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Abstract: 32 

1  Monoterpenes are key plant secondary metabolites with well-known defensive and ecological 33 

functions, yet their role in abiotic stress tolerance remains poorly understood. In many Mediterranean 34 

plants, monoterpene composition varies markedly within and among species and is associated with 35 

climatic gradients, suggesting that these compounds may mediate plant responses to extreme heat. 36 

2  We investigated two locally adapted ecotypes of Thymus vulgaris that differ in monoterpene 37 

chemistry. Phenolic ecotypes dominate shallow, rocky habitats with hot, dry summers and mild 38 

winters, whereas non-phenolic ecotypes occur in deeper soils exposed to more severe winter freezing. 39 

Although previous transplant experiments show strong local adaptation and stable geographic 40 

distributions despite high gene flow, the ecophysiological mechanisms linking monoterpene variation 41 

to climatic tolerance remain unknown. 42 

3  We quantified heat tolerance in both ecotypes using controlled experiments that measured 43 

photosynthetic thermal limits, and combined these with field-based assessments of physiological 44 

performance, mortality, and long-term changes in ecotype composition. Using a thermal death time 45 

(TDT) framework, we predicted when each ecotype would experience photosynthetic failure under 46 

natural conditions and related these predictions to observed mortality during recent periods of 47 

intensified summer heat and drought. 48 
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4  Heat tolerance diverged between ecotypes only after heat acclimation, with the phenolic ecotype 49 

substantially increasing its thermal limits relative to the non-phenolic ecotype. This indicates that 50 

monoterpene chemistry primarily affects fitness through enhanced tolerance to extreme temperatures 51 

rather than through performance differences under benign conditions. However, despite its superior 52 

heat tolerance, the phenolic ecotype experienced elevated mortality in its warm native habitats, 53 

suggesting that recent summer temperatures may already exceed the physiological thresholds of the 54 

phenolic ecotype. 55 

5  Synthesis. Understanding how plant functional traits mediate responses to climatic extremes is 56 

essential for predicting vegetation dynamics under climate change. Our results show that intraspecific 57 

variation in secondary chemistry can enhance physiological heat tolerance via increased acclimation 58 

capacity, yet rapid climatic warming may still overwhelm these trait-based advantages. By integrating 59 

plant chemistry, physiological thresholds, and long-term demographic changes, this study advances 60 

our understanding of how functional traits shape plant vulnerability and resilience in increasingly 61 

extreme environments 62 

 63 

 64 

 65 
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Introduction 73 

As extreme thermal events increase in frequency, intensity, and duration at both regional and global 74 

scales (IPCC, 2023), understanding how plants respond to these changes is crucial for predicting the 75 

ecological and evolutionary impacts of climate change. The ability of species to persist under 76 

changing environmental conditions ultimately depends on their capacity to tolerate, avoid, or adapt 77 

to thermal stress. These responses are mediated by functional traits that determine physiological 78 

performance and fitness under novel or more extreme conditions. Among these, chemical traits such 79 

as the production of secondary metabolites represent a dynamic and responsive functional trait, 80 

known to affect physiological performance, survival, growth, and reproduction (Junker, 2016; 81 

Kessler & Kalske, 2018; Walker et al., 2022). Despite this ecological importance, studies that link 82 

chemical variation to plant physiological performance and then connect those physiological effects 83 

to population level outcomes over time are extremely rare (Walker et al., 2022; Endara et al., 2022).  84 

 85 

One important class of chemical traits that exhibits striking phenotypic variation is the production of 86 

secondary compounds such as monoterpenes. In the Mediterranean region, up to 49% of the plant 87 

genera are aromatic and produce essential oils (Ross & Sombrero, 1991). Monoterpenes often make 88 

up the majority of these oils and represent a key functional trait, influencing plant interactions with 89 

herbivores, and tolerance to abiotic stresses including drought and thermal stress (Thompson, 2020). 90 

The identity and concentration of monoterpenes vary with environmental variation, both seasonally 91 

and spatially (Milos et al., 2001; Mastelić & Jerković, 2003; Keefover‐Ring et al., 2014; Pratt et al., 92 

2014; Keefover‐Ring, 2022; Dodoš et al., 2024). Such variation is observed among species adapted 93 

to different environments (Ibraliu et al., 2011) and within species across environmental gradients (De 94 

Mastro et al., 2017; Dodoš et al., 2024), making monoterpenes an ideal candidate for a trait that link 95 

chemical variation to physiological performance and climate driven selection.  96 
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 97 

Monoterpene variation is particularly well documented in the Lamiaceae family, where many species 98 

form distinct chemotypes through polymorphism, genetically determined variants characterized by 99 

the dominance of a single monoterpene that can comprise nearly the entire essential oil profile (Sáez 100 

& Stahl-Biskup, 2002; Muñoz-Bertomeu et al., 2007; Napoli et al., 2009; Herraiz-Peñalver et al., 101 

2013; Thompson, 2020). A striking example of monoterpene-based polymorphism occurs in wild 102 

Mediterranean thyme, Thymus vulgaris, which displays several distinct chemotypes, each defined by 103 

its dominant monoterpene (Granger & Passet, 1973; Vernet et al., 1986; Thompson, 2002). In 104 

Southern France, these include four non-phenolic chemotypes, dominated by either geraniol (G), α-105 

terpineol (A), linalool (L), or thuyanol (U) and two phenolic chemotypes, dominated by either 106 

carvacrol (C) or thymol (T). 107 

All six chemotypes co-occur at a remarkably fine spatial scale within the basin of St. Martin de 108 

Londres (43°48′N, 03°46′E), located 20 to 30 km north of Montpellier. The basin spans roughly 80 109 

km2 and lies within a rugged calcareous landscape, with elevations ranging from 145 m at the center 110 

to over 650 m on the surrounding hills. Although the region has a typical Mediterranean climate, with 111 

hot, dry summers and mild, damp winters, the basin is subject to frequent winter temperature 112 

inversions. When these inversions occur, cold air becomes trapped at lower elevations, leading to 113 

severe freezing events on the basin floor, while the higher slopes surrounding the basin remain 114 

comparatively mild. This sharp microclimatic contrast has produced a steep cline across just 3–5 km, 115 

with a narrow transition zone separating populations dominated by either phenolic or non-phenolic 116 

chemotypes that can be defined as two ecotypes. The phenolic ecotype (T and C) is adapted to hot, 117 

dry environments, while the non-phenolic ecotype (G, A, U, and L) is adapted to wetter lowland 118 

habitats that experience occasional severe winter freezing (Thompson et al., 2007; Thompson, 2020). 119 

