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Abstract 22 

Temperatures could routinely exceed the optimal levels for photosynthesis as global 23 

warming intensifies, imposing thermal stress on the productivity of vegetation. We utilised 24 

satellite-derived canopy temperature and gross primary productivity (GPP) data from 25 

2003 to 2024 to identify the ecosystem-level optimal canopy temperature (Tcan 
opt ) for global 26 

photosynthesis and the extent of any thermal acclimation, which may offset warming 27 

impacts. Our findings indicated that across the globe, heat-induced restrictions on global 28 

photosynthesis are worsening, and areas subjected to thermal limitations have expanded 29 

by 1.7 billion hectares (57% increase) over the last 22 years. The number of days per year 30 

with high thermal suppression of photosynthesis during that period has increased sharply, 31 

averaging 28 days globally, and is especially high in tropical forests (117 days) and key 32 

agricultural regions (39 days). We demonstrate that vegetation acclimation to higher 33 

canopy temperature is partially mitigating emerging heat stress, but it is insufficient to 34 

keep up with the rate of global warming, with more than 90% of vegetated areas, and 35 

from locations across the globe, exhibiting partial acclimation. A key feature of our 36 

analysis is the use of canopy-level temperatures, which more accurately represent the 37 

actual temperatures that vegetation physiologically responds to, rather than previous 38 

research using air temperature. This difference accounts for our identified more rapidly 39 

intensifying vegetation response to warming than that estimated by other analyses. 40 

Overall, our canopy-level analysis reveals an escalating threat to global vegetation 41 

productivity and highlights the need for climate models to have refined land components, 42 

which often rely on air-temperature forcing and simplified acclimation schemes. Required 43 

are targeted ecosystem management strategies for adaptation to further global warming. 44 

 45 

Keywords: canopy temperature, gross primary productivity, optimum temperature, 46 

thermal acclimation, thermal stress 47 
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Main Text 49 

Photosynthesis, as a fundamental component of plant growth and the carbon cycle, provides 50 

food and fibre that are essential for ecosystems and society [1,2]. The rate of photosynthetic 51 

carbon sequestration in plants is highly sensitive to global warming across scales, from 52 

individual leaves to entire ecosystems [3–5]. The temperature response of photosynthesis 53 

typically follows a unimodal curve that first increases relatively slowly with temperature until 54 

it exceeds the optimum (Topt) [6–8], after which the rate declines very rapidly. This substantial 55 

asymmetry implies that knowing Topt is crucial, as should the temperature rise above it, then a 56 

strong suppression of photosynthesis will occur. Hence, insights into Topt values provide vital 57 

information for assessing the margin of safety between current warming levels and the higher 58 

optimal temperature [9–12], or the extent to which thermal limits have been reached [13,14] 59 

under climate change. Heatwaves have become more frequent and widespread in recent decades, 60 

and in tandem with ongoing background climatic warming, this has caused many instances of 61 

observed severe suppression of vegetation productivity and even large-scale die-offs [15–17]. 62 

These rapidly escalating heatwaves and associated extreme temperature events underscore, in 63 

particular, the pressing need for a thorough data-led evaluation of the current state and changes 64 

in thermal limitation risk for global vegetation.  65 

  66 

Field experiments and biochemical models suggest that plants can partially adapt to varying 67 

background temperature levels by self-regulation [6,18]. For example, tropical plants exhibit a 68 

higher Topt than plants in temperate and boreal regions [8,19]. Topt can also increase (i.e., 69 

acclimate) with rising temperature and the concentration of atmospheric carbon dioxide (CO2), 70 

alleviating any potential negative impacts of human-induced global warming on photosynthesis 71 

[12,20]. However, considerable debate persists regarding whether global vegetation can fully 72 

acclimate to changes in temperature on a decadal scale, and if not, then what is the extent of 73 

partial acclimation that may occur [8,21,22]. Previous studies have primarily relied on space-74 

for-time substitution to estimate rates of acclimation [8,12], which implicitly assume that 75 

vegetation thermal optima are in (or close to) equilibrium with the local climate (i.e., near-unity 76 
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tracking of warming). However, spatial variation in Topt largely reflects long-term adaptation to 77 

the climate of origin, whereas temporal changes over recent decades are constrained by shorter-78 

term physiological acclimation and ecological limits [23,24]. As a result, space-for-time 79 

approaches may overestimate the capacity of Topt to track rapid contemporary warming. 80 

Furthermore, while leaf- and site-level studies provide critical physiological insights [25–28], 81 

ecosystem-scale assessments remain scarce. Few studies explicitly assess whether observed 82 

temporal adjustments in Topt actually reduce exposure to supra-optimal heat stress. Taken 83 

together, these gaps reflect an insufficient understanding of the short-term thermal acclimation 84 

of ecosystem-scale Topt, which in turn greatly impedes our ability to accurately quantify the 85 

capacity of vegetation to cope with a warming world. 86 

 87 

Much of our knowledge of ecosystem-level Topt arises from studies examining the response of 88 

photosynthesis to ambient air temperature (Tair) [8,12,21,22]. Although this approach yields 89 

valuable information, photosynthesis is more directly governed by the leaf temperature (Tleaf)  90 

[29] or canopy temperature (Tcan). Substantial evidence shows that Tcan can significantly differ 91 

from air temperature due to the influence of environmental controls (e.g., water stress and solar 92 

radiation), foliar traits, and canopy structure [28– 33]. While transpirational cooling and 93 

microclimatic buffering can maintain Tcan below or increase more slowly than Tair [34,35], 94 

intense solar radiation can conversely drive Tcan above or warm faster ambient air temperatures 95 

