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Abstract

Climate change has had strong impacts on biodiversity, including well-documented shifts in the
distributions and phenology of species. Reductions in body size represent a third pervasive biological
response; it has garnered significantly less attention despite great ecological relevance. Theoretical
frameworks-the temperature-size rule, Bergmann's rule, and James's rule-predict that warmer
temperatures are associated with smaller body sizes in ectotherms. In contrast, empirical evidence
concerning this pattern is mixed across both taxa and environments. In the present study, we applied
computer vision techniques to historical data from two large butterfly museum collections, totaling 593
species across 10 terrestrial biomes over more than a century, in order to investigate long-term trends
in butterfly body size. We measured forewing length through both manual image analyses and
automated computer vision algorithms proxying body size and analyzed trends by using generalized
additive models in order to consider a temporal, biome-specific pattern assessment. We have tested
two hypotheses: that butterfly body size (1) declines over time, in conjunction with increasing ambient
temperatures, in agreement with the temperature-size rule, and (2) its variation is more marked in
warm, dry biomes. Results indicate a significant overall reduction in the body size of butterflies during
the last century and that this reduction is indeed more pronounced in those biomes facing higher rises
in temperature. These findings constitute large-scale evidence in support of the temperature-size rule
and indicate a potential ecological impact of climate change on butterfly populations.

Keywords: butterflies, body size, shrinkage, forewing length, global warming, museum specimens,
computer vision analysis, terrestrial biomes, digitized collections

Introduction

Climate change has had dramatic effects on biodiversity, with well-documented shifts in species
distributions and phenology in response to rising temperatures (Parmesan and Yohe 2003, Thomas et al.
2004, Parmesan 2006). A third widespread biological reaction to increased temperatures, namely shifts
in body size, has received relatively little attention, despite its potential ecological significance (Sheridan
and Bickford 2011). Body size is a key biological characteristic that controls individual fitness, species
interactions, and ecosystem function (Hildrew et al. 2007, Verberk et al. 2021).

Theoretical frameworks explaining temperature-related variation in body size include temperature-size
rule (Atkinson 1994), Bergmann’s rule (Bergmann 1847), and James's rule (James 1970). Temperature-
size rule supposes that ectothermic animals will mature at smaller sizes when reared in warmer
environments, possibly facilitated through phenotypic plasticity during ontogeny. In contrast, both
Bergmann’s and James’s rules refer to larger-scale trends, suggesting that species or populations have
smaller body dimensions in warmer geographical locations or over long evolutionary timespans.

Proposed mechanisms for these trends involve both biophysiological consequences of temperature
acting on development and growth rates (Ghosh et al. 2013) and physiological constraints with regard to
metabolite requirements and availability (Verberk et al. 2021). For instance, high temperatures can
heighten metabolite demand, and in consequence, restrict growth duration before maturation is
attained. In addition, factors like oxygen limitation and food resource constraints may further mediate
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72 body size responses (Queiros et al. 2024). In the case of butterflies, which provide important ecosystem
73 services through their pollination activities, scientists investigated how temperature-mediated shrinkage
74  could affect butterflies' pollination role. They found that the warmest reared butterflies carried less

75 pollen and from fewer plant species (Blyukyilmaz and Tseng 2022).

76 Empirical research has produced mixed evidence for these theoretical predictions. Despite documented
77  reductions in arctic butterflies (Daly et al. 2024), several aquatic species (Daufresne et al. 2009), tropical
78 moths (Wu et al. 2019), Hymenoptera (Polidori et al. 2020, Barrett and Johnson 2023), Diptera (Baranov
79 et al. 2021), and damselflies (Hassall 2013), all in agreement with temperature-size predictions, several
80  studies have documented contrasting trends or no significant trends. Examples of increased body size
81 include temperate butterflies (Davies 2019, Wilson et al. 2019, Wilson et al. 2023), the common lizard
82 species Lacerta vivipara (Massot et al. 2006), and mammals such as Martes americana in Alaska (Yom-
83  Tov et al. 2008) and Lutra lutra in Norway (Yom-Tov et al. 2006). These discrepancies mean that

84  additional ecological and physiological factors, such as life-cycle complexity, sexual dimorphism, food
85 quality, and competition between species, can modulate body size responses to warming temperatures
86 (Chown and Gaston 2010, Wetzel et al. 2021).