In the area, the phenolic chemotypes (carvacrol and thymol) are found primarily on the higher, stony 120 
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slopes above 250 m, whereas the non-phenolic chemotypes (linalool, thuyanol-4, a-terpineol, and 121 

geraniol) are restricted to the basin floor below 200 m, where soils are deeper and historically more 122 

exposed to extreme winter freezes (Thompson, 2020). Sites consisting of mixtures of phenolic and 123 

non-phenolic chemotypes are rare, but they occur often in the elevation transition zone between 124 

200 m and 250 m (Gouyon et al., 1986). Although gene flow between nearby phenolic and non-125 

phenolic populations is very high, strong genetic differentiation at chemotype-associated loci 126 

suggests that local selection maintains these differences despite ongoing genetic exchange (Bataillon 127 

et al., 2022). Reciprocal transplants have confirmed the ecotypes adaptation to the different climatic 128 

condition from increased survival and growth in their respective adapted climatic environments. 129 

However, any underlying differences in the ecophysiology under thermal stress of the two ecotypes 130 

has so far not been studied. Understanding these eco-physiological responses is essential for 131 

identifying the physiological mechanisms by which climatic selection maintains the spatial 132 

distribution of phenolic and non-phenolic ecotypes. Uncovering such mechanisms is critical for 133 

predicting and understanding how traits within species my influence their capacity to persist and 134 

adapt under ongoing climate change.  135 

In this study, we test whether differences in thermal tolerance between the phenolic and non-phenolic 136 

T. vulgaris ecotypes translate into differences in resilience towards heat stress in their natural 137 

environment. Our objectives are as follows. First, we generated ecotype-specific thermal death time 138 

(hereafter TDT) models that quantify how heat stress accumulates with temperature intensity and 139 

exposure duration through time (Faber et al., 2024). Second, we apply these TDT models to measured 140 

microclimate temperatures from mixed sites where the two ecotypes co-occur. This allowed us to 141 

predict the cumulative heat stress each ecotype experiences across a summer when they experience 142 

the same intensity and frequency of extreme heat events. Third, we assess how these predictions relate 143 

to differences in physiological performance and mortality levels measured in the field. Finally, we 144 
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compare these results with long-term changes in ecotype frequencies from 1970, 2010, and 2023 to 145 

assess whether changes in climate over the past five decades have altered the ecotypes relative 146 

abundance in mixed ecotype sites where both ecotypes occur. This analysis provides a demonstration 147 

of how monoterpene variation is linked to cumulative heat stress, physiological performance, 148 

mortality, and long-term ecotype shifts in T. vulgaris. It thus offers new insights into the mechanisms 149 

by which chemical traits influence plant populations in a warming world.  150 

 151 

Materials and methods 152 

Greenhouse growth conditions 153 

Thyme seeds were collected in June 2022 in southern France from natural T. vulgaris populations 154 

growing in the study area of the St. Martin de Londres and stored in paper bags at room temperature 155 

until use. The seeds were collected from different sites across the area, representing multiple 156 

populations. The sites are known to contain populations in which all six chemotypes are present. In 157 

June 2023, seeds were sown in trays filled with Mediterranean peat-based soil (~5 cm layer) and kept 158 

humid under a white plastic sheet to promote germination. Once germinated, seedlings were 159 

transplanted into 2 L pots filled with a 1:1 mixture of Mediterranean peat-based soil and gravel. For 160 

each plant, one shoot tip sample (upper 2 cm) was collected and used to determine its chemotype by 161 

GC-MS (see below). 162 

Plants were grown in the greenhouse at the Department of Ecoscience, Aarhus University, Denmark 163 

(56.198°N, 10.155°E). From December 2023 until March 2024, daily temperatures were maintained 164 

between approximately 5 and 20 °C to simulate Mediterranean winter conditions. By April 2024, all 165 

plants were flowering, and the first thermal tolerance experiment was conducted under controlled 166 

conditions, with daily temperatures ranging from ~13 to 20 °C (Fig. S1). Following this experiment, 167 
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greenhouse temperatures were allowed to gradually increase through the summer months. The second 168 

thermal tolerance experiment was conducted in mid-August 2024, when daily temperatures had 169 

increased to range between 25 and 35 °C (Fig. S1). The CO2 concentration was maintained at ambient 170 

levels (~410 ppm), and relative humidity was kept between 40-70%. Natural sunlight was 171 

supplemented with LED lamps (Philips GreenPower LED top lighting compact, Signify N.V., 172 

Amsterdam, The Netherlands) when the photosynthetic photon flux density (PPFD) dropped below 173 

150 µmol m⁻² s⁻¹ during the daytime, with lamps delivering up to 400 µmol m⁻² s⁻¹ PPFD at plant 174 

level. Climate conditions were controlled via an automated system (LCC4, Senmatic). Plants were 175 

watered once to twice per week and fertilized with an NPK (14:3:15) nutrient solution. 176 

 177 

Thermal death time experiments 178 

Thermal death time (TDT) models describe how long an organism, or its tissue, can tolerate stressful 179 

constant temperatures before reaching acute failure and succumb to the stress (Faber et al., 2024). 180 

TDT models assume that thermal damage accumulates additively through time, with fractions of 181 

damage sustained at different temperatures summing until thermal failure is reached. Because damage 182 

accumulates exponentially with temperature, the same point of failure can be reached either by short 183 

exposures to highly stressful temperatures or by longer exposures to lower stressful temperatures. 184 

