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Extreme weather events are occurring more frequently, and research has shown that 33 

plant diversity can help mitigate impacts of climate change by increasing plant 34 

productivity and ecosystem stability1,2. Although soil temperature and its stability are 35 

key determinants of essential ecosystem processes related to water and nutrient 36 

uptake3 as well as soil respiration and microbial activity4, no study has yet investigated 37 

whether plant diversity can buffer soil temperature fluctuations. Using 18 years of a 38 

continuous dataset with a resolution of 1 minute (~795,312,000 individual 39 

measurements) from a large-scale grassland biodiversity experiment, we show that 40 

plant diversity buffers soil temperature throughout the year. Plant diversity helped to 41 

prevent soil heating in hot weather, and cooling in cold weather. Moreover, this effect 42 

of plant diversity increased over the 18-year observation period with the aging of 43 

experimental communities and was even stronger under extreme conditions, i.e., on 44 

hot days or in dry years. Using structural equation modelling, we found that plant 45 

diversity stabilized soil temperature by increasing soil organic carbon concentrations 46 

and, to a lesser extent, by increasing the plant leaf area index. We suggest that the 47 

diversity-induced stabilization of soil temperature may help to mitigate the negative 48 

effects of extreme climatic events such as soil carbon release, thus slow global 49 

warming. 50 

Extreme weather events are becoming more intense, more frequent, and lasting longer than 51 

previously observed5. Global climate change has led to changes in soil temperatures and has 52 

caused greater variance through climate extremes6. Soil temperature affects many physical, 53 

chemical, and biological processes and reactions, including water and nutrient uptake3, 54 

microbial activities, root growth7, carbon dioxide flux8, ant activity9 and plant pests 55 

development10, thereby affecting seed germination, plant growth and productivity4. 56 

Fluctuations in soil temperature, including sudden chilling, freezing, or warming, can have 57 

dramatic impacts on plants, microorganisms, and soil animals11. Thus, mitigating the effects 58 

of extreme weather events on soil temperature fluctuations can contribute to stable ecosystem 59 
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functioning. A few recent studies have shown that plants can buffer air temperature inside 60 

forests12–15. However, whether plants can contribute to buffering soil temperature is still 61 

unclear. 62 

Biodiversity, especially plant diversity, has been shown to enhance ecosystem stability to 63 

combat climate change1. The biodiversity increases stability hypothesis has been confirmed 64 

for several ecosystem functions, including primary productivity2,16, the abundance of 65 

invertebrates17, and trace gas and matter fluxes18. However, these studies focused primarily 66 

on aboveground processes and rarely investigated soil conditions. Additionally, previous 67 

studies on plant diversity and soil interactions focused on the role of soil organisms19 and soil 68 

nutrients18. Little attention has been paid to the effects of plant diversity on soil microclimate18, 69 

including soil temperature stability. The question of whether plant diversity can reduce soil 70 

temperature fluctuation in response to extreme weather and climatic events is of interest 71 

because soil temperature regulates many other ecosystem processes, such as soil 72 

respiration20. Some studies have shown that high plant diversity increases canopy shading21 73 

and lowers surface temperature22,23 and soil temperature during the growing season24. 74 

However, there is no study on the effects of plant diversity on soil temperature covering longer 75 

continuous time spans. Whether plant diversity plays a role in soil temperature during colder 76 

seasons remains largely unexplored. In Central Europe, the consideration of these cold 77 

periods is of particular interest, because decomposition processes occur during this time. 78 

Here we report the effects of plant diversity on soil temperature from 2004 to 2021 in a large-79 

scale grassland biodiversity experiment25 (the Jena Experiment; see Methods). There has 80 

been a large climate variability over these 18 years (Extended Data Figs. 1, 2, Extended Data 81 

Table 1). The experimental site contains 84 plots with plant species richness ranging from 1 82 

to 2, 4, 8, 16, and 60, as well as plots with bare soil25. Soil temperature was measured 83 

automatically at 5 cm and 15 cm depth in each plot with a resolution of 1 minute (Methods), 84 

which we convert to a 30-minute resolution for our analysis. This long-term time series allowed 85 

us to examine the buffering effects of plant diversity on soil temperature fluctuations within 86 
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and between days, seasons and years. Here, we investigated two aspects of soil buffering at 87 

different temporal scales: (1) soil temperature offset between vegetated and non-vegetated 88 

plots at individual time points (Fig. 1); (2) the daily or annual variation/stability of soil 89 

temperature (Fig. 3). 90 

First, we explored within-day fluctuations in soil temperature using data with a resolution of 30 91 

minutes. The buffering effects of vegetation on soil temperature were calculated by comparing 92 

the soil temperature offset between vegetated plots and bare soil (Methods). A Bayesian time 93 

series model was used to test whether the effect of plant diversity changes with time (see 94 

Methods). The credibility intervals (95% CI) of the fitted values for the different levels of plant 95 

diversity did not overlap (Fig. 1). The higher the diversity of plant communities, the stronger 96 

their cooling effect on soil temperature from 12:00 to 16:00 (Central European Time) in spring, 97 

summer, and autumn and their warming effect at night (from 02:00 to 06:30) in autumn and 98 

winter (Fig. 1a). In summer, when air temperature was highest during the day, soil temperature 99 

in 60-species plant communities was 5.01°C [95% CI, -5.49 to -4.53°C] lower than bare soil, 100 

which is more than twice the difference between monocultures and bare soil (-2.12°C; 95% 101 

CI, -2.35 to -1.89°C) (Fig. 1a). In autumn, when air temperature was lowest, soil in the 60-102 

species plant community was 1.47°C [95% CI, 1.20 to 1.74°C] warmer than bare soil, almost 103 

five times the difference between the monocultures and bare soil (+0.32°C; 95% CI, 0.20 to 104 

