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Abstract 17 

Soil microorganisms control carbon losses from soils to the atmosphere1-3, yet their responses to 18 

climate warming are often short-lived and unpredictable4-7. Two mechanisms, microbial acclimation 19 

and substrate depletion, have been proposed to explain temporary warming effects on soil 20 

microbial activity8-10. However, empirical support for either mechanism is unconvincing. Here we 21 

used geothermal temperature gradients (> 50 years of field warming)11 and a short-term 22 

experiment to show that microbial activity (gross rates of growth, turnover, respiration and carbon 23 

uptake) is intrinsically temperature sensitive and does not acclimate to warming (+ 6 ºC) over 24 

weeks or decades. Permanently accelerated microbial activity caused carbon loss from soil. 25 

However, soil carbon loss was temporary because substrate depletion reduced microbial biomass 26 

and constrained the influence of microbes over the ecosystem. A microbial biogeochemical 27 

model12-14 showed that these observations are reproducible through a modest, but permanent, 28 

acceleration in microbial physiology. These findings reveal a mechanism by which intrinsic 29 

microbial temperature sensitivity and substrate depletion together dictate warming effects on soil 30 

carbon loss via their control over microbial biomass. We thus provide a framework for interpreting 31 

the links between temperature, microbial activity and soil carbon loss on timescales relevant to 32 

Earth’s climate system.  33 



Main Text 34 

Soil-dwelling bacteria and fungi control the breakdown of organic matter in soil and its release as 35 

carbon dioxide (CO2) to the atmosphere1. Climate warming is expected to accelerate the activity of 36 

soil microbes, stimulating further CO2 release and a positive feedback to climate change2,3. A 37 

better understanding of microbial processes will likely improve climate change predictions15,16. 38 

Research in recent decades has thus sought to quantify the consequences of warming for soil 39 

microbes and the carbon cycle processes they govern, and to describe this using metrics such as 40 

microbial carbon use efficiency (CUE)17,18. However, the relationships between temperature and 41 

soil microbes remain apparently inconsistent in both space and time3-9, preventing consensus on 42 

the severity of feedbacks from microbial activity to future climate change.  43 

  44 

Soil microbes degrade organic matter in soil, take up the carbon therein, allocate a portion to 45 

growth and release the remainder chiefly as CO2 through respiration19. The enzymatic reactions 46 

controlling these processes are intrinsically temperature sensitive20. However, warming effects on 47 

soil CO2 release are often short-lived5,9. First, warming begins a phase of accelerated respiration 48 

that causes excess CO2 release from soil. Then, within years of initiating warming, there is a 49 

deceleration of respiration and, in most cases (but see refs 4,7), a return to pre-warmed rates of 50 

soil CO2 release. The temporal dynamics of soil CO2 release will dictate the magnitude of soil 51 

carbon lost with climate warming. Nevertheless, the mechanisms behind it are the subject of 52 

intense scientific debate. Microbial communities may acclimate to sustained warming through 53 

physiological adjustments (e.g. CUE) or shifts in community composition9,21. Here we define 54 

microbial acclimation as a return of microbial activity towards pre-warmed rates over time. At the 55 

same time, accelerated microbial activity can cause substrate depletion, limiting resource 56 

availability and negatively impacting microbial processes8,10. Microbial acclimation and substrate 57 

depletion are not mutually exclusive and both may cause a deceleration of soil carbon loss under 58 

sustained warming. Despite this, microbial activity does not always attenuate to warming4,8, and 59 

neither mechanism can explain the variable patterns of warming-induced soil carbon loss observed 60 

at biome and global scales6,7. Indeed, while links between microbial activity and the carbon cycle 61 

have been repeatedly demonstrated, researchers have yet to quantify the interplay between 62 



temperature, microbial physiology and soil carbon loss over periods greater than hours to months. 63 

This is especially true for microbial growth, turnover and CUE, which until now have been 64 

estimated indirectly or using carbon substrates that bias the experimental system17,18,22. A 65 

mechanistic understanding is urgently needed to identify the role of microorganisms in warming-66 

induced soil carbon loss and its importance over timescales relevant to the climate system. 67 

