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Abstract 51 

- Context and aim: Estimating the thermal limits of ectothermic organisms is critical for 52 

predicting their responses to climate change. A key physiological threshold in this context is 53 

the critical temperature (Tc), which separates the permissive temperature range, where 54 

organisms maintain homeostasis and complete their life cycle, from the stressful range, where 55 

thermal stress causes physiological disruption and eventually mortality. We aimed to evaluate 56 

experimental methods for estimating Tc in ectotherms and assess their practical utility. 57 

- Methods: We evaluated four experimental methods to estimate Tc under heat stress in two 58 

model ectotherms, the aquatic plant Lemna gibba and the insect Drosophila suzukii. Two 59 

methods identify Tc as the end-points of either the classic thermal performance curve, or the 60 

thermal death time curve, whereas the other two exploit the antagonistic injury-repair 61 

processes above and below Tc.  62 

- Results: For both species, three of the four methods that vary in exposure duration and 63 

temperature intensity all successfully produced consistent Tc estimates, while one failed to 64 

identify Tc. When comparing practical aspects of different methodologies, we find that an 65 

assay combining high constant temperature assays interrupted by lower temperatures offer a 66 

fast and practical method for estimating Tc. Collectively, Tc coincided with the temperature 67 

at which performance declined sharply and mortality increased, supporting its interpretation 68 

as a biologically meaningful upper thermal limit for ectotherms.  69 

- Conclusions: Tc represents a standardized physiological threshold reflecting the 70 

physiological transition from sustained homeostasis to the accumulation of acute thermal 71 

damage. Its consistent estimation across methods highlights its utility for comparing thermal 72 

limits across studies and species. We propose that Tc should be adopted as a standardized 73 
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parameter for quantifying upper thermal limits and assessing organismal vulnerability in a 74 

warming world.  75 

 76 
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Introduction 98 

Temperature strongly influences the lifespan and biological processes of ectothermic organisms, 99 

shaping not only how they perform in their environment but also their rate of mortality if temperatures 100 

exceed their thermal limits (Schoolfield & Sharpe, 1981; Angilletta, 2009; Hoffmann & Todgham, 101 

2010; Schulte et al., 2011; Sunday et al., 2011; Diamond, 2017; Lancaster & Humphreys, 2020; 102 

Malusare et al., 2023; Briceño et al., 2025). Together these two facets of thermal biology 103 

(performance and tolerance) play a central role in shaping species distributions around the globe 104 

(Deutsch et al., 2008; Pörtner & Farrell, 2008; Kearney & Porter, 2009; Dell et al., 2011; Sunday et 105 

al., 2011; Kellermann et al., 2012; Bennett et al., 2021). Temperatures that support high performance, 106 

enabling growth, activity, and reproduction, influence where organisms can thrive, whereas the 107 

capacity to tolerate extreme temperatures constrains where they can persist. Because both 108 

performance and tolerance limits are known to correlate with geographic patterns of occurrence, 109 

changes in either dimension of the thermal environment can shift organisms’ ranges (Pörtner & 110 

Farrell, 2008; Kearney & Porter, 2009; Dell et al., 2011; Kellermann et al., 2012; Lancaster & 111 

Humphreys, 2020; Bennett et al., 2021; Malusare et al., 2023; Briceño et al., 2025). As climate change 112 

drives increases in average temperatures and introduce greater thermal variability around the globe 113 

(IPCC, 2023), understanding how organisms respond to both conditions that support biological 114 

processes of life and conditions that exceed their tolerance limits and cause mortality is becoming 115 

increasingly urgent.  116 

 117 

A number of classical and recent studies have emphasised how thermal traits representing either 118 

performance or tolerance are characterised by different thermal sensitivities and are likely governed 119 

by different biological processes (Angilletta, 2009; Ørsted et al., 2022; Buckley et al., 2022; Arnold 120 

et al., 2025). At intermediate and permissive temperatures, organisms can carry out essential 121 
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biological processes and maintain survival without acute stress (Ørsted et al., 2022). Within this 122 

permissive temperature range, or zone of resistance (Fry et al., 1946), performance traits are often 123 

represented by a nonlinear, bell-shaped thermal performance curve (TPC) (Fig. 1A). Performance in 124 

this thermal range is therefore typically assessed from traits that are considered supportive of fitness 125 

(i.e., growth or reproduction) to various extents. Heat stress incurred within this thermal range is 126 

manageable by homeostatic repair systems and thermal patterns of mortality are likely a result of 127 

thermal effects on senescence/aging rather than acute thermal stress (Pörtner & Farrell, 2008; 128 

Hoffmann & Todgham, 2010; Schulte, 2015; Ørsted et al., 2022). As temperatures become higher 129 

and more extreme the situation changes dramatically, with vastly different biological consequences. 130 

Exposure to stressful, high temperatures results in the disruption of essential biological processes and 131 

as a result survival is short and time limited (Collander, 1924; Alexandrov, 1964; Fry et al., 1946; 132 

Rezende et al., 2014; Jørgensen et al., 2019; Ørsted et al., 2022; Neuner & Buchner, 2023; Cook et 133 

al., 2024; Faber et al., 2024; Arnold et al., 2025). The intensity of thermal stress in this temperature 134 

range, referred to as the zone of tolerance (Fry et al., 1946), increases exponentially with temperature, 135 

such that log survival time decreases linearly, as described but the thermal death time (TDT) model 136 

(Bigelow, 1921; Fry et al., 1946; Rezende et al., 2014; Jørgensen et al., 2019; Faber et al., 2024). 137 

These stressful conditions are therefore disruptive, representing “negative” fitness outcomes as 138 

exposure to stressful temperatures leads to loss of homeostasis. Although the biological processes 139 

that support life, growth and reproduction at permissive temperatures differ and are antagonistic to 140 

those that lead to acute injury and failure at stressful temperatures, both are likely to influence species 141 

distributions in variable thermal environments (Ørsted et al., 2022; Arnold et al., 2025). Accordingly, 142 

organisms may be able to endure brief non-lethal exposure to stressful conditions, as long as they 143 

also have sufficient time to recover and regain performance under permissive temperatures. From this 144 

conceptual perspective, it is also clear that most measurements in thermal biology can be considered 145 
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correlates of either thermal performance or thermal tolerance. At the same time, it is equally evident 146 

that the critical temperature (Tc) that separates the permissive vs. stressful thermal range, is central 147 

for understanding thermal biology of ectotherms. Surprisingly, no assays that we are aware of are 148 

designed specifically to characterise this transition temperature (or temperature zone) that is so central 149 

for understanding and modelling the ectothermic response to thermal fluctuation.  150 

 151 

In the present study we address this knowledge gab using two ectothermic organisms, one aquatic 152 

plant (Gibbous duckweed, Lemna gibba) and one terrestrial animal (Spotted-winged drosophila, 153 

Drosophila suzukii) to test four different methodological approaches to identify Tc, the temperature 154 