0.44°C). We also used the offset between soil temperature and air temperature as an 105 

additional dependent variable, and found similar effects of plant diversity (Extended Data Fig. 106 

3). In the summer afternoon, soil temperature is higher than air temperature in communities 107 

with low plant diversity (+1.09°C; 95% CI, 0.80 to 1.39°C). This may be due to the factor that 108 

solar radiation is strongest and the soil is dry at this time, and bare soil heats up faster than 109 

air. However, in communities with high plant diversity, the soil is still much cooler than the air 110 

(-3.23°C; 95% CI, -3.68 to -2.77°C, Extended Data Fig. 3). This demonstrates that plant 111 

diversity can help to stabilize soil temperature on a 30-minute time scale, which in turn may 112 

help to stabilize other ecosystem functions. 113 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 15, 2023. ; https://doi.org/10.1101/2023.03.13.532451doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.13.532451
http://creativecommons.org/licenses/by/4.0/


6 

Second, we focused on daily resolution data to explore the seasonal dynamics of the buffering 114 

effect of vegetation, which differs by different levels of plant diversity (Fig. 1b, Extended Data 115 

Fig. 4). Even though the seasonal pattern differed from year to year, we found consistent 116 

effects of plant diversity (Extended Data Fig. 4). Within one year, the number of extreme heat 117 

days and frost days decreased with increasing plant diversity (Extended Data Fig. 5). In spring 118 

and summer, the average daily temperature decreased with increasing plant diversity, 119 

especially from May to August (Fig. 1b), when air temperature was high and aboveground 120 

plant biomass peaked21. An exception was the 2-species mixtures, which did not lower the soil 121 

temperature during the day as much as the monocultures (Fig. 1a, b). In contrast, in the colder 122 

seasons, autumn and winter, plant diversity generally increased soil temperature (Fig. 1b). 123 

Although mean soil temperatures were similar in autumn and spring, the variance in spring 124 

was much greater, and the direction of the effects of plant diversity was opposite (Fig. 1a, b). 125 

During the soil warming period, plant diversity helps to prevent sudden soil warming in spring. 126 

In contrast, plant diversity helps to buffer soil temperature from rapid cooling in autumn. Thus, 127 

changes in air temperature are propagated more slowly into the soil in more diverse plant 128 

communities. Although the effect size was much smaller in winter (Fig. 1a, b), it is nonetheless 129 

important because even a small difference can imply freezing vs. non-freezing soil conditions26. 130 

To calculate the effects of plant diversity on soil temperature offset between vegetated and 131 

non-vegetated plots, we fitted a linear regression model at each time point (log-scaled plant 132 

diversity as a linear term). We then used the slope of this regression as a proxy for the strength 133 

of the effect size (Methods). Plant diversity effects can change rapidly along with changes in 134 

meteorological conditions in a short period of time. To test this, we regressed plant diversity 135 

effects calculated from daily data on air temperature measured at the climate station at the 136 

field site. We found that air temperature (2 m above ground) significantly affected diversity 137 

effects (F(1,6342) = 4304.24, P < 0.001, and quadratic term: F(1,6342) = 698.89, P < 0.001, 138 

Extended Data Table 2, Fig. 2). The effects of plant diversity were stronger at high air 139 

temperatures, suggesting that more diverse communities have a stronger buffering effect on 140 
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soil temperature at higher air temperatures (Fig. 2). In contrast, on the coldest days, plant 141 

diversity effects were not affected by air temperature (Fig. 2). This could be due to snow cover, 142 

which helps to insulate soils from cooling at very low air temperature. The interaction between 143 

air temperature and season (F(3, 6342) = 22.36, P < 0.001, Extended Data Table 2, Fig. 2) was 144 

significant. The negative effects of plant diversity on soil temperatures were strongest in spring 145 

and summer (Fig. 2), indicating a direct buffering effect of plant diversity against warmer air 146 

temperatures. After accounting for the effects of air temperature and further decomposing the 147 

residual variance of the plant diversity effects, we found that the seasons within a year and 148 

the hours within a day still explained quite a large part of the variance (Extended Data Fig. 6). 149 

This implies that plants not only have an inactive insulating effect that is strongly dependent 150 

on the air temperature, e.g. through the vegetation cover, but can also actively regulate the 151 

microclimate on an hourly and seasonal level, independent of the air temperature.  152 

While our findings focus mainly on temperature at 5 cm soil depth, we also analysed data 153 

collected at 15 cm (all plots) and 60 cm depth (available only in one of the four experimental 154 

blocks; Extended Data Figs. 1, 7, 8, 9). Overall, we observed that the effects of plant diversity 155 

at deeper soil depths were consistent with the results at 5 cm soil depth, although the effects 156 

at 60 cm depth were attenuated (Extended Data Figs. 7, 8), and no longer visible (Extended 157 

Data Figs. 9). This result was to be expected, since it is known that deeper soil layers response 158 

less immediately to meteorological fluctuations27. Given that soil warming has been shown to 159 

increase soil carbon loss through enhanced microbial respiration28,29, our results suggest that 160 

increased plant diversity could buffer soil temperatures from sudden changes at different soil 161 

depths in the short term to mitigate the effects of climate change on soil microbial communities 162 

and carbon release. 163 

On a longer temporal scale, we analysed the stability of soil temperature. To understand the 164 

effects of plant diversity on within-day and between-day within-year soil temperature stability, 165 

we calculated daily and intra-annual soil temperature stability for an accumulated period by 166 

dividing the mean soil temperature by its standard deviation (
𝜇

𝜎
) derived from the 30-minute 167 
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and daily mean soil temperature data, respectively (Methods). The main effect of plant 168 

diversity was significantly positive, i.e., plant diversity significantly increased soil temperature 169 