 68 

We used the longest known in situ natural warming study (at least 50 years; ref 11) to determine the 69 

microbial mechanism responsible for warming-induced soil carbon loss. The study exploits natural 70 

geothermal activity in a sub-arctic grassland that has created gradients of warming from ambient 71 

temperature to + 6 ºC (n = 5). It provides a unique platform for assessing the long-term responses 72 

of microbes to warming in a region that holds large carbon stocks and is vulnerable to rapid 73 

temperature change1. We used direct, substrate independent, metrics of microbial physiology 74 

(gross rates of growth, respiration, turnover, organic carbon uptake and CUE; ref 23) to 75 

characterise microbial activity in ambient and warmed field plots (i.e. after at least 50 years of 76 

warming). We then used the same approach on a six-week laboratory warming experiment with 77 

soils from the same site to characterise microbial activity immediately after the onset of warming. 78 

By coupling measures on both timescales, we could determine whether microbial responses to 79 

warming were driven by microbial acclimation, community composition or substrate depletion. 80 

Finally, we used a biogeochemical model operating at the individual microbe scale12-14 to explore 81 

whether observations could be reproduced via changes to microbial physiology. 82 

 83 

Soil microbial activity, expressed per unit of soil mass as microbial growth (Fig. 1a, P = 0.6479), 84 

respiration (Fig. 1b, P = 0.3603) and organic carbon uptake (Fig. 1c, P = 0.2822), did not differ 85 

between ambient and warmed field plots following at least 50 years of in situ warming. Microbial 86 

CUE, a metric linking microbial growth to soil carbon loss17,22, also remained unchanged between 87 

ambient and warmed field plots (Fig. 1d, P = 0.4028). This held true for warming of up to 6 ºC, thus 88 

encompassing the most severe IPCC climate projections (Scenario RCP8.5: 3.7 ± 0.7 by 2100; ref 89 

1). Despite this, warmed soils contained up to 11.1 ± 3.5 % less carbon per ºC of temperature 90 

change (Supplementary Fig. S1a; P = 0.0001), corresponding to 1.2 ton ha-1 per ºC of the total soil 91 



organic carbon stock (data not shown). Given that microbial activity is the main vehicle of soil 92 

carbon loss1,3, we hypothesised that warming temporarily accelerated microbial activity, inducing a 93 

phase of CO2 release per unit of soil and the carbon loss observed at the field scale. This was 94 

confirmed by an incubation experiment, in which warming ambient temperature soils for six weeks 95 

accelerated microbial growth by 62 ± 22 % (Supplementary Fig. S2a, P = 0.0046), respiration by 96 

40 ± 14 % (Supplementary Fig. S2b, P = 0.0200) and uptake by 38 ± 10 % (Supplementary Fig. 97 

S2c, P = 0.0097) per unit of soil. Taken together, our field and incubation data demonstrate two 98 

things. First, soil microbial physiology, when considered per unit of soil mass, is accelerated during 99 

a dynamic phase caused by the onset of warming, and this leads to greater soil carbon release5,9. 100 

Second, this dynamic phase ends within decades following warming, and the outcome for the 101 

ecosystem is a cessation of warming-induced CO2 release to the atmosphere.  102 

 103 

The soil carbon cycle interacts with the climate system per unit of soil, with carbon cycle models 104 

expressing carbon fluxes on an area (m-2 surface) or mass (g-1 soil) scale16. At this scale, warming 105 

effects on microbial activity were temporary. However, physiological processes operate per unit of 106 

microbial biomass, not per unit of soil, and at this scale microbial activity never attenuated to 107 

warming. Mass-specific rates of microbial growth, respiration, uptake and turnover remained 108 

accelerated following six weeks (P = 0.0153, P = 0.0163, P = 0.0100, P = 0.0163) and at least 50 109 

years (Fig. 1e-h, P = 0.0033, P = 0.0116, P = 0.0055, P = 0.0033) of warming. This occurred 110 

despite warming having no detectable influence over microbial community composition at the 111 

genus to operational taxonomic unit (OTU) level (i.e. OTU relative abundances; Supplementary 112 

