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Abstract 13 

Whether shrinking body size is a universal response to climate change remains controversial. 14 

Moreover, the mechanisms underlying body size shifts are poorly understood. Here, assuming 15 

that life history traits evolve to maximize fitness according to life history plasticity theory, we 16 

hypothesized that under global warming temperate multivoltine insects should emerge earlier 17 

with a smaller body in the early growing season, but emerge later with a larger body in the late 18 

season. We tested this hypothesis by conducting two field artificial warming experiments in an 19 

alpine meadow: 1) with one pre-dispersal seed predator species (tephritid flies, Tephritis 20 

femoralis) and its two host plant species flowering in early and late growing seasons, 21 

respectively, and 2) with the tephritid flies and one host species with a flowering season that 22 

occupies parts of both the early and late growing seasons. These experiments were 23 

complemented by a microcosm chamber warming experiment, in which increasing and 24 

decreasing temperature trends were set to simulate temperature variation pattern in early and late 25 

growing seasons, respectively, but photoperiod was held constant. Warming generally advanced 26 

the adult emergence and decreased the body size (adult body mass) in the early season but 27 

delayed the emergence and increased the size in the late season in both field experiments, 28 

indicating that the seasonally different effects of warming on the fly body size was constant 29 

regardless of host plant identity. The chamber warming resulted in consistent responses of 30 

emerging timing and body size to the simulated seasonal warming, demonstrating that the 31 

temperature increase per se and its interaction with direction of temperature change, but not other 32 

correlated effects, should be primarily responsible for the observed contrasting shifts of body 33 
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size at different times of the season. Our results indicate that taking into account temperate 34 

seasonal patterns of temperature variation could be of general importance for predicting animal 35 

body size changes in the warmed future. 36 

Keywords: global warming, rule of body size shrinking, tephritid flies, seed predator, host plant, 37 

alpine meadow 38 
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Introduction 40 

Global average land surface temperature has increased by 0.85°C since the late 19th century, and 41 

it is predicted that the temperature will increase 4°C by 2100 unless appropriate measures are 42 

taken to slow down this warming rate (IPCC 2013). One of the most common responses to 43 

global warming is reduction of animal body size, which has been recorded in various taxa and 44 

even proposed as “the third universal response” alongside shifts in species distribution and 45 

biological phenology (Daufresne et al. 2009; Gardner et al. 2011), although the response is 46 

generally plastic rather than genetic (Gardner et al. 2011). Body size is in turn tightly related to 47 

almost every physiological and ecological trait of organisms (Peters 1983; Gillooly et al. 2001) 48 

and largely determines species interactions in biological communities (Woodward et al. 2005), 49 

which may further affect ecosystem structure and functioning (Petchey et al. 2008). Hence, it is 50 

not surprising that much attention has been paid to test the generality of this rule of body size 51 

reduction and to explore the mechanism underlying the body size response to environmental 52 

warming (Gardner et al. 2011; Bickford et al. 2011; Sebastian et al. 2012; Ohlberger 2013).  53 

Recently, accumulated evidence shows an increasing number of exceptions to decreasing 54 

body size with increasing temperature – with many studies showing the opposite trend. These 55 

exceptions cannot be successfully explained by either Bergmann’s or James’s rule (James 1970) 56 

for endotherms or the “temperature-size rule” for ectotherms (Ray 1960; Atkinson 1994; 57 

Atkinson and Sibly 1997). Notably, these exceptions are almost exclusively found in temperate 58 

seasonal environments, such as common lizard (Lacerta vivipara) in European mountains 59 

(Chamaille-Jammes et al. 2006), tadpoles (Rana kukunoris) in Tibetan plateau (Zhao et al. 2014), 60 
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marten (Martes americana) in Alaska (Yom-Tov et al. 2008), eurasian otter (Lutra lutra) in 61 

Norway (Yom-Tov et al. 2006); mallard (Anas platyrhynchos) and teal (Anas crecca) in France 62 

(Guillemain et al. 2010), weddell seals (Leptonychotes weddellii) in Antarctic regions (Proffitt et 63 

al. 2007). Consistently, these exceptions are mostly accounted for by warming-induced increases 64 

in food quantity and quality (Yom-Tov et al. 2008) and growth efficiency (Walters and Hassall 65 

2006) , as a result of temperature increase improving the seasonal physical environments 66 

