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Abstract

Context and aim: Estimating the thermal limits of ectothermic organisms is critical for
predicting their responses to climate change. A key physiological threshold in this context is
the critical temperature (Tc), which separates the permissive temperature range, where
organisms maintain homeostasis and complete their life cycle, from the stressful range, where
thermal stress causes physiological disruption and eventually mortality. We aimed to evaluate
experimental methods for estimating T. in ectotherms and assess their practical utility.
Methods: We evaluated four experimental methods to estimate T under heat stress in two
model ectotherms, the aquatic plant Lemna gibba and the insect Drosophila suzukii. Two
methods identify T as the end-points of either the classic thermal performance curve, or the
thermal death time curve, whereas the other two exploit the antagonistic injury-repair
processes above and below Te.

Results: For both species, three of the four methods that vary in exposure duration and
temperature intensity all successfully produced consistent T. estimates, while one failed to
identify T.. When comparing practical aspects of different methodologies, we find that an
assay combining high constant temperature assays interrupted by lower temperatures offer a
fast and practical method for estimating Tc. Collectively, Tc coincided with the temperature
at which performance declined sharply and mortality increased, supporting its interpretation
as a biologically meaningful upper thermal limit for ectotherms.

Conclusions: T represents a standardized physiological threshold reflecting the
physiological transition from sustained homeostasis to the accumulation of acute thermal
damage. Its consistent estimation across methods highlights its utility for comparing thermal

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

warming world.

Keywords: critical temperature, Drosophila suzukii, Lemna gibba, permissive temperature, stressful

temperature, thermal death time curve, thermal tolerance
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Introduction

Temperature strongly influences the lifespan and biological processes of ectothermic organisms,
shaping not only how they perform in their environment but also their rate of mortality if temperatures
exceed their thermal limits (Schoolfield & Sharpe, 1981; Angilletta, 2009; Hoffmann & Todgham,
2010; Schulte et al., 2011; Sunday et al., 2011; Diamond, 2017; Lancaster & Humphreys, 2020;
Malusare et al., 2023; Bricefio et al., 2025). Together these two facets of thermal biology
(performance and tolerance) play a central role in shaping species distributions around the globe
(Deutsch et al., 2008; Portner & Farrell, 2008; Kearney & Porter, 2009; Dell et al., 2011; Sunday et
al., 2011; Kellermann et al., 2012; Bennett et al., 2021). Temperatures that support high performance,
enabling growth, activity, and reproduction, influence where organisms can thrive, whereas the
capacity to tolerate extreme temperatures constrains where they can persist. Because both
performance and tolerance limits are known to correlate with geographic patterns of occurrence,
changes in either dimension of the thermal environment can shift organisms’ ranges (Portner &
Farrell, 2008; Kearney & Porter, 2009; Dell et al., 2011; Kellermann et al., 2012; Lancaster &
Humphreys, 2020; Bennett et al., 2021; Malusare et al., 2023; Bricefo et al., 2025). As climate change
drives increases in average temperatures and introduce greater thermal variability around the globe
(IPCC, 2023), understanding how organisms respond to both conditions that support biological
processes of life and conditions that exceed their tolerance limits and cause mortality is becoming

increasingly urgent.

A number of classical and recent studies have emphasised how thermal traits representing either
performance or tolerance are characterised by different thermal sensitivities and are likely governed
by different biological processes (Angilletta, 2009; Orsted et al., 2022; Buckley et al., 2022; Arnold

et al.,, 2025). At intermediate and permissive temperatures, organisms can carry out essential
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biological processes and maintain survival without acute stress (Qrsted et al., 2022). Within this
permissive temperature range, or zone of resistance (Fry et al., 1946), performance traits are often
represented by a nonlinear, bell-shaped thermal performance curve (TPC) (Fig. 1A). Performance in
this thermal range is therefore typically assessed from traits that are considered supportive of fitness
(i.e., growth or reproduction) to various extents. Heat stress incurred within this thermal range is
manageable by homeostatic repair systems and thermal patterns of mortality are likely a result of
thermal effects on senescence/aging rather than acute thermal stress (Portner & Farrell, 2008;
Hoffmann & Todgham, 2010; Schulte, 2015; Orsted et al., 2022). As temperatures become higher
and more extreme the situation changes dramatically, with vastly different biological consequences.
Exposure to stressful, high temperatures results in the disruption of essential biological processes and
as a result survival is short and time limited (Collander, 1924; Alexandrov, 1964; Fry et al., 1946;
Rezende et al., 2014; Jorgensen et al., 2019; Orsted et al., 2022; Neuner & Buchner, 2023; Cook et
al., 2024; Faber et al., 2024; Arnold et al., 2025). The intensity of thermal stress in this temperature
range, referred to as the zone of tolerance (Fry et al., 1946), increases exponentially with temperature,
such that log survival time decreases linearly, as described but the thermal death time (TDT) model
(Bigelow, 1921; Fry et al., 1946; Rezende et al., 2014; Jorgensen et al., 2019; Faber et al., 2024).
These stressful conditions are therefore disruptive, representing “negative” fitness outcomes as
exposure to stressful temperatures leads to loss of homeostasis. Although the biological processes
that support life, growth and reproduction at permissive temperatures differ and are antagonistic to
those that lead to acute injury and failure at stressful temperatures, both are likely to influence species
distributions in variable thermal environments (Orsted et al., 2022; Arnold et al., 2025). Accordingly,
organisms may be able to endure brief non-lethal exposure to stressful conditions, as long as they
also have sufficient time to recover and regain performance under permissive temperatures. From this

conceptual perspective, it is also clear that most measurements in thermal biology can be considered
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correlates of either thermal performance or thermal tolerance. At the same time, it is equally evident
that the critical temperature (Tc) that separates the permissive vs. stressful thermal range, is central
for understanding thermal biology of ectotherms. Surprisingly, no assays that we are aware of are
designed specifically to characterise this transition temperature (or temperature zone) that is so central

for understanding and modelling the ectothermic response to thermal fluctuation.