(or temperature zone) that separates permissive and stressful temperatures. The first approach, 155 

thermal performance assays (Fig. 1A), may provide an estimate of Tc when based on traits related to 156 

fitness (e.g., reproduction), with the upper thermal limit of the performance curve approximating Tc 157 

as the threshold beyond which organisms cannot maintain “positive fitness” and complete their 158 

lifecycle (Huey & Kingsolver, 1989; Angilletta, 2009; Ørsted et al., 2022). In the second approach, 159 

constant temperature assays (Fig. 1B), Tc corresponds to a breakpoint or change in linearity of log10 160 

transformed time to thermal failure plotted against temperature. This approach rests on the 161 

observation that the thermal sensitivity of lifespan is very different in the two thermal ranges since 162 

the rate of aging/senescence (at permissive temperatures) typically has a Q10 of ~ 2 whereas or rate 163 

of heat injury accumulation (at stressful temperatures) has a much higher thermal sensitivity Q10 > 164 

1000 (Fig. 1B). The third approach, ramping assays (Fig. 1C-D), involves ramping assays initiated at 165 

different starting temperatures but with a fixed ramping rate. When ramping begins at different 166 

temperatures below Tc, it is expected that CTmax (i.e., the final temperature when the organism 167 

succumbs to stress during the ramp) is similar as all treatment groups only start to accumulate damage 168 

once they pass Tc. However, if the ramping assay is initiated at temperatures above Tc, then CTmax 169 
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should intuitively become higher since the exposed organisms have been “spared” from the injury 170 

that the other treatment groups accumulated between Tc and the higher start temperatures. Tc is thus 171 

inferred as the starting temperature at which the measured CTmax begins to increase (Fig. 1D). In the 172 

fourth approach we use alternating constant temperature assays (Fig. 1E-F). Here the organisms are 173 

first exposed to a stressful temperature for a set duration to induce sublethal damage (e.g., 50% of 174 

that causing failure) and then transferred to a lower “recovery” temperature before returning to the 175 

initial stressful temperature again until thermal failure is reached. This method identifies Tc from the 176 

“recovery” temperature threshold below which thermal damage does not accumulate, or below which 177 

recovery prolong the organism’s tolerance to stress during the second stress exposure (Fig. 1F).  178 

 179 

Following our experiments with the two model systems we evaluate these four methods with respect 180 

to their theoretical assumptions, practical implementation, and the extent to which they reflect the 181 

biological transition between permissive and stressful temperatures. For both model organisms, we 182 

find that three out of the four of methods converge on quantitatively similar estimates of Tc, while 183 

one method is found to be impractical and yields inaccurate estimates for both species. Using these 184 

observations, we provide both a philosophical and practical guidance on how to assess Tc in 185 

ectotherms and highlight how this parameter should be considered as an important thermal parameter 186 

in consideration of global warming impacts on ectothermic organisms. 187 

 188 
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Figure 1. Conceptual approaches for identifying the critical temperature (Tc), represented as a narrow range of 190 

temperatures (red area between the two dotted lines in each graph), using thermal performance assays in experiment 1 191 

(A), constant temperature assays in experiment 2 (B), ramping assays in experiment 3 (C and D) and alternating constant 192 

temperature assays in experiment 4 (E and F). A illustrates how thermal performance assays when based on fitness related 193 

traits (e.g., growth/reproduction) may provide an estimate of Tc, where the upper thermal limit of the performance measure 194 

represents a temperature approaching Tc (i.e. beyond Tc organisms cannot maintain net positive fitness). B depicts how 195 

constant temperature assays, where a breakpoint of a change in linearity of log10 transformed time to thermal failure 196 

plotted against temperature corresponds to Tc. This assay exploits that the thermal sensitivity (slope of the temperature 197 

response) of aging and injury are dramatically different with a hypothetical breakpoint at Tc. C and D depict how ramping 198 

temperature assays initiated at different starting temperatures but with a constant ramping rate can reveal the temperatures 199 

resulting in thermal damage accumulation and thus identify Tc. C) Temperature profiles for each assay, with temperature 200 

(°C) on the y-axis and time (minutes) on the x-axis. D) Corresponding CTmax estimates for each temperature profile, with 201 

the y-axis showing CTmax and the x-axis showing the ramping assay's starting temperature. If ramps begin below Tc, 202 

CTmax estimates remain stable: if ramps begin above Tc, CTmax increases, as part of the stressful damaging temperature 203 

range is bypassed. E and F illustrate how alternating constant temperature assays can be used to identify the temperatures 204 

resulting in accumulation of thermal damage and thus identify Tc. In this approach, organisms are first exposed to a 205 

stressful temperature for a duration sufficient to induce a non-lethal dose of damage (e.g. 50% damage). After this initial 206 

exposure, the temperature is lowered to a recovery temperature for a defined period before the organisms are returned to 207 

the original stressful temperature until thermal failure is observed. If the initial exposure induces 50% damage, organisms 208 

should succumb after experiencing the remaining 50% exposure duration at the second exposure. However, if repair 209 

occurs during the recovery period then the time to failure will be extended in the second round. Thus, after the recovery 210 

phase, organisms will fail at the same additional exposure duration (tx) if the recovery temperature does not extend 211 

survival time, whereas failure will occur later than tx (t > tx) if the recovery temperature allows repair of accumulated 212 

damage, thereby extending survival time. E depicts the temperature profiles for these assays, with temperature on the y-213 

axis and time on the x-axis. F shows the resulting time to thermal failure plotted against recovery temperature, illustrating 214 

how different recovery temperatures either maintain, increase or reduce accumulated damage.  215 

 216 

 217 

 218 



 11 

Materials and methods  219 

Growth and rearing conditions 220 

A stock culture of L. gibba was maintained at ~21 °C in continuous light in a plastic container (~30 221 

× 50 cm) filled with 3 L of demineralized water supplemented with 2 g L⁻¹ of Schenk & Hildebrandt 222 

basal salt medium (Duchefa biochemie, Haarlem, Netherlands). Water and salt medium was renewed 223 

twice per week to maintain nutrient availability and water quality. The water was constantly aerated 224 

to ensure oxygenation and prevent stagnant water. Photosynthetic photon flux density (PPFD) at the 225 

level of the plants was kept at ~150 µmol m⁻² s⁻¹, using full-spectrum LED lamps. Excess duckweed 226 

was continuously removed from the culture to ensure optimal population density for healthy and 227 

uniform plant development.  228 

 229 

D. suzukii were maintained in a temperature-controlled room at 19 °C under a 22:2 h light:dark cycle. 230 

For fly rearing ~200 parental flies were placed in 350 ml Drosophila culture flasks containing 40 ml 231 

of oat-based nutrient medium (ingredients per liter water: 60 g yeast, 40 g sucrose, 30 g oatmeal, 16 232 

g agar, 12 g methylparaben (Nipagen), and 1.2 mL acetic acid). The parental flies were moved to 233 

fresh culture flasks once a week and a piece of paper was inserted into the medium in each flask to 234 

provide a suitable pupation surface for the emerging larvae. To synchronize age of experimental flies 235 

the emerging flies were collected every 2-3 days and then rapidly sexed under brief CO2 anaesthesia 236 

(<5 minutes). The male and female flies were subsequently maintained in 30 mL vials with 5 mL 237 

food with ~50 flies per vial. All flies were allowed to recover for a minimum of three days following 238 

CO2 exposure before they were used in experiments. 239 

 240 

 241 

 242 
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Assessment of thermal failure 243 

Thermal failure was defined differently for each species. For L. gibba the thermal endpoint was 244 

estimated from loss of photosynthetic function. Thus, acute thermal failure of L. gibba was defined 245 

as a 50% decrease in the maximum quantum efficiency of photosystem II (Fv/Fm) measured using a 246 