(Moreno-Rueda and Rivas 2007, Gardner et al. 2011). These findings collectively suggest that 67 

seasonal environmental variation might be associated with the observed deviations from the 68 

proposed rule of body size responses to environmental warming (see also Atkinson 1994, Walters 69 

and Hassall 2006, Ohlberger 2013).  70 

Temperate animals are largely constrained in growth and reproduction by low temperature in 71 

the very early and late growing seasons (Gotthard 2001), especially for ectotherms, whose body 72 

temperatures vary with environmental temperature and hence whose life–cycles are frequently 73 

strongly affected by seasonal thermal variation (Chown and Klok 2003, Van Dyck et al. 2015). A 74 

search for general patterns has to explore the responses of body size to warming in insects - the 75 

most diverse taxon in the world (Wilson 1999). Insects have evolved to possess a wide thermal 76 

tolerance but also fine-tuned phenotypic plasticity adapting their life cycles and life history traits 77 

to environmental changes (Nylin and Gotthard 1998). Theory assumes that insects in seasonal 78 

areas will have evolved to utilize the season favorable for growth and development in a way 79 

which maximizes their total fitness (Roff 1980, Abrams and Rowe 1996). For example, 80 

multivoltine species (i.e. those with a capacity for having more than one generation per year, a 81 
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substantial part of insects; Tauber and Tauber 1981) can be expected to take advantage of 82 

warming by increasing the number of generations in the growing season and/or increasing their 83 

survival rate in the following non-growing season (Roff 1980, Altermatt 2010). Under many 84 

theoretical scenarios there will be a fitness trade-off between short development times and large 85 

final sizes (Roff 1980, Abrams and Rowe 1996), where the former increases the chances of 86 

successfully achieving one or several complete generations whereas the latter often increases the 87 

chances of surviving to the next favorable season (Ohgushi 1996, Kovacs and Goodisman 2012) 88 

as well as generally providing a fecundity advantage (Nylin et al. 1980).  89 

As multivoltine species should be adapted to maximize different goals at different times of 90 

the season, and since it is known that life history traits of insects can respond differently to 91 

temperature depending on the perceived date in the season (Gotthard et al. 2000), we here 92 

hypothesize that warming in early and late growing season should have different consequences 93 

on body size according to life history plasticity theory (Nylin and Gotthard 1998). Specifically, 94 

early emergence and an associated small body could be an evolutionary advantage in early 95 

season under global warming if the food resource is abundant, because it can be compensated by 96 

earlier reproduction, longer growth period for later generations, and possibly more generations 97 

(Atkinson 1994, Bryant et al. 1998). In contrast, late emergence and large bodies will be favored 98 

if warming occurs late in the season and hence permit a longer period of food consumption, 99 

because there is little potential for extra generations and because large bodies are often 100 

associated with high survival rate and high fecundity (Williams et al. 2015). 101 
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 In order to test our hypothesis, we conducted experiments to examine the body size response 102 

to artificial warming in a host plant – parasitic seed predator system involving a tephritid fly 103 

species and three host plant species with different phenologies. We investigated the warming 104 

effect on timing of emergence and body size for the adult flies both early and late in the growing 105 

season in two field experiments, and in a complementary chamber experiment where 106 

temperatures were increasing or decreasing (mimicking time in the season) but photoperiod and 107 

moisture held constant. This was done to exclude confounding variables and to explore the 108 

possibility that, although insects generally respond to seasonal cues from photoperiod (Nylin and 109 

Gotthard 1998), a seed predator which is not exposed to direct sunlight could instead (or also) 110 

use the direction of change in temperature as cue. Our field experiments show that warming may 111 

have contrasting effects on organism body size depending on the timing of the warming and our 112 

chamber experiment suggests that the seasonal pattern in temperature variation could be an 113 

important indicator for predicting body size responses to warming in temperate animals.  114 

Methods and materials 115 

Study site 116 

 The field studies were conducted from early June to late September in an alpine meadow in 117 

Hongyuan Country, Sichuan province, China (32°48’N, 102°33’E). The meadow is located in 118 

eastern Tibetan Plateau with an altitude of 3500m above the sea level. According to the data 119 

collected at the Hongyuan County Climate Station (located 5 km from the study site) during 120 

1961–2012, mean annul temperature is 0.9°C, with maximum monthly average temperature 121 

being 10.9°C (July) and minimum monthly average temperature -10.3°C (January); mean annual 122 
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precipitation is 744mm, which mainly occur during May to August (Zhao et al. 2014). Daily 123 

average temperature increases from early spring to summer and then drops from fall to winter, 124 

and the peak daily temperature often occurs at the end of July or the early August (Fig. S1). 125 

Meteorological data collected during the same time-period show that mean annual temperature 126 

increased at a rate of 0.29 °C per decade, with winter and summer temperature increases of 127 

