recorded, it is likely that these are very infrequent.  Our data suggest that both species have 357 

similar limited capacity for colonisation of favourable habitat confirming what has been reported 358 

elsewhere for B. selene (Ellis et al., 2011; Barnett and Warren, 1995a) and B. euphrosyne (Blomfield 359 

et al., 2023).  Although overall movement distances were similar in the two species, the species did 360 

differ with respect to sex differences in movement.  There was no significant difference in the 361 

distance moved by male and female B. euphrosyne, with the longest movements made by individual 362 

females, a pattern similar to that recently reported at Whitbarrow, another site in the north-west of 363 

England (Blomfield, 2021).  However, male B. selene moved greater distances than females, a 364 

pattern not observed in previous studies (Ellis et al., 2011).  It is possible that increased propensity of 365 

females to move longer distances is an adaptive response to fragmentation in B. euphosyne, which is 366 

more of a habitat specialist than B. selene (Barnett and Warren, 1995b). Recent evidence suggests 367 

that females of this species may have adapted to recent habitat fragmentation by changed wing 368 

morphology consistent with greater dispersal ability (Blomfield, 2021).   369 

The differences in habitat use shown in the adult capture data were reflected by the oviposition 370 

data, which show spatial segregation of oviposition in the two species (Figure 1) and significant 371 

differences in oviposition habitat characteristics.  In B. euphrosyne, gravid females predominantly 372 

occurred in more sparsely vegetated areas than B. selene, ovipositing in sites with less vegetation 373 

cover, lower sward height and with shallower litter depth, but higher litter cover than B. selene. 374 

Oviposition habitat preferences of B. selene confirmed those reported in previous studies in similar 375 

habitats in north-east of England (Ellis et al., 2011), though average vegetation height was greater, 376 



litter cover slightly lower and violet cover considerably lower in our study.  Studies of oviposition 377 

habitat of both species in south-west England showed similar interspecific habitat differences with B. 378 

euphrosyne favouring warmer microsites with more open vegetation structure and occupied by 379 

smaller violets compared with B. selene (Randle 2009).   Despite the reported importance of bracken 380 

for violet-feeding fritillaries and the importance of bracken beds as habitat (Randle, 2009), we found 381 

no significant effect of bracken cover on oviposition choices for either species.  The reported link 382 

with bracken likely arises from the importance of limited bracken litter in providing a warm microsite 383 

for larval basking in spring (Barnett and Warren, 1995a).  Although we found no evidence of bracken 384 

importance per se, we did find that both species were affected by the cover and/or depth of plant 385 

litter, consistent with the reported requirement of B. euphrosyne for warmer microsites for larval 386 

development, with a shallower but more extensive coverage of plant litter.   387 

The inter-specific differences in oviposition habitat were, in part, a function of phenology, due to B. 388 

selene flying approximately a month later in the season.  Comparisons of the flight area controls 389 

quadrats recorded during the flight period of each species show greater vegetation cover and height, 390 

and lower bare-ground cover for B. selene compared with B. euphrosyne, consistent with increased 391 

seasonal vegetation growth.  However, lower bracken and litter cover in B. selene compared with B. 392 

euphrosyne flight areas are contrary to the direction of vegetation development suggesting species 393 

differences in habitat preference.  This is confirmed by the comparisons of female locations with the 394 

flight-area control quadrats that were surveyed at the same time, which showed that female B. 395 

euphrosyne were active in relatively sparsely vegetated areas with relatively low grass and live 396 

vegetation cover and lower sward height compared to their flight-area controls. Cover and density of 397 

the larval food plant was also higher in the areas in which females were active, although neither 398 

litter cover nor litter depth differed from the flight-area controls.  This is in contrast with B. selene 399 

females, which were less selective, being recorded in habitat conditions that only differed from their 400 

flight-area controls in terms of the cover of Viola spp.     401 



Comparisons of female activity areas with flight-area controls reveal the broad scale preferences of 402 

females for habitat, while comparisons of oviposition sites with rejected sites allowed us to 403 

determine which micro-habitat variables determine the fine-scale preferences for oviposition.  For B. 404 

euphrosyne, females chose to oviposit in places with higher host-plant cover compared with rejected 405 

sites, while B. selene selected sites for oviposition with higher cover and density of host-plant, but 406 

also with relatively high bare-ground cover than rejected sites.  407 

For both species, habitat preference appears to depend on a combination of vegetation and litter 408 

structure and the availability of the larval host plants.  The temperature data allow further 409 

interpretation of the likely importance of vegetation and litter structure in oviposition decisions. 410 