Here we estimated how long each chemotype, and thus each ecotype, could withstand a range of high 185 

constant temperatures before reaching thermal failure, and used the resulting log10 transformed time 186 

to failure as a function of temperature, to generate TDT models for predicting thermal damage under 187 

natural fluctuating thermal conditions. The thermal tolerance experiments were generated for each 188 

chemotype during two periods: in April 2024 where all plants were flowering and temperatures 189 

resembled early spring in the Mediterranean, and again in August 2024, after plants had been exposed 190 
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to long-term warming in the greenhouse resembling Mediterranean summer (Fig. S1). Each 191 

chemotype was represented in the experiments by individuals originating from at least two different 192 

collection sites.  193 

Thermal tolerance and thus thermal failure of the chemotypes was measured using a chlorophyll 194 

fluorometer (FluorPen FP110/S; Photon Systems Instruments, Drásov, Czech Republic), specifically 195 

the maximum quantum efficiency of photosystem II (Fv/Fm). The variable fluorescence (Fv) is 196 

determined by subtracting the minimum fluorescence (F0) from the maximum fluorescence (Fm) of 197 

dark-adapted leaves. Fv/Fm represents the capacity of PSII to convert absorbed light into 198 

photochemical energy (Berry & Bjorkman, 1980; Seemann et al., 1984; Willits & Peet, 2001; Knight 199 

& Ackerly, 2002, 2003; Baker & Rosenquist, 2004). A decline in Fv/Fm of more than ~50% indicates 200 

dysfunction in the photosynthetic machinery (Schreiber & Berry, 1977; Downton & Berry, 1982; 201 

Knight & Ackerly, 2003; Sastry & Barua, 2017), often leading to visible tissue-level damage (Bilger 202 

et al., 1984). This decline was used as a proxy for thermal failure in our experiments. 203 

To determine how long the chemotypes could withstand a given constant temperature before reaching 204 

thermal failure, we exposed samples to a set of constant temperatures for a range of exposure 205 

durations. For each temperature, we collected five to seven independent batches, each consisting of 206 

ten samples. The samples consisted of the outer tips of branches, ~2 cm in length. Ten different plants 207 

per chemotype were sampled for every constant temperature tested, and for all chemotypes ten 208 

different plants were represented by one sample in each batch. Sampling occurred between 07:00 and 209 

10:00 h, using only healthy, fully expanded leaves of similar age.  210 

After collection, samples within each batch were placed into transparent 2-mL micro centrifuge tubes 211 

and kept in darkness at room temperature (20-22 °C) for 1-3 h. The batches were then illuminated 212 

with ~1200 µmol photons m-2 s-1 for 30 min before being transferred to temperature-controlled water 213 
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baths. The water bath temperatures were fixed at 44, 45, 46, 47, or 48 °C in April and 44, 45, 46, 47, 214 

48, or 49 °C in August. During heat exposure in the water baths, the samples were illuminated with 215 

~800 µmol photons m-2 s-1, to simulate the high light conditions that typically accompany heat stress 216 

under natural conditions. The light intensity was measured at the level of the samples in the water 217 

baths with the FluorPen enclosed in a transparent plastic bag.  218 

For each temperature treatment, batches were removed at different exposure durations, ranging from 219 

0 min to 24 h depending on the intensity of the temperature (see Fig. S2 for exposure durations). The 220 

exposure durations were selected based on pilot experiments to capture the exposure duration at 221 

which Fv/Fm decreased with 50%. After the heat treatments, the batches were quickly submerged in 222 

20 °C water for two to three minutes to rapidly decrease the temperature of the samples. The batches 223 

were then exposed to ~1200 µmol photons m-2 s-1 for 60 minutes at room temperature, and then dark 224 

adapted for 18-22 h. Subsequently, the total reduction in FV/FM following a stress treatment, and thus 225 

the accumulated dose of damage to PSII was estimated by measuring FV/FM on a single leaf on each 226 

sample. Batches measured at 0 minutes temperature exposure functioned as control samples to reflect 227 

plants at an unstressed state. For each constant temperature, we plotted FV/FM against exposure 228 

duration across all batches and identified the exposure duration at which FV/FM had decreased with 229 

50% (see statistical data analysis further below). This threshold represents the point of thermal failure 230 

for a given temperature and was used to construct the TDT models for each chemotype.  231 

 232 

Thermal death time predictions  233 

To evaluate whether differences in ecotypic thermal tolerance translate into ecologically meaningful 234 

differences in stress exposure, we used TDT models to predict the rate by which each ecotype 235 

accumulates thermal damage under natural, fluctuating field conditions. To do this, we used 236 
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temperature data collected from May to September in 2015 from iButtoon Thermochron temperature 237 

loggers (Maxim Integrated, San Jose, CA, USA) placed in five different sites in the study area where 238 

both ecotypes co-occur. Instantaneous temperatures were recorded every hour within the thyme 239 

canopy to capture fine-scale variation in the thermal environment experienced by plants throughout 240 

the summer. 241 

Using this field temperature dataset, we predicted thermal damage accumulation for each ecotype 242 

using the TDT models derived from the greenhouse experiments conducted in August 2024, when 243 

the ecotypes were most heat tolerant. Specifically, the TDT models were generated by fitting linear 244 

regression models to the log10-transformed time to thermal failure data plotted as a function of 245 

temperature for the two ecotypes. These regressions yielded the slope (𝛽) and intercept (𝛼) parameters 246 

for each ecotype, which were then used to predict the duration of tolerable thermal exposure in the 247 

field according to the following equation (Jørgensen et al., 2021): 248 

 249 

                                      Accumulated	damage =/ !""∙(%!"#&%!)

!"(%∙'()*+!;+!"#-".)

(

)*!
 (Eqn.  1) 250 

 251 

Where accumulated damage is calculated over each time interval i unit te which is the time interval 252 

for which the total accumulated damage is calculated. The 𝛽 and 𝛼 are the slope and intercept of the 253 

TDT model, respectively. The denominator is the fraction of the tolerable exposure duration for the 254 

maximum temperature (of Ti and Ti+1) in each time interval. To calculate damage accumulation, we 255 

linearly interpolated temperature between consecutive recorded values. Specifically, temperatures 256 

were interpolated at one-minute intervals between each pair of successive hourly measurements (Ti 257 

and Ti+1), assuming a linear change in temperature over time. Thermal damage was then calculated 258 

on a minute-by-minute basis using the interpolated temperatures and summed across each hourly 259 
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interval and over the full timeseries. Damage accumulation was only calculated for temperatures 260 

exceeding the threshold at which each ecotype experienced thermal failure after 24 hours of exposure 261 

according to Jørgensen et al., 2022. Here 100% damage corresponds to the point at which Fv/Fm 262 

decreases by 50%.  263 

 264 

As natural stressful heat events only occur periodically and primarily during daytime, plants are 265 

expected to repair at least some fraction of accumulated damage during cooler night periods and days 266 

with non-stressful temperatures. Without incorporating any recovery, our models would predict that 267 

a single extreme heat event could drive plants to complete thermal failure which would potentially 268 

mask differences between ecotypes under many repeated natural heat events. By introducing a set of 269 

low nighttime recovery scenarios, we were able to examine how quickly ecotypes accumulate damage 270 

toward the 100% failure threshold under more plausible sequences of heat exposure during the 271 

summer, while still allowing cumulative damage to build when heat events occur frequently. 272 

