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Abstract 8 

Climate change is intensifying extreme heat events, making the thermal tolerance of street trees 9 

increasingly crucial for sustainable urban forestry. In this study, we quantified the 10 

physiological responses of Acer campestre (field maple) to heat stress under varying hydration 11 

conditions by measuring chlorophyll fluorescence parameters. We assessed critical 12 

temperature thresholds (Tcrit) and temperature at 50% reduction in photosystem II efficiency 13 

(T50) through four experimental trials, with the final trial incorporating drought stress. Our 14 

results demonstrated significant hydration-dependent plasticity in thermal tolerance thresholds. 15 

Well-watered specimens exhibited Tcrit values of 37.0–44.0 °C, which declined sharply to 29.0 16 

°C under drought conditions. Following 24-hour rehydration, Tcrit significantly increased 17 

across all trials (t = 7.63, df = 31, p < 0.01), with the most pronounced recovery in drought-18 

stressed specimens from 29.0 °C to 42.0 °C with a mean difference of 8.81 °C (95% CI: 6.46–19 

11.17 °C). In contrast, T50 values remained relatively stable (47.0–50.0°C) with only modest 20 

post-hydration of mean difference 1.19 °C (t = 2.83, df = 31, p < 0.01, 95% CI: 0.33–2.04 °C). 21 

Principal component analysis revealed that hydration status explained 80.41% of variation in 22 

thermal responses, with K-means clustering (silhouette score = 0.45) separating samples into 23 

distinct hydrated and non-hydrated physiological groups. PERMANOVA confirmed 24 

significant treatment effects on multivariate thermal profiles (F = 5.47, R² = 0.41, p = 0.001). 25 

The significant correlation between Tcrit and T50 (r = 0.61, p < 0.01, 95% CI: 0.43–0.74 °C) 26 



suggested coordinated protection across different levels of thermal stress. These findings 27 

demonstrate that immediate hydration status, rather than prior drought conditioning, 28 

predominantly determines thermal resilience in Acer campestre, with critical implications for 29 

urban tree management under increasingly frequent heat extremes. 30 

Introduction 31 

Urban environments increasingly experience excessive temperatures due to climate change and 32 

the urban heat island effect, placing urban vegetation under unprecedented thermal stress. 33 

(IPCC, 2021, 2023; Kendon et al., 2022, 2022). As extreme heat events become more frequent 34 

and intense, the physiological limits of urban trees are tested, threatening their survival and 35 

capacity to provide ecosystem services (Coutts et al., 2015; Grilo et al., 2025). While urban 36 

trees can significantly mitigate local temperatures through shading and evapotranspiration 37 

(Meier & Scherer, 2012), their ability depends critically on maintaining their physiological 38 

function during heat stress. 39 

Chlorophyll fluorescence offers a sensitive, non-invasive approach for quantifying plant 40 

responses to thermal stress by measuring photosystem II efficiency, which typically 41 

experiences damage before other physiological systems (Murchie & Lawson, 2013). This 42 

approach yields two particularly valuable thermal tolerance metrics: critical temperature (Tcrit), 43 

indicating the onset of photosynthetic decline (Tiwari et al., 2021), and T50, the temperature at 44 

which photosynthetic function is reduced by half (Perez & Feeley, 2020). 45 

Previous research has documented considerable variation in thermal tolerance among tree 46 

species, with T50 generally between 45-54°C and Tcrit between 41-51°C (Leon-Garcia & Lasso, 47 

2019; O’sullivan et al., 2017). These studies have identified interspecific differences in thermal 48 

tolerance, often linked to species' native growing conditions and physiological adaptations. 49 

Studies suggest that thermal tolerance is not fixed but dynamic, responding to both genetic 50 



factors and environmental conditions. For instance, studies in agricultural and forest systems 51 

have documented significant variation in thermal tolerance within species (Posch et al., 2022) 52 

and in response to environmental gradients such as elevation (Feeley et al., 2020). Researchers 53 

have also begun to explore potential relationships between drought tolerance and heat 54 

tolerance, suggesting complex interactions between water status and thermal resilience (Kunert 55 

et al., 2022). 56 

Many existing studies assess thermal tolerance under standardized, optimal conditions, often 57 

using well-watered plants and fixed environments that do not fully capture the dynamic and 58 

co-occurring stressors typical of urban settings. This can lead to an overestimation of thermal 59 

resilience, particularly where drought and heat stress interact. Our study addresses this gap by 60 

explicitly manipulating hydration status under controlled conditions to reflect more realistic 61 

urban tree scenarios. 62 

The relationship between hydration status and thermal tolerance represents a critical yet 63 

underexplored dimension of plant heat resilience. Unlike controlled experimental conditions, 64 

urban trees frequently experience varying degrees of water stress that may significantly alter 65 

their effective thermal thresholds. Recent investigations suggest that immediate hydration 66 

status may be a primary determinant of thermal tolerance, potentially even surpassing species-67 