FluorPen FP 110 (Photon systems instruments, Czech Republic). Here Fv and Fm represent the 247 

variable and maximum fluorescence, respectively, measured on dark-adapted fronds, where Fv is 248 

calculated as the difference between the dark-adapted maximum and minimum fluorescence (F0). A 249 

reduction in Fv/Fm of ~50% indicates significant dysfunction of the photosynthetic apparatus and 250 

visible tissue-level damage (Schreiber & Berry, 1977; Downton & Berry, 1982; Berry & Bjorkman, 251 

1980; Knight & Ackerly, 2003; Sastry & Barua, 2017).  252 

 253 

For D. suzukii the thermal endpoint was measured from the entry of heat coma which is registered as 254 

the time/temperature at which individuals show no movement in response to tapping and shaking of 255 

their container. The entry into heat coma occurs slightly before heat mortality so heat coma is not a 256 

direct measure of survival even if the relation between heat coma and heat mortality is strong in 257 

drosophila including D. suzukii (Jørgensen et al., 2020 and Ørsted et al., 2024). In the present study 258 

the species-specific thermal endpoints were applied across all acute thermal failure experiments (i.e., 259 

constant temperature assays, ramping temperature assays with different starting temperatures, and 260 

alternating constant temperature assays).  261 

 262 

Acute thermal stress protocol for Lemna gibba 263 

In all experiments for estimation of acute thermal failure for L. gibba, we used a standardized thermal 264 

stress protocol following a similar methodology to Faber et al., 2024. For each treatment, individual 265 

plants were randomly selected from the stock culture and transferred to transparent 50 ml Greiner 266 
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tubes (~50 individuals pr. tube) containing 15 ml of demineralized water supplemented with Schenk 267 

& Hildebrandt basal salt medium (2 g L⁻¹; Duchefa Biochemie, Haarlem, Netherlands). The tubes 268 

were then sealed and placed horizontally in temperature-controlled water baths. During heat 269 

exposure, the samples were illuminated from above at ~150 µmol m⁻² s⁻¹ PPFD to simulate the same 270 

light conditions as in the stock culture. Exposure duration was varied across replicate tubes by 271 

removing them at regular time intervals throughout the stress treatments. This was done to generate 272 

time-response curves for each treatment allowing the estimation of when Fv/Fm decreased with 50%, 273 

defined as thermal failure (see below). After treatment, all tubes were filled with tap water (~20-21 274 

°C) to reduce the plants tissue temperature immediately after stress and placed in darkness at ~21 °C 275 

for 24 hours to allow damage to accumulate. Following this period, maximum quantum efficiency of 276 

PSII (Fv/Fm) was measured on 30 randomly selected individuals per tube to assess thermal tolerance. 277 

 278 

Estimating thermal failure for L. gibba 279 

Thermal failure was estimated for L. gibba in the constant temperature (Fig S1), ramping temperature 280 

(Fig S2) and alternating constant temperature (Fig. S3) assays using generalized additive models 281 

(GAMs). GAMs were used to estimate the decrease in FV/FM following the stress treatments and 282 

determine the time point or temperature at which a lethal dose of damage to PSII occurred (i.e., when 283 

FV/FM decreased by 50% according to the fitted GAMs). GAMs were fitted to FV/FM measurements 284 

as a function of stress duration, using automated smoothness selection in the mgcv library in R and 285 

restricted maximum likelihood (REML) (Wood, 2017). The GAMs had the following components:  286 

 287 

                                     𝑦! = 	𝛼 + 𝑓(𝑥!) +	𝜀!          (Eqn.  1) 288 

 289 
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Where yi is the observation at time xi, 𝛼 is the intercept, 𝑓(𝑥!) is a smooth function and 𝜀! is the 290 

residual error. This approach makes no a priori assumption about the functional relationship between 291 

variables (Wood, 2017), allowing a non-parametric depiction of the empirical trend of the response 292 

over time.  293 

 294 

Experiment 1: thermal performance assays  295 

Thermal performance assays may provide an estimate of Tc when based on traits related to fitness 296 

(e.g., reproduction), with the upper thermal limit of the performance curve approximating Tc as the 297 

threshold beyond which organisms cannot complete their lifecycle (Fig. 1A) (Ørsted et al., 2022). To 298 

evaluate thermal performance in relation to reproductive success and development, L. gibba and D. 299 

suzukii were exposed to a range of constant, permissive temperatures either approaching or 300 

overlapping into the estimated stressful temperature range. Based on clonal reproduction in L. 301 

gibba and on pupal development, hatching success, and adult survival in D. suzukii, Tc was estimated 302 

in these thermal performance assays as the lowest temperature at which the performance of these 303 

traits approached zero.  304 

 305 

For L. gibba, individuals were randomly selected from the stock culture, excluding those visibly 306 

undergoing clonal division. For each temperature treatment, five replicate Greiner tubes were 307 

prepared, with five randomly selected individuals assigned to each tube. The tubes were submerged 308 

in temperature-controlled water baths set at 25, 30, 35, 38, 39, or 40 °C and maintained under 309 

continuous light at ~150 µmol m⁻² s⁻¹ PPFD to match the light conditions in the stock culture. After 310 

72 hours of continuous exposure, the number of living and dead individuals in each tube was 311 

recorded. Individuals were considered dead when tissues showed complete whitening.  312 

 313 
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For D. suzukii, adult males and females were combined within the same vial for each temperature 314 

treatment. Ten replicate vials were prepared per temperature, each containing 10 males and 10 315 

females. The vials were placed at 27, 28, 29, 30, or 31 °C and maintained for 96 hours to allow mating 316 

and egg laying. After 96 hours, adult survival was assessed for both sexes in each vial, after which 317 

all adult flies (dead or alive) were removed. The vials were then returned to their designated 318 

temperatures to allow development of eggs and larvae. Each vial was monitored in the subsequent 21 319 

days for larval activity, and number of pupae and newly emerged adults were recorded.  320 

 321 

Experiment 2: constant temperature assays 322 

To assess thermal tolerance across a range of constant temperatures and generate TDT models, 323 

replicate batches of individuals from both L. gibba and D. suzukii were exposed to heat stress at a 324 

range of fixed temperatures until acute thermal failure was reached (see below for details). To 325 

estimate Tc from these assays, a piecewise linear regression analysis was applied using the segmented 326 

package (Muggeo, 2008) in R v.4.1.0 (R Core Team, 2021) to detect breakpoints in the relationship 327 

between the log10-transformed time to thermal failure and temperature for each species (Fig. 1B). The 328 

fit of the segmented model was compared to a linear regression using an F-test to determine whether 329 

the breakpoint was significant. TDT models were generated for each species by fitting linear 330 

regressions to the log10-transformed time to thermal failure plotted against temperature, using data 331 

above the estimated Tc. The slopes of the TDT models were used to calculate Q10 values, which 332 

represent the fold-change in mortality rate per 10 °C increase. The Q10 values were used to quantify 333 

the temperature-dependence and sensitivity of the rate of thermal failure above Tc.  334 

 335 

For L. gibba, replicate Greiner tubes containing ~50 individuals were prepared and treated according 336 

to the acute thermal stress protocol for L. gibba (see above). Accordingly, sealed tubes were 337 
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submerged horizontally in temperature-controlled water baths set at constant temperatures ranging 338 

from 36 °C to 44 °C in 1 °C increments. For each temperature, replicate tubes were removed at 339 

different exposure durations and subsequently exposed to a 24-hour dark period at ~21 °C. Thermal 340 

damage was then quantified by measuring Fv/Fm on 30 randomly selected individuals from each tube. 341 