stability at both soil depths (i.e., 5 and 15 cm; Fig. 3a, b; F(1,75) = 89.39, P < 0.001 at daily time 170 

scale; F(1,75) = 105.81, P < 0.001 at annual time scale), indicating a constant buffering effect of 171 

plant diversity throughout the day and year. At annual scale, there was no significant 172 

interaction between plant diversity and soil depth (Fig. 3b, F(1,78) = 0.015, P = 0.90), highlighting 173 

the consistency of plant diversity effects. However, at the daily scale, the effects of plant 174 

diversity are stronger at a soil depth of 15 cm (Fig. 3a, F(1,78) = 9.29, P = 0.003). This means 175 

that plant diversity also affects the soil layer from 5 to 15 cm, which further reduces the soil 176 

heat flux and stabilizes the soil temperature. 177 

We also found that the positive effects of plant diversity on soil temperature intra-annual 178 

stability became more substantial with time after the establishment of the experiment (Fig. 3c, 179 

F(1,15) = 23.81, P < 0.001), which is consistent with the analysis of daily soil temperature offset 180 

(F(1, 16) = 24.57, P < 0.001, Extended Data Table 2, Extended Data Fig. 8). This is also in line 181 

with the increasing plant diversity effects on plant productivity observed in many ecosystems30–182 

32. This result supports that biodiversity effects increase over time, which implies a high value 183 

of old grasslands with a high diversity of plant species. 184 

In addition to a linear trend in plant diversity effects over the 18 years of the experiment (linear 185 

effect of ‘year’), annual climate showed considerable variation (Extended Data Fig. 2), which 186 

also resulted in annual variation in the buffering effect of plant diversity. After statistical 187 

consideration of the linear trend, the drought index “standardised precipitation 188 

evapotranspiration index” (SPEI)33 still explained a significant portion of the variance in the 189 

effect of plant diversity (Fig. 3d, F(1,15) = 4.89, P = 0.04). This suggests that, even though the 190 

effect of plant diversity strengthened over time, the buffering effect of plant diversity was 191 

stronger in years with harsher climates (e.g., drought years). In turn, this result confirms that 192 

plant diversity–soil temperature stability relationships are climate dependent34. 193 
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To investigate the underlying mechanisms of plant diversity effects on soil temperature stability, 194 

we used above- and below-ground variables to construct a structural equation model (SEM) 195 

(Fig. 4, Methods). Overall, plant leaf area index (LAI), soil organic carbon (SOC), and annual 196 

standardised precipitation-evapotranspiration index (SPEI) explained 27% of the variation in 197 

intra-annual soil temperature stability. Plant diversity significantly increased plant LAI and 198 

SOC, which stabilized soil temperature throughout the year. The direct effect of plant diversity 199 

on soil temperature stability was not significant (not included in the SEM, P = 0.25), suggesting 200 

that most of the plant diversity effect was mediated indirectly through plant diversity-enhanced 201 

LAI and SOC. The standardized indirect effect of plant diversity by SOC (0.41) was even 202 

higher than that by LAI (0.27). This suggests a strong thermal mediation of SOC to stabilize 203 

the belowground environment against climate fluctuations and thus possibly against longer-204 

term climate change and variability. SOC has been shown to be related to increased soil 205 

porosity35. Higher soil porosity can improve thermal diffusivity, an indicator of the rate at which 206 

a change in temperature is transmitted through the soil by heat conduction36. Thus, the higher 207 

the SOC, the slower the temperature change is transmitted to deeper soil layers35. In the Jena 208 

Experiment, researchers have found that the positive effect of plant diversity on SOC 209 

expanded to deeper soil layers37. With higher plant diversity, there are more SOC at both 5 210 

cm and 15 cm, thus more insulation effects at 15 cm, which explains the stronger effects in 211 

the deeper soil layer of 15 cm than 5 cm (Fig. 3a). LAI is an important indicator of canopy 212 

structure23, which affects the insulating effect. Plant diversity increases LAI and plant 213 

communities of higher LAI help to reduce solar radiation, increase albedo and affect wind 214 

speed, which in turn reduces heat fluxes23. LAI is also highly correlated with plant productivity25, 215 

which is associated with an active cooling effect in hot weather, e.g., through 216 

evapotranspiration13. Taken together, these results provide evidence that plant diversity 217 

enhances soil temperature stability by increasing both the aboveground plant leaf area and 218 

SOC. This SEM model also shows that climate (drought index SPEI) modulates the effect of 219 

plant diversity on LAI and SOC. These interaction effects explain the former result that the 220 
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effects of plant diversity on soil temperature stability are stronger in drier years (lower SPEI) 221 

(Fig. 3d). 222 

In summary, we found the first evidence of a stabilizing effect of plant diversity on soil 223 

temperature across temporal scales. Our results show that the effect of plant diversity 224 

increased over time after the establishment of the experiment. The magnitude of the effect of 225 

plant diversity on soil temperature stability was higher on days with high air temperatures and 226 

in dry years than on days with moderate temperatures and in normal years, respectively. 227 

These buffering effects of plant diversity on soil temperature reveal a mechanism by which 228 

plant diversity can reduce the impacts of extreme weather events on soil temperature and thus 229 

protect soils from heat, drought stress and frozen damage. Future climate modelling should 230 

incorporate these plant diversity effects on soil to improve the prediction of climate impacts on 231 

natural ecosystems. Our results also point to the further potential of using plant diversity as a 232 

nature-based solution to climate change mitigation. Because many biological (e.g., microbial 233 

or macro-organism activities, plant root growth), chemical (e.g., cation exchange capacity, soil 234 

carbon and available nutrients, soil pH), and physical (e.g., soil structure, aggregate stability, 235 

soil moisture) processes are strongly dependent on soil temperature and its stability over time4, 236 

a more stable soil environment may slow potential positive climate feedback effects. This also 237 

highlight plant diversity as a crucial ecosystem property that contributes to the continuous 238 

provision of multiple ecosystem functions. 239 

 240 

Online content Methods and additional Extended Data display items are available in the 241 

online version of the paper; references unique to these sections appear only in the online 242 

paper. 243 

  244 
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Figures 331 

 332 

Figure 1 | Soil temperature offset between vegetated plots and bare soil at different 333 

plant diversity levels (1, 2, 4, 8, 16, and 60 species) on the 30-minute scale within a day 334 

for each season (a) and on the daily scale within a year (b). Data with soil temperature at 335 