In the present study we address this knowledge gab using two ectothermic organisms, one aquatic
plant (Gibbous duckweed, Lemna gibba) and one terrestrial animal (Spotted-winged drosophila,
Drosophila suzukii) to test four different methodological approaches to identify Te, the temperature
(or temperature zone) that separates permissive and stressful temperatures. The first approach,
thermal performance assays (Fig. 1A), may provide an estimate of T. when based on traits related to
fitness (e.g., reproduction), with the upper thermal limit of the performance curve approximating T.
as the threshold beyond which organisms cannot maintain “positive fitness” and complete their
lifecycle (Huey & Kingsolver, 1989; Angilletta, 2009; Orsted et al., 2022). In the second approach,
constant temperature assays (Fig. 1B), Tc corresponds to a breakpoint or change in linearity of logio
transformed time to thermal failure plotted against temperature. This approach rests on the
observation that the thermal sensitivity of lifespan is very different in the two thermal ranges since
the rate of aging/senescence (at permissive temperatures) typically has a Q1o of ~ 2 whereas or rate
of heat injury accumulation (at stressful temperatures) has a much higher thermal sensitivity Q1o >
1000 (Fig. 1B). The third approach, ramping assays (Fig. 1C-D), involves ramping assays initiated at
different starting temperatures but with a fixed ramping rate. When ramping begins at different
temperatures below T, it is expected that CTmax (i.e., the final temperature when the organism
succumbs to stress during the ramp) is similar as all treatment groups only start to accumulate damage

once they pass Tc. However, if the ramping assay is initiated at temperatures above Te, then CTmax
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should intuitively become higher since the exposed organisms have been “spared” from the injury
that the other treatment groups accumulated between T and the higher start temperatures. T. is thus
inferred as the starting temperature at which the measured CTmax begins to increase (Fig. 1D). In the
fourth approach we use alternating constant temperature assays (Fig. 1E-F). Here the organisms are
first exposed to a stressful temperature for a set duration to induce sublethal damage (e.g., 50% of
that causing failure) and then transferred to a lower “recovery” temperature before returning to the
initial stressful temperature again until thermal failure is reached. This method identifies Tc from the
“recovery” temperature threshold below which thermal damage does not accumulate, or below which

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

Following our experiments with the two model systems we evaluate these four methods with respect
to their theoretical assumptions, practical implementation, and the extent to which they reflect the
biological transition between permissive and stressful temperatures. For both model organisms, we
find that three out of the four of methods converge on quantitatively similar estimates of T., while
one method is found to be impractical and yields inaccurate estimates for both species. Using these
observations, we provide both a philosophical and practical guidance on how to assess T in
ectotherms and highlight how this parameter should be considered as an important thermal parameter

in consideration of global warming impacts on ectothermic organisms.
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Figure 1. Conceptual approaches for identifying the critical temperature (Tc), represented as a narrow range of
temperatures (red area between the two dotted lines in each graph), using thermal performance assays in experiment 1
(A), constant temperature assays in experiment 2 (B), ramping assays in experiment 3 (C and D) and alternating constant
temperature assays in experiment 4 (E and F). A illustrates how thermal performance assays when based on fitness related
traits (e.g., growth/reproduction) may provide an estimate of Tc, where the upper thermal limit of the performance measure
represents a temperature approaching T (i.e. beyond T¢ organisms cannot maintain net positive fitness). B depicts how
constant temperature assays, where a breakpoint of a change in linearity of logio transformed time to thermal failure
plotted against temperature corresponds to Tc. This assay exploits that the thermal sensitivity (slope of the temperature
response) of aging and injury are dramatically different with a hypothetical breakpoint at Tc. C and D depict how ramping
temperature assays initiated at different starting temperatures but with a constant ramping rate can reveal the temperatures
resulting in thermal damage accumulation and thus identify T.. C) Temperature profiles for each assay, with temperature
(°C) on the y-axis and time (minutes) on the x-axis. D) Corresponding CTmax estimates for each temperature profile, with
the y-axis showing CTmax and the x-axis showing the ramping assay's starting temperature. If ramps begin below Tk,
CTmax estimates remain stable: if ramps begin above T., CTmax increases, as part of the stressful damaging temperature
range is bypassed. E and F illustrate how alternating constant temperature assays can be used to identify the temperatures
resulting in accumulation of thermal damage and thus identify Tc. In this approach, organisms are first exposed to a
stressful temperature for a duration sufficient to induce a non-lethal dose of damage (e.g. 50% damage). After this initial
exposure, the temperature is lowered to a recovery temperature for a defined period before the organisms are returned to
the original stressful temperature until thermal failure is observed. If the initial exposure induces 50% damage, organisms
should succumb after experiencing the remaining 50% exposure duration at the second exposure. However, if repair
occurs during the recovery period then the time to failure will be extended in the second round. Thus, after the recovery
phase, organisms will fail at the same additional exposure duration (tx) if the recovery temperature does not extend
survival time, whereas failure will occur later than tx (t > tx) if the recovery temperature allows repair of accumulated
damage, thereby extending survival time. E depicts the temperature profiles for these assays, with temperature on the y-
axis and time on the x-axis. F shows the resulting time to thermal failure plotted against recovery temperature, illustrating

how different recovery temperatures either maintain, increase or reduce accumulated damage.
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Materials and methods

Growth and rearing conditions

A stock culture of L. gibba was maintained at ~21 °C in continuous light in a plastic container (~30
x 50 cm) filled with 3 L of demineralized water supplemented with 2 g L™ of Schenk & Hildebrandt
basal salt medium (Duchefa biochemie, Haarlem, Netherlands). Water and salt medium was renewed
twice per week to maintain nutrient availability and water quality. The water was constantly aerated
to ensure oxygenation and prevent stagnant water. Photosynthetic photon flux density (PPFD) at the
level of the plants was kept at ~150 pumol m~2s™', using full-spectrum LED lamps. Excess duckweed
was continuously removed from the culture to ensure optimal population density for healthy and

uniform plant development.