For treatments with exposure durations longer than four days, the water solution in the tubes were 342 

renewed every 5th day to maintain nutrient availability throughout the experiment. 343 

 344 

For D. suzukii, adult flies were exposed to constant temperatures of 19 °C, and from 25 °C to 37 °C 345 

in 1 °C increments. At each temperature, groups of 10 flies were placed in 5 mL glass vials containing 346 

a small amount of food. For temperatures of 33 °C and above, vials were sealed and submerged in 347 

water baths. For temperatures of 32 °C and below, vials were placed in temperature-controlled 348 

incubators such that the flies had access to fresh air. The flies were observed until coma occurred, 349 

with observations made at regular intervals depending on the expected time to coma. These data were 350 

used to calculate Lt50 at each temperature, defined as the time at which 50% of all flies had reached 351 

coma.  352 

	353 

Experiment 3: ramping temperature assays with different starting temperatures 354 

For estimating Tc with ramping assays, both L. gibba and D. suzukii were exposed to temperature 355 

ramps with fixed ramp rates starting from different initial temperatures (Fig. 1 C-D). For these assays, 356 

when ramps are initiated at temperatures below Tc, organisms are expected to accumulate damage 357 

similarly across treatments, resulting in consistent CTmax values (i.e., the temperature at which 358 

thermal failure occurs during the ramp). However, when the assays are initiated at temperatures above 359 

Tc, a portion of the stressful temperature range is bypassed. As a result, the ramps must increase 360 

further to higher temperatures for the organisms to accumulate a lethal dose of damage, leading to 361 
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elevated CTmax values (Fig. 1D). To estimate Tc from these assays, piecewise linear regressions were 362 

applied to detect breakpoints in the relationship between CTmax and the starting temperatures of the 363 

ramps and compared to linear regression models fitted to the same data with an F-test to test whether 364 

the breakpoints were significant. The breakpoints were interpreted as Tc, marking the starting 365 

temperature in the assays above which CTmax begins to increase and the transition between the 366 

permissive and stressful temperature range.  367 

 368 

For L. gibba, replicate Greiner tubes containing ~50 individuals were prepared following the acute 369 

thermal stress protocol for L. gibba (see above). The tubes were then horizontally submerged in water 370 

baths starting at 26 °C, 30 °C, 34 °C, 38 °C, or 42 °C. From each starting temperature, the bath 371 

temperature was increased at a constant rate of 0.15 °C per minute. At predetermined time points 372 

during the ramp, tubes were removed and transferred to darkness at ~21 °C for 24 hours to allow 373 

damage to accumulate before thermal tolerance was assessed by measuring Fv/Fm on 30 randomly 374 

selected individuals from each tube.  375 

 376 

For D. suzukii, groups of 12 individuals were sealed in 5 mL glass vials with a small food source. 377 

Each group was exposed to a temperature ramp in a water bath that began at one of several starting 378 

temperatures between 25 and 39 °C, in 1 °C increments. The temperature in the water bath was 379 

subsequently increased at a constant rate of 0.1 °C per minute. The flies were continuously monitored 380 

during heating, and the temperature at which each individual reached coma was recorded.  381 

 382 

Experiment 4: Alternating constant temperature assays  383 

For the alternating constant temperature assays, L. gibba and D. suzukii were initially exposed to a 384 

constant stressful temperature (L. gibba: 43 °C and D. suzukii: 35.2 °C) for a duration corresponding 385 
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to approximately 50% of a lethal dose (50% of Lt50) of thermal damage. The exact temperature used 386 

was either calculated using the TDT model derived from the constant temperature assays (L. gibba) 387 

validated directly a “control” to determine Lt50 at this temperature (D. suzukii). They were then 388 

transferred to lower “recovery” temperatures for either six hours (L. gibba) or four hours (D. suzukii), 389 

followed by re-exposure to the initial stressful temperature (Fig. 1E). For these assays, Tc can be 390 

estimated as the “recovery” temperature at which damage begins to accumulate. When the 391 

temperature drop is below Tc during “recovery”, damage accumulation should pause or potentially 392 

allowing repair of previous damage accumulation and this should prolong or maintain survival time 393 

during the second heat stress exposure. However, if the “recovery” temperature drop is above Tc, 394 

damage should continue to accumulate during “recovery”, and the survival time during the second 395 

heat stress exposure should be shorter (Fig. 1E, F). To identify this threshold, observed survival times 396 

across all assays were compared to the expected survival time. The expected survival time at the 397 

initial stressful temperature represents the expected survival duration if no damage accumulated 398 

during the recovery period as illustrated as time tx in Fig. 1E, F. If the observed survival time is 399 

markedly shorter than this value (t < tx), the temperature is above Tc, whereas when the observed 400 

survival time is markedly longer than tx (t > tx) the temperature is below Tc. 401 

 402 

For L. gibba, replicate tubes were prepared according to the acute thermal stress protocol for L. gibba 403 

(see above). The tubes were first exposed to a constant high temperature of 43 °C for 41 minutes, 404 

corresponding to the estimated 50% lethal dose of damage based on the TDT model. The tubes were 405 

then transferred to one of seven lower recovery temperatures (26, 30, 34, 36, 38, 40, or 42 °C) for six 406 

hours before being returned to 43 °C. After treatment, the tubes were placed in darkness at ~21 °C for 407 

24 hours before measuring Fv/Fm on 30 randomly selected individuals. Tc was estimated by 408 

comparing the observed survival time in each assay relative to the expected survival time at 43 °C 409 



 19 

(i.e., ~82 minutes). As no recovery or hardening was observed for any of the assays that could extend 410 

survival time beyond tx (t > tx), Tc was estimated using a piecewise linear regression analysis to 411 

identify the breakpoint at which time to thermal failure began to decrease with recovery temperature 412 

relative to the expected survival time at 43 °C (see example without recovery in Fig. 1F).  413 

 414 

For D. suzukii, eight groups of ten flies (each females placed in a 5 ml vial) were first exposed to 415 

35.2 °C in a water bath for 90 minutes, corresponding to a 50% lethal dose of damage. One control 416 

group remained in the water bath, to verify that heat coma occurred around 3 hours of exposure. The 417 

other seven groups were moved to thermal incubators set at recovery temperatures of 28, 29, 30, 31, 418 

32, 33, or 34 °C for four hours after which all groups were returned to 35.2 °C in the water bath. 419 

These flies were monitored continuously until time of coma. Hardening and/or repair did extend 420 

survival time beyond tx (t > tx) for some assays (see example with recovery in Fig. 1F). As a result, 421 

Tc was estimated by comparing differences in survival times between the assays and the control group 422 

using a t-test with Benjamini-Hochberg correction for multiple comparisons to determine the 423 

temperature at which time to thermal failure began to decline significantly the expected survival time 424 

at 35.2 °C. The black silhouette images in of L. gibba and D. suzukii images were obtained from the 425 

PhyloPic database; created by Guillaume Dera (L. gibba) and Nicolas Gompel  (D. suzukii) (CC0 1.0) 426 