[36,37]. These driving mechanisms often coexist, exhibiting complex spatial and temporal 96 

heterogeneity in the patterns of canopy temperature [36,38]. With the continuously expanding 97 

availability of canopy temperature observations from thermal cameras and satellites [13,31], we 98 

now have the opportunity to gain novel insights into the more physiologically relevant response 99 

of photosynthesis to temperature at the canopy scale. 100 

 101 

Here, we used simultaneous satellite-derived observations of canopy temperature (Tcan) and 102 

gross primary productivity (GPP) to investigate how photosynthesis has responded to changes 103 

in canopy thermal conditions over the last two decades (2003–2024) (see Methods). Although 104 
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the temperature response of photosynthesis is ultimately determined at the leaf scale, we 105 

emphasize that Tcan used here represents an ecosystem-scale, spatially integrated radiometric 106 

signal of the vegetation canopy rather than the temperature of individual leaves or specific 107 

canopy layers. It serves as a robust proxy for the thermal environment experienced by 108 

vegetation and covaries closely with leaf temperature over broad spatio-temporal scales. 109 

Consistent with this, both canopy temperature and vegetation productivity in our study 110 

represent spatially and vertically integrated canopy- to ecosystem-scale signals rather than leaf-111 

scale measurements.  112 

 113 

Using the full record, we first characterized the global distribution of the optimal canopy 114 

temperature for ecosystem photosynthesis (Tcan 
opt ) and explored its dependence on background 115 

climatic conditions. We then quantified local shifts in Tcan 
opt  over the last 22 years to assess 116 

whether thermal acclimation has occurred. Finally, we evaluated changes in the magnitude and 117 

range of thermal conditions experienced by global vegetation, with a particular focus on the 118 

extent and frequency of supra-optimal heat stress and on whether acclimation has kept pace 119 

sufficiently to constrain such stress. To contextualize our findings, we compared our results 120 

against traditional Tair-based assessments in our analysis to investigate how reliance on Tair may 121 

have influenced previous estimates [8,12,21,22] relative to the actual thermal conditions 122 

experienced by plant canopies. The robustness of our results was further verified using three 123 

alternative GPP proxies: the near-infrared reflectance of vegetation (NIRV) [39], its 124 

photosynthetically active radiance-multiplied product (NIRVP) [40], and the contiguous solar-125 

induced chlorophyll fluorescence (CSIF) [41]. In addition, we independently evaluated the 126 

satellite-derived Tcan against site-scale aerodynamic canopy temperature estimates derived from 127 

eddy-covariance observations. By integrating a physiologically grounded canopy-temperature 128 

framework, high-resolution (1-km) observations, and extended temporal coverage, our study 129 

aims to advance the previous research [8,12,21,22], providing an explicit assessment of how 130 

vegetation thermal exposure and acclimation capacity are evolving in a warming world. 131 

 132 
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Results 133 

Spatial distribution of Tcan 
opt  134 

We identified the global pattern of Tcan 
opt  for photosynthesis by using simultaneous satellite 135 

observations of canopy temperature and GPP data from 2003 to 2024 inclusive (see Methods). 136 

The average Tcan 
opt  across all global vegetated areas was estimated to be 30±6°C (mean ± 1 137 

standard deviation), with 98% of the areas falling within the range of 20–50°C (Fig. 1a, b). Tcan 
opt  138 

exhibited substantial geographical heterogeneity in its spatial distribution, as shown in Fig. 1a. 139 

Along latitudinal gradients, higher values of Tcan 
opt  were found in tropical regions (33±4°C) 140 

compared to polar regions (25±4°C), which are generally warmer locations due to more intense 141 

solar radiation. Arid regions such as the Sahel, the Somali Peninsula, the central United States 142 

of America, central Asia, and northern Australia had especially high Tcan 
opt  values nearing 50°C, 143 

likely due to the additional effect of limited water availability. In addition, lower values of Tcan 
opt  144 

close to 20°C were observed in high-altitude regions like the Tibetan Plateau and the Andes in 145 

Chile. We also estimated the global optimal air temperature (Tair 
opt) for photosynthesis using air 146 

temperature from the ECMWF Reanalysis v5 (ERA5-Land) product (Fig. S1a). Tcan 
opt  and Tair 

opt 147 

exhibited similar spatial patterns, but Tair 
opt (25±5℃) was substantially lower than Tcan 

opt  (Fig. 1b 148 

and Fig. S1a). This discrepancy occurred because the cooling effect of foliar transpiration 149 

during daytime photosynthesis, particularly under strong midday sunlight, is insufficient to 150 

counteract radiative heating [35,36], thereby leading to canopy temperatures that exceed the 151 

ambient air temperature. This difference was especially pronounced in arid regions (Fig. S1b), 152 

where it could exceed 15°C due to further restrictions on transpiration. 153 

  154 

We then analysed how optimal temperatures depend on background precipitation levels and 155 

temperature forcings. Hence, in Figs. 1c, d we present Tcan 
opt  and Tair 

opt as functions of the climatic 156 

space defined by both mean growing-season daily maximum air temperature (Tair 
gs ) and mean 157 

annual precipitation (MAP). Both Tcan 
opt  and Tair 

opt increased with background temperature around 158 

the globe, consistent with both previous studies attributing this relationship to evolutionary 159 

adaptation [6–8,42] and features of Fig. 1a. The spatial sensitivities of Tcan 
opt  and Tair 

opt to Tair 
gs  were 160 
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positive but less than unity for most precipitation bins (right-hand panels of Fig. 1c, d), 161 

suggesting that spatial gradients of Tcan 
opt  generally follow, but do not fully keep pace with the 162 

increases in background temperature. This difference may be due to hydraulic and phenological 163 

limitations or caused by lower interannual variability in warmer regions [43]. The sensitivities 164 

of Tcan 
opt  and Tair 

opt to background temperature were robust (Fig. S2), regardless of how background 165 

temperature was defined and whether employing daily maximum instead of daily average 166 

temperature or using annual instead of growing-season data. 167 

 168 

Notable, however, was that Tcan 
opt  consistently exhibits negative (i.e. decreasing) sensitivity to 169 

increasing background precipitation across most temperature ranges (Fig. 1c). This suggests 170 

that vegetation in drier environments can tolerate high foliar temperature extremes by having 171 