5 cm depth was shown here. Solid lines and grey shading represent the fitted values and 336 

credibility intervals (95%, see Methods). a, Data with a resolution of 30 minutes were used. 337 

Annual, monthly, and daily variations were averaged, leaving variations from 80 plots, 48 times 338 

per day, and 4 seasons (n = 15,360). Time is Central European Time (CET). b, Daily resolution 339 

data were used. Annual variations were averaged, leaving variations of 80 plots and 366 days 340 

(n = 29,280). 341 
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 342 

Figure 2 | Plant diversity effects on daily soil temperature offset between vegetated 343 

plots and bare soil change with air temperature (n = 6,575). 344 

 345 
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 346 

Figure 3 | Plant diversity effects on soil temperature stability over the 18 years of the 347 

experiment. a, The average daily stability of soil temperatures (n = 320); b, The intra-annual 348 

stability of daily mean soil temperatures (n = 1440). The green lines and the blue lines in a 349 

and b indicate the results at a soil depth of 5 cm and 15 cm, respectively.  The plant diversity 350 

effect on soil temperature annual stability at 5 cm increased with time since the establishment 351 

of the experiment (c) and increased with increasing drought (more negative SPEI values) (d). 352 

The drought index here is calculated by multiplying the SPEI by -1, i.e. the drought situation 353 

becomes more severe with increasing values. 354 

 355 

Figure 4 | Hypothetical mechanisms underlying significant plant diversity effects on 356 

soil temperature stability. A structural equation model (SEM) exploring the effects of plant 357 

diversity on intra-annual soil temperature stability across 80 experimental plots through plant 358 

leaf area index (LAI) and soil organic carbon (n = 480). Solid black and blue arrows represent 359 

positive and negative standardized path coefficients, respectively, and dashed arrows 360 

represent interactive effects of plant diversity and drought index. Double-headed arrows 361 

indicate covariances. They were included in the model to account for correlations between 362 

variables. Standardized path coefficients are given next to each path; widths of significant 363 
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paths are scaled by standardized path coefficients. In this model, all the paths were significant. 364 

Conditional R2 (based on both fixed and random effects) is reported in the corresponding box. 365 

The overall fit of the piecewise SEM was evaluated using Shipley’s test of d-separation: 366 

Fisher’s C = 2.768 and P value = 0.25 (if P > 0.05, then no paths are missing and the model 367 

is a good fit). 368 

  369 
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METHODS 370 

Study site and experimental design 371 

The Jena Experiment is a large-scale, long-term grassland experiment initiated in spring 2002 372 

and measures several variables across an experimental plant diversity gradient25. It is located 373 

in the Saale River floodplain near the city of Jena (Thuringia, Germany; 50°55′N, 11°35′E, 130 374 

m a.s.l.)38. The mean annual air temperature at the experimental site was 9.8°C, while the 375 

mean annual precipitation was 571 mm, calculated from the measurements of the climate 376 

station at the Jena Experiment site from 2004 to 2021. The main experiment of the Jena 377 

Experiment used a completely randomised block design. It consists of 86 plots, divided into 378 

four blocks to account for the different soil conditions38. The treatment levels of plant species 379 

richness from 0 to 60 were randomly allocated to the plots within each block. Initially, each 380 

plot had an area of 20 x 20 m. In 2010, the plot size was reduced to 104.75 m2 by terminating 381 

subplot treatments (the core area is 6 x 5.5 m)25. The Jena Experiment comprises 60 plant 382 

species belonging to four functional groups (i.e., grasses, small herbs, tall herbs, and legumes) 383 

typical for semi-natural grasslands in the study region. Vegetation plots include a gradient of 384 

plant species richness (1, 2, 4, 8, 16, and 60 species). All species richness levels are 385 

represented by 16 replicates, except for the 16-species mixtures, which had only 14 replicates 386 

(the number of legume and small herb species included was less than 16), and the 60-species 387 

mixtures, which had four replicates38. Our sensitivity analysis shows that, the results and 388 

conclusions do not change significantly even if we excluded 60-species mixtures (Extended 389 

Data Fig. 10). Two monoculture plots were abandoned in later years due to poor coverage of 390 

target species, which resulted in 80 vegetation plots and an additional four bare ground plots 391 

in our analysis. The plots were mowed twice a year, and the harvested plant material was 392 

removed. All plots were not fertilized, but weeded regularly (two to three times per year) to 393 

maintain the composition of target species. 394 
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Soil temperature and climate data collection 395 

Soil temperature at 5 cm and 15 cm was measured since 2003 with thermometers of the CAN-396 

bus module system (JUMO, Germany). Since plants needed some time to establish 397 

themselves, we used the data from 2004 onwards for our analysis. The temperature sensors 398 

are lance probes with a diameter of 4.5 mm and a length of 200 mm. The measuring element 399 

is a PT100-resistor with a tolerance of 1/3 DIN, which means +/-0.1°C at 0°C. The sensor 400 

operates in a 4-wire-connection to the data acquisition module of the CAN-bus network. There 401 

is no wrapping around the sensor. In addition, 22 plots in the block II, covering the entire 402 

gradient of plant diversity, were equipped as intensively measured plots. Additional sensors 403 

were installed25,38 to measure the soil temperature at the depth of 60 cm (Extended Data Fig. 404 