0.48 °C and 0.22 °C per decade (Mu et al. 2015).  128 

The study meadow is typically dominated by sedges (Kobresia setchwanensis, Blysmus 129 

sinocompressus), grasses (Agrostis hugoniana, Elymus nutans, Deschampsia caespitosa), and 130 

forb species such as Potentilla anserina, Saussurea nigrescens, Aster alpine, Anemone trullifolia 131 

var. linearis, Gentiana formosa, Euphrasis hirtella, Trollius farreri, Pedicularis spp. and 132 

Thalictrum alpinum. Total vegetation coverage is more than 95% and plant height is ~30 cm (Wu 133 

et al. 2011). The meadow used in this study is used as a winter pasture, which is grazed by 134 

livestock during the winter only. Probably because of high plant species diversity (Xiang et al. 135 

2009)and rich detritus resource (e.g. dung pats; Wu et al. 2011), the pollinator and parasitic 136 

species (e.g. Mu et al. 2014), as well as dung beetle species (Wu and Sun 2010), are diverse and 137 

abundant in the meadow.  138 

The study species 139 

  A parasitic, pre-dispersal seed predator and three of its Asteraceae host plant species were 140 

included in this study. Tephritis femoralis Chen, 1938 (Diptera: Tephritidae) is a multivoltine 141 

tephritid fly, which usually completes two to three generations a year, depending on the 142 

phenological asynchrony with the host plants. Hibernation takes place in the adult stage. Field 143 
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measurements (by Xinqiang Xi) showed that body size of the adult fly ranged between 3.7 and 144 

4.5mg for males and between 4.5 and 6.5mg for females, varying with the host plant and seasons. 145 

Adult flies of directly developing generations may mate and oviposit immediately after they 146 

emerge, and adult females oviposit in the capitula of different host plant species before flowering. 147 

Larval maggots grow up by feeding on immature seeds and possibly some parts of receptacles.  148 

The host plant species that was chosen for the first generation of the fly (late May to 149 

mid-July; Fig. S1) was the early flowering Asteraceae species Cremanthodium brunneopilosum. 150 

Plant height of C. brunneopilosum is 52.19±2.69 cm (N=30), and there are 4.51±0.3 (N=30) 151 

capitula per plant and 170.6±11.17 florets (N=30) per capitulum. Density of C. brunneopilosum 152 

ranges from between 0.3 and 0.7 m-2 in the meadow. The mid-season flowering Asteraceae 153 

species Saussurea nigrescens has a long flowering period (mid-June to late August; Fig. S1), and 154 

hence it is a dominant host species for the second generation flies and also serves as an important 155 

host species for the third ones. Plant height is 26.76±0.96 cm (N=30). There are 3.35±0.46 156 

(N=30) capitula per plant and 38.2±2.5 (N=30) florets per capitulum. The density of S. 157 

nigrescens is ca. 20 m-2 in the meadow. The late flowering Asteraceae species Saussurea 158 

likiangensis is the major host for the third generation. Its flowering period ranges between 159 

mid-August and mid-September (Fig. S1). There are 5 to 3 capitula per plant and 18.1±0.45 160 

(N=30) florets per capitulum. The density of Saussurea likiangensis is less than 1 m-2 in the 161 

meadow.  162 

All the host species have a long fruiting period, such that the seed development time is often 163 

longer than the larval period of T. femoralis. 164 
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Field warming experiment 165 

In order to test whether the flies differed in their body size response to warming between early 166 

and late seasons, we first conducted a field warming experiment involving two typical early and 167 

late seasonal flowering species (C. brunneopilosum and S. likiangensis, respectively) with their 168 

shared parasitic seed-predator T. femoralis. Four treatments were conducted, i.e. ambient and 169 

warmed C. brunneopilosum + T. femoralis, and ambient and warmed S. likiangensis + T. 170 

femoralis. The first two treatments were started in early season (5th June) and the latter two in the 171 

late season (8th August). Each treatment had 15 replicates.  172 

Warming was artificially achieved using three infrared heaters (1600W, Heraeus Company, 173 

Germany), which were hung 1.3m high above the capitula of study plants; a similar dummy 174 

heater was also hung for the ambient treatment. The plants were arranged as a 2m*0.6m quadrat 175 

under each heater. Records from Hobo U23-003 temperature data logger (Onset Company, USA) 176 

showed that temperature (at 30 cm above ground surface) was enhanced by 2.15°C and 2.32 °C 177 

for early and late host plants, respectively, during the experiment.  178 

In order to exclude the potential confounding effect of plant identity on the body size 179 

response to warming, we conducted a second field experiment involving the same fly species as 180 

in the first field experiment and a single host plant species (S. nigrescens), whose flowering 181 

season covers parts of both early and late seasons. As for the first experiment, there were four 182 

similar experimental treatments, one pair of treatments (ambient vs. warmed) were initiated in 183 

early season (25th June) and the other in the late season (8th August), with the same warming 184 
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facilities employed. Each treatment had 15 replicates. Mean temperature during the experiment 185 

was enhanced by 2.1°C and 2.47°C for the early and late season, respectively.  186 