Although the true recovery rates of the ecotypes are unknown, examining several conservative 273 

scenarios provides a more nuanced assessment of whether heat events are sufficiently intense and 274 

frequent to generate ecotypic differences in thermal stress. We modelled four nighttime recovery 275 

scenarios (0%, 5%, 10%, and 15% of daytime accumulated damage), under the assumption that 276 

recovery is no longer possible once damage reaches 100%. This means for example that a 5% 277 

recovery rate applied to 50% damage accumulated during the day would reduce the total damage to 278 

45% by the following morning. These damage accumulation predictions are based on microclimate 279 

air temperatures rather than direct leaf temperatures, which may potentially under- or overestimate 280 

the actual thermal load experienced by the plants. While this limits the accuracy of absolute damage 281 

estimates, both ecotypes experience the same microclimatic conditions, so any bias should affect 282 
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them similarly. The predictions therefore still offer a meaningful comparative assessment of potential 283 

ecotypic differences in thermal stress exposure.  284 

 285 

Field gas-exchange and fluorescence measurements  286 

Gas-exchange measurements were conducted in June 2024	between approximately 11:00 and 17:00 287 

using a Li-Cor 6800 portable photosynthesis system (Li-Cor, Lincoln, NE, USA) equipped with a 288 

clear-top conifer chamber, allowing ambient light to serve as the light source during measurements. 289 

Measurements were carried out at four field sites: two mixed sites, where phenolic and non-phenolic 290 

ecotypes were present, one site dominated by the phenolic ecotype, and one site dominated by the 291 

non-phenolic ecotype. 292 

 293 

For each measurement, a leaf temperature on a selected branch exposed directly to the sun was first 294 

recorded using a thermocouple attached to the Li-Cor. The conifer chamber was then clamped onto a 295 

branch, and leaf temperature within the chamber was controlled using energy balance to match the 296 

recorded pre-clamp leaf temperature as closely as possible during the measurements. After a 2-minute 297 

stabilisation period to allow the gas exchange system and physiological parameters to reach steady 298 

state, net photosynthesis (Anet, CO2 m-2 s-1) and transpiration (E, mmol H2O m-2 s-1) were measured. 299 

Immediately after, the chamber was darkened, and after 3 minutes in darkness, dark respiration (RDark, 300 

CO2 m-2 s-1) was measured according to Bruhn et al., (2025). The Li-Cor was operated using 301 

the “conifer” geometry setting to account for the 3D like leaf morphology of the T. vulgaris branches. 302 

The measurements were conducted with a relative humidity of ~ 60%, a flow rate of 400 µmol s-1, a 303 

fan speed of 10.000 rpm and a CO2 concentration of 410 ppm in the conifer chamber. Measurements 304 

were conducted diurnally on 10 individual plants per site. At each of the mixed sites, five phenolic 305 

and five non-phenolic individuals were measured per day over two consecutive days. Throughout the 306 
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day, all 10 plants were measured in chronological order (from plant 1 to 10) and this sequence was 307 

repeated multiple times, resulting in approximately four to seven repeated measurements per plant 308 

per day. Ecotypes were alternated within the measurement order to avoid systematic time-of-day 309 

effects between measurements of phenolic and non-phenolic. 310 

 311 

Chlorophyll fluorescence measurements were performed using a FluorPen on the same individual 312 

plants on which gas-exchange measurements were conducted to assess the maximum (Fv/Fm) and 313 

effective (Fv′/Fm′) quantum yields of photosystem II. Fv/Fm was measured in situ on dark-adapted 314 

leaves following dark adaptation for 40–50 minutes before measurement. The leaves were dark-315 

adapted using leaf clips gently secured with rubber bands. Fv′/Fm′ was measured on fully light-316 

exposed leaves. For both Fv/Fm and Fv′/Fm′, one measurement per plant was taken during the same 317 

diurnal measurement period as gas-exchange, ensuring consistency in environmental conditions 318 

across datasets. 319 

 320 

Field mortality survey 321 

We quantified plant mortality in the field in late autumn (November) 2024 after several years of 322 

intense and prolonged summer drought and increasing extreme temperature conditions (Fig. 1). The 323 

study was based on the same subset of populations (see above) in and around the basin of St. Martin 324 

de Londres where chemotype composition has been observed in the early 1970s (Vernet et al., 1977) 325 

and again in 2009–2010 (Thompson et al., 2013). This subset of populations involved six transects 326 

place in a circular manner around the basin extending from phenolic to non-phenolic populations. 327 

Each transect had six sites, two sites that were 100% phenolic chemotypes in the 1970s, two mixed 328 

sites and two 100% non-phenolic chemotypes at that time. in each site we quantified four categories 329 

of plants: (i) plants with no sign of dried branches and stems, (ii) plants with < 30% of dried branches 330 
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and stems, (iii) plants with > 30% of dried branches, and most often ca. ⅔ or ¾ of dried branches and 331 

stems, (iv) plants with 100% dried branches and stems. For the latter the stems could be pulled out of 332 

the ground and pallets appeared to have died. 333 

 334 

Ecotype frequency estimation  335 

In 2024, we resampled a subset of populations in and around the basin of St. Martin de Londres from 336 

which the chemotype composition had been observed in the early 1970s (Vernet et al., 1977) and 337 

again in 2009–2010 (Thompson et al., 2013). Populations were sampled with GPS accuracy based on 338 

the 2009/2010 sampling. At each site, we sampled fresh leaves from 30 random thyme plants. Fresh 339 

shoot tips (upper 2 cm) were placed in eppendorf tubes containing 98 % ethanol, placed in a cooling 340 

box until returned to the lab where they were stored at 5 °C until analysis. 341 

 342 

Ecotype estimation with GCMS  343 

The ecotype and chemotype identities of the plants on which gas-exchange and chlorophyll 344 

fluorescence measurements were conducted were determined using gas chromatography–mass 345 

spectrometry (GC-MS) based on the monoterpene profiles of fresh leaf tissue samples stored at 5 346 

degrees C in 98% ethanol. Prior to GC-MS, extracts were diluted in methanol at a 1:4 ratio. Chemical 347 

analysis was performed using a Shimadzu GCMS-QP2101Plus fitted with an Omegawax 320 column 348 