D. suzukii were maintained in a temperature-controlled room at 19 °C under a 22:2 h light:dark cycle.
For fly rearing ~200 parental flies were placed in 350 ml Drosophila culture flasks containing 40 ml
of oat-based nutrient medium (ingredients per liter water: 60 g yeast, 40 g sucrose, 30 g oatmeal, 16
g agar, 12 g methylparaben (Nipagen), and 1.2 mL acetic acid). The parental flies were moved to
fresh culture flasks once a week and a piece of paper was inserted into the medium in each flask to
provide a suitable pupation surface for the emerging larvae. To synchronize age of experimental flies
the emerging flies were collected every 2-3 days and then rapidly sexed under brief CO; anaesthesia
(<5 minutes). The male and female flies were subsequently maintained in 30 mL vials with 5 mL
food with ~50 flies per vial. All flies were allowed to recover for a minimum of three days following

CO; exposure before they were used in experiments.
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Assessment of thermal failure

Thermal failure was defined differently for each species. For L. gibba the thermal endpoint was
estimated from loss of photosynthetic function. Thus, acute thermal failure of L. gibba was defined
as a 50% decrease in the maximum quantum efficiency of photosystem II (¥v/Fm) measured using a
FluorPen FP 110 (Photon systems instruments, Czech Republic). Here Fy and F, represent the
variable and maximum fluorescence, respectively, measured on dark-adapted fronds, where Fy is
calculated as the difference between the dark-adapted maximum and minimum fluorescence (Fo). A
reduction in Fyv/Fim of ~50% indicates significant dysfunction of the photosynthetic apparatus and
visible tissue-level damage (Schreiber & Berry, 1977; Downton & Berry, 1982; Berry & Bjorkman,

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

For D. suzukii the thermal endpoint was measured from the entry of heat coma which is registered as
the time/temperature at which individuals show no movement in response to tapping and shaking of
their container. The entry into heat coma occurs slightly before heat mortality so heat coma is not a
direct measure of survival even if the relation between heat coma and heat mortality is strong in
drosophila including D. suzukii (Jergensen et al., 2020 and Orsted et al., 2024). In the present study
the species-specific thermal endpoints were applied across all acute thermal failure experiments (i.e.,
constant temperature assays, ramping temperature assays with different starting temperatures, and

alternating constant temperature assays).

Acute thermal stress protocol for Lemna gibba
In all experiments for estimation of acute thermal failure for L. gibba, we used a standardized thermal
stress protocol following a similar methodology to Faber et al., 2024. For each treatment, individual

plants were randomly selected from the stock culture and transferred to transparent 50 ml Greiner

12
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tubes (~50 individuals pr. tube) containing 15 ml of demineralized water supplemented with Schenk
& Hildebrandt basal salt medium (2 g L™'; Duchefa Biochemie, Haarlem, Netherlands). The tubes
were then sealed and placed horizontally in temperature-controlled water baths. During heat
exposure, the samples were illuminated from above at ~150 pumol m™ s PPFD to simulate the same
light conditions as in the stock culture. Exposure duration was varied across replicate tubes by
removing them at regular time intervals throughout the stress treatments. This was done to generate
time-response curves for each treatment allowing the estimation of when F\/Fn decreased with 50%,
defined as thermal failure (see below). After treatment, all tubes were filled with tap water (~20-21
°C) to reduce the plants tissue temperature immediately after stress and placed in darkness at ~21 °C
for 24 hours to allow damage to accumulate. Following this period, maximum quantum efficiency of

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

Estimating thermal failure for L. gibba

Thermal failure was estimated for L. gibba in the constant temperature (Fig S1), ramping temperature
(Fig S2) and alternating constant temperature (Fig. S3) assays using generalized additive models
(GAMs). GAMs were used to estimate the decrease in Fv/Fwm following the stress treatments and
determine the time point or temperature at which a lethal dose of damage to PSII occurred (i.e., when
Fv/Fum decreased by 50% according to the fitted GAMs). GAMs were fitted to Fv/Fm measurements
as a function of stress duration, using automated smoothness selection in the mgcyv library in R and

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

yi= a+f(x)+ g (Eqn. 1)

13



290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

Where y; is the observation at time x;, @ is the intercept, f(x;) is a smooth function and ¢; is the
residual error. This approach makes no a priori assumption about the functional relationship between
variables (Wood, 2017), allowing a non-parametric depiction of the empirical trend of the response

over time.

Experiment 1: thermal performance assays

Thermal performance assays may provide an estimate of T. when based on traits related to fitness
(e.g., reproduction), with the upper thermal limit of the performance curve approximating T. as the
threshold beyond which organisms cannot complete their lifecycle (Fig. 1A) (Qrsted et al., 2022). To
evaluate thermal performance in relation to reproductive success and development, L. gibba and D.
suzukii were exposed to a range of constant, permissive temperatures either approaching or
overlapping into the estimated stressful temperature range. Based on clonal reproduction in L.
gibba and on pupal development, hatching success, and adult survival in D. suzukii, Tc was estimated
in these thermal performance assays as the lowest temperature at which the performance of these

traits approached zero.

For L. gibba, individuals were randomly selected from the stock culture, excluding those visibly
undergoing clonal division. For each temperature treatment, five replicate Greiner tubes were
prepared, with five randomly selected individuals assigned to each tube. The tubes were submerged
in temperature-controlled water baths set at 25, 30, 35, 38, 39, or 40 °C and maintained under
continuous light at ~150 pmol m~ s~ PPFD to match the light conditions in the stock culture. After
72 hours of continuous exposure, the number of living and dead individuals in each tube was

recorded. Individuals were considered dead when tissues showed complete whitening.
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For D. suzukii, adult males and females were combined within the same vial for each temperature
treatment. Ten replicate vials were prepared per temperature, each containing 10 males and 10
females. The vials were placed at 27, 28, 29, 30, or 31 °C and maintained for 96 hours to allow mating
and egg laying. After 96 hours, adult survival was assessed for both sexes in each vial, after which
all adult flies (dead or alive) were removed. The vials were then returned to their designated
temperatures to allow development of eggs and larvae. Each vial was monitored in the subsequent 21