All the host plants used in the study were transplanted from the field at the end of September, 187 

2013. More than 300 average-sized adult individuals of each plant species as well as the 188 

associated soil (12 cm and 10cm for diameter and depth respectively) were dug out and quickly 189 

moved to a similar sized plastic pot. From the transplanted plants, 30 healthy C. brunneopilosum 190 

and S. likiangensis as well 60 individuals (half used in early and another half in later season) of S. 191 

nigrescens were randomly chosen as hosts for T. femoralis maggots. We inserted one T. femoralis 192 

maggot (ca. 2mm in length) into one randomly chosen capitulum for a single host plant before 193 

starting the warming experiment. Subsequently, the capitula bearing maggots were encircled by 194 

mesh-sized nylon bags to prevent other flies from ovipositing and newly emerged flies from the 195 

developing capitula from escaping. For each species, fifteen plant individuals as well as the 196 

associated maggots were cultivated under the active heater, and the others were cultivated under 197 

the dummy heater in both field experiments. Host plants in the experiment were artificially 198 

pollinated and were irrigated regularly. Timing of emergence (the day after the beginning of the 199 

experiment) and sex (judged by the existence of ovipositor) was recorded for each newly 200 

emerged adult fly. Adult flies were put into a 10ml plastic centrifuge tube and then were placed 201 

in a 0°C refrigerator for two hours immediately after they emerged from the capitula, and 202 

subsequently the fresh mass were measured for each adult using an electronic balance.  203 

The maggots used for injecting all the host plants in the experiment were derived from other 204 

plants of the same plant species. We first collected adult flies from field Cremanthodium 205 
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brunneopilosum, and then allowed them oviposit the C. brunneopilosum capitula in an injection 206 

box before flowering. The injection box was made from iron mesh supported by steel frame. 207 

Fifteen pairs of medium-sized female and male flies were released into the injection box to lay 208 

eggs into the capitulum of about 60 plants (transplanted from field) for three days, and then they 209 

were driven out of the box in order to ensure that maggots in the ensuing experiment had a 210 

similar birth day. We opened the capitulum carefully and collected 30 medium-sized maggots on 211 

the 9th day after the release of adult flies, and then these maggots could be used for the 212 

experiments.  213 

Similarly, in order to obtain the maggots used for injecting Saussurea nigrescens and 214 

Saussurea likiangensis (for both early and late seasons), we collected pupae of the fly from 215 

Cremanthodium brunneopilosum and Saussurea nigrescens in the field (at different times 216 

corresponding to the experimental timing), respectively, and then reared them in an artificial 217 

cabinet. Temperatures in the cabinet were set as 23°C and 13°C for day and night, respectively, 218 

with a 16:8h light regime, and 75% moisture. Once the adult flies emerged, they were put into an 219 

injection box to allow them to ovipoisit into the capitula of Saussurea nigrescens or Saussurea 220 

likiangensis, and 9 days later we collected the maggots from the capitula and inserted them into 221 

the experimental capitula, following the same procedures as for the experiment with 222 

Cremanthodium brunneopilosum. The survival rate of the maggots (including both males and 223 

females) was above 90% in the experiments.  224 

Chamber warming experiment  225 
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In order to exclude other confounding factors (e.g. photoperiod and relative humidity along 226 

the growing season) on the body size response to warming, we further conducted a chamber 227 

warming experiment, in which the maggots were cultivated in the artificial climate cabinets with 228 

strictly controlled environments. Similar to the field experiments, there were two factors, i.e. 229 

ambient vs. warmed, and increasing vs. decreasing temperature trends (to simulate early and late 230 

growing seasons, respectively) leading to four treatments in total, each treatment having 30 231 

replicates. Initial temperatures were set at 13°C /4°C and 15°C /5°C for ambient and warmed 232 

treatments, respectively, for the two early season treatments. Both the day and the night 233 

temperatures were increased by 1°C every three days. For the two late growing season 234 

experiments, the initial cabinet temperatures were set at 23°C /11°C and 25°C /12°C for the 235 

ambient and warmed treatments, respectively. The daytime and nighttime temperatures were 236 

decreased by 1°C every three days. The temperature settings chosen were consistent with the 237 

temperature records from the local county weather station during the flowering season of S. 238 

nigrescens (Fig. S1). The light regime for all the cabinets was set as 16:8h, whereas the moisture 239 

was maintained at 75%.  240 

We collected 120 maggots from the host plants of the second generation plants S. nigrescens, 241 

as we did the collection for Saussurea likiangensis in the second field experiment. Each maggot 242 

was inserted into one average-sized healthy S. nigrescens capitula that was collected from the 243 

field. The capitula and associated maggots were put into a glass bottle (diameter 10 cm and depth 244 