 427 

Results 428 

Estimating Tc from thermal performance assays 429 

To estimate Tc using thermal performance assays, L. gibba and D. suzukii were exposed to a range of 430 

constant temperatures: L. gibba was exposed to temperatures from 25 to 40 °C for 78 hours and D. 431 

suzukii from 27 to 31°C for 96 hours. For L. gibba, the net population change (increase or decrease 432 

in number of alive individuals) were measured following each temperature treatment. For D. suzukii, 433 
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adult flies were exposed to the temperature treatments to assess their survival and the resulting pupal 434 

and adult emergence at each temperature.  435 

 436 

For L. gibba, net population change declined progressively from 25 °C to 40 °C (Fig. 2). At 437 

temperatures up to 37 °C, population size increased, indicating that reproduction exceeded mortality. 438 

At 38 °C and above, population change approached zero or became negative, reflecting minimal 439 

reproduction and rising mortality, with 100% mortality occurring at 40 °C. These results indicate that 440 

reproduction was substantially reduced near 38 °C, while rates increased beyond this point. Together, 441 

these patterns suggest that Tc lies close to 38 °C.  442 

 443 

 444 

Figure 2. Net population change of Lemna gibba after 72 hours of exposure at different constant temperatures. Each point 445 

represents the outcome following the 72 hours of exposure from one of five replicates (starting with 5 individuals per 446 

replicate) at a given temperature (°C) depicted on the x-axis with random jitter added to the datapoints. The y-axis shows 447 

the net change in population size, with circles above 0 indicating net reproduction and circles below 0 indicating net 448 

mortality. The net population change (%) represents the percent change in the number of living individuals relative to the 449 

initial population (5 individuals per replicate), calculated as (((final number of individuals)-5)/5)×100. 450 
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 451 

For D. suzukii, the mean number of parental flies surviving the 4 day egg laying period began to 452 

decrease at 29 °C and at 31 °C all individuals were dead after 96 hours (Fig. 3A). We observed larval 453 

activity in almost all the food vials between 27 °C and 30 °C but no activity at 31 °C (Fig. 3B). The 454 

number of pupae developing from the larvae decreased progressively from 27 °C and no pupae 455 

emerged from the developmental temperature of 31 °C (Fig. 3C). Likewise, the number of adults 456 

offspring emerging from pupae declined sharply above 27 °C and no adult offspring emerged at 457 

temperatures from 29 °C or above (Fig. 3B). These results suggest that Tc for development in D. 458 

suzukii is between 29 °C and 31 °C and for all stages of development to succeed a temperature below 459 

29 °C is needed.  460 

 461 
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 462 

Figure 3. Thermal performance of Drosophila suzukii across different constant temperatures (27 °C to 31 °C) depicted 463 

on the x-axis, measured through sequential developmental stages. Adult flies (10 vials per temperature, 10 males and 10 464 

females per vial) were exposed to each temperature for 96 hours to allow mating and oviposition. A) Mean number of 465 

living adult flies per vial after 96 hours of exposure. B) Number of vials with larval activity observed within 21 days 466 

following removal of adults from the vials. C) Mean number of pupae that developed from the eggs laid during the 467 

exposure period. D) Mean number of adult flies that successfully emerged from those pupae. Error bars represent the 468 

standard error of the mean. 469 

 470 
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Estimating Tc with constant temperature assays 471 

To estimate Tc from constant temperature assays, we analysed the relationship between the log10- 472 

transformed time to thermal failure and temperature, identifying Tc as breakpoints, beyond which 473 

mortality rates increased significantly. For both L. gibba and D. suzukii, the time to thermal failure 474 

decreased exponentially with the intensity of the temperature stress (Fig. 4A,B).  475 

For L. gibba, the time for Fv/Fm to decline with 50%, decreased exponentially from 38 to 44 °C. This 476 

relationship was well described by a TDT model, based on the linear relationship between the log10-477 

transformed time to thermal failure and temperature (R² = 0.98, P < 0.05) (Fig. 4A). The Q10 value 478 

calculated over this temperature range was 25044, indicating a high thermal sensitivity. A piecewise 479 

linear regression revealed a breakpoint at 38 °C ± 0.697 SE, with this model providing a significantly 480 

better fit than a simple linear model (P < 0.05). Below this breakpoint, thermal sensitivity was 481 

reduced, as reflected by a lower Q10 of 33.65. This suggests a Tc of approximately 38 °C for L. gibba. 482 

Similarly, D. suzukii displayed an exponential decrease in time to thermal failure over the temperature 483 

range of 27 to 37 °C. The relationship between log10-transformed time to failure and temperature was 484 

also well described by a TDT model (R2 = 0.97, P < 0.05) (Fig. 4B). The Q10 value for this range was 485 

6754.97, indicating a high thermal sensitivity. A breakpoint was detected at 27.15 °C ± 0.60 SE, with 486 

piecewise regression significantly improving model fit compared to a linear model (P < 0.05). Below 487 

this threshold, the Q10 dropped to 0.89, indicating a marked reduction in thermal sensitivity. This 488 

supports a Tc value of 27.15 °C for D. suzukii.  489 

 490 

 491 
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 492 

Figure 4. Thermal death time (TDT) models for A) Lemna gibba and B) Drosophila suzukii based on a range of constant 493 

temperature exposures. The y-axis shows the log10-transformed time (minutes) until thermal failure, the secondary y-axis 494 

shows the time to thermal failure in hours, and the x-axis shows the temperature (°C) of each thermal stress treatment. 495 

For L. gibba, thermal failure was defined as the time when Fv/Fm decreased with 50 %, while for D. suzukii, it was defined 496 

as the mean time at which individuals reached comatose. Piecewise linear regression models (black lines) revealed 497 

breakpoints at 38 °C ± 0.697 SE for L. gibba and 27.15 °C ± 0.60 SE for D. suzukii, and linear sections above these 498 

breakpoints representing the TDT models.  499 

 500 

Estimating Tc from ramping temperature assays with different starting temperatures 501 

For estimating Tc from ramping assays with different starting temperatures, CTmax was measured for 502 

L. gibba and D. suzukii across a series of ramping assays initiated at different temperatures with a 503 

fixed ramp rate (L. gibba: 0.15 °C/min, D. suzukii: 0.344 °C/min). A piecewise linear regression 504 

analysis was used to identify the starting temperature at which CTmax began to increase, indicating 505 

the threshold (Tc) above which thermal damage began to accumulate. 506 

For L. gibba, CTmax remained unchanged at an average of 45.69 °C ± 0.23 SE across all starting 507 

temperatures from 26 to 42 °C (Fig. 5), and as indicated by the piecewise linear regression, which did 508 

not identify a significant breakpoint or improve fit over a linear model (P > 0.05) (Fig. 5A). This 509 

suggests that damage accumulation did not contribute considerably to the total “stress dose” at the 510 
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lower end of the stressful temperature range, even though the some experiments included damage 511 

accumulation in the range of 38 to 42 °C and others did not. 512 

A similar pattern was observed for D. suzukii, where the average CTmax estimate remained consistent 513 

around 36.8 °C ± 0.11 SE across starting temperatures from 25 to 36 °C (Fig. 5B). CTmax increased 514 

slowly at lower starting temperatures but only began to substantially increase when ramping was 515 

initiated at 36 °C or above, indicating that the contribution of injury accumulated at the lower stressful 516 

temperature range of this assay is negliable (Fig. 5B). A piecewise linear regression supported this 517 

with identifying a significant breakpoint at 36.51 °C  ±  0.34 SE and improved fit over a linear model 518 