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

Experiment 2: constant temperature assays

To assess thermal tolerance across a range of constant temperatures and generate TDT models,
replicate batches of individuals from both L. gibba and D. suzukii were exposed to heat stress at a
range of fixed temperatures until acute thermal failure was reached (see below for details). To
estimate T. from these assays, a piecewise linear regression analysis was applied using the segmented
package (Muggeo, 2008) in R v.4.1.0 (R Core Team, 2021) to detect breakpoints in the relationship
between the logio-transformed time to thermal failure and temperature for each species (Fig. 1B). The
fit of the segmented model was compared to a linear regression using an F-test to determine whether
the breakpoint was significant. TDT models were generated for each species by fitting linear
regressions to the logio-transformed time to thermal failure plotted against temperature, using data
above the estimated Tc. The slopes of the TDT models were used to calculate Q1o values, which
represent the fold-change in mortality rate per 10 °C increase. The Q1o values were used to quantify

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

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

to the acute thermal stress protocol for L. gibba (see above). Accordingly, sealed tubes were
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submerged horizontally in temperature-controlled water baths set at constant temperatures ranging
from 36 °C to 44 °C in 1 °C increments. For each temperature, replicate tubes were removed at
different exposure durations and subsequently exposed to a 24-hour dark period at ~21 °C. Thermal
damage was then quantified by measuring Fy/Fm on 30 randomly selected individuals from each tube.
For treatments with exposure durations longer than four days, the water solution in the tubes were

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

For D. suzukii, adult flies were exposed to constant temperatures of 19 °C, and from 25 °C to 37 °C
in 1 °C increments. At each temperature, groups of 10 flies were placed in 5 mL glass vials containing
a small amount of food. For temperatures of 33 °C and above, vials were sealed and submerged in
water baths. For temperatures of 32 °C and below, vials were placed in temperature-controlled
incubators such that the flies had access to fresh air. The flies were observed until coma occurred,
with observations made at regular intervals depending on the expected time to coma. These data were
used to calculate Ltso at each temperature, defined as the time at which 50% of all flies had reached

coma.

Experiment 3: ramping temperature assays with different starting temperatures

For estimating T. with ramping assays, both L. gibba and D. suzukii were exposed to temperature
ramps with fixed ramp rates starting from different initial temperatures (Fig. 1 C-D). For these assays,
when ramps are initiated at temperatures below T, organisms are expected to accumulate damage
similarly across treatments, resulting in consistent CTmax values (i.e., the temperature at which
thermal failure occurs during the ramp). However, when the assays are initiated at temperatures above
T, a portion of the stressful temperature range is bypassed. As a result, the ramps must increase

further to higher temperatures for the organisms to accumulate a lethal dose of damage, leading to
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elevated CTmax values (Fig. 1D). To estimate T. from these assays, piecewise linear regressions were
applied to detect breakpoints in the relationship between CTmax and the starting temperatures of the
ramps and compared to linear regression models fitted to the same data with an F-test to test whether
the breakpoints were significant. The breakpoints were interpreted as T, marking the starting
temperature in the assays above which CTmax begins to increase and the transition between the

permissive and stressful temperature range.

For L. gibba, replicate Greiner tubes containing ~50 individuals were prepared following the acute
thermal stress protocol for L. gibba (see above). The tubes were then horizontally submerged in water
baths starting at 26 °C, 30 °C, 34 °C, 38 °C, or 42 °C. From each starting temperature, the bath
temperature was increased at a constant rate of 0.15 °C per minute. At predetermined time points
during the ramp, tubes were removed and transferred to darkness at ~21 °C for 24 hours to allow
damage to accumulate before thermal tolerance was assessed by measuring Fv/Fm on 30 randomly

selected individuals from each tube.

For D. suzukii, groups of 12 individuals were sealed in 5 mL glass vials with a small food source.
Each group was exposed to a temperature ramp in a water bath that began at one of several starting
temperatures between 25 and 39 °C, in 1 °C increments. The temperature in the water bath was
subsequently increased at a constant rate of 0.1 °C per minute. The flies were continuously monitored

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

Experiment 4: Alternating constant temperature assays

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

constant stressful temperature (L. gibba: 43 °C and D. suzukii: 35.2 °C) for a duration corresponding
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to approximately 50% of a lethal dose (50% of Ltso) of thermal damage. The exact temperature used
was either calculated using the TDT model derived from the constant temperature assays (L. gibba)
validated directly a “control” to determine Lt50 at this temperature (D. suzukii). They were then
transferred to lower “recovery” temperatures for either six hours (L. gibba) or four hours (D. suzukii),
followed by re-exposure to the initial stressful temperature (Fig. 1E). For these assays, T¢ can be
estimated as the “recovery” temperature at which damage begins to accumulate. When the
temperature drop is below T¢ during “recovery”, damage accumulation should pause or potentially
allowing repair of previous damage accumulation and this should prolong or maintain survival time
during the second heat stress exposure. However, if the “recovery” temperature drop is above T,
damage should continue to accumulate during “recovery”, and the survival time during the second
heat stress exposure should be shorter (Fig. 1E, F). To identify this threshold, observed survival times
across all assays were compared to the expected survival time. The expected survival time at the
initial stressful temperature represents the expected survival duration if no damage accumulated
during the recovery period as illustrated as time tx in Fig. 1E, F. If the observed survival time is
markedly shorter than this value (t < tx), the temperature is above T., whereas when the observed

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

For L. gibba, replicate tubes were prepared according to the acute thermal stress protocol for L. gibba
(see above). The tubes were first exposed to a constant high temperature of 43 °C for 41 minutes,
corresponding to the estimated 50% lethal dose of damage based on the TDT model. The tubes were
then transferred to one of seven lower recovery temperatures (26, 30, 34, 36, 38, 40, or 42 °C) for six
hours before being returned to 43 °C. After treatment, the tubes were placed in darkness at ~21 °C for
24 hours before measuring Fv/Fm on 30 randomly selected individuals. T. was estimated by

comparing the observed survival time in each assay relative to the expected survival time at 43 °C
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(i.e., ~82 minutes). As no recovery or hardening was observed for any of the assays that could extend
survival time beyond tx (t > tx), Tc was estimated using a piecewise linear regression analysis to
identify the breakpoint at which time to thermal failure began to decrease with recovery temperature