specific adaptations or drought acclimation in importance (Münchinger et al., 2023). This 68 

hypothesis remains inadequately tested, particularly for common urban tree species under field-69 

relevant conditions. 70 

This knowledge gap has significant implications for urban forestry practice. Current 71 

approaches to species selection and management often rely on thermal tolerance values derived 72 

under optimal conditions, potentially misrepresenting performance during real-world heat 73 

events where water stress frequently co-occurs. Understanding how hydration status modulates 74 



thermal thresholds would enable more accurate vulnerability assessments and targeted 75 

irrigation interventions during extreme heat. 76 

Our study addresses this critical gap by quantifying the relationship between hydration status 77 

and thermal tolerance in Acer campestre (field maple), a widely planted urban tree in the UK 78 

and Europe. Through controlled experimental manipulations of both water availability and 79 

temperature exposure, we examine how chlorophyll fluorescence parameters respond to heat 80 

stress under varying hydration conditions. Unlike previous studies that typically assess thermal 81 

tolerance at a single point in time or hydration state, our experimental design specifically 82 

isolates the effects of immediate hydration status versus prior drought conditioning, allowing 83 

us to disaggregate their relative contributions to thermal resilience. 84 

Using multivariate statistical techniques, including principal component analysis and 85 

clustering, we identify the primary drivers of variation in thermal response patterns. This 86 

approach reveals whether thermal tolerance in Acer campestre is primarily determined by 87 

fixed, species-level characteristics or is dynamically regulated by hydration status, a distinction 88 

with important implications for urban tree management under climate change. 89 

Specifically, our research aims to quantify the range and plasticity of thermal tolerance 90 

thresholds in Acer campestre under varying hydration conditions; determine the relative 91 

importance of immediate hydration status versus prior drought exposure in modulating these 92 

thresholds; characterize the relationship between different metrics of thermal tolerance (Tcrit 93 

and T50); and develop practical implications for urban tree management during heat extremes. 94 

Methods 95 

Four independent experimental trials/tests were conducted on eight field maple trees growing 96 

in containers/pots (Figure 1a) on the Open University grounds in Milton Keynes, UK, using 97 

the OSp5+ chlorophyll modulated fluorometer (ADC, Hoddesdon, UK) (Opti-Sciences, 2013). 98 



These trees were growing in a mesocosm system to keep hydrated automatically (Figure 1b). 99 

The first three trials were conducted under normal weather conditions in July of 2023, with a 100 

ten-day gap between them, but in the final trial, drought stress was imposed by withholding 101 

water to simulate extreme drought conditions, and the measurements were taken in late August. 102 

 

Figure 1: a) Trees growing inside pots/containers, b) Mesocosm system inside the pots/containers 103 

Tree species of study 104 

Acer campestre is a common urban tree species in the United Kingdom (Treezilla, 2024). It is 105 

a deciduous tree native to the British Isles and widespread across Europe. Typically reaching 106 

12–15 m in height (up to 25 m in some cases), it is common in hedgerows, woodland edges, 107 

and parklands. The species has light grey, flaking bark and a rounded, low-branching crown. 108 

Its foliage emerges bright green in spring, turning golden to red in autumn. Small yellow-green 109 

flowers appear in late April, followed by twin-winged samaras that disperse by wind in 110 

October. Germination occurs after 18 months of dormancy, with peak growth between ages 5 111 

and 25 (Zecchin et al., 2016). 112 

Controlled experiments for thermal tolerance 113 

Small branches were collected from the trees and brought to the lab. Part of the stem was cut 114 

under water to trap the transition bubble. Leaf discs (2 cm in diameter) from these branches 115 

were extracted using a cork borer to ensure uniform sampling. To maintain aerobic conditions 116 



and prevent anaerobiosis during heating, the leaf discs were enclosed within a tea cloth, with 117 

one layer placed on the adaxial side and another on the abaxial side. The wrapped discs were 118 

then placed in a sealed plastic bag and fully submerged in a water bath, secured with weights 119 

to ensure complete immersion while preventing moisture contamination. 120 

The maximum quantum yield of photosystem II (Fv/Fm) was initially measured at 20 °C to 121 

establish baseline values and verify the physiological integrity of the sampled leaves. The leaf 122 

discs were then subjected to controlled heat treatments in a darkened water bath for fifteen 123 

minutes. Treatment temperatures ranged from 37 °C to 60 °C in 4 °C increments. 124 

Following heat treatments, the leaf discs were retrieved using protective gloves to prevent 125 

physical damage and transferred onto petri dishes lined with moistened paper towels soaked in 126 

distilled water. The samples were subsequently acclimated in a light-free environment under a 127 

dark cloth for fifteen minutes before measuring Fv/Fm using an OS5p+ fluorometer (Opti-128 