87 Despite the growing body of literature, it remains unclear whether body size reductions can be

88  considered a universal response to climate warming. To fill this information gap, studies with high

89  taxonomic, geographical, and temporal scopes must be performed to disentangle the impact of climate
90 change from additional factors in the environment. Such in-depth studies have long been challenging in
91 view of data availability constraints. With an increased availability of digitized collections in museumes, in
92 addition to improvements in image analysis technology, such in-depth studies can, at present, assess

93 long-term biological trends with unprecedented opportunity (Hgye et al. 2021, Groom et al. 2023).

94 In the current study, we have leveraged collections in museums and utilized computer vision techniques
95  toanalyze trends in butterfly body size in relation to warming trends over time. The MEIOSIS project
96 holds two large butterfly collections, representing 593 species in 10 terrestrial biomes over a long period
97  exceeding one hundred years. In our analysis, we have considered the following hypotheses: (1) a
98 reduction in butterfly body size over time in proportion to an elevation in ambient temperatures, in
99  agreement with the temperature-size hypothesis for ectotherms (Atkinson 1994); and (2) increased
100  variation in body size in biomes with warmer and drier environments, and therefore directly impacted
101 by temperature increases worldwide (Li et al. 2018). By analyzing trends in butterfly body size in a
102  variety of biomes, our intention is to gain a thorough understanding of the ecological consequences of
103 climate change in butterfly populations.

104
105 Methods
106 Entomological collections (metadata)

107  We assessed preserved specimens from two entomological collections in Europe. The Entomological
108 Collection of the Swiss Federal Institute of Technology in Zlrich (ETHZ hereafter) comprises a core
109 Palaearctic Macrolepidoptera collection, and is the fourth largest entomological collection in

110 Switzerland. The ETHZ metadata collection provides information for 48,766 butterfly specimens

111 belonging to five families (Pieridae, Lycaenidae, Papilionidae, Nymphalidae, Hesperiidae) and 639
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112 species, collected between 1028 to 2019. All digitized records of palearctic microlepidoptera specimens
113 are accessible through an online database NAHIMA
114 (https://www.nahima.ethz.ch/pool/entomologische sammlung).

115  We also use specimen record from the Goulandris Natural History Museum (GNHM hereafter) zoological
116  collection. Because these specimens were not already digitized, we initiated a digitization process similar
117  tothat of ETHZ, enabling us to merge both collections into a global database. We established two imaging
118  stations in GNHM consisting of a digital camera with ED 40mm f/2.8 Macro focal lens mounted to a Kaiser
119 camera stand and two RB 218N HF LED table lamps (5400 Kelvin). A team of three researchers and two
120 students photographed 6,639 physical specimens belonging to 274 species collected between 1917 to
121 2023. The team was trained by a professional photographer to standardize imaging processes and
122  followed a set of standardized protocols to minimize the risk of potential mistakes. When needed, the
123  team repaired closed or loose wings before imaging and excluded specimens with incomplete data or
124  specimens that could not be repaired, from the final database. Excluding specimens with incomplete
125 information (e.g., collection location or date), a total of 44,316 specimens from ETHZ and 4,582 specimens
126  from GNHM metadata were retained.