(P < 0.05) (Fig. 5B).  519 

 520 

Figure 5. CTmax for Lemna gibba (A) and Drosophila suzukii (B) across a series of ramping assays initiated at different 521 

temperatures with a fixed ramp rate (L. gibba: 0.15 °C/min, D. suzukii: 0.344 °C/min). The y-axis depicts CTmax (green 522 

circles for L. gibba, yellow circles for D. suzukii), and the x-axis shows the temperature (°C) that each ramping assay was 523 

initiated at. For L. gibba, thermal failure was defined as the time when Fv/Fm decreased with 50%, whereas for D. suzukii, 524 

it was defined as the mean time at which the flies reached comatose. Piecewise linear regression models were used to 525 

assess whether CTmax changed with different starting temperatures for the ramping assays. The best-fitting model was 526 

selected based on an F-test, with the piecewise model shown in panel B and a linear regression model shown in panel A. 527 
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Estimating Tc from assays with alternating constant temperatures 528 

To estimate Tc under alternating constant temperature assays, L. gibba and D. suzukii were initially 529 

exposed to constant stressful temperatures for durations resulting in approximately 50% of the time 530 

needed to reach Lt50 (L. gibba: 43 °C and D. suzukii: 35.2 °C). The organisms were then exposed to 531 

a “recovery” temperature, by being transferred to lower temperatures for either six (L. gibba) or four 532 

(D. suzukii) hours, followed by a return to their initial stressful temperature treatment where they 533 

were observed until thermal failure. The expected time to thermal failure under uninterrupted 534 

exposure to the initial stress temperature is denoted as tx and serves as a control, representing the 535 

survival time if no recovery period had occurred.  536 

 537 

For L. gibba, exposure to recovery temperature between 26 and 38 °C resulted in times to thermal 538 

failure that were similar to tx, indicating that interrupting exposure to 43 °C with these recovery 539 

temperatures neither alleviated nor exacerbated thermal damage (Fig. 6A). In contrast, “recovery” 540 

temperatures above 38 °C reduced time to thermal failure relative to tx, demonstrating that these 541 

higher “recovery” temperatures caused additional damage rather than enabling recovery (Fig. 6A). 542 

This was supported by a piecewise linear regression analysis, which identified a significant 543 

breakpoint at 39.70 °C ± 0.13 SE and showed improved model fit over a linear model (P < 0.05). This 544 

increase in damage accumulation beyond the breakpoint indicates Tc for L. gibba, as it marks the 545 

threshold beyond which damage accumulation begins to increase. 546 

 547 

For D. suzukii, the time to thermal failure was significantly longer than tx when the recovery 548 

temperatures ranged from 28 °C to 31 °C, indicating that exposure to these recovery temperatures 549 

resulted in net repair relative to uninterrupted exposure to the initial stress temperature of 35.2 °C 550 

(Fig. 6B). At recovery temperatures of 32 °C time to thermal failure did not differ significantly from 551 
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tx (Fig. 6B) indicating that this “recovery” temperatures did not support recovery and using a recovery 552 

temperature of 33 °C resulted in a tolerance time of less than tx (although not significantly) suggesting 553 

that “recovery” above 32 °C are above Tc for D. suzukii.  554 

 555 

Figure 6. Time to thermal failure of Lemna gibba (A) and Drosophila suzukii (B) under alternating constant temperature 556 

assays. Individuals of both species were initially exposed to a stressful temperature that causes approximately 50% 557 

damage (L. gibba: 43 °C; D. suzukii: 35.2 °C). They were then transferred to a lower “recovery” temperature for a fixed 558 

period (L. gibba: 25-42 °C for six hours; D. suzukii: 26-31 °C for four hours), before being returned to the initial stress 559 

temperature until thermal failure occurred, if not already reached. The y-axis shows the time to thermal failure relative to 560 

tx, where tx is the expected time to thermal failure if the recovery temperatures caused no additional damage or increase 561 

lifespan. The dotted lines represent tx. Values above the line (t > tx) indicate that recovery temperatures slowed thermal 562 

damage relative to tx, whereas values below the line (t < tx) indicate that recovery temperatures caused additional damage, 563 

accelerating thermal failure. The x-axis shows the different recovery temperatures (°C) used in the assays. For L. gibba, 564 

thermal failure was defined as the time when Fv/Fm decreased with 50%, whereas for D. suzukii, it was defined as the 565 

time at which the flies reached comatose. A skull symbol at 42 °C (panel A) and 34 °C (panel B) indicates that the 566 

organisms reached thermal failure during the recovery period (for the flies this time was unspecified). Asterisks in B) 567 

indicate recovery temperatures at which the time to thermal failure for D. suzukii was significantly different from tx, as 568 

determined by a two-sample t-test with Benjamini-Hochberg correction for multiple comparisons (P < 0.05).  569 

 570 

 571 
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Discussion 572 

Tc as a transition between performance and acute failure 573 

Data from several experiments and in two different model systems supports the idea that Tc represents 574 

a fundamental biological threshold that that characterises the thermal boundary between temperatures 575 

that allow sustained biological function and temperatures that cause consistent and often rapid loss 576 

of loss of homeostasis. Conceptually, this transition aligns with long-standing distinctions in thermal 577 

biology between permissive and stressful temperatures, historically described as the zone of 578 

resistance and the zone of tolerance, respectively (e.g. Alexandrov, 1964; Levitt, 1980; Cossins & 579 

Bowler, 1987). Within the zone of resistance, organisms can maintain homeostasis, such that 580 

physiological damage incurred at elevated temperatures can be counterbalanced by repair and 581 

regulatory processes. In contrast, temperatures within the zone of tolerance impose stress levels that 582 

overwhelm these mechanisms, leading to the accumulation of damage and sharply reduced survival 583 

times. In this framework, Tc can be viewed as the temperature (or narrow zone of temperatures) at 584 

which the balance between the rate of homeostatic maintenance and the rate of homeostatic disruption 585 

are equal (Ørsted et al., 2022). Across the two phylogenetically and ecologically distinct ectotherms 586 

in this study, the aquatic plant L. gibba and the fruit fly D. suzukii, Tc consistently emerged as the 587 

point where performance-based measures declined to zero or became net negative and where 588 

mortality rates increased sharply in acute stress assays. In this sense, Tc emerges as a unifying upper 589 

thermal limit that represent the physiological transition between sustained physiological function and 590 

damage that accumulates faster than it can be repaired. 591 

 592 

For traits that are tightly linked to Darwinian fitness such as development, reproduction, and survival, 593 

the thermal performance in ectothermic organisms is positive only within the bounds of permissive 594 

temperatures, beyond which biological processes are disrupted (Huey & Kingsolver, 1989; 595 
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Angilletta, 2009; Fitter & Hay, 2012; Ørsted et al., 2022). Fitness-based performance metrics 596 

therefore inherently reflects temperatures at which organisms can sustain homeostasis and complete 597 

their life cycle. For both L. gibba and D. suzukii, we show that performance traits decline 598 

progressively as temperatures approach the upper end of the permissive temperature range, but that 599 

the point at which performance becomes net negative coincides with a sharp increase in the rate of 600 

mortality measured in acute stress assays (Fig. 7). In D. suzukii, we observed that different 601 

performance traits converged on similar Tc values, but exhibited subtle differences that likely reflect 602 

variation in trait sensitivity across life stages (Rebolledo et al., 2020, 2021). Accordingly isolated 603 

physiological traits may have different Tc, but when combined as a complete measure to characterise 604 

completion of the lifecycle, it becomes the most sensitive trait that determines the apparent Tc. This 605 

complexity suggests that Tc is not necessarily a fixed value, but rather a narrow temperature zone that 606 

holds complexity that is specific to the life stage and activity of the organism. Accordingly, Tc may 607 

not represent a single universal threshold applying equally across all traits within an organism (Ørsted 608 

et al., 2022). Different traits, such as reproduction or growth, may differ in their sensitivity to thermal 609 

stress (Angilletta, 2009; Kingsolver et al., 2011; Rebolledo et al., 2020, 2021; Ørsted et al., 2024; 610 