10 cm), whose top was covered by a thin breathable paper in order to avoid extra water loss. In 245 

every three days, we carefully took out the maggots from the associated capitula and put them 246 
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into a fresh capitula that had been collected in field, in order to ensure that the quality of food 247 

resources was unaffected by capitulum dehydration. Timing of emergence and sex of each 248 

individual was recorded, and the fresh mass of adult flies was measured. The experiment was 249 

terminated when all flies had emerged from the capitula. Larval survival rate was above 85% for 250 

each treatment.  251 

Data analysis 252 

As male and female flies consistently differed in timing of emergence and terminal body size, 253 

two-way ANOVAs were employed to detect the effects of warming, sex and their interaction on 254 

the performance (timing of emergence and adult mass) of flies reared in the early season host C. 255 

brunneopilosum and the late season host S. likiangensis, respectively, in the first field experiment. 256 

Similarly, three-way ANOVAs were employed to detect the effect of warming, timing (early vs. 257 

late season), and sex, as well as their interactive effect, on the fly performance in the host plant S. 258 

nigrescens in the second field experiment and also in the chamber warming experiment. Once a 259 

significant effect was detected, Tukey HSD post hoc test were used to determine the difference 260 

among treatments. All the data analyses were conducted using R 3.1.0 (R Core Team 2014).  261 

Results 262 

When the maggots were placed into two different host plant species flowering at different times 263 

of the season, as in the first field experiment, warming significantly decreased the adult mass (by 264 

0.6mg and 0.65mg for female and male flies, respectively) and advanced the timing of 265 

emergence of flies (by 4.59 and 6.29 days for female and male flies, respectively) reared in the 266 

early species C. brunneopilosum (Fig. 1, Table 1), but significantly increased the adult mass (by 267 
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1.1 and 0.71 mg for male and female, respectively) and postponed the timing of emergence (by 268 

4.27 and 4.0 days for male and female, respectively) of flies reared in the late species S. 269 

likiangensis (Fig. 1, Table 1). The warming effect was consistent between the female and male 270 

flies in these two host plants.  271 

In the second field experiment, when the maggots were reared in the same host plant species, 272 

S. nigrescens, but at different times in the season, warming showed similar effects on the timing 273 

of fly emergence and body mass, and regardless of sex (Fig. 2, Table 1), although the differences 274 

between some treatments were marginally significant (P<0.1; Table S1).  275 

In addition, when the maggots and the associated host capitula of S. nigrescens were 276 

cultivated in chamber, consistent trends were also observed: warming advanced the timing and 277 

reduced body size in the temperature-increasing treatments and vice versa for the 278 

temperature-decreasing treatments (except for the female emergence timing between the two 279 

early season treatments), independently of the fly sex (Fig. 3 Table 1, S1).  280 

Discussion 281 

We have clearly demonstrated a marked life history plasticity in animal body size in response to 282 

temperature, where the response of body size to warming differs in direction depending on the 283 

direction of change in base temperature - presumably signaling time of the season to the 284 

multivoltine tephritid fly studied. Different previous studies have documented either shrinking 285 

body size or increasing body size in response to warming (Gardner et al. 2011), but contrasting 286 

responses in body size has scarcely been explicitly documented in a single species (but see 287 

Hassall 2013). 288 
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If such contrasting responses are common in multivoltine insects, our finding suggests that 289 

exceptions to the rule of shrinking body size under global warming could be ubiquitous, and it 290 

also suggests that the non-significant/ neutral effect of warming on body size that revealed in 291 

previous studies coud be simply due to the pooling of data collected in different seasons, as 292 

found in the present study (See Table 1). Moreover, provided that warming is predicted not to be 293 

consistent between seasons and between years, a warming effect on body size in one season or 294 

year could be cancelled out by that in another season or year and hence the overall response of 295 

body size to warming would not necessarily be directional (Williams et al 2015). 296 

It is worthwhile to note that, in contrast to many of the previous similar sudies, we employed 297 

a manipulative experimental strategy to determine the effect of warming on the terminal body 298 

size of the target species. In both types of warming experiment, we increased temperature only 299 

and other potential confounding factors were controlled. For example, host plants for different 300 

generations of T. femoralis were grown under similar conditions with similar subsequent 301 

managements. Previous studies often use temporal or spatial gradients to derive species 302 

responses of body size to global warming (Yom-Tov 2001, Gardner et al. 2014), acknowledging 303 

that they could be confounded by associated changes in precipitation and species interactions 304 