127
128  Manual measurements (ImageJ)

129  We manually measured the right forewing length from 22,807 images. For the ETHZ collection, a subset
130 of 17,382 specimens (used to validate an automated measurement algorithm, see below) was analyzed,
131 while for the GNHM collection, 5,425 specimens were measured after excluding those with damaged
132  wings. After merging these manual measurements with the metadata and removing duplicates, 17,024
133  specimens from ETHZ and 3,999 specimens from GNHM were retained. For pinned butterfly specimens,
134  forewing length is the best-preserved trait that is strongly correlated with overall body size and has been
135 previously used as a proxy for overall body size (Brehm et al. 2019, Minter et al. 2024). We defined the
136  forewing length as starting from the insertion point connecting the thorax up to the wing tip (Wu et al.
137 2019), excluding the scales at the very edge, as they were often absent. First, we calibrated the scale bar
138 embedded in each specimen image to measure a known distance as for example 10 mm and then we
139  measured forewing length which was converted to millimeters using the scale bar and the "draw line"
140  function in Image J (https://imagej.nih.gov/ij/index.html).

141
142  Automated measurements (algorithm)

143 For automated morphological measurement of the samples, a custom computer vision tool was

144  implemented. The need for such a customization was because the existing state-of-the-art tool, named
145 Mothra (Wilson et al. 2023), supported only a very specific sample image configuration that is not

146  covering all the different configurations of the MEIOSIS project datasets.

147  The automated, algorithmic measuring follows a two-step approach to calculate forewing length. In the
148  first step, a pretrained model of the state-of-the-art “segment anything” (Kirillov et al. 2023) semantic
149 image segmentation algorithm was used, to separate the sample from the background, select the right
150 forewing, and to extract other image components such as the ruler. A key functionality of the segment
151 anything model, is the ability to break an object into its semantic parts and deliver both the object as a
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152  whole, and its parts, as hierarchical segmentation levels. Having the image hierarchically segmented, a
153  vision classifier was trained as ruler detector and right forewing detector, based on a ResNet-18 (He et
154  al. 2016) model architecture. For the ruler, the scale calculation was provided by traditional frequency-
155 domain analysis.

156  Afterisolating the contour (foreground-only) of the right forewing image and by following example

157  annotations from the researchers, the second step of the approach was to implement a rule-based

158  computer vision algorithm that follows the contour shape to measure the leftmost and rightmost active
159  pixels of the right forewing. As a corrective step, the position of antennae was also computed to identify
160 the right-wing to body, shoulder position.

161 The computer vision tool was implemented in Python 3, it requires a GPU-enabled server to operate on

162  aconvenient speed of approximately 1.5 seconds per image (depending on image size), and is fully

163 customizable to support other morphological measurement needs, also for other species beyond

164 butterflies.

165  The algorithm processed the first collection (ETHZ), analyzing 44,316 specimens. However, it failed to
166  converge for 1,116 cases. We then manually reviewed the remaining 43,200 images, excluding

167  specimens that (i) had invalid measurements (e.g., forewing length extending beyond the wing tip) and
168 (ii) were pinned ventrally instead of dorsally. After applying the first criterion, 28,860 specimens

169 remained, while 27,058 met both conditions and were retained and merged with ETHZs” metadata. After
170 removing duplicates, a total of 23,265 unique specimens remained.

171
172 Merging forewing length measurements

173 To increase the robustness of our sample size, we combined manual and automated measurements.
174  First, we tested the accuracy of the algorithm: we compared the common specimens for both

175 approaches using Spearman rank correlation. Then we considered a linear relationship (forewingaigorithm =
176  intercept + slope*forewingimsge) to translate all forewing lengths measured manually with ImageJ to that
177  of the algorithm output. After merging manual and automated forewing measurements from both

178 collections, a total of 31,920 unique specimens corresponding to 593 species across 88 countries,

179 collected between 1028 to 2019 were retained for further analysis. We further excluded periods

180 between 1028 — 1840 and 2010 — 2019 where specimens were scarce (6 and 15 specimens accordingly)
181 and the period 1840-1899 (1500 specimens) as specimens were present only in the half of the studied
182  biomes (5/10).