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

For D. suzukii, eight groups of ten flies (each females placed in a 5 ml vial) were first exposed to
35.2 °C in a water bath for 90 minutes, corresponding to a 50% lethal dose of damage. One control
group remained in the water bath, to verify that heat coma occurred around 3 hours of exposure. The
other seven groups were moved to thermal incubators set at recovery temperatures of 28, 29, 30, 31,
32, 33, or 34 °C for four hours after which all groups were returned to 35.2 °C in the water bath.
These flies were monitored continuously until time of coma. Hardening and/or repair did extend
survival time beyond tx (t > tx) for some assays (see example with recovery in Fig. 1F). As a result,
T. was estimated by comparing differences in survival times between the assays and the control group
using a t-test with Benjamini-Hochberg correction for multiple comparisons to determine the
temperature at which time to thermal failure began to decline significantly the expected survival time
at 35.2 °C. The black silhouette images in of L. gibba and D. suzukii images were obtained from the

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

Results

Estimating T. from thermal performance assays

To estimate T, using thermal performance assays, L. gibba and D. suzukii were exposed to a range of
constant temperatures: L. gibba was exposed to temperatures from 25 to 40 °C for 78 hours and D.
suzukii from 27 to 31°C for 96 hours. For L. gibba, the net population change (increase or decrease

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

and adult emergence at each temperature.

For L. gibba, net population change declined progressively from 25 °C to 40 °C (Fig. 2). At
temperatures up to 37 °C, population size increased, indicating that reproduction exceeded mortality.
At 38 °C and above, population change approached zero or became negative, reflecting minimal
reproduction and rising mortality, with 100% mortality occurring at 40 °C. These results indicate that
reproduction was substantially reduced near 38 °C, while rates increased beyond this point. Together,

these patterns suggest that T¢ lies close to 38 °C.

150- - e
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Net population change (%)
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Temperature (°C)
Figure 2. Net population change of Lemna gibba after 72 hours of exposure at different constant temperatures. Each point
represents the outcome following the 72 hours of exposure from one of five replicates (starting with 5 individuals per
replicate) at a given temperature (°C) depicted on the x-axis with random jitter added to the datapoints. The y-axis shows
the net change in population size, with circles above 0 indicating net reproduction and circles below 0 indicating net
mortality. The net population change (%) represents the percent change in the number of living individuals relative to the

initial population (5 individuals per replicate), calculated as (((final number of individuals)-5)/5)x100.
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For D. suzukii, the mean number of parental flies surviving the 4 day egg laying period began to
decrease at 29 °C and at 31 °C all individuals were dead after 96 hours (Fig. 3A). We observed larval
activity in almost all the food vials between 27 °C and 30 °C but no activity at 31 °C (Fig. 3B). The
number of pupae developing from the larvae decreased progressively from 27 °C and no pupae
emerged from the developmental temperature of 31 °C (Fig. 3C). Likewise, the number of adults
offspring emerging from pupae declined sharply above 27 °C and no adult offspring emerged at
temperatures from 29 °C or above (Fig. 3B). These results suggest that T. for development in D.
suzukii is between 29 °C and 31 °C and for all stages of development to succeed a temperature below

29 °C is needed.

21



462
463
464
465
466
467
468
469

470

>

[\
<
[E—
<

[E—
N
]
1

|

[S—
wn O

Mean number of flies

OI\JJ}O\OO

2

25 27 29 31 33
Temperature (°C)

T T T T

25 27 29 31 33
Temperature (°C)

- I

|

[\
()
1

]

1

o
<

[—
<

)
1

Mean emerged pupae
&

e e N )

OB NOON A

<

25 27 29 3l 25 27 29 31 33
Temperature (°C) Temperature (°C)

@)
Mean emerged adult flies ©  Vials with larval activity ®

(O8]
(O8]

Figure 3. Thermal performance of Drosophila suzukii across different constant temperatures (27 °C to 31 °C) depicted
on the x-axis, measured through sequential developmental stages. Adult flies (10 vials per temperature, 10 males and 10
females per vial) were exposed to each temperature for 96 hours to allow mating and oviposition. A) Mean number of
living adult flies per vial after 96 hours of exposure. B) Number of vials with larval activity observed within 21 days
following removal of adults from the vials. C) Mean number of pupae that developed from the eggs laid during the
exposure period. D) Mean number of adult flies that successfully emerged from those pupae. Error bars represent the

standard error of the mean.
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Estimating T. with constant temperature assays

To estimate T, from constant temperature assays, we analysed the relationship between the logio-
transformed time to thermal failure and temperature, identifying T. as breakpoints, beyond which
mortality rates increased significantly. For both L. gibba and D. suzukii, the time to thermal failure

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

For L. gibba, the time for Fy/Fn to decline with 50%, decreased exponentially from 38 to 44 °C. This
relationship was well described by a TDT model, based on the linear relationship between the logio-
transformed time to thermal failure and temperature (R? = 0.98, P < 0.05) (Fig. 4A). The Q1o value
calculated over this temperature range was 25044, indicating a high thermal sensitivity. A piecewise
linear regression revealed a breakpoint at 38 °C + 0.697 SE, with this model providing a significantly
better fit than a simple linear model (P < 0.05). Below this breakpoint, thermal sensitivity was

reduced, as reflected by a lower Q1o of 33.65. This suggests a T. of approximately 38 °C for L. gibba.

Similarly, D. suzukii displayed an exponential decrease in time to thermal failure over the temperature
range of 27 to 37 °C. The relationship between logio-transformed time to failure and temperature was
also well described by a TDT model (R? =0.97, P < 0.05) (Fig. 4B). The Q1o value for this range was
6754.97, indicating a high thermal sensitivity. A breakpoint was detected at 27.15 °C + 0.60 SE, with
piecewise regression significantly improving model fit compared to a linear model (P < 0.05). Below
this threshold, the Q1o dropped to 0.89, indicating a marked reduction in thermal sensitivity. This

supports a T¢ value of 27.15 °C for D. suzukii.
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Figure 4. Thermal death time (TDT) models for A) Lemna gibba and B) Drosophila suzukii based on a range of constant
temperature exposures. The y-axis shows the logio-transformed time (minutes) until thermal failure, the secondary y-axis
shows the time to thermal failure in hours, and the x-axis shows the temperature (°C) of each thermal stress treatment.
For L. gibba, thermal failure was defined as the time when Fv/Fn decreased with 50 %, while for D. suzukii, it was defined
as the mean time at which individuals reached comatose. Piecewise linear regression models (black lines) revealed
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

breakpoints representing the TDT models.