(Sheridan and Bickford 2011, Ohlberger 2013). Our study may avoid many of these confounding 305 

factors, with the caveat that the present study is short term and can detect only phenotypic 306 

plasticity in body size, not genetic changes.  307 

Our results clearly indicate that the timing of artificial warming (early vs. later season) is the 308 

determining factor leading to the different sign of the warming effect on body size and timing of 309 
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emergence. The most contrasting seasonal environments in the first field experiment best shows 310 

the importance of timing of warming to the responses in a situation as close to the natural one as 311 

possible, since the maggots were grown in the earliest and latest flowering host species. The 312 

second field experiment - using the same host species for both cohorts - demonstrates that the 313 

contrasting effects were not due to host differences, and the chamber experiment rules out other 314 

confounding factors. Moreover, the variation in body size was significantly accounted for by the 315 

variation in the timing of emergence (Fig. S3). Accordingly, these contrasting warming effects 316 

are consistent with our hypothesis based on the life history plasticity theory (Nylin and Gotthard 317 

1998). 318 

 Indeed, many previous empirical studies can be seen as indirectly supporting the core of 319 

our hypothesis: that body mass should often increase with warming immediately before an 320 

unfavorable season/ environment, but decrease with warming in an early favorable 321 

season/environment. For example, in potentially multivoltine insects it is a commonly observed 322 

pattern from split-brood experiments that individuals destined for diapause takes longer to 323 

develop than those destined for direct development (Nylin and Gotthard 1998), which will result 324 

in larger final mass in the former category unless growth rate is very plastic (Abrams and Rowe 325 

1996). Although photoperiod is the main seasonal cue used to determine the developmental 326 

pathway, temperature also affects it, both directly and indirectly, by changing the seasonal 327 

occurrence of stages sensitive to photoperiod (Tauber and Tauber 1981). The differences in 328 

optimal life history between the two developmental pathways also translate to predicted 329 

geographical patterns in size/mass (Roff 1980). For instance, the body size of fall webworms 330 
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(Hyphantria cunea) increases with decreasing latitude (and thus increasing ambient temperature) 331 

from high latitude to 36° N, the area where only one generation occurs per year and thus all 332 

individuals must prepare for hibernation, but decreases at the latitude 36° N, where two 333 

generations occurs per year (Gomi and Takeda 1996). Such patterns are commonly observed in 334 

insects (e.g. Nygren et al. 2008, Nylin and Svärd 1991), demonstrating that ectotherms do not 335 

necessarily become smaller with increasing temperature when there are seasonal constraints 336 

(Williams et al 2015). 337 

It should be noted, however, that such geographical patterns are the result of genetically 338 

based local adaptation interacting with plasticity in complex ways (Kivela et al. 2011, Nygren et 339 

al. 2008), where the generation time of the species in relation to the total growing season length 340 

is probably of major importance in determining which temperature-size pattern will prevail 341 

(Blanckenhorn and Demont 2004, Chown and Klok 2003, Kivela et al. 2011). Thus, ground 342 

crickets (Palirhoeus spp, Canonopsis spp, Bothrometopus spp, Ectemnorhinus spp) show 343 

increases in body size along an altitudinal gradient (and decreasing ambient temperatures) of a 344 

mountain in a non-seasonal environment where generations overlap, but decreases in body size 345 

along the altitudinal gradient of a mountain where there are strong seasonal constraints (Chown 346 

and Klok 2003). 347 

Although larger bodies are not necessarily associated with greater lifetime fitness (e.g. due 348 

to size-dependent reproduction and competition), the core of our hypothesis can be further used 349 

to explain the positive effect of warming on body mass in more long-lived ectotherms. For 350 

example, the common lizards (Lacerta vivip) in European mountains show increased body size 351 
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when warming increases food availability before stepping into a cold winter (Chamaille-Jammes 352 

et al. 2006). Rana ridibunda and R. lessonae increased in body size during the period 1963–2003 353 

in western Poland (Tryjanowski et al. 2006) presumably because warming increased insect 354 

abundance in the growing seasons (Gotthard 2001). Furthermore, our hypothesis is even 355 

consistent with the observation of increasing body mass under warming in endotherms. French 356 

mallard (Anas platyrhynchos) and teal (Anas crecca) have increased in body mass as a result of 357 

warming-induced increase in food availability before cold winters, when their body mass 358 

typically decline (Guillemain et al. 2010). Likewise, American marten (Martes Americana) 359 

increased in body mass when environmental warming lengthened the snow-free season before 360 

entering the food-scarce hibernation stage (Yom-Tov et al. 2008).  361 

Our experiments have further demonstrated that the timing of warming per se, but not other 362 

correlated factors, can be enough to cause the observed contrasting effects. In the present study, 363 

food resource was not a limiting factor for maggot growth and reproduction in any of the 364 

experiments, as there were always unconsumed seeds in each capitulum at the end of the field 365 

experiments (data not shown) and capitula were regularly replaced with fresh ones in the 366 

chamber warming experiment. Moreover, photoperiod, one of the most important factors 367 

affecting insect growth and development rate because of its value as seasonal cue (Tauber and 368 