more raised Tcan 
opt  values (as also reflected geographically in higher Tcan 

opt  values; Fig. 1a). Plants 172 

in arid regions often close their stomata, or reduce stomatal density, to minimise the loss of 173 

water, but this also results in reduced transpirational cooling and consequently higher foliar 174 

surface temperatures [10,44,45]. Given this trade-off, plants tend to adapt by allowing higher 175 

foliar temperatures rather than potentially dying from the loss of water, and this may also 176 

explain the higher Tcan 
opt  values in such locations. Our findings in Fig. 1a and 1c suggest the 177 

capability of plants to enhance their heat tolerance by physiological and morphological 178 

adjustments, or by altering community composition, such as by increasing the proportion of 179 

heat-tolerant C4 plants [46]. Knowledge of canopy temperature, therefore, effectively integrates 180 

the effects of both ambient air temperature and water stress, to give a reliable estimate of 181 

optimal temperature, T 
opt, as a function of both these climatological drivers. This negative 182 

sensitivity of Tcan 
opt  to MAP remains consistent across different background temperatures (Figs. 183 

S2 and S3). However, Tair 
opt depended only weakly on spatial variations in precipitation, with 184 

sensitivities close to or slightly above zero across most temperature bins (Fig. 1d). This finding 185 

suggests that air temperature does not capture the adaptation of vegetation to water stress, likely 186 

due to its poor representation of the physiological and structural responses of vegetation to 187 

environmental change [31,38]. These errors matter, as in a changing climate that is altering both 188 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/advance-article/doi/10.1093/nsr/nw

ag347/8713289 by U
K C

entre for Ecology & H
ydrology user on 30 June 2026



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

temperature and aridity levels, it is important to avoid compensating errors appearing in any 189 

dependencies of calibrated parameters of vegetation models, such as T 
opt. These findings were 190 

also consistently reproduced when using alternative GPP proxies (NIRV, NIRVP and CSIF; Figs. 191 

S4-S6). 192 

 193 

Thermal acclimation of Tcan 
opt  194 

The optimal temperature for global photosynthesis is not static, and this holds particular 195 

importance in the context of rapid climate warming caused by human burning of fossil fuels. 196 

We found that the Tcan 
opt  value for vegetation productivity increased significantly from 2003 to 197 

2024 at both regional and global scales. The globally average value of T can 
opt  increased by 198 

approximately 0.076℃ y-1 over the last 22 years (Fig. 2b). Regionally, Tcan 
opt  tended to increase 199 

with statistical significance (i.e. with a regression fit of P-value<0.05) in 19% of vegetated areas 200 

worldwide, while it decreased significantly in only about 0.01% of the vegetated areas (Fig. 2a). 201 

Optimal temperatures exhibited a more widespread significant increase in tropical regions 202 

(0.083℃ y-1) and so at a rate higher than the global average. In some high-latitude areas and 203 

arid regions, the rate of increase was even more rapid, reaching up to 0.4℃ y-1, though 204 

substantial spatial heterogeneity was observed in both instances. In comparison, the global 205 

increase in projected Topt when derived from air temperature was about 0.042℃ y-1, suggesting, 206 

possibly incorrectly, markedly slower changes in canopy temperatures (Fig. 2a and Fig. S7). 207 

 208 

A key question is whether the observed changes in Topt have tracked global warming and hence 209 

demonstrated a capacity to acclimate thermally to anthropogenic climate change. To assess this, 210 

we quantified the magnitude of thermal acclimation for each vegetation grid as the ratio ∂Tcan 
opt / 211 

∂Tcan 
max, derived from the regression coefficient between Tcan 

opt  and Tcan 
max over the 22-year study 212 

period (Fig. 2c). Globally, we find that thermal acclimation is overwhelmingly partial. 213 

Vegetation exhibited an average acclimation magnitude of 0.37 °C per 1 °C, with over 90% of 214 

vegetated areas falling below unity (the 1:1 tracking benchmark). This empirical evidence at 215 

the ecosystem scale confirms that vegetation has only partially kept pace with rising heat stress, 216 
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a finding remarkably consistent with established leaf-level observations [24–27]. Spatially, 217 

thermal acclimation was strongest and most significant in high-latitude regions (Fig. 2c, d), 218 

likely driven by large interannual temperature variability [22], warming-induced stimulation of 219 

nitrogen mineralization [48], and rapid shifts in species composition toward more productive 220 

functional groups [49]. This suggests that vegetation in these regions may be better able to cope 221 

with intensifying heat stress. Tropical rainforests also exhibited spatially widespread significant 222 

acclimation (Fig. 2c); however it failed to fully track the imposed climate change. Because 223 

ambient temperatures in these biomes are already approaching critical physiological thresholds 224 

[13], such partial adjustment provides only limited protection against future warming. In 225 

contrast, most other regions showed weak or insignificant acclimation. Such limited responses 226 

could arise from insufficient temporal changes in canopy temperature to trigger acclimation [8] 227 

or from inherent physiological and ecological constraints that prevent thermal adjustment on 228 

decadal timescales. Moreover, species with broad photosynthetic thermal response curves may 229 

not need to shift Topt [50], as moderate temperature changes do not substantially suppress their 230 

photosynthetic capacity. Finally, thermal acclimation estimated from air temperature exhibited 231 

similar spatial patterns, confirming the overall incomplete acclimation of vegetation to warming 232 

(Fig. S8). However, magnitudes based on air temperature were generally lower in tropical, arid, 233 

and temperate regions, but higher at high latitudes, reflecting regional biases when using air 234 

temperature to assess acclimation. These findings remained highly consistent across multiple 235 

GPP proxies (NIRV, NIRVP, and CSIF; Figs. S9-S11), confirming the robustness of our finding 236 

that global vegetation acclimation is insufficient to keep pace with a warming climate. 237 