1). 405 

Furthermore, a climate station in the centre of the field site records many climate variables, 406 

such as soil surface temperature, air temperature, relative humidity at 2 m height, soil water 407 

content, precipitation, total downwards radiation, and total upwards radiation (infrared 408 

temperature sensors Heitronics KT 15). The data from this climate station show that the 409 

climate has changed over these 18 years, as evidenced by a significant increase in air and 410 

soil temperature (Extended Data Fig. 2). While the resolution of the soil temperature 411 

measurement at plot level is 1 minute, the climate station recorded data every 10 minutes. For 412 

our analysis, we converted data to a 30-minute resolution and then calculated the daily mean 413 

and variance based on this resolution. For all data, Central European Time (CET) was applied 414 

to the temperature measurement. CET is one hour ahead of Coordinated Universal Time 415 

(UTC). 416 

Data pre-processing and quality control 417 

Since our data were collected over ~18 years (with a total of approximately 129 million 418 

individual microclimate measurements per year), we had to account for measurement errors 419 

that in rare cases persist over several years. We solved this by applying two distinct filters to 420 
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the raw data with 1-minute resolution. First, we filtered values in an unreasonable range (e.g., 421 

temperatures above 50°C) with a simple threshold. Second, we calculate the whiskers of a 422 

boxplot (1.5 IQR) for each minute in our data to identify and filter out outlier plots that are 423 

anomalous based on the temperature and the variance of all other plots. With this 1-minute 424 

resolution dataset, the 30-minute resolution could be derived by averaging while excluding 425 

missing values. The daily resolution dataset was then derived from this 30-minute resolution 426 

dataset. 427 

While data gaps do not affect the 30-minute dataset, the missing data must be filled in for the 428 

daily and annual analysis so that the dataset is not biased due to large gaps (e.g., the annual 429 

temperature could be unreasonably high if many winter measurements are missing). To 430 

achieve this, we calculated the mean of all available plots in this specific 30-minute interval in 431 

the same year and use it as a filling value. However, some gaps (8%, Extended Data Table 1, 432 

Extended Data Fig. 1) extended over all plots (e.g., due to a flood in 2013). For these gaps, 433 

we calculate the mean of all the plots during other years and use these values to fill them. It 434 

is important to note that both the cleaning and filling methods are conservative, as they do not 435 

distinguish between levels of plant diversity. This means that our approach reduces the 436 

difference between the different levels of plant diversity. We also performed sensitivity 437 

analyses by excluding the years in which more than 15% of the values were missing. The 438 

results and conclusions from these analyses do not change (Extended Data Fig. 11). 439 

Derived data calculation 440 

With 30-minuite resolution data, we calculated the buffering effect of vegetation by subtracting 441 

the mean soil temperature of the four bare soil plots from the soil temperature of each 442 

vegetation plot for each time point, which leaves us with the soil temperature offset between 443 

the vegetation plot and the bare soil (Fig. 1a). We also calculated the temperature offset 444 

between the soil temperature and the air temperature, using the air temperature as a reference 445 

(Extended Data Fig. 3). 446 
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Then we aggregated the data to daily level (Fig. 1b, Extended Data Fig. 4) and fit a linear 447 

regression to the relation between the daily mean soil temperature offset and the log-scaled 448 

plant diversity (predictor variable). The slope of this regression is used as a proxy for the plant 449 

diversity effect on buffering soil temperature. These approximations are then plotted against 450 

air temperature on a given day (Fig. 2, Extended Data Fig. 7) and against time (Extended Data 451 

Fig. 8). 452 

For both daily and annual soil temperature buffering effects, we used a dimensionless 453 

measure of ecosystem stability, quantified as the ratio between the mean and standard 454 

deviation (𝜇/𝜎) of soil temperature over hours within a day, or over days within a year. 455 

The standardised precipitation evapotranspiration index (SPEI) 456 

For our analysis of drought impacts on the annual buffering effects of plant diversity, we used 457 

the SPEI33 to compress drought severity into a single variable1. The SPEI is a well-established 458 

drought index that includes precipitation, temperature, and evapotranspiration. To use the 459 

most accurate estimate, we calculated it manually based on data from the local climate station 460 

at the field site of the Jena Experiment. For this calculation, a time series of the climatic water 461 

balance (precipitation minus potential evapotranspiration) is required. The monthly 462 

mean/maximum/minimum air temperature, incoming solar radiation, saturation water pressure, 463 

atmospheric surface pressure, and precipitation were used to estimate the reference 464 

evapotranspiration (ET0), which is considered equivalent to potential evapotranspiration 465 

(PET). PET is the amount of evaporation and transpiration that would occur if a sufficient water 466 

source were available. We calculated the ET0 with the “penman” function in the “SPEI” 467 

package in R39, which calculates the monthly ET0 according to the FAO-56 Penman‒Monteith 468 

equation described in Allen et al. (1998)40. We considered annual water balances and thus 469 

used SPEI-121,33, which was calculated on an annual time scale, for our annual analysis of 470 

soil temperature stability (Extended Data Fig. 2d). 471 
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Biotic and abiotic covariate data 472 

In addition, data of variables such as plant aboveground biomass, plant cover, leaf area index 473 

(LAI), root biomass, soil organic carbon (SOC), microbial biomass, and soil basal respiration 474 

were collected for further analysis to investigate the underlying mechanism of the plant 475 

diversity – soil temperature stability relationship. Plant aboveground biomass, plant cover, and 476 