183
184 Biomes

185  Toinvestigate our second hypothesis, we utilized the global terrestrial biome map developed by Olson
186 et al. (2001) by spatially joining biome attributes to each specimen. This map represents 14 biomes

187  that encompass all terrestrial ecoregions and is largely regarded as a useful tool for conservation

188 management. On the global scale, biome distribution can be determined by the climate, a relationship
189  well-demonstrated by the Koppen—Geiger climate classification system (Rohli et al. 2015). This system’s
190 effectiveness is evident, as many biomes such as deserts, tundra, and tropical rainforest, occur

191 almost exclusively in specific types of climate because key factors-temperature and precipitation
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192 patterns-control it. Our dataset consisted of specimens from 13 biomes; three biomes had less than 20
193  specimens and thus were excluded for further analyses (Figure 1, Table S1).

BIOME

1-Tropical and Subtropical Moist Broadleaf Forests
2-Tropical and Subtropical Dry Broadleaf Forests
3-Tropical and Subtropical Coniferous Forests
4-Temperate Broadleaf and Mixed Forests

I 5-Temperate Coniferous Forests

I 6-Boreal Forests/Taiga
7-Tropical and subtropical grasslands, savannas, and shrublands
8-Temperate Grasslands, Savannas, and Shrublands
9-Flooded Grasslands and Savannas
10-Montane Grasslands and Shrublands
11-Tundra

M 12-Mediterranean Forests, Woodlands, and Scrub
13-Deserts and Xeric Shrublands

M 14-Mangroves
98-Lakes

1 94 93-Rock and Ice

195  Figure 1. Fourteen biomes according to Olson et al. (2001). Our study system is represented by black
196  triangles (31,920 specimens, 593 species, 10 biomes, 88 countries).

197
198
199 Data analysis

200 Toinvestigate our first biological hypothesis—whether there are any temporal trends in the forewing
201 length of our butterfly pool—we employed a Generalized Additive Model (GAM). The GAM framework
202  was selected because data exploration confirmed our expectation that the relationship between

203  forewing length (the response variable) and year is non-linear. We modeled species forewing length
204  using a Gaussian error distribution with an identity link function, appropriate for continuous data. In
205  terms of fixed effects, we included biome as a parametric term to account for differences among biome
206 categories. The primary smooth term was a thin plate regression spline (TPRS) applied to the year

207  variable, capturing non-linear trends in forewing length over time. Regarding random effects, we were
208 not specifically interested in species-level variation per se, but we accounted for it to control for the fact
209 that forewing lengths from the same species are likely more similar than those from different species.
210  We specified two random effects: a random intercept for species to model species-specific baseline
211 differences in forewing length and a nested random effect of species within years to capture any

212  additional variation driven by differences in species composition across annual collections. The full

213 model structure can be expressed as:

214 Right wing length; = f;(Year;) + f,(Species;) + fz(Species;|Year;) + BIOME + ¢;

215  where f;(Year;) is the smooth term for the continuous predictor, f,(Species;) is the random effect for
216  species, f3(Species;|Year;) is the nested random effect of species within years, BIOME is the

217  parametric term for the different categories of biomes and ¢; is a Gaussian error term. We used model
218  with one global smoother as described in Pedersen et al. (2019) with the mgcv package (Wood 2023)
219  and REML smoothness selection (Wood 2011, Wood 2017) in R version 4.3.2 (R Core Team 2024) and
220  diagnostic plots with appraise () function from gratia package (Simpson 2024).
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221 For our second hypothesis, we considered again Generalized Additive Model (GAM) using a Gaussian
222 error distribution with an identity link function, without the global smoother (Pedersen et al. 2019). In
223  this model, the underlying assumption is that, despite any similarities in the shape of the functions,