Tauber 1981, Nylin and Gotthard 1998), was held constant in the chamber experiment. This was 369 

done because maggots live within the capitula and might not be able to detect the light change, 370 

but, even if they are, our results demonstrate that cues from temperature alone are enough. 371 

Because temperature increase led to contrasting body size response to warming, our results 372 
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cannot be fully explained by the Bergmann’s and James’s rule (James 1970) or the 373 

temperature-size rule for ectotherms (Atkinson and Sibly 1997). One possible adaptive 374 

explanation is that the insects may have used the temperature variation pattern as a seasonal cue 375 

modulating their growth and development rates (Danks 2007). Continuously increasing 376 

temperature can be a reliable signal for maggots living within the capitula, indicating the 377 

transition from early to middle growing season, similar to the increasing photoperiod for some 378 

species as the signal for development transition (Nylin and Gotthard 1998, Gotthard 2001). In 379 

contrast, continuously decreasing temperature might be used as a signal indicating a transition 380 

from middle to late growth season. Thus, the contrasting body size responses to warming should 381 

be favored because the early emergence (and the small body which results if increased growth 382 

rate cannot compensate; Abrams and Rowe 1996) may allow for an extra generation (Bryant et al. 383 

1998, Gotthard et al. 2000) and the late and large ones may ensure a high survival rate in the 384 

non-growing season as well as higher fecundity in the next growing season (Atkinson 1995, 385 

Kivela et al. 2011).  386 

One possible physiological explanation for the observed patterns is an interaction of growth 387 

rate with ontogenetic changes in optimal temperatures (Ohlberger 2013). Because the optimal 388 

growth temperature often progressively increases with ontogenetic stage (Ohlberger 2013), we 389 

may speculate that increasing temperatures suppressed the maggot growth in the early season 390 

treatments but facilitated the growth in the late season treatments. Nevertheless, this speculation 391 

is not supported by the result of the growth rate (calculated as adult body mass divided by the 392 

timing of emergence), which was indistinguishable between warmed and ambient treatments in 393 
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all the three experiments (data not shown). Instead, the variation in body size was largely 394 

accounted for by the variation in timing of emergence (Fig. S3). Another possible explanation, 395 

which we cannot exclude, is that the initial temperature, but not the variation pattern, could be 396 

the cue for the contrasting responses. More studies are needed to test whether the initial 397 

temperature or the variation pattern and how they  shaped animal growth and development.  398 

In conclusion, we have shown that the multivoltine tephritid fly under study has contrasting 399 

responses to artificial warming in the early and late season, respectively, through a methodology 400 

involving both field and chamber experiments. Our finding suggests that numerous exceptions to 401 

the rule of shrinking body size under global warming may  be explained from an evolutionary 402 

perspective by an extension of the life history plasticity theory. We suggest that temperate 403 

seasonal patterns of temperature variation could be taken a mechanism underlying diverse 404 

responses of body size to warming in both endotherms and ectotherms in future research.   405 
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Table 1. ANOVA results showing the effects of warming, sex and timing of warming on the 520 

timing of emergence and adult mass in all the field and chamber warming experiments. 521 

 522 
 Timing of emergence Adult  mass 
 d.f. F P d.f. F P 
Cremanthodium brunneopilosum 
Warming 1 45.75 <0.001 1 7.15 0.013 
Sex 1 35.98 <0.001 1 29.88 <0.001 
Warming*Sex 1 0.99 0.33 1 0.16 0.69 
Residuals 26   26   
Saussurea likiangensis 
Warming 1 8.02 0.009 1 13.68 0.010 
Sex 1 2.50 0.13 1 9.79 0.0043 
Warming*sex 1 0.38 0.54 1 0.62 0.44 
Residuals 26   26   
Saussurea nigrescens 
Warming 1 0.54 0.47 1 0.36 0.55 
Timing 1 110.73 <0.001 1 87.35 <0.001 
Sex 1 26.58 <0.001 1 36.30 <0.001 
Warming*Timing 1 38.69 <0.001 1 14.23 <0.001 
Warming*Sex 1 0.16 0.69 1 0.26 0.61 
Timing*Sex 1 0.78 0.38 1 0.029 0.87 
Warming*Tming*Sex 1 1.07 0.34 1 0.19 0.66 
Residuals 52   52   
Chamber warming experiment 
Warming 1 4.42 0.039 1 1.13 0.29 
Timing 1 40.63 <0.001 1 16.45 <0.001 
Sex 1 21.46 <0.001 1 32.69 <0.001 
Warming*Timing 1 27.77 <0.001 1 15.84 <0.001 
Warming*Sex 1 0.22 0.64 1 0.14 0.71 
Timing*Sex 1 8.69 0.0042 1 4.63 0.034 
Warming*Timing*Sex 1 0.43 0.51 1 0.39 0.53 
Residuals 81   81   
 523 
  524 
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Figure legends 525 