Estimating T. from ramping temperature assays with different starting temperatures

For estimating T. from ramping assays with different starting temperatures, CTmax was measured for
L. gibba and D. suzukii across a series of ramping assays initiated at different temperatures with a
fixed ramp rate (L. gibba: 0.15 °C/min, D. suzukii: 0.344 °C/min). A piecewise linear regression
analysis was used to identify the starting temperature at which CTnax began to increase, indicating

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

For L. gibba, CTmax remained unchanged at an average of 45.69 °C=+0.23 SE across all starting
temperatures from 26 to 42 °C (Fig. 5), and as indicated by the piecewise linear regression, which did
not identify a significant breakpoint or improve fit over a linear model (P > 0.05) (Fig. 5A). This

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

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

A similar pattern was observed for D. suzukii, where the average CTmax estimate remained consistent
around 36.8 °C + 0.11 SE across starting temperatures from 25 to 36 °C (Fig. 5B). CTmax increased
slowly at lower starting temperatures but only began to substantially increase when ramping was
initiated at 36 °C or above, indicating that the contribution of injury accumulated at the lower stressful
temperature range of this assay is negliable (Fig. 5B). A piecewise linear regression supported this
with identifying a significant breakpoint at 36.51 °C + 0.34 SE and improved fit over a linear model

(P <0.05) (Fig. 5B).
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Figure 5. CTmax for Lemna gibba (A) and Drosophila suzukii (B) across a series of ramping assays initiated at different
temperatures with a fixed ramp rate (L. gibba: 0.15 °C/min, D. suzukii: 0.344 °C/min). The y-axis depicts CTmax (green
circles for L. gibba, yellow circles for D. suzukii), and the x-axis shows the temperature (°C) that each ramping assay was
initiated at. For L. gibba, thermal failure was defined as the time when Fv/Fn decreased with 50%, whereas for D. suzukii,
it was defined as the mean time at which the flies reached comatose. Piecewise linear regression models were used to
assess whether CTmax changed with different starting temperatures for the ramping assays. The best-fitting model was

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

To estimate T under alternating constant temperature assays, L. gibba and D. suzukii were initially
exposed to constant stressful temperatures for durations resulting in approximately 50% of the time
needed to reach Ltso (L. gibba: 43 °C and D. suzukii: 35.2 °C). The organisms were then exposed to
a “recovery” temperature, by being transferred to lower temperatures for either six (L. gibba) or four
(D. suzukii) hours, followed by a return to their initial stressful temperature treatment where they
were observed until thermal failure. The expected time to thermal failure under uninterrupted
exposure to the initial stress temperature is denoted as tx and serves as a control, representing the

survival time if no recovery period had occurred.

For L. gibba, exposure to recovery temperature between 26 and 38 °C resulted in times to thermal
failure that were similar to ty, indicating that interrupting exposure to 43 °C with these recovery
temperatures neither alleviated nor exacerbated thermal damage (Fig. 6A). In contrast, “recovery”
temperatures above 38 °C reduced time to thermal failure relative to ty, demonstrating that these
higher “recovery” temperatures caused additional damage rather than enabling recovery (Fig. 6A).
This was supported by a piecewise linear regression analysis, which identified a significant
breakpoint at 39.70 °C + 0.13 SE and showed improved model fit over a linear model (P < 0.05). This
increase in damage accumulation beyond the breakpoint indicates T. for L. gibba, as it marks the

threshold beyond which damage accumulation begins to increase.

For D. suzukii, the time to thermal failure was significantly longer than t« when the recovery
temperatures ranged from 28 °C to 31 °C, indicating that exposure to these recovery temperatures
resulted in net repair relative to uninterrupted exposure to the initial stress temperature of 35.2 °C

(Fig. 6B). At recovery temperatures of 32 °C time to thermal failure did not differ significantly from
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t« (Fig. 6B) indicating that this “recovery” temperatures did not support recovery and using a recovery
temperature of 33 °C resulted in a tolerance time of less than tx (although not significantly) suggesting

that “recovery” above 32 °C are above T. for D. suzukii.
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Figure 6. Time to thermal failure of Lemna gibba (A) and Drosophila suzukii (B) under alternating constant temperature
assays. Individuals of both species were initially exposed to a stressful temperature that causes approximately 50%
damage (L. gibba: 43 °C; D. suzukii: 35.2 °C). They were then transferred to a lower “recovery” temperature for a fixed
period (L. gibba: 25-42 °C for six hours; D. suzukii: 26-31 °C for four hours), before being returned to the initial stress
temperature until thermal failure occurred, if not already reached. The y-axis shows the time to thermal failure relative to
tx, where tx is the expected time to thermal failure if the recovery temperatures caused no additional damage or increase
lifespan. The dotted lines represent tx. Values above the line (t > tx) indicate that recovery temperatures slowed thermal
damage relative to tx, whereas values below the line (t < t«) indicate that recovery temperatures caused additional damage,
accelerating thermal failure. The x-axis shows the different recovery temperatures (°C) used in the assays. For L. gibba,
thermal failure was defined as the time when F./Fm decreased with 50%, whereas for D. suzukii, it was defined as the
time at which the flies reached comatose. A skull symbol at 42 °C (panel A) and 34 °C (panel B) indicates that the
organisms reached thermal failure during the recovery period (for the flies this time was unspecified). Asterisks in B)
indicate recovery temperatures at which the time to thermal failure for D. suzukii was significantly different from tx, as

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

T. as a transition between performance and acute failure

Data from several experiments and in two different model systems supports the idea that T. represents
a fundamental biological threshold that that characterises the thermal boundary between temperatures
that allow sustained biological function and temperatures that cause consistent and often rapid loss
of loss of homeostasis. Conceptually, this transition aligns with long-standing distinctions in thermal
biology between permissive and stressful temperatures, historically described as the zone of
resistance and the zone of tolerance, respectively (e.g. Alexandrov, 1964; Levitt, 1980; Cossins &
Bowler, 1987). Within the zone of resistance, organisms can maintain homeostasis, such that
physiological damage incurred at elevated temperatures can be counterbalanced by repair and
regulatory processes. In contrast, temperatures within the zone of tolerance impose stress levels that
overwhelm these mechanisms, leading to the accumulation of damage and sharply reduced survival
times. In this framework, T. can be viewed as the temperature (or narrow zone of temperatures) at
which the balance between the rate of homeostatic maintenance and the rate of homeostatic disruption
are equal (Orsted et al., 2022). Across the two phylogenetically and ecologically distinct ectotherms
in this study, the aquatic plant L. gibba and the fruit fly D. suzukii, T consistently emerged as the
point where performance-based measures declined to zero or became net negative and where
mortality rates increased sharply in acute stress assays. In this sense, Tc emerges as a unifying upper
thermal limit that represent the physiological transition between sustained physiological function and

damage that accumulates faster than it can be repaired.