 238 

Expansion of thermally limited area 239 

To move beyond mapping Tcan 
opt  patterns and trends in previous studies [8, 21], we explicitly 240 

quantified supra-optimal heat stress exposure across global vegetation. We analysed the 241 

difference between Tcan 
opt  and Tcan 

gs  from the years 2003 to 2024 and across global vegetation, to 242 

determine whether high temperatures have become a limiting factor for canopy photosynthesis. 243 

Given the strong nonlinearity at high temperatures in the photosynthetic response, we are 244 
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particularly interested in whether Tcan 
gs >Tcan 

opt . Our findings illustrate that the multi-year mean Tcan 
gs  245 

under current mean-decadal climatic conditions is substantially higher than the value of Tcan 
opt  in 246 

arid and semi-arid regions such as Central America, the southeastern Amazon Basin, African 247 

savannas, the Somali Peninsula, India, Australia, and central Asia (Fig. 3a, b). The suggestion 248 

is that photosynthesis in these areas has been persistently constrained by thermal stresses (Fig. 249 

3a, b). And the optimal temperature in the three major regions with tropical rainforest was 250 

already slightly lower (1.0±2.0℃) than the average temperature during the growing season (Fig. 251 

3a), leaving no remaining safety margin for photosynthesis and posing an even greater risk 252 

especially if any acclimation does not keep pace with future warming. In contrast, mid- to high-253 

latitude regions in both hemispheres still retained a large safety margin, where warming could 254 

continue to enhance photosynthesis (Fig. 3a, b). The pattern of differences between optimal and 255 

average air temperature was similar to that when using canopy temperatures in calculations (Fig. 256 

12), although the level of thermal limitation was less pronounced (Fig. 3b). 257 

 258 

The areas subjected to normalised thermal limitation have gradually expanded over the last 22 259 

years as warming has intensified (red overlay in Fig. 3a, with the definition in the caption; see 260 

also Fig. 3c). Globally, areas where the average growing-season canopy temperature (Tcan 
gs ) 261 

exceeded Tcan 
opt  have increased from approximately 3.0 billion to 4.7 billion hectares during that 262 

period and should there be no acclimation (and thus an annual rate of increase of 84 million 263 

hectares Mha y-1; Fig. 3c, red curve). This expansion has notably accelerated in the last decade 264 

(Fig. 3c). As might be expected, most of the expansion occurred at the edges of existing 265 

thermally limited areas, with widespread expansion in the southern Amazon Basin, the African 266 

Sahel and southern Africa, Madagascar, and Mexico. Additionally, despite the significant 267 

capability of Tcan 
opt  to acclimate to recent background warming in many locations (Fig. 2), this 268 

physiological adjustment has only marginally decelerated the expansion of these heat-limited 269 

areas over the last two decades. Specifically, acclimation has slowed the rate of expansion from 270 

84 to 67Mha y-1 by adjusting Tcan 
opt . The rate of expansion would still exceed estimates based on 271 

air temperature (38Mha y-1 without acclimation and 32Mha y-1 with acclimation). Comparable 272 
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results were obtained when using alternative GPP proxies (Figs. S13-S15). 273 

 274 

The increasing frequency of thermal limitations 275 

In addition to our derivation above of the expansion of thermally limited areas, we also 276 

considered temporal variations for particular fixed locations. Specifically, we analysed the 277 

changes in the number of days within the growing season each year when canopy temperature 278 

exceeded Topt levels, thereby impacting vegetation growth and photosynthesis. It is noted that 279 

there may not be a simple one-to-one correspondence between rates of background warming 280 

and increases in extreme events, caused by a straightforward shift in the distribution of daily 281 

temperatures. Instead, for some locations, very high-temperature events have recently 282 

accelerated relative to general warming changes [52]. Although the number of extremely high-283 

temperature days in our study was low in regions such as tropical rainforests and high-latitude 284 

regions around the globe (Fig. S16), high-temperature events are increasing in their occurrence 285 

under recent warming. The global average number of days when heat could potentially suppress 286 

productivity for vegetation has increased at a rate of 1.26 d y-1 from 2003 to 2024 although this 287 

statistic is derived without considering thermal acclimation (Fig. 4a). During this period, 64% 288 

of global vegetated areas experienced a statistically significant increase in the number of high-289 

temperature events, with rates from 0.38 to 6.92 d y-1, corresponding to the 95% confidence 290 

interval (dot markers and positive values; Fig. 4a).  291 

  292 

Tropical forests, in particular, have experienced a substantial and widespread increase in the 293 

number of high-temperature limited days (Fig. 4f-h), especially when not accounting for 294 

acclimation. This finding suggests that global warming has the potential to cause much more 295 

routine overriding of safe thermal margins in those locations. In the Amazon rainforest (Fig. 296 

4f), high-temperature limited days have increased by nearly 120 days over the last 22 years. In 297 

earlier periods, these high-temperature episodes often coincided with major El Niño events, 298 

such as in years 2005, 2010, and 2015/2016. The rate of increase in canopy temperature over 299 

the last five years, however, has far outpaced the rate in previous years, and this cannot be 300 
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linked to natural variation via El Niño alone. The frequency of possibly damaging high-301 

temperature events also increased substantially in the Congo rainforest (Fig. 4g) and forests in 302 

southeastern Asia (Fig. 4h), particularly over the last decade. The vegetation thermal-303 

suppression period has increased by 0.8–3.1d yr-1 in major agricultural regions such as eastern 304 

Europe (Fig. 4b), Indo-China Peninsula (Fig. 4c), the North China Plain (Fig. 4e) as well as 305 

savannas in African and the southeastern Amazon Basin (Fig. S17), and boreal forests in central 306 

Siberia (Fig. 4d). Other high-latitude boreal forests, however, have not changed significantly, 307 

indicating that they still have a considerable margin of safety for future warming (Fig. 4a) and 308 

even in the absence of thermal acclimation. These geographical differences may again reflect 309 

that for locations with higher interannual variability in temperature (e.g., more poleward), 310 

background warming may be less impactful. It is noted that the number of high-temperature 311 

limited days based on air temperature was comparable to the number based on canopy 312 

temperature (Figs. S16 and S18a), but its trends were much weaker (Fig. 4 and Fig. S18b). 313 