(30 m × 0.25 mm; 0.25 μm film thickness), with helium as the carrier gas. Monoterpene compounds 349 

were identified by comparing retention times and mass spectra to reference standards in a spectral 350 

library. Based on the identity of the dominant monoterpenes, each plant had its chemotypes identified 351 

and classified into a phenolic (carvacrol, thymol) or non-phenolic (α-terpineol, geraniol, thuyanol, 352 

linalool) ecotype. 353 

 354 
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Statistical analysis 355 

Generalized additive models (GAMs) were used to estimate the decrease in Fv/Fm following the stress 356 

treatments and determine the time point which Fv/Fm decreased with 50%. For each constant 357 

temperature treatment, GAMs were fitted to measurements of Fv/Fm as a function of stress duration, 358 

using automated smoothness selection in the mgcv library in R v.4.1.0 (R Core Team, 2021) and 359 

restricted maximum likelihood (REML) (Wood, 2017). Individual plants were included as a random 360 

effect in the models. The GAMs had the following components:  361 

 362 

                                     𝑦) = 	𝛼 + 𝑓(𝑥)) +	𝜀)          (Eqn.  2) 363 

 364 

Where yi is the observation at the time xi, 𝛼 is the intercept, 𝑓(𝑥)) is a smooth function and 𝜀) is the 365 

residual error. This approach makes no a priori assumption about the functional relationship between 366 

variables (Wood, 2017), allowing a depiction of Fv/Fm over exposure duration. The fitted GAMs were 367 

then used to identify the time point at which Fv/Fm decreased with 50% for each stress assay. The 368 

estimated time points of thermal failure, along with the fitted GAMs, are presented in the 369 

supplementary material (Fig. S2). 370 

To evaluate whether the TDT models differed significantly between the ecotypes, we compared two 371 

linear models predicting log10-transformed time to thermal failure as a function of temperature: one 372 

including an interaction term between ecotype and temperature, and one without the interaction. The 373 

best model was evaluated using the Akaike’s Information Criterion (AIC). From the fitted TDT model 374 

parameters (slope and intercept), we calculated CTmax, defined here as the temperature at which 375 

thermal failure occurs after 1 hour of exposure, and Q10, which represents the factor by which the rate 376 

of thermal failure changes with every 10 °C change in temperature. These allowed us to compare not 377 

only the absolute thermal limits (CTmax) but also the thermal sensitivity (Q10) between ecotypes. For 378 
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physiological parameters measured in the field (gas-exchange and chlorophyll fluorescence), 379 

mortality rates, and site altitudes, we conducted two-way ANOVAs to test for differences between 380 

ecotypes and sites. Significant effects were further examined using Tukey’s post-hoc tests to identify 381 

pairwise differences. 382 

 383 

Results 384 

Thermal death time predictions for phenolic and non-phenolic ecotypes 385 

TDT models were first generated in April 2024, when all plants were flowering and acclimated to 386 

relatively cool temperatures (~13–20 °C). These models were used to derive CTmax estimates (the 387 

temperature causing mortality after 1 hour of exposure) and Q10 values, which represent the factor by 388 

which mortality increases for every 10 °C increase in temperature. At this stage, thermal tolerance 389 

levels were similar across all six chemotypes, with an average Q10 of 26,864 and a predicted CTmax 390 

of 45.95 °C (dotted lines in Fig. 1).  391 

 392 

Three months later, after plants had gradually acclimated to summer greenhouse conditions (~25–393 

35 °C), thermal tolerance had increased substantially (solid lines in Fig. 1). At this stage phenolic 394 

chemotypes (carvacrol and thymol) were more heat tolerant than non-phenolic chemotypes. Phenolic 395 

chemotypes had an average Q10 of 235 and a CTmax of 49.91 °C, whereas non-phenolic chemotypes 396 

had a Q10 of 3115 and a CTmax of 47.91 °C. This pattern was supported by TDT model comparisons: 397 

including ecotype as an interaction term with temperature significantly improved model fit (∆AIC = 398 

46.8), showing that phenolic and non-phenolic ecotypes differed significantly in thermal tolerance.  399 

 400 
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 401 

Figure 1. Thermal death time (TDT) models for six chemotypes of Thymus vulgaris. The y-axis shows the log10-402 

transformed time (minutes) to thermal failure, the x-axis shows the treatment temperature (°C) and the third axis shows 403 

the time to thermal failure in hours. All plants were grown in a greenhouse and were approximately one year old at the 404 

time of measurement. The dotted lines represent TDT models based on measurements taken in April, when plants were 405 

acclimated to cooler conditions (~13–20 °C), while solid lines represent models from August, when plants were heat-406 

acclimated to warmer temperatures (~25–35 °C). The TDT models represent the time to thermal failure at different 407 

temperatures where thermal failure was defined as a 50% decline in Fv/Fm, indicating significant failure of photosynthetic 408 

efficiency. The six chemotypes include linalool, alpha-terpineol, thuyanol, and geraniol, which are classified as non-409 

phenolic ecotypes (yellow symbols and lines) adapted to cooler, wetter environments, and carvacrol and thymol, which 410 

are phenolic ecotypes (dark symbols and lines) adapted to warmer, more arid climates. 411 

 412 

To assess how differences in thermal tolerance, as represented by the TDT models, translate into 413 

differences in the ecotypes’ ability to withstand extreme heat in natural conditions, we used ecotype-414 

specific TDT predictions to estimate when photosynthetic thermal failure occurred during the 2015 415 

growing season in mixed populations of T. vulgaris from the St. Martin de Londres basin. Using 416 

hourly microclimatic temperature data recorded in situ from May to November at mixed sites where 417 

both ecotypes co-occur, we modelled cumulative thermal damage for each ecotype across five 418 

different sites. We modelled four nighttime recovery scenarios (0%, 5%, 10%, and 15%) to represent 419 
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varying capacities for stress recovery. At 0% recovery, mortality is likely to occur after a single or 420 

few extreme temperature events, whereas higher recovery rates mean that multiple consecutive 421 

extreme events are needed to reach lethal damage. This framework allows a more nuanced 422 

comparative assessment of how both the frequency and severity of heat stress episodes affect stress 423 

levels among the ecotypes. 424 

Across all recovery scenarios and sites, the phenolic ecotype consistently reached photosynthetic 425 

thermal failure later in the summer compared to the non-phenolic ecotype (Fig. 2A), supporting its 426 

greater heat tolerance observed under controlled conditions. Furthermore, complete failure (i.e., 427 