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

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

temperatures, beyond which biological processes are disrupted (Huey & Kingsolver, 1989;
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Angilletta, 2009; Fitter & Hay, 2012; Orsted et al., 2022). Fitness-based performance metrics
therefore inherently reflects temperatures at which organisms can sustain homeostasis and complete
their life cycle. For both L. gibba and D. suzukii, we show that performance traits decline
progressively as temperatures approach the upper end of the permissive temperature range, but that
the point at which performance becomes net negative coincides with a sharp increase in the rate of
mortality measured in acute stress assays (Fig. 7). In D. suzukii, we observed that different
performance traits converged on similar T, values, but exhibited subtle differences that likely reflect
variation in trait sensitivity across life stages (Rebolledo et al., 2020, 2021). Accordingly isolated
physiological traits may have different T, but when combined as a complete measure to characterise
completion of the lifecycle, it becomes the most sensitive trait that determines the apparent Tc. This
complexity suggests that T is not necessarily a fixed value, but rather a narrow temperature zone that
holds complexity that is specific to the life stage and activity of the organism. Accordingly, T. may
not represent a single universal threshold applying equally across all traits within an organism (Qrsted
et al., 2022). Different traits, such as reproduction or growth, may differ in their sensitivity to thermal
stress (Angilletta, 2009; Kingsolver et al., 2011; Rebolledo et al., 2020, 2021; Orsted et al., 2024;
Arnold et al., 2025) and thus might each have slightly different T values. Future studies that explicitly
estimate trait specific Tc values may therefore provide a more nuanced picture of thermal vulnerability
and help identify which functions most strongly limit performance and survival. Despite this trait-
level variation, the T estimates cluster within a narrow temperature zone and align with T. inferred
from acute stress assays, supporting the interpretation that these measures unify at this same
underlying physiological transition. In D. suzukii, this transition reflects the sequential failure of
linked developmental and reproductive processes (egg development, larval growth, pupation, and
metamorphosis) that converge on upper thermal limits around ~29-31 °C (Fig. 7). These integrative

life history traits are more thermally sensitive than acute survival, consistent with evidence that
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sterility and developmental failure occur below thermal limits (David et al., 2005; Walsh et al., 2019;
Parratt et al., 2021; Orsted et al., 2024). From a population perspective, these sublethal fitness limits
may therefore be more relevant for population persistence than individual survival alone, even though

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

Te can be approximated from shifts in thermal sensitivity and from the interaction between
injury accumulation and recovery.

Although T. has rarely been studied explicitly as a general physiological threshold, some
experimental approaches have historically been used to relate shifts in thermal sensitivity to the
interaction between injury accumulation and recovery. Early work on thermal limits in fish introduced
chronic lethal or long-term survival thresholds that reflects the highest temperatures permitting
sustained survival rather than acute failure (Fry et al., 1946; Fry, 1947; Fry, 1971). Similar transitions
have been derived more recently through long-term survival limits in marine ectotherms (Richard et
al., 2012). In parallel, modelling studies across both aquatic and terrestrial ectotherms further support
the need for such a transition temperature, showing that time spent below a critical threshold during
gradual warming does not contribute to injury accumulation (Kilgour et al., 1985; Kilgour &
McCauley, 1986; Kingsolver & Umbanhowar, 2018; Jergensen et al., 2021). Collectively, these
studies motivate experimental approaches that resolve how survival time and mortality rates change

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

Constant temperature assays can be used to characterise how survival time scales with temperature
and to identify transitions between distinct physiological states. Traditionally, this approach has been
used to examine temperature-dependent mortality using Arrhenius-type or semi-log plots of lifespan

versus temperature, where changes in slope are interpreted as shifts in the processes governing
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survival (Bigelow, 1921; Fry et al., 1946; Smith, 1957; Hollingsworth, 1969; Levitt, 1980; Cossins
& Bowler, 1987). Although such assays are often conducted at one or few temperatures, measuring
tolerance time across many temperatures allows assessing changes in thermal sensitivity, analogous
to Arrhenius analyses. Building on this framework, recent work within the TDT framework has
shown that the rate of mortality shifts from thermal sensitivities typical of biological rates at
permissive temperatures (Qio ~ 2) to extremely high values at stressful temperatures (Qio ~ 100-
100.000), reflecting a transition from life-rate-limited to injury driven mortality (Smith, 1957;
Hollingsworth, 1969; Cossins & Bowler, 1987; Rezende et al., 2014; Jorgensen et al., 2019, 2022;
Orsted et al., 2022; Holmstrup et al., 2023; Faber et al., 2024). In a comparative analysis, Jorgensen
et al. (2022) showed that plotting log death rate against temperature reveals a breakpoint
corresponding to Tc. Consistent with this framework, the constant temperature assays in the present
study revealed a pronounced breakpoint in the relationship between temperature and lifespan in both
study species (Fig. 4). Below T, mortality rates exhibited temperature dependence consistent with
normal biological processes (Qio ~ 2; Gillooly et al., 2001; Brown et al., 2004; Dell et al., 2011;
Seebacher et al., 2015; Michaletz, 2018). Above T, mortality increased rapidly with increasing
temperature, consistent with the high thermal sensitivity associated with damage accumulation and
acute failure (Q1o = 25044 for L. gibba and Q1o = 6754.97 for D. suzukii). This breakpoint coincided
with the temperature range where developmental and reproductive performance became net positive
(Fig. 2, 3), demonstrating close agreement between T. estimates from constant temperature and

performance-assays.