LAI are highly correlated23. The precision of the plant cover data is limited, as it is only 477 

estimated as a percentage of the total vegetation area by eye. Since plant aboveground 478 

biomass could not reflect the distribution of leaf area and canopy vertical structure in the plot, 479 

we chose LAI to represent the aboveground leaf area coverage. 480 

Plant LAI was measured in August, corresponding to peak aboveground plant biomass. LAI 481 

was measured before mowing in the central area of the plot using a LAI-2000 plant canopy 482 

analyser (LI-COR Inc., Lincoln, Nebraska, USA) by taking one reference measurement above 483 

the canopy and ten measurements approximately at 2 cm above the ground along transects41. 484 

Soil water content was measured by frequency domain reflectometry (FDR) using a portable 485 

FDR profile probe (PR1/6 and PR2/6, Delta-T Devices Ltd., Cambridge, UK)42. Measurements 486 

were taken at approximately weekly intervals during the growth season (April–September) and 487 

biweekly in other months from 2004 to 2021 with an interruption in 2006, 2007, and 2019. 488 

Soil microbial biomass carbon was determined from 2004 to 2021, except 200543, using an 489 

O2-microcompensation apparatus44. Soil sample of approximately 5 g of soil (fresh weight) in 490 

each plot were collected in May each year.  491 

Standing root biomass was sampled in June 2003, 2004, 2006, 2011, 2014, 2017, and 2021. 492 

At least three soil cores were taken per plot in each year, and soil cores in each soil 493 

layers were pooled plot-wise. We only used the root biomass at the soil depth of 0 – 5 cm 494 
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in the SEM. Roots were washed, dried, weighted, and calculated as grams of dry mass per 495 

square metre. For details, please see Ravenek et al., 201431.  496 

SOC was measured in April 2003, 2004, 2006, 2011, 2014, and 2017. Three soil samples (4.8 497 

cm in diameter, 0–30 cm deep) were taken per plot using a split-tube sampler (Eijkelkamp 498 

Agrisearch Equipment, Giesbeek, The Netherlands)45. In our SEM analysis for soil 499 

temperature at 5 cm, only 0-5 cm SOC was used. The soil was dried, sieved (2 mm mesh), 500 

and milled. The total carbon of the soil samples was determined by an elemental analyser 501 

after combustion at 1,150°C (Elementar Analysator vario Max CN, Elementar 502 

Analysensysteme GmbH, Hanau, Germany). Inorganic carbon concentration was measured 503 

by elemental analysis after removing organic carbon by oxidation in a muffle furnace at 450°C 504 

for 16 h. The organic carbon concentration was calculated from the difference between the 505 

total and inorganic carbon concentrations. 506 

Statistical analyses 507 

Time series analysis was performed using R-INLA (R-Integrated Nested Laplace 508 

Approximation)46. To compare the effects of plant diversity over time, we modelled the soil 509 

temperature offset between vegetated plot and bare soil as a function of plant diversity effects 510 

and a trend over time. The model is given below. 511 

𝑑𝑒𝑙𝑡𝑎𝑇𝑡𝑗 = 𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 + 𝑑𝑖𝑣𝑡𝑗 × 𝛽 + 𝜇𝑡𝑗 + 𝜀𝑡𝑗  512 

𝜇𝑡𝑗 =  𝜇𝑡𝑗−1 +  𝜈𝑡𝑗  513 

𝜀𝑡𝑗~ 𝑁(0, 𝜎𝜀𝑗
2 ) 514 

𝜈𝑡𝑗~𝑁(0, 𝜎𝜈𝑗
2 ) 515 

The 𝑑𝑒𝑙𝑡𝑎𝑇𝑡 is the soil temperature offset between the vegetated plot and the bare soil at time 516 

t. The 𝑑𝑖𝑣𝑡  is the categorical variable plant diversity, which has six levels. It allows for a 517 

different mean temperature offset per plant diversity level. The trend 𝜇𝑡𝑗 is modelled as a rw1 518 
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random walk trend based on a penalized complexity prior46 with parameters of U = 1 and α = 519 

0.01. Here, we allowed separate trends for each plant diversity level j to investigate whether 520 

the trends differ with plant diversity. 521 

We have two time series datasets for this time series analysis. One is the 30-minute intraday 522 

resolution data for each season (n = 48 × 4 × 80) to observe the daily pattern (Fig. 1a). The 523 

other is the daily data, averaged over the 18 years (n = 366/365 × 80, Fig. 1b). 524 

For 18 years of daily data, we analysed the effects of plant diversity as a function of air 525 

temperature using mixed models and summarised results in analyses of variance (ANOVA) 526 

tables (Extended Data Table 2). The fixed terms in the model were the air temperature from 527 

the climate station [linear (Tair) and quadratic contrast (qTair)], the season (factor with four 528 

levels), the centralised linear year (cyear), and interactions of these terms. The random terms 529 

were the year, the months within year, and the autocorrelation of the plant diversity effects 530 

between days within each year. 531 

After accounting for the effects of air temperature, we explained the residual variance in the 532 

effects of plant diversity by different temporal variables, i.e.  year, seasons within a year, 533 

months within a season, days within a month and hours within a day. We used sequential 534 

(type I) sums of squares and calculated the proportion of the total sum of squares that each 535 

temporal variable explained. 536 

A linear mixed-effects model was built to test the effects of the logarithm of plant diversity and 537 

soil depth on soil temperature stability. For annual soil temperature stability, the block was 538 

fitted as a covariate first to exclude the variation of the random position, then the logarithm of 539 

plant diversity, soil depth, a centralised linear year and their interactions in the fixed term were 540 

fitted. The random term is the nested structure of plot and soil depth, as well as the interaction 541 

of plot and year. For daily soil temperature stability, the year was replaced by the season. 542 