Figure 1. Timing of emergence and adult mass in ambient and warmed treatments for both male 526 

and female flies grown in early season host Cremanthodium brunneopilosum and late season host 527 

Saussurea likiangensis. Ends of the boxes represent the 25th and 75th percentiles of the data, 528 

while ends of whiskers represent the minimum and maximum of the data. Line and black filled 529 

squares within the box represent the median and mean of the responses, respectively. Different 530 

letters above the boxes denote significant differences among treatments (P<0.05), and the 531 

number under the boxes are the sample size. 532 

Figure 2. Timing of emergence and adult mass in ambient and warmed treatments for both male 533 

and female flies grown in the host Saussurea nigrescens that flowered in both early and late 534 

seasons. The descriptions about the boxes and statistics are the same for Figure 1.. 535 

Figure 3. Timing of emergence and adult mass in ambient and warmed treatments for both male 536 

and female flies that were fed with fresh capitula of Saussurea nigrescens in chambers, in which 537 

temperature was set to simulate the early and late seasons. The descriptions about the boxes and 538 

statistics are the same for Figure 1. 539 

  540 
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 558 

Figure S1 Daily average temperatures during 1965 to 2013 and the flower phenology of the three 559 

host plant species in study meadow. The flowering phenology was determined following the 560 

method in Liu et al. (2012). 561 

 562 

 563 
 564 

Liu, Yinzhan Mu, Junpeng, Niklas, Karl J, Li, Guoyong, Sun, Shucun. (2012). Global warming 565 

reduces plant reproductive output for temperate multi-inflorescence species on the Tibetan 566 

plateau. New Phytologist 195: 427-436. 567 
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Figure S2. Temperature variation recorded for both ambient and warmed treatments during the 569 

field experiment.  570 

 571 
  572 
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Figure S3. Regression relationships between timing of emergence and adult mass for the flies in 573 

the field warming experiment. cb, Cremanthodium brunneopilosum; sl, Saussurea likiangensis; 574 

sne, Saussurea nigrescens in early season; snl, Saussurea nigrescens in late season. N=30, 575 

R2>0.58 and P<0.001 for all the host plants.  576 
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Table S1 Results of TukeyHSD post hoc tests showing differences between treatments for timing 583 

of emergence and adult mass in the two field warming experiment and chamber warming 584 

experiment. FW, warmed females; FA, ambient females; MW, warmed males; MA, ambient 585 

males. 586 

 Timing of emergence Adult mass 
 Difference P Difference P 
Cremanthodium brunneopilosum 
FW-FA -4.60 0.0018 -0.60 0.016 
MA-FA -4.22 0.0088 -1.12 <0.001 
MW-FW -5.91 <0.001 -1.16 <0.001 
MW-MA -6.29 <0.001 -0.64 0.028 
Saussurea likiangensis 
FW-FA 4.26 0.018 1.09 0.0043 
MA-FA -1.71 0.68 -0.83 0.079 
MW-FW -1.38 0.77 -0.93 0.025 
MW-MA 4.6 0.038 -0.98 0.040 
Saussurea nigrescens in early season 
FW-FA -3.28 0.066 -1.29 <0.001 
MA-FA -4.30 0.093 -0.36 0.0023 
MW-FW -4.39 0.061 0.14 0.14 
MW-MA -3.37 0.12 0.43 0.084 
Saussurea nigrescens in late season 
FW-FA 2.75 0.071 1.09 0.010 
MA-FA -3.39 0.25 -0.69 0.38 
MW-FW -4.00 0.15 -1.20 0.016 
MW-MA 2.14 0.87 0.57 0.75 
Simulated early season 
FW-FA -2.46 0.57 -1.179 0.0020 
MA-FA -5.05 0.0085 -1.49 <0.001 
MW-FW -5.51 0.0081 -1.01 0.0072 
MW-MA -2.92 0.32 -0.68 0.044 
Simulated late season 
FW-FA 3.90 0.078 0.71 0.076 
MA-FA -1.87 0.84 -0.72 0.058 
MW-FW -0.54 0.99 -0.68 0.10 
MW-MA 5.24 0.0031 0.75 0.043 
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