Strategies with respect to temperature contrast markedly between the two species.  Females of B. 411 

euphrosyne selected microsites with high plant-surface temperatures irrespective of ambient 412 

temperature, a pattern which contrasted strongly with B. selene, in which the plant-surface 413 

temperature of selected sites increased with ambient temperature.   Local vegetation structure is 414 

known to have a strong effect on micro-climate (Suggitt et al., 2011) and it is likely that the observed 415 

selectivity of B. euphrosyne for sparsely-vegetated areas with extensive but relatively shallow litter 416 

cover reflects selection for warm microsites.  The thermophilous species, Hesperia comma, has also 417 

shown to have the ability to select warmer microhabitats when ambient temperature is low (Davies 418 

et al., 2006), and vegetation and topographic effects on microclimate have been shown to drive 419 

habitat use more than regional temperatures (Lawson et al., 2014).  Assuming that oviposition 420 

choices in butterflies are optimal in terms of offspring survival (Salgado et al., 2020), we can infer 421 

that B. euphrosyne larval performance is more temperature sensitive than B. selene. This is 422 

consistent with the fact that B. selene occupies a wider variety of habitats, including wetter sites, 423 

than B. euphrosyne in the U.K. (Eeles, 2019), though B. euphrosyne is reported to occupy raised bogs 424 

in northern Europe (Eliason 2005).  At the cool parts of species ranges, spring larval development is 425 

highly dependent on temperature and warmest microclimates are found in short vegetation on dry 426 



substrates that warm up quickly in sunny conditions (WallisDeVries, 2006, WallisDeVries and van 427 

Swaay, 2006). 428 

The link between vegetation structure and microclimate explains the paradox that B. euphrosyne, a 429 

thermophilous species, is declining in the U.K. while climate is warming.  It is likely that this is an 430 

indirect effect mediated by microclimatic cooling caused by enhanced plant productivity in warmer 431 

winter conditions. Such microclimate warming has been highlighted as a key factor for species 432 

dependent on warm spring conditions for larval development (WallisDeVries and van Swaay, 2006).  433 

It is also likely that the winter warming effect is facilitated by nitrogen deposition, which is known to 434 

drive reductions in plant species richness in U.K. semi-natural habitats, largely as a result of 435 

increased productivity (Maskell et al., 2010), and in grasslands results in reduced cover of forbs and 436 

increased cover of grasses (Stevens et al., 2006).  Consistent with a microclimate cooling impact, 437 

there is little evidence that B. euphrosyne has performed better in warmer locations.  In fact, 438 

evidence suggests that in the U.K., this species becomes more habitat specific in sites with warmer 439 

winter temperatures (Oliver et al., 2009). Scottish populations of populations of B. euphrosyne (and 440 

B. selene) show increases in abundance, and lower rates of distribution decline than English 441 

populations (Fox et al., 2022), which may be explained by relatively low rates of nitrogen deposition 442 

and the cooler climate.    443 

The data presented here suggest that the continuing decline of B. euphrosyne in Morecambe Bay, 444 

and other Viola-feeding fritillaries such as Argynnis adippe, may be a response to microclimatic 445 

cooling due to changing vegetation cover.  Evidence from our study site suggests that there was a 446 

significant increase in vegetation height and cover, and decreased litter and bare ground cover 447 

between 2004 and 2016 in the southern part of the site which hosts the bulk of the B. euphrosyne 448 

population (Ellis et al. 2019).  There was also evidence that these changes had occurred more 449 

generally across the Morecambe Bay Limestones area (Ellis et al., 2019).  However, the same study 450 

reported a decrease in Viola spp. abundance across much of the site, leading to the possibility that 451 



increased vegetation cover and perhaps sensitivity of Viola riviniana to nitrogen deposition (Payne et 452 

al., 2020), is also having a negative effect on the availability of the larval host plant.  Although B. 453 

selene was shown not to select for warm microsites for oviposition, and is likely therefore to be less 454 

sensitive to cool temperatures during larval development, it is notable that the most recent data 455 

also show this species to be in severe decline in the U.K. (Fox et al., 2022).  Given the importance of 456 

host plant availability in habitat selection and oviposition choices of both species, declines in violet 457 

density and distribution may also be implicated in their decline.   The data suggest that population 458 

persistence in these species, in particular B. euphrosyne, may rely on the availability of sites which 459 

remain sparsely vegetated as climate warms.  Both species traditionally occurred in managed 460 

woodland habitats, and re-establishment of woodland management that ensures small scale 461 