A simple linear regression was used to study the contribution of time and climate to the effects 543 

of plant diversity on annual soil temperature stability. In the fixed term, the centralized linear 544 
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year was fit first, followed by the drought index (SPEI). Sequential (type I) sums of squares 545 

were used, which means that the effects of the drought index (SPEI) were corrected for the 546 

linear year. 547 

Structural Equation Model (SEM) 548 

Since belowground variables soil organic carbon and root biomass were sampled only once 549 

in two or three years, we used only the years (2004, 2006, 2008, 2011, 2014, 2017) that 550 

contained the belowground information data for the SEM modelling. SEM was designed to 551 

investigate the underlying mechanisms of the significant plant diversity effects on soil 552 

temperature stability. To formulate hypotheses about pathways in the model, we searched the 553 

literature for knowledge on soil temperature stability and conducted mixed-effects modelling 554 

to estimate the effects of covariates on soil temperature stability. 555 

Previous studies have shown that thermal diffusivity is an indicator of soil temperature stability, 556 

because it indicates the rate at which a temperature change is transmitted by conduction 557 

through the soil36,47. Temperature changes are transmitted rapidly through the soil when the 558 

thermal diffusivity is high. In addition, research shows that higher soil organic carbon content 559 

(SOC) increases soil porosity35, which reduces soil thermal conductivity and diffusivity, 560 

especially when soil pores are filled with air. As a result, SOC acts as an insulator, and the 561 

presence of SOC cools the soil in summer and has a warming effect in winter36. Similarly, 562 

aboveground plant leaf cover can also act as an insulator to stabilize soil temperature23. 563 

Initial mixed-effects models modelling the effects of covariate data on annual soil temperature 564 

stability were performed in R (Extended Data Fig. 12). It can be seen that only LAI, root 565 

biomass, and soil organic carbon have a positive relationship with soil temperature stability. 566 

Soil water content has a strong positive effect on the thermal conductivity as well as on the 567 

heat capacity. The wetter the soil, the higher the thermal conductivity and heat capacity47. 568 

Since thermal diffusivity is the ratio of thermal conductivity to volumetric heat capacity, thermal 569 

diffusivity can be less sensitive to the soil water content47. Therefore, we didn’t include the soil 570 

water content in the SEM. 571 
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Data from LAI measurements in August were used in the SEM, because peak plant growing 572 

season LAI can represent aboveground annual net primary productivity. 573 

Given these preparatory analyses and considerations, we have only included SOC and LAI in 574 

August in our final SEM model (Fig. 4). Since we have data from several years, we also 575 

included the main effect climate (SPEI) and its interaction with plant diversity in our model. 576 

Furthermore, plot was considered as a random factor variable. After optimisation, the 577 

statistically non-significant (P > 0.05) paths were excluded from the model. Since the chi-578 

square was not significant (P > 0.05), we concluded that the model had a good fit. In addition, 579 

the conditional R2 value was calculated for each general linear mixed-effects model 580 

considering both fixed and random terms. 581 

All analyses were conducted using R 4.2.2. The package “INLA” was used for the Bayesian-582 

based time series analysis. The R package “nlme” was used for the mixed-effects models with 583 

temporal autocorrelation, while “lme4” and “lmerTest” were used for mixed-effects models with 584 

cross random effects. The package ‘piecewiseSEM’ was used for the structural equation 585 

model. 586 
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Extended Data are available in the online version of the paper. 615 
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Extended data figures and tables 634 

635 

Extended Data Figure 1 | Temperature time series at different heights and soil depths (data 636 

from plots in block II). 637 

 638 

Extended Data Figure 2 | Air temperature at 2 m (a), precipitation (b), soil temperature at 8 639 

cm (c), and drought index (SPEI) (d) change with time at the field site of the Jena Experiment. 640 
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 641 

Extended Data Figure 3 | Daily temporal pattern of temperature offset between vegetated plot 642 

soil temperature and air temperature changes with plant diversity and season. a, The offset 643 

between the soil temperature of the four bare ground plots and the air temperature. b, The 644 

offset between the soil temperature of different vegetated plots with a gradient of plant diversity 645 

and air temperature. 646 
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 647 

Extended Data Figure 4 | Offset of soil temperature at 5 cm between vegetated plots and bare 648 

soil at different plant diversity (1, 2, 4, 8, 16, and 60 species) on the daily scale for 18 years. 649 

Note that in 2013, the summer data (June, July and August) are missing due to the flood. So, 650 

the smoothing lines from June to August are not well represented in 2013. 651 
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652 

Extended Data Figure 4 5| Extreme climate days in plant communities with different plant 653 

diversity levels in each year. The mean number of freezing days (minimum soil temperature 654 

at 5 cm is lower than 0°C) and standard error are shown in figure a. The mean number of heat 655 

days (maximum soil temperature at 5 cm is higher than 25°C) and standard error are shown 656 

in figure b. Note that in 2013, summer data (June, July and August) are missing due to the 657 

flood. 658 

 659 

Extended Data Figure 6 | The hourly effect of plant diversity was calculated (24 hours per day, 660 

365/366 days per year, 18 years, n = 157,800). After considering the effects of air temperature, 661 
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the residual variance of the effects of plant diversity is decomposed into parts explained by 662 

different time scales. 663 

 664 

Extended Data Figure 7 | Relationship between air temperature and the effects of plant 665 

diversity at 15 cm (a) and 60 cm (b) soil depths. Solid lines are predicted data from the mixed-666 

effects model. 667 

668 

Extended Data Figure 8 | Effects of plant diversity change over time at different soil depths. 669 
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The y-axis is the plant diversity effect on the differences between soil temperature in 670 

vegetation plots and bare ground. Solid lines are the effect trends for different seasons over 671 

time. 672 

 673 

Extended Data Figure 9 | Plant diversity effects on the daily soil temperature variance change 674 

with time at different soil depths. Lines are mixed-effects model fits, with each color 675 

representing each season. 676 
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 677 