Sciences, 2013). After the initial fluorescence measurements, the leaf discs were stored in petri 129 

dishes with closed lids under laboratory conditions (Figure 2) to undergo a 24-hour recovery 130 

phase. Post-recovery Fv/Fm measurements were recorded to evaluate the extent of recovery or 131 

degradation in photosynthetic efficiency. 132 

 133 

Figure 2: Samples left overnight in the lab, with the numbers divided into one horizontal and one vertical, representing the 134 
eight trees and the value of temperature treatment at the top 135 

 136 



Estimating the thermal thresholds 137 

To estimate Tcrit and T50, a logistic nonlinear least squares model was used to characterise the 138 

relationship between Fv/Fm and treatment temperature for each sample (Kunert et al., 2022; 139 

Münchinger et al., 2023; Tiwari et al., 2021). The modelling was implemented using the 'nls' 140 

function within the R ‘stats’ package (Bolar, 2022). Tcrit was defined as the temperature at 141 

which a noticeable decline in Fv/Fm began, identified by detecting the point where the slope 142 

of the Fv/Fm–temperature curve reached 15% of its steepest (most negative) value (Tiwari et 143 

al., 2021). T50 was computed was calculated using Equation 1 as the temperature at which 144 

Fv/Fm dropped to 50% of the average value observed in the control (non-stressed) treatment 145 

(Perez & Feeley, 2020). 146 

𝐹𝑣𝐹𝑚 = 𝑐 + 𝑑 − 𝑐1 + 𝐸𝑥𝑝[𝑏 log( 𝑇𝑇50)] (eq.1) 

In eq.1, T denotes temperature, while c represents the Fv/Fm value at the lower plateau, and d 147 

corresponds to the higher plateau. T50 refers to the temperature at which Fv/Fm declines to 50% 148 

of the total reduction, and b signifies the slope of the curve at T = T50. 149 

Principal component and cluster analysis  150 

To explore multivariate patterns in physiological responses across treatments and time points, 151 

a Principal Component Analysis (PCA) was conducted on scaled data using the ‘prcomp()’ 152 

function in R from the base package ‘stats’ (Bolar, 2022). This dimensionality reduction 153 

technique was used to identify the primary axes of variation. 154 

Unsupervised k-means clustering was applied to identify natural groupings in the data using 155 

the ‘stats’  package (Bolar, 2022). The optimal number of clusters (K) was determined using 156 

the silhouette method from the ‘cluster’ package (Mächler et al., 2012). To statistically test 157 



treatment and cluster differences in multivariate space, Permutational Multivariate Analysis of 158 

Variance (PERMANOVA) was conducted using the ‘adonis2()’ function in the ‘Vegan’ 159 

package (Oksanen et al., 2025). The distance matrix was calculated using Euclidean distances 160 

on scaled variables. 161 

 Results 162 

Thermal threshold values 163 

In our study, the Tcrit and T50 values varied significantly across trials and hydration treatments, 164 

reflecting dynamic changes in thermal tolerance (Table 1; Figures 3 and 4). 165 

Table 1: Tcrit and T₅₀ values across four experimental trials, with measurements taken initially and after a 24-hour hydration 166 
period. Values are shown with 95% confidence intervals. 167 

Trial Date Treatment Tcrit (°C) [95% CI] T50 (°C) [95% CI] 

03/07/2023 Initial 37 [37.9–44.0] 50 [50–52] 

 

After 24 hours 42 [41–45] 50 [48–49] 

13/07/2023 Initial 37 [34–39] 48 [47–49] 

 

After 24 hours 43 [41–45] 48 [48–49] 

23/07/2023 Initial 36 [29–41] 48 [45–49] 

 

After 24 hours 43 [41–45] 48 [48–49] 

28/08/2023 Initial (drought) 29 [24–33] 48 [46–49] 

 

After 24 hours 42 [38–45] 50 [49–52] 

 168 



 169 

Figure 3:Temperature response curves of maximum quantum yield (Fv/Fm) for Acer campestre across four experimental 170 
trials. The solid purple line represents the mean response curve across all replicates, while the green dotted lines show 171 
individual tree replicates (n=8). Vertical red dashed lines indicate the critical temperature thresholds. 172 

 173 

Figure 4: Temperature response curves of maximum quantum yield (Fv/Fm) for Acer campestre after 24 hours of hydration 174 
across four experimental trials. The solid purple line represents the mean response curve across all replicates, while the green 175 
dotted lines show individual tree replicates (n=8). Vertical red dashed lines indicate the critical temperature thresholds. 176 



Tcrit declined throughout the experiment, ranging from 37.0–44.0 °C in the well-watered Trial 177 

1 to as low as 29 °C under extreme drought conditions in Trial 4. This sharp decrease 178 

highlighted the sensitivity of initial damage thresholds to sustained water stress. In contrast, 179 

T50 values that represent the temperature at which 50% of maximum photochemical efficiency 180 

is lost remained more stable, typically ranging between 47.0–49.0 °C, with the highest values 181 

(50.0–52.0 °C) observed in Trials 1 and 4. 182 

The 24-hour hydration treatment significantly improved thermal tolerance across all trials. In 183 

every case, Tcrit increased following the rehydration, with the most striking change observed in 184 