100% damage under all four recovery scenarios) occurred at only one site for the phenolic ecotype, 428 

while two sites showed complete failure for the non-phenolic ecotype regardless of the recovery rate. 429 

Notably, the relative abundance of the two ecotypes at sites where they both co-occur has shifted 430 

since 1970, with the phenolic ecotype increasing in frequency across all mixed sites (Fig. 2B). This 431 

is the first evidence combining controlled experiments and field studies of natural temperature 432 

variation showing that the phenolic ecotype is less vulnerable to extreme heat stress in habitats where 433 

it co-occurs with the non-phenolic ecotype. 434 
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 435 

Figure 2. A) Predicted timing of photosynthetic thermal failure (i.e., 100% damage accumulation) for phenolic and non-436 

phenolic Thymus vulgaris ecotypes within mixed sites, sites where phenolic and non-phenolic individuals occur in 437 

roughly equal proportions, in the basin of St. Martin de Londres. Predictions are based ecotype specific thermal death 438 

time models using hourly microclimatic temperature data recorded by thermologgers placed within the thyme vegetation 439 

from May to November 2023. For each ecotype, four damage scenarios are shown, assuming different rates of daily 440 

recovery: 0%, 5%, 10%, or 15%. These values represent the proportion of accumulated damage that is repaired overnight 441 

(e.g., 50% accumulated damage would be reduced to 35% with 15% recovery). Recovery is assumed to stop once 100% 442 
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damage is reached. The y-axis indicates the day when 100% damage accumulated across days during the summer, and 443 

the x-axis shows the identity of each site. The pie-charts (B) illustrate the frequency of phenolic (black), and non-phenolic 444 

(yellow) ecotypes sampled in 1970, 2010 and 2024 on the sites.  445 

	446 

Physiological performance and mortality levels 447 

To assess ecotype-level physiological performance under summer field conditions, we measured 448 

midday gas-exchange and chlorophyll fluorescence across phenolic, non-phenolic, and mixed T. 449 

vulgaris populations in June 2024 (Fig. S3). Physiological parameters included leaf net 450 

photosynthesis, dark respiration, transpiration, and both maximum (Fv/Fm) and effective (Fv′/Fm′) 451 

quantum efficiency of photosystem II. 452 

Across mixed sites, where both ecotypes co-occur, phenolic and non-phenolic plants did not differ 453 

significantly in any measured trait, indicating similar physiological functioning. However, when 454 

comparing individuals across different site types, phenolic individuals growing in phenolic-455 

dominated sites showed significantly higher Fv/Fm (P < 0.05, F = 12.38) and Fv′/Fm (P < 0.05, F = 456 

16.3) values than non-phenolic individuals in non-phenolic sites.  457 

Mortality surveys conducted late in 2024 revealed differences among site types in longterm stress 458 

levels (Fig. 3A). Individuals in phenolic-dominated sites exhibited the highest proportion of whole-459 

plant death. Mortality was significantly higher in “pure” phenolic sites compared to mixed sites 460 

(difference = 5.37%, 95% CI: 0.61 - 10.12, Padj < 0.05), but not significantly different from non-461 

phenolic sites (Padj > 0.05). The warmer phenolic sites are located at significantly higher elevations 462 

than mixed sites (difference = 54.3 m, 95% CI: 13.1 to 95.5 m, Padj < 0.05), indicating a strong 463 

association between chemotype composition and elevation across the study area (Fig. 3B). While 464 

phenolic sites were also, on average, 57.9 m higher than non-phenolic sites, this difference was not 465 

statistically significant (95% CI: –1.5 to 117.4 m, Padj > 0.05). No significant difference in elevation 466 
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was observed between non-phenolic and mixed sites (difference = –3.6 m, 95% CI: –61.7 to 54.5 m, 467 

Padj > 0.05). 468 

 469 

 470 

Figure 3. A) Proportion (%) of Thymus vulgaris individuals measured in 2024 across site types in the basin of St. Martin 471 

de Londres, southern France. Sites were categorized into site types based on whether the Thymus vulgaris population was 472 

predominantly phenolic, non-phenolic, or mixed (i.e., roughly equal proportions of phenolic and non-phenolic 473 

individuals). Individuals were classified into four categories based on branch condition: Untouched, few dead branches, 474 

majority dead branches, and dead. The x-axis shows site types. B) Altitude (meters) of the same sites grouped by site type 475 

shown on the x-axis. Altitude data are summarized per site type. Groups labelled with different letters are significantly 476 

different (P < 0.05), while groups sharing the same letter are not (P > 0.05).  477 

 478 

Discussion 479 

Monoterpenes as a functional trait that increases heat tolerance.  480 

This study provides novel insight in to how monoterpenes contribute to plant thermal tolerance, with 481 

their effects depending both on the identity of the monoterpene and the environmental context in 482 

which plants are exposed to heat stress. Previous reciprocal transplant experiments have provided 483 

evidence that the phenolic T. vulgaris ecotype is better at surviving warm and dry summers compared 484 

to the non-phenolic ecotype which better survives extreme cold winter temperatures (Amiot et al 485 
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2005; Thompson et al., 2007). Together with evidence showing that the phenolic ecotype is known 486 

to occur more frequently in hotter, drier environments than the non-phenolic ecotype (Bataillon et al., 487 

2022; Faber et al., 2025), this supports the hypothesis that differences in monoterpene profiles 488 

contribute directly to enhanced thermal resilience. However, until now it has remained unclear 489 

whether this pattern reflects an intrinsic physiological advantage in coping with high temperatures 490 

and what the mechanism underlying this advantage might be.  491 

Here we demonstrate that variation in dominant monoterpene (i.e. phenolic or non-phenolic) act as a 492 

functional trait affecting the duration that photosynthetic machinery can withstand heat stress. Both 493 

ecotypes in this study showed high thermal sensitivity when acclimated to modest spring 494 

temperatures at flowering stage, with photosynthetic failure rates increasing by approximately 2.77-495 

fold for every 1 °C increase in temperature and CTmax values around 45.95 °C. However, after long-496 

term acclimation to higher temperatures, thermal sensitivity decreased markedly for both ecotypes, 497 

with failure rates increasing by a factor of about 1.73 per 1 °C increase for the phenolic ecotype and 498 