Figs S3 & S4; ref 24). While it has been suggested that microbes acclimate to new thermal 113 

regimes9,22, we found no evidence to support this mechanism. Soil microbes did not adjust their 114 

growth rates, respiration rates or resource use strategies (e.g. C uptake, CUE) in response to 115 

warming. Indeed, our data alternatively show that microbial physiology does not acclimate to 116 

warming of up to 6 °C on timescales spanning weeks to at least 50 years, revealing an intrinsic 117 

temperature sensitivity of soil microbes and the processes dictating their influence over the soil 118 

system. 119 

 120 



Substrate depletion has received extensive conceptual support as a mechanism to explain 121 

temporary warming effects on soil microbial activity7,8,10. In the absence of microbial acclimation, 122 

accelerated microbial activity under warming may deplete available substrate, creating a negative 123 

feedback on microbial processes that limits carbon loss from soil. Nevertheless, support for the 124 

substrate depletion mechanism is limited. This is because no study has convincingly shown that 125 

associations between microbial activity, substrate availability and microbial biomass persist 126 

regardless of warming intensity or duration, or that warming effects on microbial biomass lag 127 

behind (not just associate with) warming effects on microbial activity. Using incubation and field 128 

data, we discovered that microbial growth (r45 = 0.77, P < 0.0001), respiration (r44 = 0.53, P = 129 

0.0001) and carbon uptake (r44 = 0.62, P < 0.0001) per unit of soil were positively correlated to 130 

microbial biomass irrespective of warming intensity or duration. Microbial biomass was similarly 131 

positively correlated with multiple soil substrate pools (Supplementary Fig. S5). Moreover, 132 

microbial biomass decreased by 22 ± 13 % under long-term warming (Supplementary Fig. S1b; P 133 

= 0.0038), and by only 6 ± 2 % after six weeks of warming (P = 0.0248). This illustrates that 134 

microbial biomass declined after an acceleration of microbial activity, leading to a temporary 135 

imbalance between turnover and growth. These results not only support the substrate depletion 136 

hypothesis, but also provide the first evidence that it acts via changes to microbial biomass. 137 

 138 

We used a microbial biogeochemical model12-14 to explore whether accelerated microbial 139 

physiology alone could explain empirical observations on both timescales. The model simulated 140 

warming through its direct effects on the physiology of individual microbes, with responses at 141 

higher organisational scales emerging as a consequence of these effects. Given that temperature 142 

controls multiple components of the microbial metabolism17-19,25,26, we mimicked warming using 143 

step changes in extracellular enzyme efficiency and substrate affinity, maintenance respiration, 144 

mortality and maximum uptake (Supplementary Table S3). In all scenarios, “warming” initiated a 145 

dynamic phase that shifted the system to a new steady state within 10 to 40 years (e.g. 146 

Supplementary Fig. S6, Fig. 2a-c). Increasing enzyme efficiency or substrate affinity reduced soil 147 

carbon, but did not accelerate mass-specific respiration or growth (Scenarios 1-7, Supplementary 148 

Fig. S6a-h). Increasing maintenance respiration decreased microbial biomass, but caused an 149 



accumulation, not a loss, of soil carbon (Scenarios 8-10, Supplementary Fig. S6i-l). Increasing 150 

maximum uptake and mortality reduced soil carbon and accelerated mass-specific growth, but not 151 

mass-specific respiration (Scenarios 11-13, Supplementary Fig. S6m-p). Only scenarios involving 152 

increases in enzyme efficiency, maintenance respiration, mortality and maximum uptake could 153 

reproduce empirical observations (Scenarios 18-27, Supplementary Fig. S7). These scenarios 154 

caused a permanent acceleration in mass-specific respiration, growth and turnover, no change to 155 

CUE and an ephemeral release of soil carbon that attenuated over time due to declining microbial 156 

biomass (e.g. Scenario 23, Table 1, Fig. 2a-c). Approximations from this example matched 157 

empirical responses to warming per unit of soil and biomass and on both timescales (Fig. 2d, r46 = 158 

0.477, P = 0.0006). Our modelling exercise shows that intrinsic microbial temperature sensitivity 159 

has the capacity to cause ephemeral warming effects on the carbon cycle without microbial 160 

acclimation and to drive the ecosystem to a new steady state possessing pre-warmed rates of soil 161 