Trial 4, where Tcrit rose from 29.0 °C to 42.0 °C. This recovery was statistically significant 185 

(t = 7.63, df = 31, p < 0.01), with a mean difference of 8.81 °C (95% CI: 6.46–11.17 °C). T50 186 

also increased modestly post-hydration, with a mean difference of 1.19  °C (t = 2.83, df = 31, 187 

p < 0.01; 95% CI: 0.33–2.04 °C). These findings indicate that while both thermal traits 188 

responded to water availability, Tcrit was more sensitive to short-term hydration changes, 189 

making it a valuable early-warning indicator of thermal vulnerability. 190 

Correlation between Tcrit and T50 191 

A Pearson correlation analysis revealed a significant positive association between Tcrit and T₅₀ 192 

(r = 0.61, t = 6.03, df = 62, p < 0.01; 95% CI: 0.43–0.74 °C; Figure 5). This relationship 193 

suggested that individuals with higher thresholds for the onset of thermal damage (Tcrit) also 194 

tend to maintain function at higher peak stress levels (T50). The distinct response magnitudes 195 

underscore that these metrics capture complementary aspects of thermal stress physiology. 196 

 197 



 198 

Figure 5: Pearson correlation between T50 and Tcrit values. The samples in the legend represent the eight replicates across 199 
each temperature treatment. 200 

Principal component and cluster analysis 201 

To explore underlying patterns in thermal tolerance, a Principal Component Analysis (PCA) 202 

was performed on Tcrit and T50 values. The first principal component (PC1) explained 80.41% 203 

of the total variance, primarily capturing differences in Tcrit, while PC2 accounted for 19.59% 204 

(Figure 6a). K-means clustering, validated by silhouette analysis (optimal K = 2, score = 0.45), 205 

separated samples into two distinct physiological groups (Figure 6). 206 

 207 

Figure 6: Number of clusters derived through the silhouette method 208 

Cluster 1 consisted predominantly of post-hydration samples and exhibited consistently high 209 

thermal tolerance (mean Tcrit ~43.0 °C, T50 ~49.0 °C). Cluster 2 included mainly pre-hydration 210 

measurements and was characterized by lower values (Tcrit ~31.0 °C, T50 ~47.0 °C; Figure 7). 211 



The clear separation between these clusters reflects the dominant role of water availability in 212 

driving physiological plasticity in thermal thresholds. 213 

 214 

Figure 7: Principal Component Analysis (PCA) plot showing sample distribution along PC1 (80.41%) and PC2 (19.59%). 215 
Cluster 1 is colour coded in red and Cluster 2 in blue, with the Ellipses representing the 95% confidence intervals for each 216 

cluster. Labels "T1", "T2", "T3", and "T4" present the trials/tests, and their 24-hour post-hydration versions. 217 

Multivariate differences between treatments 218 

To statistically evaluate the combined influence of hydration and experimental treatment, a 219 

PERMANOVA was conducted on scaled Tcrit and T50 values using Euclidean distances. The 220 

analysis confirmed significant treatment effects (F = 5.47, R² = 0.41, p = 0.001), indicating that 221 

variation in thermal responses was strongly explained by hydration status and trial conditions. 222 

This supports the interpretation that short-term water availability is a key determinant of both 223 

individual thermal performance and population-level response structure. 224 

Impact of drought treatments 225 

Drought-stressed samples (T4 treatment) showed greater dispersion in thermal thresholds than 226 

controls (Figure 8). However, PCA revealed substantial overlap between drought and control 227 



treatments along PC1, indicating that hydration status had a more immediate and pronounced 228 

effect on thermal threshold values than drought stress alone. 229 

 230 

Figure 8: Boxplot illustrating the effect of drought stress on PC1 (80.41%) in blue, while the other tests (control) are in red 231 

Discussion 232 

This study investigated the thermal tolerance of Acer campestre under heat and drought stress 233 

through a series of controlled laboratory experiments, incorporating chlorophyll fluorescence-234 

derived metrics (Tcrit and T50). Our findings revealed significant plasticity in thermal tolerance 235 

thresholds primarily driven by hydration status, with important implications for urban tree 236 

management under climate change. 237 

Findings from our research show the dominant role of hydration status in modulating thermal 238 

tolerance in Acer campestre. Across all experimental trials, short-term water availability 239 

emerged as the principal factor influencing thermal response patterns, particularly for Tcrit 240 

values. The consistent and significant improvement in Tcrit following 24 hours of rehydration 241 

with mean increases of up to 13.31 °C in drought-stressed trees demonstrates remarkable 242 

physiological plasticity. This plasticity was confirmed through PCA, where hydration status 243 

explained over 80% of variation in thermal responses, and through cluster analysis, which 244 

separated pre- and post-hydration samples. 245 



The intense recovery of Tcrit from 29.0 °C to 42.0 °C after rehydration in drought-stressed trees 246 

suggests that water availability acts as an immediate and powerful modulator of photosystem 247 