2.23 per 1 °C increase for the non-phenolic ecotype. At this stage, the phenolic ecotype showed a 499 

larger increase in CTmax (~4 °C), reaching nearly 50 °C, while the non-phenolic ecotype plateaued at 500 

~48 °C. These results suggests that monoterpenes not only increase the duration plants can sustain 501 

extreme temperatures, but also that this increase in resistance to accelerating damage rates seems to 502 

manifest through acclimation to more extreme temperatures, with the phenolic monoterpenes 503 

showing a markedly stronger reaction than the non-phenolic.  504 

We found no significant differences between phenolic and non-phenolic ecotypes when measured 505 

under field conditions at the mixed sites, including net photosynthesis, transpiration, and dark 506 

respiration, chlorophyll fluorescence measurements. Hence, at our time of field measure (June 2024) 507 

heat or water stress may not have been intense enough to reveal any ecotypic differences in 508 
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physiological performance. Taken together, although monoterpenes, are linked to increased thermal 509 

tolerance, their physiological effects seem to be conditional and appear to become functionally 510 

important when heat stress intensifies, and plants undergo acclimation responses.  511 

To assess whether the physiological differences observed under controlled conditions are relevant in 512 

natural environments, we applied ecotype specific TDT models to estimate the timing of 513 

photosynthetic thermal failure during the 2015 growing season in mixed populations of T. vulgaris 514 

in the St. Martin de Londres basin. Using measured microclimatic air temperatures, this approach 515 

provides a comparative framework to evaluate differences in the timing of photosynthetic failure 516 

between ecotypes under natural temperature fluctuations. Across all sites and prediction scenarios, 517 

the phenolic ecotype consistently reached photosynthetic failure later in the season than the non-518 

phenolic ecotype (Fig. 2A), suggesting greater resilience to repeated thermal stress. T. vulgaris can 519 

commonly shed a substantial proportion of its leaves during the summer drought.  520 

 521 

It is commonly known that T. vulgaris sheds a substantial proportion of its leaves during the summer 522 

drought. Since the damage accumulation predictions in this study are based on thermal failure of leaf 523 

photosynthesis, these predictions may be more directly related to the timing of this phenological 524 

transition and thus more indirectly related to field mortality levels. The point at which cumulative 525 

damage reaches critical levels in natural settings could thus coincide with the onset of leaf shedding. 526 

Earlier or more frequent shedding in response to thermal stress may represent a protective response, 527 

but is also likely to reduce the plant’s carbon gain over the season. Over time, this could potentially 528 

lead to reduced growth, reproduction, and long-term survival, especially for the non-phenolic ecotype 529 

that has lower thermal tolerance and is more likely to experience photosynthetic failure earlier in the 530 

summer.  531 
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Beyond their established ecological functions in defence, allelopathy, and neighbour interactions 532 

(Ehlers & Thompson, 2004; McCormick et al., 2012; Effah et al., 2019; Su et al., 2023), growing 533 

evidence suggests that monoterpenes also contribute to abiotic stress tolerance, particularly under 534 

heat and drought. Experimental studies show that monoterpenes can stabilise cellular membranes, 535 

limit oxidative damage, and scavenge reactive oxygen species (Sharkey & Singsaas, 1995; Loreto et 536 

al., 1998; Loreto & Velikova, 2001; Zuo et al., 2017; Xu et al., 2022). In fumigation experiments, 537 

monoterpenes have been shown to activate stress-responsive transcription factors, reduce ROS 538 

accumulation, and maintain photosynthetic efficiency under both heat and cold stress (Riedlmeier et 539 

al., 2017; Wenig et al., 2019; Zhao et al. 2020). While the specific mechanisms remain to be 540 

identified, it is clear that different monoterpenes vary in their protective capacity (Godard et al., 2008; 541 

Riedlmeier et al., 2017; Wenig et al., 2019; Zielińska-Błajet et al., 2020). Phenolic monoterpenes are 542 

known for their strong antioxidant activity and have been shown to interact more strongly with 543 

membranes and with higher membrane partitioning effects than non-phenolic compounds, especially 544 

under dehydrating stress (Pham et al. 2015). These properties likely reflect the greater thermal 545 

tolerance observed in phenolic ecotypes in our study and may help explain their prevalence in hotter, 546 

drier habitats. 547 

While previous studies have shown that monoterpenes can improve plant heat tolerance (Kesselmeier 548 

& Staudt, 1999; Holopainen & Blande, 2013; Zuo et al., 2017; Tian et al., 2020), these studies do not 549 

assess thermal tolerance in a way that distinguishes whether these effects result solely by the 550 

monoterpenes presence or from a combination of monoterpenes and induced acclimation or hardening 551 

processes. In this study, the TDT models reflect the plants’ thermal limits for their physiological state 552 

at the time of testing, likely without further hardening or acclimation during heat exposure (Ørsted et 553 

al., 2022; Faber et al., 2024). Because phenolic and non-phenolic ecotypes showed similar heat 554 

tolerance before acclimation but diverged markedly after long-term exposure to high sub-lethal 555 
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temperatures, our results suggest that monoterpenes may increase thermal tolerance through an 556 

interaction with acclimation and/or hardening mechanisms. Future studies should test this hypothesis 557 

more directly, e.g. by using the TDT framework to compare plants that produce monoterpenes with 558 

non-producing plants under both constant and variable heat exposure protocols. If monoterpene 559 

producing plants consistently demonstrate higher tolerance under conditions that promote 560 

acclimation and/or hardening, this would show that monoterpenes enhance heat tolerance by 561 

interacting with these physiological responses, rather than by increasing thermal tolerance solely 562 

through their presence. Simultaneous measures of hardening markers such as heat shock proteins 563 

could provide further insights into the mechanisms underlying enhanced thermal tolerance.  564 