224  group-level smooth terms do not share or diverge from a common (global) form. As we expected that
225  temperature influence in biomes will differ in time, we allowed each group-specific smoother a different
226 smoothing parameter, suggesting thus a different level of wiggliness. We fitted a model with a separate
227 smoother, a random effect of species to model species-specific intercepts, a nested random effect of
228  species within years and the parametric term of biomes for the post-hoc comparison of the contrasts
229 using the following formula:

230 Right wing length; = f,(Year;, Biome;), +f,(Species;) + f3(Species;|Year;) + BIOME + ¢;

231 where f; (Year;, Biome;), was the smoothed interaction between the continuous predictor and the
232  grouping factor allowing the effect of year to vary by biome, f,(Species;) was the random effect for
233  species, f;(Species;|Year;) was the nested random effect of species within years, BIOME the

234 parametric term for the different categories of biomes and ¢; was a Gaussian error term.

235  We used mgcv package to run our gam models wald_gam () function from itsadug package (van Rij J et
236 al. 2022) for post hoc comparison of the intercept differences. Plots were made with marginaleffects
237  package (Vincent Arel-Bundock et al.) and gratia package (Simpson 2024), fit of the model with

238  gam.check () function from mgcv package (Augustin et al. 2012) and diagnostic plots with appraise ()
239  function from gratia package (Simpson 2024).

240
241 Species Body Sexual dimorphism

242  To account for body sexual dimorphism effect, we rerun each model using only species for which the
243  wing length was known to be the same between females and males. We used the European and

244  Maghreb butterfly trait database (Middleton-Welling et al. 2020) and the morphological trait “Forewing
245  length (Fol)” that corresponds to male and female average length with data obtained by various

246 sources. We found no change from full models, and we reported the output in the supporting

247  information file (Body size sexual dimorphism section).

248
249 Results
250 ImageJ versus automated measurements

251 ImageJ and algorithm’s measurements are almost the same (Figure 2). Spearman rank correlation

252 between the right forewing length measured manually with ImagelJ and right forewing length measured
253 automatically with the algorithm is 0.96 (P < 0.001). We were able to translate all measurements with
254  Imagel to an algorithm output (with intercept = 0.12 and slope 0.99). Diagnostic plots showed no

255  violation in modelling assumptions.
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257 Figure 2. The Spearman rank correlation between the right forewing length measured manually using
258  Imagel and automatically using the algorithm is 0.96 (P < 0.001), demonstrating a strong agreement
259  between the two measurement methods. Different colors correspond to the five families as shown in
260  the upper part of the figure. Both manual and automated measurements are considered in

261 centimeters.

262
263  Asingle (global) smoother

264  The estimated global smoother of Year; (Figure 3) was strictly negative, i.e., below zero, after the year
265 1970, with the decreasing trend starting two decades earlier, the year 1950. A positive effect for the

266  right forewing length between 1920-1950 followed the first decreasing period between 1900 and 1920.
267 However, the confidence intervals between 1900 and 1935 included intercept zero for most of the range
268 of smoother of Year; indicating that this period had no valid effect. The global smoother with 3.55

269  estimated degrees of freedom, confirms our expectation for a wiggly trend. Model was fully converged
270 after 6 iterations and diagnostic plots show no violation of model assumptions (Table S2, Figure S1).

271 To better understand the shifts of the slope of the fitted function over time we calculated the slope (i.e.,
272  thefirst derivative) of our global smoother using plot_slopes () function (Figure 4), which showed that
273  thesslope (or trend) was negative or decreasing for most of its range (below zero) and took positive

274  values only for a small fraction of the studied period (1920 — 1955).

275
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277 Figure 3. Partial effect plot for the right butterfly forewing length and year smooth. Given that all
278 other variables in the model were set to zero, the plot displays the individual component effect of
279  year smooth function on the link scale (link = identity).
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282  Figure 4. Changes of the fitted function over the years for the first model (slope corresponds to the
283 first derivative).
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284  Group-specific smoothers for biomes

285 With the second model, we show that the estimated group-specific smoothers for five biomes (1, 4, 11,
286 12, 13) significantly differed (Figure 5, Table S3). The well fit of the model verified after 10 iterations (full
287 convergence) and diagnostic plots showed no violation from model assumptions (Figure S2). Post-hoc
288  comparisons of the contrasts showed significant differences for the five biomes (P < 0.001, Table S4).
289 Even after aggregating temperate biomes (biomes 4; 5; 8) and tropical biomes (biomes 1;3;7) results
290 remained the same (SI: Aggregating biomes section).