CO2 release (Fig. 2e).  162 

 163 

 164 

Table 1. Modelled and empirical changes to soil carbon pools and fluxes under warming. Mean responses of a 165 

model involving increases in microbial extracellular enzyme efficiency (15 %), maintenance respiration (10 %), mortality 166 

(10 %) and maximum uptake (5 %) and for empirical observations. Values show changes relative to the pre-warmed 167 

initiated model or ambient temperature field soil, respectively. The dynamic phase represents the model 40-50 days after 168 

perturbation or soil from ambient field plots after six weeks of warming. The warmed state represents the model 50 years 169 

after perturbation versus soil from field plots after at least 50 years of warming.  170 

 171 

Response Dynamic phase  Warmed state 

 Model Empirical  Model Empirical 

Soil C content - 0.21 % 2.94 %  - 30.86 % - 27.10 % 

Microbial biomass C 19.42 % - 5.53 %  -16.75 % - 30.50 % 

Total microbial growth 43.34 % 44.51 %  - 9.13 % - 7.60 % 

Total microbial respiration 36.59 % 33.45 %  0.54 % - 1.42 % 

Mass-specific microbial growth 20.04 % 70.64 %  9.15 % 31.19 % 

Mass-specific microbial respiration 36.87 % 32.78 %  20.77 % 41.97 % 

Microbial CUE 3.02 % 5.96 %  - 6.17 % - 4.16 % 

 172 

 173 



We show that intrinsic microbial temperature sensitivity can explain temporal variability in warming-174 

induced soil carbon loss over periods of weeks to at least half a century. This is evidenced using 175 

direct physiological measurements from in situ gradients encompassing at least 50 years of 176 

warming, and is reinforced by a microbial biogeochemical model. From this, we propose a 177 

framework to explain warming effects on soil carbon loss over any timescale, which draws from the 178 

substrate depletion hypothesis8 but provides it with both a microbial mechanism and long-term 179 

empirical support. Warming permanently accelerates the growth, respiration and uptake of 180 

microbial communities (Fig. 3b,d), driving a dynamic phase of CO2 release at baseline amounts of 181 

microbial biomass (Fig. 3c). As soil carbon is lost from the ecosystem, substrates are depleted 182 

(Supplementary Fig. S5), causing a decline in microbial biomass (Fig. 3a). Thus, while microbial 183 

activity remains accelerated per unit of biomass (Fig. 3b), it declines per unit of soil. This causes 184 

an attenuation of warming-induced soil CO2 release (Fig. 3a) and a shift of the ecosystem to a new 185 

steady state. We suggest that such a “dynamic to steady state” response can explain not only 186 

attenuating warming effects on the soil carbon cycle5,22, but also examples where no attenuation 187 

occurs (i.e. where substrate does not become limiting within the observed timeframe)4,6-8,27,28. We 188 

thus offer a mechanism whereby an absence of microbial acclimation to warming can drive 189 

variable extents of ecosystem attenuation in soil carbon loss (Fig. 2e). This framework describes 190 

the interplay between temperature and soil microbial physiology on timescales relevant to Earth’s 191 

climate system, and provides a focus for future research to better constrain feedbacks from soils to 192 

climate change.  193 



Figure captions 194 

Fig. 1. Soil microbial responses to long-term warming. Mean (± SE, n = 5) microbial (a) growth 195 

(G; µg C g-1 soil dry mass h-1); (b) respiration (R; µg C g-1 soil dry mass h-1); (c) organic C uptake 196 

(U; µg C g-1 soil dry mass h-1); (d) carbon use efficiency (CUE; %); (e) mass-specific growth (Gm; 197 

mg C g-1 Cmic h-1); (f) mass-specific respiration (Rm; mg C g-1 Cmic h-1); (g) mass-specific organic C 198 

uptake (Um; mg C g-1 Cmic h-1); and (h) turnover (Tm; d-1) at ambient temperature (A; grey; 11 ºC) or 199 

after at least 50 years of warming (+ 0.5 to 6 ºC; white). Asterisks indicate significant differences (P 200 