  314 

Our data-led investigations have revealed the potential of vegetation to acclimate by 315 

quantifying the time-evolving values of Tcan 
opt . Such knowledge of Tcan 

opt  changes allows us to 316 

determine, by region, the extent to which acclimation capability mitigates the increases in 317 

temperatures that would otherwise reduce vegetation productivity. However, we found that 318 

thermal acclimation played only a limited role in alleviating heat stress (Fig. S19). Even after 319 

accounting for acclimation, 58% of global vegetated areas still experience a significant increase 320 

in thermal events (only slightly lower than 64% without acclimation). In tropical rainforests, 321 

widespread significant acclimation provides notable mitigation, with the annual rate reduction 322 

approaching 2 d yr-1 (Fig. 4f-h). Nevertheless, despite this buffering effect, the overall 323 

frequency of thermal limitations continues to rise rapidly, indicating that even substantial 324 

physiological adjustments are being outpaced by the rate of warming in these critical 325 

ecosystems. In contrast, across many other regions, including major agricultural areas, 326 

acclimation has only a slightly marginal rate of increase in days of vegetation productivity 327 

suppression (Fig. 4b-e). Together, these findings imply that the inherent adaptive capacity of 328 
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vegetation in these areas was insufficient, leaving ecosystems still at considerable risk under 329 

the current pace of human-driven warming. Additionally, these conclusions are highly robust 330 

across multiple productivity proxies (Figs. S20-S22). 331 

 332 

Discussion and Conclusions 333 

Our data-driven findings highlight the escalating threat of thermal stress on vegetation due to 334 

human-induced climate change. Such stresses occur particularly when temperatures exceed the 335 

photosynthetic threshold of Tcan 
opt , as above this value, productivity is rapidly suppressed. Under 336 

the initial assumption of invariance in Tcan 
opt , areas experiencing potential thermal limitations have 337 

expanded substantially, from 3.0 billion to a more recent coverage of 4.7 billion ha, comparable 338 

to the size of two Amazon rainforests (Fig. 3). Simultaneously, the frequency of thermally 339 

limiting events (i.e. when canopy temperature exceeds Tcan 
opt ) has risen sharply, particularly in 340 

tropical forests and many agricultural regions (Fig. 4). In particular, the rate of intensification 341 

of heat stress over the recent five years period of 2018–2024 has far exceeded previous records 342 

(Figs. 3 and 4), consistent with the increasing observed frequency and scope of extreme 343 

heatwaves in recent years [5,15,16]. Continuation of these trends would pose a serious threat to 344 

the global terrestrial carbon sink, carbon-neutral targets in the future, and the overall health of 345 

land ecosystems or the ability to grow crops [53]. 346 

 347 

We mainly base our assessment of changes in thermal stress on satellite-derived canopy 348 

temperature, as this represents more accurately the thermal regimes experienced by vegetation  349 

[30,32] (Fig. 1). Our analysis reveals a more rapidly escalating heat stress than the calculated 350 

changes based on air temperatures (Figs. 3 and 4). This finding suggests that previous 351 

evaluations, instead of undertaking calculations with air temperatures only [8,14,54], while 352 

making valuable contributions to understanding, may have underestimated the thermal risks to 353 

vegetation. Recent studies increasingly showed that the rate of warming under climate change 354 

at the top of a canopy may outpace the increase in air temperature due to changes in the 355 

physiological responses of the vegetation and radiation balance of the canopy [13,36]. 356 
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Additional environmental stresses, such as water scarcity and reduced wind speeds, may further 357 

accelerate increases in canopy temperature [30,55,56]. These differences account for our larger 358 

increasing trends in exposure to high temperatures when based on canopy temperature, to which 359 

vegetation responses are more tightly linked. 360 

 361 

By extending our analyses to include temporal variation in T can 
opt , we identified a thermal 362 

acclimation capability for many locations. Again, we suggest that our findings derived from 363 

canopy temperature, rather than air temperature, are likely to be more accurate, due to their 364 

ability to capture more directly the vegetation responses to environmental changes [30,32]. We 365 

found that over the past 22 years, the optimal canopy temperature has increased significantly in 366 

approximately 19% of global vegetated regions, and with these rises distributed across the 367 

planet (Fig. 2b). The primary drivers of this increase include elevated CO2 concentrations 368 

[10,57], physiological and morphological adjustments in plants [7,43,58], and shifts in 369 

community composition favouring heat-tolerant species [59–61]. In photosynthesis models, 370 

elevated CO2 concentrations can interact with a temperature response function such that the 371 

combined response simulates increases in maximum Tcan 
opt . Alternatively, model parameters that 372 

might have previously been considered invariant may themselves adjust to raised temperatures 373 

(i.e., acclimate), a concept tested at a range of locations using eddy covariance measurements 374 

[62]. Our integrated framework merges independent strands of Earth Observation data to 375 

provide a globally complete assessment of ecosystem thermal acclimation. This advancement 376 

is of significant utility for the calibration and refinement of the land-surface components within 377 

Earth System Models (ESMs), which currently struggle to represent dynamic physiological 378 

adjustments. Moving beyond previous assessments that focused solely on the existence of 379 

acclimation [21,22], we evaluate the extent to which these physiological shifts actually mitigate 380 

intensifying thermal stress.  381 

 382 

Our findings of thermal acclimation suggest that vegetation changes have slowed the rate of 383 

expansion and the increase in frequency of thermal suppression of vegetation in many locations 384 
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(Figs. 3 and 4), thus mitigating adverse warming impacts on photosynthesis and the carbon 385 

cycle. This regulatory capacity of vegetation, however, is limited and cannot fully negate the 386 

detrimental trends associated with warming. Regions with intensified thermal limitations and 387 

limited capacity to acclimate, and so having substantial rises in thermal stress (e.g., location of 388 

major agricultural areas in Figure 4), should be prioritised for greater attention and potentially 389 

specific targeted land management plants in the future. In addition to Topt, recent evidence [63] 390 

suggests that the breadth of the photosynthetic temperature-response curve also significantly 391 

influences how vegetation responds to warming, which represents an important complementary 392 

dimension of thermal acclimation that warrants systematic investigation in future research. 393 