II stability. This aligns with established physiological mechanisms where adequate hydration 248 

maintains cellular turgor, stabilizes thylakoid membranes, supports enzyme function, and 249 

facilitates repair processes within the photosynthetic apparatus (Kim & Portis, 2005). The rapid 250 

recovery observed here likely reflects the re-establishment of these protective mechanisms 251 

rather than acclimation through new protein synthesis, which would require longer timeframes. 252 

Our results revealed contrasting patterns between Tcrit and T50 responses to hydration and 253 

drought stress. While both metrics showed significant correlations (r = 0.61, p < 0.01), their 254 

markedly different sensitivities to water availability suggest they capture distinct aspects of 255 

thermal tolerance. Tcrit, representing the onset of thermal damage, was highly responsive to 256 

short-term hydration changes, varying by as much as 13.31 °C between treatments. In contrast, 257 

T₅₀ remained relatively stable (47.0-50.0°C) across experimental conditions, showing only 258 

modest changes with hydration status. 259 

This differential response pattern suggests a physiological decoupling between the mechanisms 260 

governing initial stress detection (Tcrit ) and those protecting against the onset of permanent 261 

damage (T50). Initial thermal damage likely involves thermolabile proteins and disruption of 262 

electron transport processes that are highly sensitive to the immediate cellular environment, 263 

including water status (Sharkey, 2005). In contrast, resistance to severe heat stress (T50) may 264 

depend more on inherent structural properties of the photosynthetic apparatus and heat shock 265 

protein expression, which are less rapidly modified by hydration alone (Bourgine & Guihur, 266 

2021). 267 

These distinct response patterns have important implications for interpreting thermal tolerance 268 

studies. Our findings suggest that Tcrit is a more sensitive indicator of current physiological 269 

condition, while T50 may better reflect intrinsic species-level thermal limits. This distinction 270 



may explain some of the contradictory results in the literature regarding species rankings for 271 

heat tolerance, particularly when hydration status is not controlled or reported. 272 

The thermal tolerance thresholds observed in Acer campestre provide valuable context for 273 

understanding its potential resilience relative to other urban tree species. Under optimal 274 

conditions, the Tcrit values of 42-44 °C observed in hydrated samples align with those reported 275 

for moderately heat-tolerant deciduous species (Slot et al., 2019). However, the substantial 276 

decline in Tcrit to 29 °C under drought stress places water-limited Acer campestre in a highly 277 

vulnerable category, especially considering that urban surface temperatures can exceed 40 °C 278 

during extreme heat events. 279 

Compared to other common urban trees such as Quercus and Platanus that typically exhibit 280 

T50 values up to 52-54 °C (Gillner et al., 2015; Teskey et al., 2015), the T50 values we observed 281 

(47-50°C) position Acer campestre in the mid-range of thermal tolerance. This suggests that 282 

Acer campestre may withstand short-duration heat events when adequately hydrated but could 283 

be vulnerable to prolonged high temperatures, particularly when combined with drought stress. 284 

The substantial recovery capacity demonstrated by Acer campestre following rehydration is 285 

noteworthy in the context of urban tree resilience. This ability to rapidly restore thermal 286 

tolerance with improved water availability could be an important adaptive feature for surviving 287 

the fluctuating moisture conditions typical of urban environments. However, the incomplete 288 

recovery observed in some metrics after severe drought suggests there may be limits to this 289 

plasticity, particularly under repeated or prolonged stress events. 290 

Our findings have significant implications for urban forestry management as cities face 291 

increasing heat stress. The strong dependence of thermal tolerance on hydration status suggests 292 

that irrigation strategies may be as important as species selection for maintaining resilient urban 293 



forests. Given that Tcrit declined to potentially dangerous levels (29°C) under drought 294 

conditions, ensuring adequate soil moisture should be a priority for tree management. 295 

The significant correlation between Tcrit and T50 indicates that individuals with higher 296 

thresholds for initial damage also tend to withstand higher peak stress levels. This relationship 297 

could potentially be leveraged in screening programs to identify especially resilient individuals 298 

within species for propagation and urban planting. However, the substantial intra-species 299 

variation observed in our study, particularly under variable hydration conditions, cautions 300 

against overgeneralizing from small sample sizes or single-condition measurements. 301 

The patterns of thermal decline and recovery observed in our study reflect the complex 302 

interplay between water status and photosynthetic function under heat stress. The rapid 303 

improvement in Tcrit following rehydration suggests involvement of mechanisms such as 304 

membrane stabilization, osmotic adjustment, and restoration of electron transport efficiency. 305 

These immediate physiological responses likely precede longer-term acclimation processes 306 

such as heat shock protein synthesis or changes in membrane composition. 307 

The relatively stable T50 values across treatments suggest that protection against severe heat 308 

damage may involve more constitutive mechanisms less dependent on immediate water status. 309 