< 0.05) between ambient and warmed temperatures. 201 

 202 

Fig. 2. Simulated responses to warming. Mean (± SE, n = 3) modelled responses of (a) soil 203 

carbon (mg g-1 soil dry mass), (b) microbial respiration (R; µg C g-1 soil dry mass h-1) and (c) 204 

microbial biomass C (Cmic; mg C g-1 soil dry mass) to 50 years of simulated warming (black) or a 205 

control scenario (green). (c) Relationship between empirical (RRe) and simulated (RRs) 206 

observations, displayed as response ratios irrespective of warming duration. (e) Relationships (± 207 

95 % CIs) between microbial respiration (R) and temperature (T; ºC) from empirical data under 208 

short-term (blue) and long-term (orange) warming at microbial (dashed lines) and ecosystem (solid 209 

lines) scales. 210 

 211 

Fig. 3. Soil carbon cycle responses to climate warming. Standardised empirical responses (± 212 

95 % CIs) of the soil carbon cycle to (a,b) at least 50 years or (c,d) six weeks of warming (a,c) per 213 

unit of soil (g-1 soil) and (b,d) per unit of microbial biomass (g-1 microbial biomass C; Xm). G: 214 

microbial growth; R: microbial respiration; U: microbial organic C uptake; DOC: dissolved organic 215 

carbon; Cmic: microbial biomass C; CUE: microbial carbon use efficiency. Responses are from field 216 

plots (long-term) or laboratory incubations (short-term), and are presented as standardised effect 217 

sizes from linear mixed effects models including all levels of warming (i.e. a value of 0.5 represents 218 

a 50 % smaller response than a value of 1.0). Significant responses (P < 0.05) are shaded in black.  219 

  220 
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Materials & Methods 311 

Site description & sampling. We took soil samples from the geothermal warming sites of the 312 

ForHot experiment11 near Hveragerdi in Iceland (64°00′01″ N, 21°11′09″ W), in August 2015. The 313 

experiment is in a fenced grassland, dominated by Agrostis capillaris, Ranunculus acris and 314 

Equiestum pratense, over a Brown Andosol. It consists of five replicated soil temperature gradients 315 

ranging from ambient (mean summer temperature from 2013 to 2015: 11.3 ± 0.4 ºC at 5 cm depth) 316 

to + 20 ºC above ambient, owing to geothermal activity that has been present for at least 50 years 317 

but probably since before 170811. While geothermal activity may have varied during this period, 318 

warming has been stable in the area since at least 1963 and warming intensity (i.e. ºC above 319 

ambient) has not varied since detailed measurements began in 2013 (2013-2015: ref 13; 2016-320 

2018: data not shown). As such, we consider warmed field plots to represent a minimum of 50 321 

years of sustained warming, with each gradient acting as a replicate block with its own ambient 322 

temperature control (inter-plot distance within blocks < 20 m). Between blocks, ambient 323 

temperature plots were similar in plant community composition, plant aboveground and 324 

belowground biomass, litter biomass, soil pH, soil moisture, pools of dissolved carbon and nitrogen 325 

(dissolved organic carbon, total dissolved nitrogen, amino acids, ammonium, nitrate) and soil 326 

carbon and nitrogen stocks (P = n.s. in all cases). Plant community composition, plant 327 

aboveground and belowground biomass, litter biomass, soil pH and soil moisture did not vary 328 

between temperatures (P = n.s. in all cases). We took soil samples (0 – 10 cm depth) at one time 329 

point from ambient, + 0.5 ºC, + 1.0 ºC, + 1.5 ºC, + 3 ºC and + 6 ºC plots of all replicate blocks (n = 330 

5). Soils were sieved (2 mm mesh size), adjusted to 60 % of water holding capacity (WHC) and 331 

pre-incubated for four days at their respective temperatures prior to measurements.  332 

 333 

Incubation experiment. We incubated ambient temperature field soils for six weeks at 11 ºC (i.e. 334 

at their field temperature; negative control), 14 ºC (+ 3 ºC) and 17 ºC (+ 6 ºC) to represent short-335 

term warming. Given that soils were incubated in an artificial system, we additionally incubated 336 

warmed soils from + 3 ºC and + 6 ºC plots at their own field temperatures (i.e. 14 ºC and 17 ºC, 337 

respectively) as positive controls. In doing so, we were able to directly compare short-term and 338 

long-term warming effects on soil microbial processes using soils that had undergone the same 339 



treatment. Soils (100 g) were maintained in 500 ml glass vials under constant airflow (LI-COR-340 