 394 

While satellite-derived observations offer more physiologically relevant insights than air 395 

temperature [13,32], current thermal products primarily sample the radiometric temperature of 396 

the upper canopy and therefore cannot fully resolve thermal variation throughout the entire 397 

canopy profile [29]. Although the upper canopy accounts for the dominant proportion of total 398 

canopy photosynthesis [64], sub-canopy layers also contribute to productivity by utilizing 399 

diffuse and scattered light [65]. Site-specific research has shown, as expected, that the top of a 400 

canopy is exposed to the highest levels of solar radiation [64], whereas sub-canopy leaves are 401 

mostly shielded by the “parasol effect” [66], creating microclimate buffering [35] with the 402 

potential to lower leaf temperature. The magnitude of these effects within canopies may vary 403 

across forest types and climatic zones, yielding vegetation responses to climate change that are 404 

more complex than those at the top of the canopy alone [64]. Hence, our main caveat is that 405 

while the approach presented here does provide robust information on the likely overall 406 

response of vegetation to thermal stress, it may be insufficient to fully characterise the response 407 

of the full vertical temperature profile or the thermal response of every canopy stratum in a 408 

warming world [29,66]. Further measurements into vertical foliar temperature profiles across 409 

diverse biomes are essential to bridge the gap between satellite measurements and the metabolic 410 

response of the entire canopy [66]. 411 

 412 
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In addition, although we applied strict quality control at 1-km resolution to preferentially retain 413 

vegetation-dominated pixels, satellite-derived Tcan may still be affected by soil background, 414 

mixed pixels, and vegetation clumping, particularly in sparsely vegetated ecosystems such as 415 

savannas. These effects likely contribute to the small but systematic deviations (Fig. S23) 416 

between satellite-derived and eddy-covariance (EC)-based Tcan observed in some sparse 417 

ecosystems. Encouragingly, validation against site-scale aerodynamic canopy temperature 418 

estimates derived from EC observations showed generally good agreement (Figs. S24 and S25), 419 

supporting the use of satellite-derived Tcan as a meaningful proxy for ecosystem-scale canopy 420 

thermal conditions. Future work could further reduce these uncertainties by combining higher-421 

resolution thermal observations with improved methods to separate canopy and soil thermal 422 

signals and to better resolve within-canopy temperature gradients. 423 

 424 

Another critical frontier is the explicit incorporation of leaf temperature (Tleaf). While our 425 

canopy-based framework represents vegetation thermal conditions more accurately than air 426 

temperature [30,32], Tleaf remains the most physiologically direct driver of photosynthesis. 427 

Recent evidence indicates that the divergence between Tcan and Tleaf can be substantial in certain 428 

ecosystems [28], implying that canopy-integrated estimates may represent a conservative 429 

baseline for leaf-level heat stress. However, global assessments are currently hindered by the 430 

scarcity of long-term Tleaf observations [28,67,68] and the fact that most ESMs do not yet 431 

provide standardized diagnostics for both Tcan and Tleaf. Consequently, our analysis establishes 432 

a necessary canopy-scale benchmark, providing a foundation upon which future studies can 433 

build as sophisticated land-surface representations and comprehensive Tleaf monitoring 434 

networks become available. 435 

 436 

Our study presents a novel, observation-led assessment of the recent historical response of 437 

photosynthesis to temperature and changes in thermal limitations, providing valuable guidance 438 

for ecosystem management in response to human-induced global warming. By capitalizing on 439 

simultaneous satellite measurements of canopy temperature and vegetation productivity, our 440 
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analysis achieves nearly global coverage, capturing the heterogeneous ways ecosystems 441 

respond to heat stress. As climate warming intensifies, the challenges posed by thermal 442 

limitations on vegetation will become more acute, requiring models that can accurately simulate 443 

these impacts to inform societal adaptation. Despite the incorporation of nonlinear temperature-444 

productivity responses, current global vegetation models rely primarily on air temperature 445 

[69,70] or utilize overly simplistic representations of canopy temperature [71] as the thermal 446 

forcing, which limits their fidelity in simulating actual photosynthetic performance. 447 

Furthermore, mechanistic representations of thermal acclimation are frequently omitted or 448 

highly simplified [72,73], with existing parameterizations often constrained by air temperature 449 

forcing rather than the more physiologically relevant leaf or canopy temperature. A significant 450 

hurdle for the modelling community is that Tcan is not yet a standardised diagnostic in most 451 

ESMs, which precludes robust multi-model comparisons of thermal optima. Our analysis 452 

directly addresses these gaps, providing a blueprint for using satellite-derived metrics to 453 

constrain advanced land-surface model configurations. Moving forward, integrating these 454 

satellite insights with in-situ data on within-canopy temperature profiles will be essential to 455 

refining our predictive capacity and ensuring the resilience of the global carbon sink. 456 

  457 
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Methods 458 

Canopy temperature 459 

We derive global canopy temperature (Tcan) from the MODIS MYD21A1D land-surface 460 

temperature product at 1-km daily resolution for 2003-2024 [74]. Because land-surface 461 

temperature approximates Tcan in densely vegetated and homogeneous pixels, we retained 462 

vegetation-dominated pixels as canopy signals after excluding non-vegetated and mixed pixels. 463 

Specifically, we used the maximum–minimum apparent emissivity difference threshold (MMD 464 

< 0.03) to reduce mixed-pixel and soil-background contamination [13,75] together with an 465 

annual mean NDVI > 0.1 mask to remove water bodies and sparsely vegetated areas [8,76]. 466 