This could include structural adaptations in the photosynthetic apparatus, baseline levels of 310 

heat shock proteins, or other genetically determined protective features (Sharkey, 2005). The 311 

partial maintenance of these protections even under drought stress may represent an important 312 

survival strategy, preserving core photosynthetic function while allowing peripheral processes 313 

to fluctuate with environmental conditions. 314 

The incomplete recovery of thermal tolerance after severe drought, particularly in the final trial, 315 

raises questions about potential cumulative effects of repeated stress exposure. While short-316 

term recovery was substantial, the persistence of some stress effects suggests that consecutive 317 



heat and drought events could progressively erode resilience, potentially leading to lasting 318 

damage or mortality. This aligns with observations from field studies showing increased tree 319 

mortality following multiple extreme events (Allen et al., 2015; Teskey et al., 2015). 320 

Several limitations should be considered when interpreting our results. First, our experiments 321 

used potted trees, which may experience different root conditions than those in urban settings. 322 

The controlled nature of the study, while allowing for precise manipulation of variables, may 323 

not fully capture the complexity of urban microclimates. Additionally, our focus on short-term 324 

responses does not address potential seasonal acclimation or long-term adaptation processes. 325 

Future research should expand this approach to include a wider range of urban tree species, 326 

allowing for comparative assessment of hydration-dependent thermal plasticity. Longer-term 327 

studies that incorporate repeated stress events and recovery periods would help elucidate 328 

potential cumulative effects and acclimation capacity. Field-based assessments that measure 329 

thermal tolerance in situ across urban moisture gradients would complement our controlled 330 

findings and provide more direct management insights. 331 

Investigation of the cellular and molecular mechanisms underlying the observed thermal 332 

responses would further advance our understanding of heat tolerance in woody plants. 333 

Particular attention should be paid to the physiological basis for the differential sensitivity of 334 

Tcrit and T50 to hydration status, which may involve distinct protective pathways. 335 

Conclusion 336 

This study demonstrates that Acer campestre exhibits remarkable physiological plasticity in 337 

thermal tolerance, primarily driven by hydration status. Our results revealed distinct thermal 338 

response patterns across experimental treatments, with significant implications for urban 339 

forestry management under climate change. 340 



The most substantive finding was the dramatic variability in Tcrit values based on hydration 341 

condition. Well-watered specimens maintained Tcrit values between 37.0-44.0 °C, which 342 

declined to as low as 29.0 °C under severe drought stress. Following 24-hour rehydration, Tcrit 343 

significantly increased across all trials (t = 7.63, df = 31, p < 0.01), with the most striking 344 

recovery observed in drought-stressed specimens (from 29.0 °C to 42.0 °C). This recovery was 345 

statistically significant with a mean difference of 8.81 °C (95% CI: 6.46-11.17 °C), 346 

demonstrating the profound impact of short-term hydration on photosystem II resilience. 347 

In contrast, T50 values showed more stability, typically ranging between 47.0-50.0 °C across 348 

treatments. While T50 also increased modestly post-hydration (mean difference 1.19°C, t = 349 

2.83, df = 31, p < 0.01; 95% CI: 0.33-2.04 °C), the magnitude of change was substantially 350 

smaller than for Tcrit. This differential response pattern suggests distinct physiological 351 

mechanisms govern initial thermal damage versus catastrophic photosystem failure. 352 

Principal Component Analysis confirmed the dominant role of hydration in driving thermal 353 

tolerance, with the first principal component explaining 80.41% of total variance, primarily 354 

capturing differences in Tcrit. K-means clustering (optimal K = 2, silhouette score = 0.45) 355 

separated samples into two distinct physiological groups: Cluster 1, consisting predominantly 356 

of post-hydration samples with high thermal tolerance (mean Tcrit  ~43.0 °C, T₅₀ ~49.0 °C), and 357 

Cluster 2, comprised mainly of pre-hydration measurements with lower thresholds (Tcrit  ~31.0 358 

°C, T50 ~47.0 °C). PERMANOVA confirmed significant treatment effects (F = 5.47, R² = 0.41, 359 

p = 0.001), with variation in thermal responses strongly explained by hydration status. 360 

The significant positive correlation between Tcrit and T50 (r = 0.61, p < 0.01; 95% CI: 0.43-0.74 361 

°C) indicates that individuals with higher thresholds for initial damage also tend to maintain 362 

function at higher peak stress levels. This relationship suggests coordinated thermal protection 363 

mechanisms operating across different levels of stress intensity. 364 



Our findings have important practical implications for urban tree management. Given that Tcrit 365 

declined to potentially hazardous levels under drought conditions (29.0 °C), well below 366 

temperatures commonly experienced in urban areas during summer, maintaining adequate soil 367 

moisture during heat waves appears critical for preserving physiological function. The rapid 368 

recovery of thermal tolerance following rehydration suggests that timely irrigation 369 

interventions could substantially improve tree resilience during extreme heat events. 370 