Extended Data Figure 10 | Effects of plant diversity on intra-annual soil temperature stability 678 

(a), and those effects change with time (b) and drought index (c). The 60-species diversity 679 

level data were excluded from this sensitivity analysis. The drought index here is calculated 680 

by multiplying the SPEI by -1, i.e. the drought situation becomes more severe with increasing 681 

values. 682 

 683 
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Extended Data Figure 11 | Effects of plant diversity change with time (a) and drought index 684 

(b). Here, we excluded those two years’ data (the year 2013 and 2011) that have high missing 685 

values. The drought index here is calculated by multiplying the SPEI by -1, i.e. the drought 686 

situation becomes more severe with increasing values. 687 

 688 

Extended Data Figure 12 | Relationships between different covariates and intra-annual soil 689 

temperature stability. Each closed circle represents one measurement, with different colours 690 

representing different years. The red line is the simple linear regression line of the selected 691 

variable and soil temperature stability (n = 480). In contrast, the black line is predicted from 692 

the mixed effects model after considering the effect of block and year. At the same time, the 693 

plot is also considered in the random term. The P values in the panels show the significance 694 

of the main effect of the variable on the x-axis from the mixed-effects model. Dashed lines 695 

indicate that the effect is not statistically significant, while solid lines represent significant 696 

effects. 697 

  698 
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 699 

Extended Data Table 1 Summary of annual climate data and number of missing days 700 

for the soil temperature dataset per year. 701 

Year 

Annual 
air 
temper
ature at 
1 m (°C) 

Annual 
precipit
ation 
(mm) 

Soil 
tempe
rature 
at 8 
cm 
(°C) 

Soil 
moistu
re at 8 
cm (%) 

Numbe
r of hot 
days 
(Tmax>
=30°C) 

Number 
of ice 
days 
(Tmax<0
°C) 

Number 
of frost 
days 
(Tmin< 
0°C) 

Growin
g 
season 
length 

Days 
missing for 
the soil 
temperatur
e data at 
plot level 

2004 9.42 591.78 9.71 23.59 3 6 90 190 13 

2005 9.19 459.11 10.34 22.55 11 22 93 174 22 

2006 9.95 563.24 10.83 26.84 21 19 91 200 3 

2007 10.19 754.31 10.93 31.60 6 11 67 179 4 

2008 9.78 565.75 10.57 28.24 9 5 79 169 15 

2009 9.35 706.91 10.52 30.75 4 21 96 190 6 

2010 8.14 717.23 9.96 32.20 13 55 120 169 14 

2011 9.87 525.97 10.33 30.93 5 13 99 185 76 

2012 9.31 537.49 10.60 23.88 11 22 83 166 4 

2013 9.05 557.49 10.06 28.40 14 30 104 181 139 

2014 10.45 643.20 11.36 30.58 8 11 74 203 18 

2015 10.42 449.17 11.19 28.92 22 4 88 187 0 

2016 10.08 515.72 10.98 28.30 15 4 83 175 37 

2017 10.21 601.42 10.53 29.90 9 14 72 187 7 

2018 10.63 385.22 11.27 23.84 26 13 76 196 52 

2019 10.64 497.33 11.25 23.55 24 5 77 183 27 

2020 10.79 583.73 11.36 29.11 15 0 84 196 2 

2021 9.50 625.88 10.58 33.23 10 11 92 168 1 

Note:  702 
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The number of hot days is defined as the number of days with maximum air temperature 703 

greater than or equal to 30°C. The number of ice days is defined as the number of days with 704 

maximum air temperature below 0°C. The number of frost days is defined as the number of 705 

days with minimum air temperature less than 0°C. Growing season length is defined as the 706 

number of days with daily air temperature values greater than or equal to 10°C. 707 

  708 
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Extended Data Table 2 | Mixed-effects models for the effects of air temperature, season, 709 

and year on the buffering effects of plant diversity on the soil temperature offset 710 

between vegetated and bare plots. 711 

 

Soil temperature at 5 cm 

(n = 6,575) 

Soil temperature at 15 cm 

(n = 6,575) 

Source of 

variation 
df ddf F P  df ddf F P 

Tair 1 6342 4304.24 <0.001  1 6342 3901.94 <0.001 

QTair 1 6342 698.89 <0.001  1 6342 818.34 <0.001 

Season 3 192 89.49 <0.001  3 192 56.51 <0.001 

Cyear 1 16 24.57 <0.001  1 16 15.42 0.001 

Tair × season 3 6342 22.36 <0.001  3 6342 27.05 <0.001 

QTair × season 3 6342 13.18 <0.001  3 6342 13.44 <0.001 

Tair × cyear 1 6342 180.29 <0.001  1 6342 169.79 <0.001 

QTair × cyear 1 6342 0.60 0.44  1 6342 3.54 0.06 

Season × cyear 3 192 7.29 0.010  3 192 4.86 0.003 

Tair × season × 

cyear 
3 6342 2.10 0.10  3 6342 2.43 0.06 

QTair × season × 

cyear 
3 6342 9.18 <0.001  3 6342 8.17 <0.001 

Notes: 712 
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Fixed effects were fitted sequentially (type-I sum of squares) as indicated in the table. 713 

Random terms included year, months within year and autocorrelation of the day within 714 

each year. Abbreviations: n = number of plots; df = nominator degrees of freedom; ddf 715 

= denominator degrees of freedom; Tair = linear term of air temperature measured at 716 

the climate station. QTair = quadratic contrast of the air temperature. Cyear = 717 

centralized linear year. F and P indicate F-ratios and the P value of the significance 718 

test, respectively. 719 
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