8150 multiplexer system; LI-COR Biosciences, Lincoln, USA) and at 60 % WHC. Measurements 341 

were taken at incubation temperature directly following the six-week incubation period.  342 

 343 

Microbial physiology & carbon and nitrogen pools. We measured gross microbial growth rates 344 

using incorporation of 18O into microbial DNA. The method is direct (i.e. growth is measured as 345 

DNA replication, not the incorporation of carbon into biomass) and substrate independent, thus 346 

avoiding the addition of energy/nutrients that could alter the relationship between temperature and 347 

microbial growth17,18,22. Briefly, we incubated 500 mg soil for 24 h at field/incubation temperature 348 

with 18O-H2O to 20 at% enrichment and 80 % of WHC, alongside a duplicate containing the same 349 

volume of molecular grade non-labelled H2O as a natural abundance control. Microbial activity 350 

remained uninhibited by soil water 18O enrichments of up to 40 at%. DNA was then extracted 351 

(FastDNATM SPIN Kit for Soil, MP Biomedicals, Santa Ana, USA), quantified (Quant-iTTM 352 

PicoGreen® dsDNA Assay Kit; Thermo Fisher, Waltham, USA) and analysed for 18O abundance 353 

and total O content using a Thermochemical Elemental Analyser (EA) coupled to a Delta V 354 

Advantage Isotope Ratio Mass Spectrometer (IRMS) via a Conflo III (Thermo Fisher, Waltham, 355 

USA). Microbial respiration (µg C g-1 soil dry mass h-1) was determined from gas samples taken at 356 

the start and end of the 24 h incubation period (analysed for CO2 concentration with a Trace GC 357 

Ultra; Thermo Fisher, Waltham, USA). Soil organic carbon and nitrogen concentrations (mg g-1 soil 358 

dry mass) were measured on dry soil (60 ºC for 48 h) with a Carlo Erba 1110 EA (CE Instruments, 359 

Wigan, UK) coupled to a Delta Plus IRMS via a Conflo III (Thermo Fisher, Waltham, USA). 360 

Microbial biomass carbon and nitrogen concentrations (mg g-1 soil dry mass) were measured via 361 

chloroform fumigation extraction followed by analysis on a TOC-VCPH/CPNTNM-1 analyser 362 

(Shimadzu, Kyoto, Japan; 48 h incubation period; 1 M KCl extraction for fumigated and non-363 

fumigated samples; conversion factor 0.45). DNA production (µg DNA g-1 soil dry mass h-1) was 364 

then calculated and used to derive microbial community growth (µg C g-1 soil dry mass h-1), uptake 365 

(µg C g-1 soil dry mass h-1), turnover (d-1) and carbon use efficiency (%). We calculated DNA 366 

production (DNAp; µg DNA g-1 soil dry mass h-1) as: 367 

 368 
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 369 

where Oe is the 18O at% excess of the labelled sample (surplus 18O abundance (at%) relative to 370 

that of the corresponding natural abundance sample), Ol is the 18O enrichment (at%) of the labelled 371 

sample and the constant 31.21 is the proportional mass of O (%) in an average DNA molecule 372 

(data not shown). We then converted DNA production to equivalent microbial biomass carbon 373 

production, i.e. microbial growth (G; µg C g-1 soil dry mass h-1), for each sample separately using: 374 

 375 
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 376 

where Cmic and DNAmic are a sample’s microbial biomass carbon content (µg C g-1 soil dry mass) 377 

and DNA content (µg DNA g-1 soil dry mass). We calculated microbial carbon uptake (U; µg C g-1 378 

soil dry mass h-1) as the sum of microbial growth (G) and microbial respiration (R): 379 