 565 

Historic and future ecotype frequencies: towards a phenolic garrigue?  566 

Historically, T. vulgaris populations inside, the basin of St. Martin de Londres where there is a 567 

temperature inversion have primarily been non-phenolic (Thompson et al., 2013). However, winter 568 

freezing below -15 °C, temperatures that cause severe mortality of phenolic but not of non-phenolic 569 

chemotypes (Amiot et al., 2005) has not occurred since 1987 (Fig. 4A) and we are already seeing a 570 

corresponding change in the distribution of ecotypes (Thompson et al., 2013). Since 1970, mixed 571 

ecotype populations have increased in the relative abundance of the phenolic ecotype, with two 572 

populations becoming exclusively phenolic. In contrast, populations that have historically been 573 

phenolic have remained stable. However, in this study we see a new trend emerging with intensifying 574 

summer drought and rising temperatures over that last ~ 8 years (Fig. 4B,C). While the phenolic 575 

ecotype is associated with hotter, drier environments (Thompson et al., 2007; Thompson, 2020), and 576 

as shown here, have higher heat stress tolerance, we now observe signs of elevated mortality levels 577 

within phenolic populations. Phenolic populations are usually found outside and at the rim of the 578 

basin of St. Martin de Londres at higher altitudes (Fig. 3B), outside of the temperature inversion, 579 
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where summer temperatures are higher (Fig. 4B). This suggests that although phenolic monoterpenes 580 

confer an adaptive advantage under heat stress, these traits alone may not be sufficient if climate 581 

extremes continue to intensify. This raises questions about the future viability of phenolic populations 582 

in some of their current sites. 583 

 584 

 585 

Figure 4. Annual climate trends for areas dominated by either phenolic (black symbols) or non-phenolic (yellow symbols) 586 

plant populations in southern France, based on climate records from Montpellier and St. Martin de Londres climate 587 

stations from 1954 to 2025. A) Minimum annual temperature (°C) at phenolic and non-phenolic sites. B) maximum annual 588 
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temperature (°C), showing consistently higher values at phenolic sites compared to the basin. C) Total summer 589 

precipitation (mm; June-August) recorded each year at non-phenolic sites.  590 

 591 

Taken as a whole, the long-term ecotypic population and warming climate trends combined with the 592 

TDT predictions, physiological performance and field mortality levels of the ecotypes suggest that 593 

differences in heat stress tolerance have contributed to the observed ecotype shifts in T. vulgaris. 594 

These results establish a direct physiological link that underlies the long-term increase in phenolic 595 

ecotype frequency and demonstrates how secondary compounds such as monoterpenes alter thermal 596 

tolerance and consequently shape population dynamics under a warming climate.   597 

 598 

Finally, multiple observations (Thompson, 2020) and recent findings by Faber et al. (2025) show that 599 

ecotypic variation in monoterpene composition occurs across other several regions of the 600 

Mediterranean. In our study species, phenolic ecotypes have begun to expand into areas historically 601 

dominated by non-phenolic plants (Thompson et al., 2013), which is not surprising given the high 602 

levels of genetic exchange between populations (Bataillon et al., 2022). Such shifts in the spatial 603 

distribution of ecotypes may have long-term consequences for community composition and 604 

ecosystem functioning, given the central role monoterpenes play in plant–plant and plant–herbivore 605 

interactions (Ehlers & Thompson, 2004; McCormick et al., 2012; Holopainen & Blande, 2013; Ehlers 606 

et al., 2014). The Mediterranean garrigue-type habitat may well become increasingly dominated by 607 

phenolic ecotypes, with corresponding effects on biotic interactions and ecosystem functioning. 608 

 609 

 610 

 611 

 612 

 613 
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Article title: The scent of survival in a warming world: how monoterpenes drive thermal adaptation 847 

in thyme  848 

 849 
The following Supporting Information is available for this article: 850 
 851 

 852 

Figure S1. Greenhouse temperature conditions during the growth of Thymus vulgaris plants used for thermal tolerance 853 
experiments. Plants were grown under controlled winter-like conditions from December 2023 to March 2024 where daily 854 
temperatures were maintained between approximately 5 and 20 °C to simulate Mediterranean winter conditions. The first 855 
thermal tolerance experiment was conducted in April 2024, when all plants were flowering and temperatures ranged from 856 
~13 to 20 °C. After this experiment, greenhouse temperatures were allowed to follow ambient conditions, gradually 857 
increasing with the season. The second thermal tolerance experiment was conducted in mid-August 2024, under summer-858 
like conditions with daily temperatures ranging between 25 and 35 °C. 859 

 860 

 861 

 862 

 863 

 864 

 865 

 866 



 40 

Figure S2. Thermal failure times for all heat stress experiments used in this study to generate chemotype specific TDT 867 
models. Generalized additive models (GAMs) were fitted to the maximum quantum efficiency (Fv/Fm) of PSII as a 868 
function of stress duration for each assay. The fitted GAMs (black lines) show the estimated decrease in Fv/Fm, and 869 
vertical dashed lines indicate the time point at which Fv/Fm dropped by 50%, defining the time of thermal failure. The 870 
individual assays are labelled according to their chemotype and stress intensity in April (44, 45, 46, 47 and 48 °C) and in 871 
August (44, 45, 46, 47, 48 and 49 °C). These temperatures correspond to labels A, B, C, D, and E for April, and A, B, C, 872 
D, E, and F for August. 873 
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Heat stress experiment – August 2024 917 
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 52 

Figure S3. Diurnal field measurements of leaf physiological parameters in Thymus vulgaris across site types from St. 966 
Martin de Londres, southern France, in June 2024. Sites were categorized into site types based on whether the Thymus 967 
vulgaris population was predominantly phenolic, non-phenolic, or mixed (i.e., roughly equal proportions of phenolic and 968 
non-phenolic individuals). Panels show A) leaf net photosynthesis (µmol CO2 m-2 s-1), B) leaf dark respiration (µmol CO2 969 
m-2 s-1), C) leaf transpiration (mm H2O m-2 s-1), D) maximum quantum efficiency of photosystem II (Fv/Fm), and E) 970 
effective quantum efficiency of photosystem II (Fv´/Fm´). Measurements were conducted between approximately 11:00 971 
and 16:00 under ambient light conditions. Leaf temperature during the gas-exchange measurement was set to the 972 
temperature measured on the leaf with a thermocouple immediately before clamping the gas-exchange chamber. 973 

 974 