291 Tropical and Subtropical Moist Broadleaf Forests (biome 1) showed a decreasing trend between 1926
292 and 1970 (Figure 5). On the contrary, for the periods 1900-1926 and 1970-2010 there was a positive
293 trend, which seemed sharper for the first period. Confidence intervals, however, include zero line after
294 1985 for the entire range of year until the end of the studied period, suggesting that this period had no
295  valid effect. Temperate Broadleaf and Mixed Forests (biome 4) and shows a sharp decreasing trend at
296  the beginning of the studied period (1900-1920) and then again after 1950. In addition, a period of

297 positive trend is spotted for the period between 1925 and 1950 (Figure 5). Wide confidence intervals for
298 thefinal years, after 1990, suggest that the positive trend might not be valid for this period. Tundra

299 (biome 11) first shows a rather stable trend (Figure 5) which starts decreasing only after 1950 and until
300 thefinal year. However, the confidence intervals after 1990 include zero for the rest of the range of

301 smooth of year suggesting perhaps a non-valid trend over this period. Mediterranean Forests,

302 Woodlands, and Scrub (biome 12) showed a steep decrease after 1970 (Figure 5). Before that, another
303  period of interest starts near 1930 where for almost two decades we see a more stable trend with a
304  smooth reduction in its middle (1940). From that point and until 1970, the smooth year shows a positive
305 trend. Deserts and Xeric Shrublands (biome 13) showed a steep linear decreasing trend over the years
306 (estimated degree of freedom = 1) (Figure 5).

307

10
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309 Figure 5. Partial effect plots for the right forewing length and year smooth by biome on the link scale
310 (link = identity). Numbers (1, 4, 11, 12, 13) correspond to different biomes and colors follow the
311 coloring of Figure 1.

312
313 Discussion

314  To date, there is no universal evidence supporting the idea of butterfly shrinkage due to global warming.
315 Our study largely confirms the general applicability of temperature-size rule for this taxon. Our results
316 provide evidence that butterflies have reduced their size under warming over the last century (1900-
317  2010). Notably, the sharp decrease we demonstrate after 1950, coincides with the first proof provided
318  for CO, concentrations rise (Keeling 1968, Brewer 2009) and the mid-20%" century spread of the

319 Industrial Revolution. Climate change has resulted in elevated global mean surface temperatures by
320 0.5°Cto 1.3 °Cfor the period 1951-2010 (IPCC 2021), with human climate influences being responsible
321 for 50 to 150 percent of the observed warming between 1950 and 2005 (Wigley and Santer 2013).

322 Further increase up to 4°C by 2100, unless action is taken to reduce the rate of warming (IPCC 2021),
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323 might push butterflies beyond their physiological limits, especially the more sensitive to changes, the
324  ones living in harsh environments and the ones closer to their upper thermal limits (Klockmann et al.
325  2017).

326  After the temperature-size rule proposed by Atkinson (1994), a growing number of studies have

327  provided evidence for the shrinking body size of taxa (both ectotherms (Ghosh et al. 2013, Brehm et al.
328 2019, Baranov et al. 2021, Minter et al. 2024) and endotherms (Masoero et al. 2024, Pirotta et al. 2024))
329 and for a variety of environments (terrestrial (Polidori et al. 2020) or aquatic (Queiros et al. 2024,

330 Taboada et al. 2024)) from observations at different levels of biological organization such as

331 communities (Wu et al. 2019), individual species (Bristow et al. 2023, Daly et al. 2024, Minter et al.