 380 

𝑈 =  𝐺 +  𝑅 

 381 

We calculated microbial carbon use efficiency (CUE) as: 382 

 383 
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 384 

and microbial community turnover rate (T) as: 385 

 386 

𝑇 =  
𝐺
𝐶!"#

×24 

 387 

Microbial turnover rate is thus mathematically equivalent to mass-specific microbial growth (given 388 

as mg C g-1 Cmic h-1) at a system in steady state. 389 

 390 



Microbial community composition. We investigated long-term (i.e. field plots) and short-term (i.e. 391 

incubated soils) warming effects (ambient, + 3 ºC, + 6 ºC) on soil microbial community composition 392 

(n = 5) by sequencing the 16S rRNA gene of bacteria and archaea and the fungal ITS1 region with 393 

an established multiplexed amplicon sequencing approach29. DNA was extracted from 500 mg soil 394 

samples (FastDNATM SPIN Kit for Soil, MP Biomedicals, Santa Ana, USA) and purified with the 395 

OneStepTM PCR Inhibitor Removal kit (Zymo Research). Bacterial and archaeal 16S rRNA genes 396 

were amplified in triplicate PCR reactions using 25 cycles and the primer pair 515F_mod and 397 

806R_mod. The fungal ITS1 region was amplified with 30 cycles and primers ITS1F and ITS2. 398 

Replicate PCR products were pooled, cleaned (ZR-96 DNA Clean-Up KitTM, Zymo Research, Irvine, 399 

USA), eluted in 30 µl nuclease-free water and used as a template in a second PCR reaction with 400 

primers containing sample-specific barcodes using 8 cycles29. PCR products were cleaned up, as 401 

above, quantified using the Quant-iTTM PicoGreen® dsDNA Assay Kit (Thermo Fisher, Waltham, 402 

USA) and pooled equimolarly (20 x 109 molecules per individual sample library) prior to 403 

sequencing on a MiSeq sequencing platform (Illumina, San Diego, USA) at Microsynth AG 404 

(Balgach, Switzerland). Bacterial/archaeal 16S rRNA gene sequence data were processed 405 

following ref 29. Fungal ITS1 sequence data were extracted from raw amplicon data using ITSx30, 406 

followed by detection of unique sequences and OTU identification. Fungal OTUs were assigned 407 

using a sequence similarity of 99% (based on OTU abundances of a mock community at different 408 

OTU clustering thresholds; data not shown). Taxonomic assignment was performed using a 409 

Bayesian classifier and the Warcup training set Version 231. Samples were rarefied to 1240 reads 410 

for bacterial samples and 1568 reads for fungal samples using the R package phyloseq. OTUs that 411 

were not present in 20% of the samples with a minimum of 10 reads were discarded from the 412 

further analysis.  413 

 414 

Model construction. We used an soil biogeochemical model operating at the single-cell scale12-14 415 

to investigate warming effects on soil carbon cycle processes through its influence solely over 416 

extracellular enzyme kinetics, microbial growth dynamics, substrate and consumer stoichiometry 417 

and microbial interactions on the microscale. The model is spatially explicit at the microscale: 418 

substrate turnover and microbial processes are calculated for individual soil microsites (5 x 5 x 5 419 



µm) on a two-dimensional grid of 200 x 200 microsites. Microbes produce extracellular enzymes to 420 

degrade complex organic substrate (primary substrate: plant-derived organic matter, microbial-421 

remains: organic matter formed by dead microbial biomass or products) in the microsite they 422 

inhabit. Enzymatic products (dissolved, bioavailable organic matter) can then be taken up by the 423 

microbe and used for maintenance, growth and further enzyme production. Elements that are in 424 

stoichiometric excess are either respired (for carbon: overflow respiration) or mineralized as 425 

inorganic nitrogen. If microbes reach a certain cell size they divide and one daughter cell populates 426 

a neighbouring microsite. The labile products of microbial and enzymatic activity (enzymatic 427 

products and inorganic nitrogen) are allowed to diffuse across the grid, which enables competitive 428 

and synergistic interactions between spatially proximate microbes. As a consequence, 429 

spatiotemporal microbial community dynamics emerge on the grid and feedback on carbon and 430 

nitrogen turnover rates12,13. The model can be set up with functionally different microbial groups, 431 

exhibiting different metabolic capabilities and cell stoichiometry12. Interactions between functionally 432 

different microbes were not the focus of this study, so we set up all model runs with one generalist 433 

microbial group able to synthesise every type of extracellular enzyme.  434 

 435 

Model parameterisation. Model scenarios were parameterised to the same pre-warmed steady 436 

state using field data from ambient temperature plots (Supplementary Table S1). The model was 437 

parameterised and initiated through a spin-up phase of 1,600,000 time steps (approximately 90 438 

years; one time step = 30 mins). Inputs of plant-derived primary substrate were held constant to 439 

run the model into a dynamic equilibrium where pools oscillated around a steady-state pool size14. 440 