The Aqua overpass time, around 13:30 local time, is close to the timing of peak daytime canopy 467 

temperature, allowing Tcan to represent maximum thermal exposure. Missing daily values 468 

caused by cloud contamination or retrieval errors were gap-filled using a 10-day moving 469 

average and, where necessary, long-term means; years and grid cells with excessive missing 470 

data were excluded. Satellite-based Tcan was independently evaluated against canopy 471 

temperature estimated from eddy-covariance observations using an aerodynamic resistance 472 

approach [77,78], showing robust agreement across temporal aggregation scales (Figs. S23-473 

S25). 474 

 475 

Gross primary productivity and climate data 476 

Gross primary productivity (GPP), used as the primary indicator of ecosystem photosynthesis, 477 

was obtained from the MODIS MYD17A2HGP v6.1 product at 500-m and 8-day resolution 478 

[79]. We retained only good-quality and positive GPP values, then aggregated them to 1 km 479 

using area-weighted averaging to match the Tcan dataset. The same MMD and NDVI filters were 480 

applied to ensure consistency between GPP and Tcan observations. Growing-season months 481 

were derived from GIMMS leaf-area-index phenology and refined by excluding frozen periods 482 

[80]. To evaluate robustness, we further used three independent satellite-based proxies of 483 

photosynthetic activity: near-infrared reflectance of vegetation (NIRv) [39], NIRv multiplied 484 

by photosynthetically active radiation (NIRvP) [40], and contiguous solar-induced chlorophyll 485 
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fluorescence (CSIF) [41]. Climate variables included daily maximum air temperature from 486 

ERA5-Land [81], precipitation from the Global Precipitation Climatology Project (GPCP) [82], 487 

and independent validation using Climatic Research Unit and Japanese Reanalysis (CRUJRA) 488 

[83,84] (Fig. S26). Daily maximum air temperature was emphasized because peak daytime heat 489 

is most directly linked to thermal limitation of photosynthesis. 490 

 491 

Optimal temperature for photosynthesis 492 

The photosynthetic optimal temperature (Topt) was estimated from the response of GPP to 493 

canopy or air temperature, with NIRV, NIRVP, and CSIF used for validation. For each 0.25° 494 

window, all native-resolution (e.g., 1-km) pixels and time steps were pooled to derive a single 495 

Topt value, thereby retaining sub-grid variability while improving statistical robustness. Daily 496 

Tcan was first averaged to the 8-day resolution of GPP. GPP observations were then grouped 497 

into dynamic temperature bins, with bin widths adjusted according to local temperature 498 

variability. Within each bin, the median of the five highest GPP values was used to represent 499 

near-unconstrained photosynthetic performance, minimizing the influence of other limiting 500 

factors such as cloudiness, radiation limitation, or drought. A running average across three 501 

adjacent bins was then applied, and Topt was identified as the temperature corresponding to the 502 

maximum of the smoothed response curve. Topt was estimated over the full 2003–2024 period 503 

for spatial analyses and annually to assess temporal shifts and thermal acclimation. Sensitivity 504 

tests using top-three, top-seven, and 90th-percentile [8] approaches yielded consistent results 505 

(Figs. S27 and S28). 506 

 507 

Thermal acclimation 508 

Thermal acclimation was defined as the temporal adjustment of Topt to interannual variation in 509 

heat exposure [22]. For each grid, we regressed annual Topt against annual maximum 510 

temperature (Tmax) over the 22-year record, with the slope ∂Topt/∂Tmax representing the 511 

magnitude of acclimation. Tmax was used because it better captures exposure to high-512 

temperature conditions that constrain photosynthesis than growing-season mean temperature. 513 
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Grid cells without a significant Topt-Tmax relationship (P-value ≥ 0.05) were considered to lack 514 

detectable thermal acclimation and were assigned a fixed long-term Topt. Where significant 515 

acclimation was detected, annual Topt was dynamically adjusted according to the local Topt-Tmax 516 

relationship, isolates the temperature-driven component of Topt variation from other 517 

confounding influences.  518 

 519 

Supra-optimal thermal stress 520 

We assessed supra-optimal thermal stress from both the extent and frequency of temperatures 521 

exceeding Topt. The spatial extent of thermal limitation was defined as the area where growing-522 

season mean temperature Tgs exceeded Topt. Negative values of Tgs-Topt indicated a remaining 523 

thermal safety margin, whereas positive values indicated that vegetation was already operating 524 

above its photosynthetic optimum and experiencing thermal suppression. We further calculated 525 

the annual number of days when daily maximum temperature exceeded Topt, using both fixed 526 

and acclimation-adjusted Topt values. Temporal trends in these heat-stress days were estimated 527 

using least-squares linear regression globally and across key carbon-sink and food-producing 528 

regions. Further details on datasets, preprocessing procedures, validation methods, Topt 529 

estimation, thermal acclimation, and thermal-risk assessment are provided in the 530 

Supplementary Information. 531 

  532 
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 777 

 778 

Figure 1. Distributions of derived Tcan 
opt  and Tair 

opt  values for vegetation productivity and 779 

their connection to background climate. a, Spatial distribution of Tcan 
opt  for photosynthesis 780 

determined using simultaneous canopy temperature and GPP values based on satellite 781 

observations from the Moderate Resolution Imaging Spectroradiometer (MODIS). The satellite 782 

data used covers the years 2003 to 2024 inclusive. Values are only presented for vegetated areas 783 