332 2024), and/or families (Brehm et al. 2019). Evidence for the opposite trend, i.e., increasing body size is
333 also mounting (Wonglersak et al. 2020, Na et al. 2021, Wilson et al. 2023). Despite the unquestionable
334  value of these studies, most of them limit their ability to assess broad-scale patterns due to geographic
335  and/or time constraints, as well as their species-specific focus. Our study addresses these limitations by
336 analyzing butterfly data from around the globe over a period of more than 100 years.

337
338 Biomes

339  We examined ten terrestrial biomes and we captured a general decreasing trend for body size over the
340  vyears. We limit our discussion to the five biomes, with a significant trend (Figure 5). We hypothesized
341 that responses across biomes will differ (Gu et al. 2023) as their susceptibility to climate warming differs,
342  and we anticipated responses to be more pronounced in warmer and drier biomes as these are highly
343 exposed to climate warming (Li et al. 2018). Along these lines, the most systematic and continuous

344  decrease in butterflies’ body size is identified in Deserts and Xeric Shrublands, with no evidence of a

345  turnaround for its negative trend whatsoever.

346  While studies for butterfly body size shrinking is lacking for Deserts and Xeric Shrublands, similar

347 pressures in other arid-adapted insects, such as bees, show evidence of body size shrinkage between
348 1974 and 2022 (Barrett and Johnson 2023). Deserts and Xeric Shrublands biome is recognized as the
349  most vulnerable terrestrial biome to climate change (Li et al. 2018). As climate change intensifies, we
350 suspect that physiological remodeling of butterflies in such harsh environments is being pushed further
351 (Seebacher et al. 2015). The idea that butterfly physiological plasticity may surpasses a critical threshold
352  beyond which it might be unable to confer resilience to environmental stress, like many plants do

353  (Gonzdlez-Tokman and Wesley 2024) is an area of greatest need for future research.

354  Similarly to Deserts and Xeric Shrublands, a sharp decline with no reversal of the negative trend was
355 found for Mediterranean Forests, Woodlands, and Scrub after 1970. Mediterranean ecosystems are
356 considered biodiversity hotspots due to their favorable climate conditions and their topographical and
357  vegetation structure complexity (Médail and Quézel 1999) but stressing drivers such as rising

358  temperatures, extended drought, reduced rainfall and increasing number of wildfires make them highly
359  vulnerable and exposed to climate change (Caretta et al. 2022). Forecasts for Mediterranean Basin

360 indicate an even drier and hotter climate over the coming decades making this area a climate hotspot
361 (IPCC 2021). According to global biodiversity forecasts for the year 2100, Mediterranean biomes will
362 undergo the most significant proportionate shift in biodiversity (Sala et al. 2000). Over the past three
363 decades, widespread population declines have been observed in various Mediterranean butterfly
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364  species, with these declines strongly linked to the intensifying impacts of global change (Wilson et al.
365 2007, Zografou et al. 2014, Carnicer et al. 2019). Populations living in areas with no elements for thermal
366  buffering (e.g. semi-open forests) may experience increased negative effects from extreme

367  temperatures leading to distinct plastic responses. For instance, the plastic response of body size of a
368 Mediterranean butterfly (Pieris napi) shows a strong reduction in thermally exposed populations where
369  vegetation thermal buffering is also limited due to reduced plant transpiration, and low leaf quality

370  caused by drought and seasonal advance of plant phenology (Carnicer et al. 2019).