Arnold et al., 2025) and thus might each have slightly different Tc values. Future studies that explicitly 611 

estimate trait specific Tc values may therefore provide a more nuanced picture of thermal vulnerability 612 

and help identify which functions most strongly limit performance and survival. Despite this trait-613 

level variation, the Tc estimates cluster within a narrow temperature zone and align with Tc inferred 614 

from acute stress assays, supporting the interpretation that these measures unify at this same 615 

underlying physiological transition. In D. suzukii, this transition reflects the sequential failure of 616 

linked developmental and reproductive processes (egg development, larval growth, pupation, and 617 

metamorphosis) that converge on upper thermal limits around ~29-31 °C (Fig. 7). These integrative 618 

life history traits are more thermally sensitive than acute survival, consistent with evidence that 619 
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sterility and developmental failure occur below thermal limits (David et al., 2005; Walsh et al., 2019; 620 

Parratt et al., 2021; Ørsted et al., 2024). From a population perspective, these sublethal fitness limits 621 

may therefore be more relevant for population persistence than individual survival alone, even though 622 

fluctuating temperatures may buffer short-term exposure beyond these limits.  623 

 624 

Tc can be approximated from shifts in thermal sensitivity and from the interaction between 625 

injury accumulation and recovery. 626 

Although Tc has rarely been studied explicitly as a general physiological threshold, some 627 

experimental approaches have historically been used to relate shifts in thermal sensitivity to the 628 

interaction between injury accumulation and recovery. Early work on thermal limits in fish introduced 629 

chronic lethal or long-term survival thresholds that reflects the highest temperatures permitting 630 

sustained survival rather than acute failure (Fry et al., 1946; Fry, 1947; Fry, 1971). Similar transitions 631 

have been derived more recently through long-term survival limits in marine ectotherms (Richard et 632 

al., 2012). In parallel, modelling studies across both aquatic and terrestrial ectotherms further support 633 

the need for such a transition temperature, showing that time spent below a critical threshold during 634 

gradual warming does not contribute to injury accumulation (Kilgour et al., 1985; Kilgour & 635 

McCauley, 1986; Kingsolver & Umbanhowar, 2018; Jørgensen et al., 2021). Collectively, these 636 

studies motivate experimental approaches that resolve how survival time and mortality rates change 637 

across temperature, providing a practical basis for identifying Tc from shifts in thermal sensitivity.  638 

 639 

Constant temperature assays can be used to characterise how survival time scales with temperature 640 

and to identify transitions between distinct physiological states. Traditionally, this approach has been 641 

used to examine temperature-dependent mortality using Arrhenius-type or semi-log plots of lifespan 642 

versus temperature, where changes in slope are interpreted as shifts in the processes governing 643 
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survival (Bigelow, 1921; Fry et al., 1946; Smith, 1957; Hollingsworth, 1969; Levitt, 1980; Cossins 644 

& Bowler, 1987). Although such assays are often conducted at one or few temperatures, measuring 645 

tolerance time across many temperatures allows assessing changes in thermal sensitivity, analogous 646 

to Arrhenius analyses. Building on this framework, recent work within the TDT framework has 647 

shown that the rate of mortality shifts from thermal sensitivities typical of biological rates at 648 

permissive temperatures (Q10 ~ 2) to extremely high values at stressful temperatures (Q10 ~ 100-649 

100.000), reflecting a transition from life-rate-limited to injury driven mortality (Smith, 1957; 650 

Hollingsworth, 1969; Cossins & Bowler, 1987; Rezende et al., 2014; Jørgensen et al., 2019, 2022; 651 

Ørsted et al., 2022; Holmstrup et al., 2023; Faber et al., 2024). In a comparative analysis, Jørgensen 652 

et al. (2022) showed that plotting log death rate against temperature reveals a breakpoint 653 

corresponding to Tc. Consistent with this framework, the constant temperature assays in the present 654 

study revealed a pronounced breakpoint in the relationship between temperature and lifespan in both 655 

study species (Fig. 4). Below Tc, mortality rates exhibited temperature dependence consistent with 656 

normal biological processes (Q10 ~ 2; Gillooly et al., 2001; Brown et al., 2004; Dell et al., 2011; 657 

Seebacher et al., 2015; Michaletz, 2018). Above Tc, mortality increased rapidly with increasing 658 

temperature, consistent with the high thermal sensitivity associated with damage accumulation and 659 

acute failure (Q10 = 25044 for L. gibba and Q10 = 6754.97 for D. suzukii). This breakpoint coincided 660 

with the temperature range where developmental and reproductive performance became net positive 661 

(Fig. 2, 3), demonstrating close agreement between Tc estimates from constant temperature and 662 

performance-assays. 663 

 664 

It is important to consider that prolonged exposure to constant temperatures does not reflect the 665 

fluctuating thermal environments in nature. Ectotherms and plants are physiologically and 666 

behaviourally adapted to variable temperatures (Kotak et al., 2007; Abram et al., 2017; Mody et al., 667 
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2020; Guihur et al., 2022; Kefford et al., 2022; Jang et al., 2024), and heat stress responses can differ 668 

between day and night or between light and dark conditions (Havaux et al., 1991; Marutani et al., 669 

2012; Tikkanen et al., 2018; Speights et al., 2017; Dadarwal et al., 2025). As a result, constant 670 

temperature assays can induce physiological states that may exaggerate or misrepresent Tc relative to 671 

natural conditions. Alternating constant temperature assays were recently proposed as a method of 672 

exploiting shifts in thermal sensitivity by combining brief exposures to stressful temperatures 673 

interrupted with recovery periods at lower temperatures to estimate Tc on short timescales (Fry et al., 674 

1946; Cossins & Bowler, 1987; Ørsted et al., 2022, Ørsted et al., 2025). This approach assumes that 675 

thermal injury accumulates additively when the same damaging processes dominate across 676 

temperature intervals, whereas antagonistic effects may arise when different processes dominate in 677 

distinct thermal ranges (Fry et al., 1946; Colinet et al., 2015; Kovacevic et al., 2019; Jørgensen et al., 678 