As climate change intensifies urban heat and drought stress, understanding the dynamic 371 

relationship between hydration and thermal tolerance becomes increasingly valuable for urban 372 

forestry. Future research should explore whether similar hydration-dependent thermal 373 

plasticity exists across other common urban tree species and investigate the long-term 374 

consequences of repeated stress exposure. Integrating these physiological insights into urban 375 

tree selection and management strategies could significantly enhance the resilience of urban 376 

forests under future climate scenarios. 377 

Statements and Declarations 378 

Funding: The research was funded by the Engineering and Physical Sciences Research 379 

Council of the UK.  380 

Competing interests: The authors have no relevant financial or non-financial interests to 381 

disclose 382 

Clinical Trial Registration: Not applicable. 383 

Consent to Publish declaration: Not applicable. 384 

Ethics and consent to Participate declaration: The plant material used in this study, Acer 385 

campestre, was cultivated on the Open University grounds and not collected from the wild. All 386 



procedures complied with local and national guidelines for plant research. No permits or 387 

licenses were required. 388 

Author Contributions: Ramla Khan wrote the draft, collected the data, and performed 389 

analysis as part of her Phd work. David Gowing and Philip Wheeler, in the position of 390 

supervisors, revised the document, gave suggestions for the analysis protocol and data 391 

collection. 392 

Data: The data that support the findings of this study are openly available at Zenodo on the 393 

link: Ramla101/Thermal-Tolerance-of-Acer-Campestre: Thermal Tolerance of Acer 394 

Campestre 395 

References 396 

Allen, C. D., Breshears, D. D., & McDowell, N. G. (2015). On Underestimation of Global 397 

Vulnerability to Tree Mortality and Forest Die-off from Hotter Drought in The Anthropocene". 398 

ECOSPHERE. 399 

Bolar, K. (2022, October 12). R Stats Package. https://cran.r-400 

project.org/web/packages/STAT/STAT.pdf 401 

Bourgine, B., & Guihur, A. (2021). Heat Shock Signaling in Land Plants: From Plasma 402 

Membrane Sensing to the Transcription of Small Heat Shock Proteins. Frontiers in Plant 403 

Science, 12. https://doi.org/10.3389/fpls.2021.710801 404 

Coutts, A. M., White, E. C., Tapper, N. J., Beringer, J., & Livesley, S. J. (2015). Temperature 405 

and Human Thermal Comfort Effects of Street Trees Across Three Contrasting Street Canyon 406 

Environments". THEORETICAL AND APPLIED CLIMATOLOGY. 407 

https://zenodo.org/records/15376889
https://zenodo.org/records/15376889


Feeley, K., Martinez-Villa, J., Perez, T., Silva Duque, A., Triviño Gonzalez, D., & Duque, A. 408 

(2020). The Thermal Tolerances, Distributions, and Performances of Tropical Montane Tree 409 

Species. Frontiers in Forests and Global Change, 3. https://doi.org/10.3389/ffgc.2020.00025 410 

Gillner, S., Korn, S., & Roloff, A. (2015). Leaf-Gas Exchange of Five Tree Species at Urban 411 

Street Sites. Arboriculture & Urban Forestry, Volume 41, 113–124. 412 

https://doi.org/10.48044/jauf.2015.012 413 

Grilo, F., McPhearson, T., Aleixo, C., Santos-Reis, M., & Branquinho, C. (2025). Urban trees 414 

through a functional traits lens: Exploring the interplay between tree functional groups and 415 

social-ecological factors. Urban Forestry & Urban Greening, 107, 128749. 416 

https://doi.org/10.1016/j.ufug.2025.128749 417 

IPCC. (2021). Assessment Report 6 Climate Change 2021: The Physical Science Basis. In 418 

IPCC. 419 

IPCC. (2023). SYNTHESIS REPORT OF THE IPCC SIXTH ASSESSMENT REPORT (AR6) 420 

(Diriba Korecha Dadi). Panmao Zhai. 421 

Kendon, M., McCarthy, M., Jevrejeva, S., Matthews, A., Sparks, T., Garforth, J., & Kennedy, 422 

J. (2022). State of the UK Climate 2021. International Journal of Climatology, 42(S1), 1–80. 423 

https://doi.org/10.1002/joc.7787 424 

Kim, K., & Portis, A. R., Jr. (2005). Temperature Dependence of Photosynthesis in Arabidopsis 425 

Plants with Modifications in Rubisco Activase and Membrane Fluidity. Plant and Cell 426 

Physiology, 46(3), 522–530. https://doi.org/10.1093/pcp/pci052 427 

Kunert, N., Hajek, P., Hietz, P., Morris, H., Rosner, S., & Tholen, D. (2022). Summer 428 

temperatures reach the thermal tolerance threshold of photosynthetic decline in temperate 429 

conifers. Plant Biology, 24(7), 1254–1261. https://doi.org/10.1111/plb.13349 430 



Leon-Garcia, I. V., & Lasso, E. (2019). High heat tolerance in plants from the Andean 431 

highlands: Implications for paramos in a warmer world. PLOS ONE, 14(11), e0224218. 432 

https://doi.org/10.1371/journal.pone.0224218 433 

Mächler, M., Rousseeuw, P., Struyf, A., Hubert, M., & Hornik, K. (2012). Cluster: Cluster 434 