(i.e., for annual mean normalized difference vegetation index (NDVI) values larger than 0.1), 784 

where a value of Tcan 
opt  is detected and where the growing season lasts longer than one month; 785 

otherwise, the location is blank (i.e., white). b, The red probability-density function (expressed 786 
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as a percentage), represents the distribution of T can 
opt  (as shown in panel a) based on the 787 

proportion of its actual area relative to the total vegetated area. The blue line represents the 788 

same distribution but for Tair 
opt, with the detailed spatial pattern shown in Fig. S1a. c, The climatic 789 

dependence of Tcan 
opt  on air temperature and precipitation, along with relative sensitivities (side 790 

panels). Note the “x”-axis label and values are presented across the top of the main panels c and 791 

d. Each climatic bin was defined by intervals of 0.7℃ of mean annual growing-season daily 792 

maximum air temperature (Tair 
gs ) and 70-mm intervals of mean annual precipitation (MAP), 793 

based on current climatic conditions averaged between 2003 and 2024. The solid line in the 794 

extra bottom (extra right) panel represents the sensitivity to temperature (precipitation) along 795 

the precipitation (temperature) gradient, calculated as the slope of the linear regression between 796 

Tcan 
opt  and Tair 

gs  (MAP) for a given level of precipitation (temperature). The shaded area indicates 797 

the standard deviation of the sensitivity (∂Tcan 
opt /∂Tair 

gs  or ∂Tcan 
opt /∂MAP) estimated by bootstrapping. 798 

d, Similar to c, but instead makes all calculations of Topt based on air temperature rather than 799 

canopy temperature, and therefore presents variations in Tair 
opt. 800 
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 802 

Figure 2. Temporal changes of Tcan 
opt  and its magnitude of thermal acclimation over the last 803 

two decades. a, Spatial pattern of trends in Tcan 
opt  from 2003 to 2024. Dot markers(·) denote grid 804 

regions where the trend is significant at the 0.05 level (P<0.05). The inset histogram shows the 805 

areal proportion across different trend magnitudes, with the total percentage annotated. b, The 806 

temporal changes of globally averaged Tcan 
opt  and Tair 

opt for the period 2003–2024. The solid line 807 

shows annual global means, and the dashed line represents the trend fitted using least squares 808 

regression and its 95% confidence interval as a grey plume. ***, P<0.001. c, Spatial distribution 809 

of the magnitude of thermal acclimation, defined as the ratio ∂Tcan 
opt /∂Tcan 

max over the last 22 years 810 

at each grid point. Regions with significant ratios (P<0.05) were marked with dot symbols. The 811 

inset histogram shows the distribution of acclimation magnitudes. d, difference in thermal 812 

acclimation magnitude across major climate zones. Horizontal lines denote medians, boxes 813 

represent interquartile ranges, and whiskers span the 5th–95th percentiles. Median values are 814 

displayed above each box, and sample sizes (n) are shown below. Climate zones were defined 815 

according to the 1991–2020 Köppen–Geiger climate classification [51]. 816 
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 818 

 819 

Figure 3. Patterns of the difference between Tcan 
opt  and Tcan 

gs , and the expansion of thermally 820 

limited areas at canopy scale. a, The difference between the optimal canopy temperature (T821 

can 
opt ) (and so calculated similarly to the Tcan 

opt  values in Fig. 1, and not including acclimate) and the 822 

multiyear mean growing-season average daily maximum canopy temperature (Tcan 
gs ) during the 823 

period 2003–2024 inclusive. When Tcan 
opt  is higher than Tcan 

gs , the difference represents a safety 824 

margin for vegetation productivity under warming; conversely, when Tcan 
gs  exceeds Tcan 

opt , the area 825 

is already subject to thermal stress, with the difference illustrating the extent of thermal 826 

limitations on photosynthesis. This stress is due to the asymmetry of the photosynthetic 827 

response, where even a small increment in temperature above Tcan 
opt results in a disproportionately 828 

large suppression of productivity. The expansion of thermally limited areas without acclimation 829 

is depicted in panel a as a red overlay, calculated as present where Tcan 
gs  was lower than Tcan 

opt  830 
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during the first five years (2003–2007) but exceeded Tcan 
opt  in the last five years (2020–2024), 831 

corresponding to the red line in panel c. b, The latitudinal average of Tcan 
opt - T

can 
gs  based on canopy 832 

and air temperatures. Regions with safety margins and thermal limitations are calculated 833 

separately to prevent the cancellation of positive and negative values. The combined 834 

distributional pattern of Tair 
opt-T

air 
gs  is shown in Fig. S12. c, d, Yearly changes over the last 22 years 835 

in the total area of thermally limited regions where the mean growing-season temperature 836 

exceeded its optimal value (i.e., where Tcan 
gs >Tcan 

opt ). Panel c illustrates changes without considering 837 

thermal acclimation, and panel d incorporates acclimation. In panels c and d, the dashed lines 838 

represent linear-trend fits. **, P<0.01; ***, P<0.001. 839 
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 841 

Figure 4. Trends in the number of high-temperature days over the past 22 years, with 842 

potential to suppress vegetation productivity. a, Spatial distribution of trends in the 843 

frequency of photosynthesis subjected to thermal limitation during the growing period and from 844 

years 2003 to 2024. Calculations are based on crossing derived spatially-specific values of Tcan 
opt , 845 

but assuming the latter are invariant in time, and thus without thermal acclimation. Trends were 846 

calculated using linear regression and the standard least squares method, and regions with 847 
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significant ratios (P<0.05) were marked with dot symbols. The inset histogram represents the 848 

areal proportion for different trend magnitudes, binned in intervals of 1d y-1. b–h, Interannual 849 

variations and trends in the number of high-temperature limited days for seven key regions as 850 

marked on the map: three agricultural regions (orange), including eastern Europe, Indo-China 851 

Peninsula and the North China Plain, boreal forests (blue) in central Siberia, three tropical 852 

rainforest regions (green) including the Amazon basin, Congo and Southeast Asia. In each panel, 853 

the purple curves are calculated using canopy temperature but without allowing for acclimation 854 

in Tcan 
opt . The red curves are identical to the purple curves, except that acclimation is incorporated 855 

in Tcan 
opt . As a technical comparison, we also show calculations allowing for acclimation, but 856 

instead forced with air temperatures, Tair 
opt. Statistical significance for all text annotations are: *, 857 

P<0.1; **, P<0.01; and ***, P<0.001. 858 
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