heterogeneity in regrowth age, is likely to mitigate their population declines.   Habitat management 462 

techniques should also be developed that restrict spring-time vegetation development, while 463 

promoting persistence of violets, to ensure the availability of suitable oviposition sites for both 464 

species. 465 
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Table 1.  Median maximum Euclidean distance (m) and IQR between captures of individual 600 

butterflies in 2016 and 2017.  Mann Whitney U test statistics and corresponding p values are 601 

presented for sex comparisons within species, and for species comparisons for each sex.  Statistically 602 

significant comparisons are highlighted in bold text. 603 

 B. euphrosyne B. selene Species comparison 

♀ 107 (45 – 174), n=27 65 (30 – 174), n=18 U = 271; P = 0.524 

♂ 97 (63 – 127), n=67 130 (66 – 213), n=132 U = 5494; P = 0.005 

Sex comparison U = 840; P = 0.590 U = 1482; P = 0.090  

 604 

  605 



FIGURE 1  Capture points (blue triangles = male; yellow circles = female) and oviposition points (red 606 

squares) for A) Boloria selene and B) B. euphrosyne at Warton Crag nature reserve during mark-607 

release-recapture and oviposition studies. The black perimeter shows the extent of the reserve and 608 

study area.  Data are for 2016 and 2017 seasons combined.   609 

FIGURE 2  NMDS based on habitat variables measured at oviposition locations (egg) and local control 610 

locations (con) for Boloria euphrosyne (Be) and B. selene (Bs)(Stress = 0.168).  Ellipses represent 95% 611 

confidence intervals around the centroids for the point types. Those intrinsic variables with a 612 

significant (P <0.05) influence are represented with arrows:  Viola no. = violet plant density; live 613 

vegetation cover (live); graminoid cover (grass); sward height; litter depth; bare-ground cover (bare); 614 

litter cover (litter).  615 

FIGURE 3 Microhabitat data recorded from 1 m2 quadrats at oviposition points (egg), rejected points 616 

(rejected), local controls (5 m) and flight-area controls (control) for Boloria euphrosyne (Be, left side 617 

of each chart) and B. selene (Bs, right side of each chart). Bars and boxed indicate medians and IQR, 618 

dashed lines extend to minimum and maximum values and open circles denote outliers. Panels 619 

present: % grass cover (A); % live vegetation cover (B); sward height (C); % litter cover (D); litter 620 

depth (E); % bare-ground cover (F); % violet (Viola spp.) cover (G); violet (Viola spp.) plant density 621 

(H); and % cover of bracken (I).   622 

FIGURE 4 The relationship between plant surface temperature and ambient temperature at 623 

oviposition sites for Boloria euphrosyne (red) and B. selene (blue) in 2017.  Shaded regions represent 624 

95% confidence intervals.     625 
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Supplementary Material: Contrasting responses to microhabitat and temperature 637 

determine breeding habitat differentiation between two Viola-feeding butterflies 638 

Andrew Wilby, Lydia Atkinson Grubb, Jessica Burrows, Rosa Menéndez 639 

 640 

FIGURE S1. The location of the study site in Lancashire, north-west England.  The site is split into 641 

three management units each with a UKBMS transect: the Wildlife Trust for Lancashire, Manchester 642 

and North Merseyside reserve, the Royal Society for the Protection of Birds reserve (RSPB), and a 643 

Local Nature Reserve (LNR) managed by the Arnside and Silverdale Area of Outstanding Natural 644 

Beauty team. 645 
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Table S1.  Mark-release-recapture data for B. euyphrosyne and B. selene over the study years 2016 648 

and 2017.  Population estimates result from a log-linear Jolly-Seber model calculated assuming an 649 

open population.  Numbers of captures and recaptures were too small to produce estimates for 650 

female B. selene in both years.  651 

 652 

   Number 
Marked 

% 
recaptured 

Total captures & 
recaptures 

Population 
estimate 
(SE) 

B. euphrosyne 2016 ♀ 24 70 42 33(5) 
  ♂ 27 82 53 32(3) 
  total 51 78 95 65(6) 
       
 2017 ♀ 28 36 28 42(9) 
  ♂ 52 83 63 55(2) 
  total 80 66 91 87(4) 
       
B. selene 2016 ♀ 33 24 31 ? 
  ♂ 131 33 149 261(45) 
  total 164 31 180 330(60) 
       
 2017 ♀ 40 23 49 ? 
  ♂ 152 39 239 260(27) 
  total 192 32 288 366(33) 
       

 653 
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