371 Moving on to the Earth's northernmost continental landmass, in the arctic Tundra biome we see a

372 rather stable trend at the beginning of the last century (1900) that remains until 1940. On the condition
373  thatarctic ecosystems are mainly influenced by a single factor, i.e., climate change (Sala et al. 2000), we
374  assign the decreasing trend imposed after 1940 to the elevated region’s average temperature (2-3°C)
375  over the past 50 years (Meredith et al. 2019, Overland et al. 2019). Along these lines, an analysis of

376  three Holarctic butterflies using museum specimens showed a decrease in wingspans between 1971 and
377 1995, ranging from 0.7 to 5 mm for every 1°C increase of temperature (Daly et al. 2024). Similarly, body
378  size reduction was found for two High-Arctic butterfly species (Boloria chariclea and Colias hecla)

379  between 1996 and 2013 (Bowden et al. 2015).

380 Reduced body size of the studied moths along a tropical elevation gradient (Brehm et al. 2019), or body
381 size reduction in tropical moth assemblages (Wu et al. 2019) over time are in accordance with our long
382  negative trend for the Tropical and Subtropical Moist Broadleaf Forests between 1930 and 1970. The
383  thermal adaptation hypothesis suggests that insect populations in warm, aseasonal tropical

384  environments exhibit higher and narrower critical thermal limits (Kaspari et al. 2015). As the yearly

385  surface temperature for the period from 1900 to 1930 indicated to be cooler than average years (1880-
386 2023 (NOAA 2024) we suggest that lower temperatures might justify the positive trend we found

387 between 1900 and 1930. The second observed increase in body size (1970-1985) is likely mediated by
388  the dominance of large-bodied butterflies from the genera Trogonoptera and Ornithoptera, which

389 constituted 43% of the sample during this period. However, the small sample size (21 individuals) for
390 this time frame imposes caution when interpreting these results.

391 According to the climate variability hypothesis organisms from more temperate environments are

392  believed to have broader thermal tolerances compared to organisms from the tropics (Gutiérrez-

393 Pesquera et al. 2016). This prediction originally stemmed from the observation that annual climatic
394  variation is generally lower in the tropics compared to higher latitudes of temperate ecosystems. In that
395 sense, temperate butterflies have developed various strategies to mitigate cooler and warmer

396 conditions in temperate region such as migration to avoid extreme low temperatures such as monarch
397 butterfly (Barve et al. 2012), darker coloration compared to those from warmer regions (Stelbrink et al.
398  2019), increased melanization in spring compared to summer periods (Kingsolver 1995), seasonal

399 polyphenism to improve cold hardiness through overwintering (diapausing) (Van Dyck and Wiklund
400  2002) and thermal tolerance through summer aestivation such as Maniola jurtina (Grill et al. 2006).

401 Despite their complex ecological responses to climatic variability, body size is also changing over the
402  vyears and shifts include both negative and, to a lesser extent, positive trends in Temperate Broadleaf
403 and Mixed Forests. Global rising temperatures can justify the long decreasing trend we found between
404 1950 and 1990. Other anthropogenic stressors after World War Il, such as urban expansion especially in
405 Europe and North America and deforestation (Seto et al. 2011) transformed Earth's land surface at

406  unparalleled rates and scales directly affecting the distributions of many organisms (Newbold et al.
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407 2016). The positive trends we observed, could be attributed to community reshuffling associated with
408 urban-heat-island effect: this theory suggests that larger species, able to disperse and mitigate the low
409 connectivity of ecological resources in urban settings (Cheptou et al. 2017), will slowly replace smaller
410  body size species in urban settings (larger body size species fly in, smaller body size species fly out).

411 Acknowledging the factors associated with variability in insect morphology (Hawkins and Lawton 1995,
412 Heidrich et al. 2021) brings novel insights into the species’ body size vulnerability to climate change. As
413 an extension of this study, we plan to explore how much of the butterfly shrinkage we found can be
414  attributed to direct effects of temperature and how much is indirectly filtering by other ecological traits
415 (e.g., voltinism, first flight month, species temperature index) or other types of environmental filtering
416 such as food availability and/or quality (Van Buskirk et al. 2010, Queiros et al. 2024).

417

418  Code availability

419  The R-script used in the analysis is available at Zenodo (DOI: 10.5281/zenodo.14809535).
420
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