Analysis Basics and Extensions. In R packages (Vol. 1). 435 

Meier, F., & Scherer, D. (2012). Spatial and Temporal Variability of Urban Tree Canopy 436 

Temperature During Summer 2010 in. THEORETICAL AND APPLIED CLIMATOLOGY. 437 

Münchinger, I. K., Hajek, P., Akdogan, B., Caicoya, A. T., & Kunert, N. (2023). Leaf thermal 438 

tolerance and sensitivity of temperate tree species are correlated with leaf physiological and 439 

functional drought resistance traits. Journal of Forestry Research, 34(1), 63–76. 440 

https://doi.org/10.1007/s11676-022-01594-y 441 

Murchie, E. H., & Lawson, T. (2013). Chlorophyll fluorescence analysis: A guide to good 442 

practice and understanding some new applications. Journal of Experimental Botany, 64(13), 443 

3983–3998. https://doi.org/10.1093/jxb/ert208 444 

Oksanen, J., Simpson, G. L., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., O’Hara, 445 

R. B., Solymos, P., Stevens, M. H. H., Szoecs, E., Wagner, H., Barbour, M., Bedward, M., 446 

Bolker, B., Borcard, D., Carvalho, G., Chirico, M., Caceres, M. D., Durand, S., … Borman, T. 447 

(2025). vegan: Community Ecology Package (Version 2.6-10) [Computer software]. 448 

https://cran.r-project.org/web/packages/vegan/index.html 449 

Opti-Sciences. (2013). OS5p+ User’s Guide. www.optsci.com 450 

O’sullivan, O. S., Heskel, M. A., Reich, P. B., Tjoelker, M. G., Weerasinghe, L. K., Penillard, 451 

A., Zhu, L., Egerton, J. J. G., Bloomfield, K. J., Creek, D., Bahar, N. H. A., Griffin, K. L., 452 

Hurry, V., Meir, P., Turnbull, M. H., & Atkin, O. K. (2017). Thermal limits of leaf metabolism 453 

across biomes. Global Change Biology, 23(1), 209–223. https://doi.org/10.1111/gcb.13477 454 



Perez, T. M., & Feeley, K. J. (2020). Photosynthetic heat tolerances and extreme leaf 455 

temperatures. Functional Ecology, 34(11), 2236–2245. https://doi.org/10.1111/1365-456 

2435.13658 457 

Posch, B. C., Hammer, J., Atkin, O. K., Bramley, H., Ruan, Y.-L., Trethowan, R., & Coast, O. 458 

(2022). Wheat photosystem II heat tolerance responds dynamically to short- and long-term 459 

warming. Journal of Experimental Botany, 73(10), 3268. https://doi.org/10.1093/jxb/erac039 460 

Sharkey, T. D. (2005). Effects of moderate heat stress on photosynthesis: Importance of 461 

thylakoid reactions, rubisco deactivation, reactive oxygen species, and thermotolerance 462 

provided by isoprene. Plant, Cell and Environment, 28(3), 269–277. 463 

https://doi.org/10.1111/j.1365-3040.2005.01324.x 464 

Slot, M., Krause, G. H., Krause, B., Hernández, G. G., & Winter, K. (2019). Photosynthetic 465 

heat tolerance of shade and sun leaves of three tropical tree species. Photosynthesis Research, 466 

141(1), 119–130. https://doi.org/10.1007/s11120-018-0563-3 467 

Teskey, R., Wertin, T., Bauweraerts, I., Ameye, M., McGuire, M. A., & Steppe, K. (2015). 468 

Responses of tree species to heat waves and extreme heat events. Plant, Cell & Environment, 469 

38(9), 1699–1712. https://doi.org/10.1111/pce.12417 470 

Tiwari, R., Gloor, E., da Cruz, W. J. A., Schwantes Marimon, B., Marimon-Junior, B. H., Reis, 471 

S. M., de Souza, I. A., Krause, H. G., Slot, M., Winter, K., Ashley, D., Béu, R. G., Borges, C. 472 

S., Da Cunha, M., Fauset, S., Ferreira, L. D. S., Gonçalves, M. D. A., Lopes, T. T., Marques, 473 

E. Q., … Galbraith, D. (2021). Photosynthetic quantum efficiency in south-eastern Amazonian 474 

trees may already be affected by climate change. Plant, Cell & Environment, 44(7), 2428–475 

2439. https://doi.org/10.1111/pce.13770 476 

Treezilla, T. (2024). Treezilla. https://treezilla.org/ 477 



Zecchin, B., Caudullo, G., & de Rigo, D. (2016). Acer campestre in Europe: Distribution, 478 

habitat, usage and threats. 479 

 480 