2022; Ørsted et al., 2022; Ørsted et al., 2025). Under these assumptions, extended survival during 679 

recovery phases can be used to identify permissive temperatures where damage accumulation is 680 

suppressed or partially reversed. Using this approach, the estimated Tc broadly matched those 681 

obtained from constant temperature and performance-based assays in both species (Fig. 7), supporting 682 

the interpretation that this method captures the same underlying physiological transition. However, 683 

the two species differed markedly in their recovery dynamics. In L. gibba, recovery periods did not 684 

measurably extend survival, and Tc was therefore identified primarily by a sharp increase in mortality 685 

rate at higher temperatures. In contrast, D. suzukii consistently survived longer when recovery periods 686 

occurred below Tc (Fig 6. B), suggesting rapid recovery and/or induction of transient heat hardening 687 

responses. Such short-term hardening effects are well documented in ectotherms and are often 688 

mediated by rapid induction stress-responses pathways, including heat shock proteins (Dahlgaard et 689 

al., 1998; Hoffman et al., 2010; Sgrò et al., 2010; Sørensen et al., 2019). Consequently, Tc estimates 690 

from alternating assays in D. suzikii were slightly elevated relative to other methods (Fig. 7), likely 691 
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because transient compensatory responses delayed failure at temperatures near the true physiological 692 

transition. Collectively, alternating constant assays are practical (can be conducted within a single 693 

day) and provide a biologically meaningful estimate of Tc that is comparable to constant temperature 694 

and performance-based assays. More generally, moderately stressful recovery temperatures may 695 

appear non-stressful during short exposures, but over longer durations they can contribute to 696 

cumulative damage. As a result, Tc estimates from alternating assays tend to decrease when the 697 

recovery period is extended, reflecting injury that was underestimated during too brief exposures.  698 

 699 

Ramping assays are not ideal for identifying Tc 700 

Ramping temperature assays involve gradually linear increasing temperatures until organisms 701 

succumb to the stress at a final temperature (i.e., CTmax). In principle, varying the starting temperature 702 

of these assays could allow Tc to be estimated as the temperature at which CTmax values begin to 703 

increase across treatments. However, in practice, this approach does not work for either of the 704 

organisms studied here. As the temperature increases linearly during ramping assays, thermal stress 705 

accumulates exponentially with an extreme thermal sensitivity. Consequently, the majority of thermal 706 

damage accumulation occurs at the most extreme temperatures reached during the ramps (well above 707 

Tc), rather than being distributed evenly across the range of stressful temperatures above Tc. As an 708 

example for L. gibba, during a linear ramp starting at 20 °C and increasing at 0.1 °C/min, only a tiny 709 

fraction of total damage (~0.8% is accumulated by the time the ramp reaches Tc (38 °C), and roughly 710 

10% of damage accumulates between 38 °C and ~42.8 °C. The vast majority of damage (~90%) 711 

occurs at much higher temperatures (~42.8-45.1 °C), well above Tc, illustrating that damage is 712 

concentrated at a few extreme temperatures. As a result, organisms experience little to no cumulative 713 

damage at moderately stressful temperatures because exposure at those temperatures are too brief. 714 

Temperatures that would otherwise induce significant stress or mortality after hours of exposure 715 
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therefore provide negligible contribution to accumulated damage during a ramp. This explains why 716 

initiating ramps, even at temperatures well above Tc had no measurable effect on CTmax estimates in 717 

both species. Overall, we therefore conclude that this assay is inappropriate for estimating Tc. That 718 

being said, it should be possible to estimate Tc by using ramping assays with extremely slow ramping 719 

rates since CTmax estimates should converge asymptotically towards Tc, as exposure time in the 720 

stressful range increases for assays with slower ramp rates (Richard et al., 2012). Alternatively, 721 

ramping with a non-linear rate, e.g. a progressively slower rate, would alleviate this issue by 722 

distributing the injury accumulation per time unit evenly across the experiment, however to our 723 

knowledge, no one has studied this in practice. 724 

 725 
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 726 

 727 

Figure 7. Critical temperature (Tc) estimates across methods for Drosophila suzukii (left) and Lemna gibba (right) across 728 

four experimental methods. Tc represents the temperature at which the balance between homeostatic maintenance and 729 

damage accumulation is equal, marking the transition from permissive to stressful conditions. In thermal performance 730 

assays (conducted over several days), Tc was estimated for individual life-history traits in D. suzukii (egg laying, larval 731 

activity, pupal development, and adult emergence from pupae) where each value indicates the upper temperature at which 732 
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that trait can successfully occur. For L. gibba, Tc was estimated from net population growth. Constant temperature assays 733 

(conducted over several days) estimated Tc from breakpoints in TDT models based on acute physiological failure (coma 734 

for flies, photosynthetic failure for duckweed), identifying the temperature above which mortality accelerates sharply. 735 

Ramping temperature assays (conducted within a single day) did not yield reliable Tc values because thermal damage 736 

accumulated predominantly at extreme temperatures rather than near the transition. Alternating constant temperature 737 

assays (conducted within a single day) combined brief exposures to stressful temperatures with recovery periods at lower, 738 

permissive temperatures. Tc was estimated as the temperature above which these recovery periods no longer slowed or 739 

reversed damage accumulation, resulting in rapid onset of failure (coma for flies, photosynthetic failure for duckweed), 740 

capturing the upper thermal limit at which compensatory or repair mechanisms can no longer maintain homeostasis. These 741 

estimates collectively illustrate how Tc varies across traits, methods, and species, highlighting differences in thermal 742 

sensitivity and recovery dynamics.  743 
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Figure S1. Estimation of thermal failure times for all constant temperature for Lemna gibba. Generalized additive models 

(GAMs) were fitted to the maximum quantum efficiency (Fv/Fm) of PSII as a function of stress duration for each assay. 

The fitted GAMs (black lines) show the estimated decline in Fv/Fm, and vertical dashed lines indicate the time point at 

which Fv/Fm dropped by 50%, defining the time of thermal failure. The assays are labelled according to their temperature: 

A) 36, B) 37, C) 38, D) 39 and E) 40, F) 41, G) 42, H) 43 and I) 44 °C, and the thermal failure estimates are identical to 

those shown in Fig. 2A.  
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Figure S2. Estimation of thermal failure times for all ramping assays with different starting temperatures for Lemna 

gibba. Generalized additive models (GAMs) were fitted to the maximum quantum efficiency (Fv/Fm) of PSII as a function 

of stress duration for each assay. The fitted GAMs (black lines) show the estimated decline in Fv/Fm, and vertical dashed 

lines indicate the time point at which Fv/Fm dropped by 50%, defining the time of thermal failure. Assays were initiated 

at different starting temperatures and then the temperature was increased in a linear fashion (0.15 °C/min). The assays are 

labelled according to their stating temperature: A) 26, B) 30, C) 34, D) 38 and E) 42 °C, and the thermal failure estimates 

are identical to those shown in Fig. 3A.  
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Figure S3. Estimation of thermal failure times for all alternating constant temperature assays with different starting 

temperatures for Lemna gibba. Generalized additive models (GAMs) were fitted to the maximum quantum efficiency 

(Fv/Fm) of PSII as a function of stress duration for each assay. The fitted GAMs (black lines) show the estimated decline 

in Fv/Fm, and vertical dashed lines indicate the time point at which Fv/Fm dropped by 50%, defining the time of thermal 

failure. Individuals were initially exposed to a stressful high temperature (43 °C) for a duration resulting in approximately 

50 percent damage determined by the thermal death time (TDT) models in Fig. 2A. This was followed by a temperature 

drop to a single lower temperature between 26 and 42 °C for six hours. After this period, individuals were returned to the 

initial stressful temperature until thermal failure occurred, if not already reached. The assays are labelled according to the 

temperature used for the temperature drops: A) 26, B) 30, C) 34, D) 36, E) 38, F) 40 and G) 42 °C and the thermal failure 

estimates are identical to those shown in Fig. 4A.  
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