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

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

behaviourally adapted to variable temperatures (Kotak et al., 2007; Abram et al., 2017; Mody et al.,
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2020; Guihur et al., 2022; Kefford et al., 2022; Jang et al., 2024), and heat stress responses can differ
between day and night or between light and dark conditions (Havaux et al., 1991; Marutani et al.,
2012; Tikkanen et al., 2018; Speights et al., 2017; Dadarwal et al., 2025). As a result, constant
temperature assays can induce physiological states that may exaggerate or misrepresent T. relative to
natural conditions. Alternating constant temperature assays were recently proposed as a method of
exploiting shifts in thermal sensitivity by combining brief exposures to stressful temperatures
interrupted with recovery periods at lower temperatures to estimate T. on short timescales (Fry et al.,
1946; Cossins & Bowler, 1987; Orsted et al., 2022, Orsted et al., 2025). This approach assumes that
thermal injury accumulates additively when the same damaging processes dominate across
temperature intervals, whereas antagonistic effects may arise when different processes dominate in
distinct thermal ranges (Fry et al., 1946; Colinet et al., 2015; Kovacevic et al., 2019; Jorgensen et al.,
2022; Orsted et al., 2022; Orsted et al., 2025). Under these assumptions, extended survival during
recovery phases can be used to identify permissive temperatures where damage accumulation is
suppressed or partially reversed. Using this approach, the estimated T. broadly matched those
obtained from constant temperature and performance-based assays in both species (Fig. 7), supporting
the interpretation that this method captures the same underlying physiological transition. However,
the two species differed markedly in their recovery dynamics. In L. gibba, recovery periods did not
measurably extend survival, and T, was therefore identified primarily by a sharp increase in mortality
rate at higher temperatures. In contrast, D. suzukii consistently survived longer when recovery periods
occurred below T. (Fig 6. B), suggesting rapid recovery and/or induction of transient heat hardening
responses. Such short-term hardening effects are well documented in ectotherms and are often
mediated by rapid induction stress-responses pathways, including heat shock proteins (Dahlgaard et
al., 1998; Hoffman et al., 2010; Sgro et al., 2010; Serensen et al., 2019). Consequently, T. estimates

from alternating assays in D. suzikii were slightly elevated relative to other methods (Fig. 7), likely
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because transient compensatory responses delayed failure at temperatures near the true physiological
transition. Collectively, alternating constant assays are practical (can be conducted within a single
day) and provide a biologically meaningful estimate of T. that is comparable to constant temperature
and performance-based assays. More generally, moderately stressful recovery temperatures may
appear non-stressful during short exposures, but over longer durations they can contribute to
cumulative damage. As a result, T. estimates from alternating assays tend to decrease when the

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

Ramping assays are not ideal for identifying T.

Ramping temperature assays involve gradually linear increasing temperatures until organisms
succumb to the stress at a final temperature (i.e., CTmax). In principle, varying the starting temperature
of these assays could allow T. to be estimated as the temperature at which CTmax values begin to
increase across treatments. However, in practice, this approach does not work for either of the
organisms studied here. As the temperature increases linearly during ramping assays, thermal stress
accumulates exponentially with an extreme thermal sensitivity. Consequently, the majority of thermal
damage accumulation occurs at the most extreme temperatures reached during the ramps (well above
Tc), rather than being distributed evenly across the range of stressful temperatures above Tc. As an
example for L. gibba, during a linear ramp starting at 20 °C and increasing at 0.1 °C/min, only a tiny
fraction of total damage (~0.8% is accumulated by the time the ramp reaches T¢ (38 °C), and roughly
10% of damage accumulates between 38 °C and ~42.8 °C. The vast majority of damage (~90%)
occurs at much higher temperatures (~42.8-45.1 °C), well above T, illustrating that damage is
concentrated at a few extreme temperatures. As a result, organisms experience little to no cumulative
damage at moderately stressful temperatures because exposure at those temperatures are too brief.

Temperatures that would otherwise induce significant stress or mortality after hours of exposure
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therefore provide negligible contribution to accumulated damage during a ramp. This explains why
initiating ramps, even at temperatures well above T¢ had no measurable effect on CTmax estimates in
both species. Overall, we therefore conclude that this assay is inappropriate for estimating T.. That
being said, it should be possible to estimate T¢ by using ramping assays with extremely slow ramping
rates since CTmax estimates should converge asymptotically towards T., as exposure time in the
stressful range increases for assays with slower ramp rates (Richard et al., 2012). Alternatively,
ramping with a non-linear rate, e.g. a progressively slower rate, would alleviate this issue by
distributing the injury accumulation per time unit evenly across the experiment, however to our

knowledge, no one has studied this in practice.
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Figure 7. Critical temperature (T¢) estimates across methods for Drosophila suzukii (left) and Lemna gibba (right) across
four experimental methods. T. represents the temperature at which the balance between homeostatic maintenance and
damage accumulation is equal, marking the transition from permissive to stressful conditions. In thermal performance
assays (conducted over several days), T. was estimated for individual life-history traits in D. suzukii (egg laying, larval

activity, pupal development, and adult emergence from pupae) where each value indicates the upper temperature at which
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that trait can successfully occur. For L. gibba, T. was estimated from net population growth. Constant temperature assays
(conducted over several days) estimated T. from breakpoints in TDT models based on acute physiological failure (coma
for flies, photosynthetic failure for duckweed), identifying the temperature above which mortality accelerates sharply.
Ramping temperature assays (conducted within a single day) did not yield reliable Tc values because thermal damage
accumulated predominantly at extreme temperatures rather than near the transition. Alternating constant temperature
assays (conducted within a single day) combined brief exposures to stressful temperatures with recovery periods at lower,
permissive temperatures. T. was estimated as the temperature above which these recovery periods no longer slowed or
reversed damage accumulation, resulting in rapid onset of failure (coma for flies, photosynthetic failure for duckweed),
capturing the upper thermal limit at which compensatory or repair mechanisms can no longer maintain homeostasis. These
estimates collectively illustrate how T. varies across traits, methods, and species, highlighting differences in thermal

sensitivity and recovery dynamics.
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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 Fyv/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/Fim 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.