Pre-warmed steady-state conditions established during the spin-up phase of the model were 441 

parameterised by varying parameters within a priori ranges derived from the literature and previous 442 

calibrations12 such that key pools (total soil and microbial biomass carbon, nitrogen), process rates 443 

(microbial respiration, growth, turnover) and ratios of output parameters (e.g. biomass-specific 444 

respiration, microbial biomass carbon per mass of soil carbon) were matching (as far as possible) 445 

those observed for the field experiment (spin-up parameter settings: Supplementary Table S2; 446 

steady-state conditions: Supplementary Table S1). Unlike data used for previous model 447 

applications, empirical data available in this study also included measurements of microbial growth 448 



and turnover, allowing us for the first time to parameterise the model also taking these output 449 

values into account. While the model approximated most rates, pools and ratios correctly, it 450 

underestimated soil C stocks slightly and overestimated microbial activity at the warmed steady 451 

state (Supplementary Table S1). This is likely because the model does not account for physico-452 

chemical interactions between organic matter and soil minerals, which usually protect soil C from 453 

microbial decomposition. We used the spin-up model to test scenarios (Supplementary Table S3) 454 

in which we systematically manipulated key physiological parameters known to respond to 455 

warming, such as extracellular enzyme kinetics (efficiency, substrate affinity) and/or microbial 456 

activity (maintenance respiration, maximum uptake, mortality). Each scenario was run as a 457 

continuation from the spin-up model steady state for a total of 929,800 time steps (i.e. 53.1 years; 458 

n = 3). “Warmed” scenarios introduced a sudden change in one or more parameters after one 459 

further year of steady-state conditions, whereas an unchanged control scenario kept the spin-up 460 

parameter settings throughout the model run (deviations from spin-up parameters: Supplementary 461 

Table S3). For each scenario, three replicate runs were necessary and sufficient to account for the 462 

stochastic variability in the model (e.g. Fig. 2a-c; mean ± SE). We examined modelled carbon 463 

pools and fluxes at three time periods following the introduced physiological temperature response: 464 

(i) short-term (40 to 50 days, i.e. duration of six-week incubation experiment); (ii) peak short-term 465 

(1.5 to 3 years, i.e. peak of short-term responses observed during model runs); and (iii) long-term 466 

(49.5 to 50.5 years, i.e. minimum duration of field experiment). Following validation (see below), 467 

we selected the most representative scenario (#23) for a more detailed analysis of temporal 468 

dynamics (Fig. 2).  469 

 470 

Model accuracy & development. Scenarios were examined against their ability to reproduce 471 

empirical observations following six-weeks (i.e. short-term incubation; scenario “short-term 472 

response”) and several decades (i.e. field experiment; scenario “long-term response”) of warming. 473 

Specifically, and further to correlations in the Main Text, we compared the accuracy of all model 474 

scenarios in reproducing soil carbon content (soil C), microbial biomass carbon (Cmic), carbon use 475 

efficiency (CUE), total respiration (R), total growth (G), biomass-specific respiration (Rm) and 476 

biomass-specific growth (Gm) as variables of key importance to interpretation of empirical data. For 477 



each scenario, a single accuracy value was calculated as the percentage of output values 478 

responding “similarly” to corresponding empirical values. For significant positive/negative empirical 479 

responses (e.g. biomass-specific respiration), corresponding scenario outputs were considered 480 

“similar” if they had a response of greater than 5 % (i.e. 0.05 in Supplementary Table S3) in 481 

absolute terms (i.e. same numerical sign). For unresponsive empirical observations (e.g. carbon 482 

use efficiency), corresponding scenario values were considered “similar” with a response of 483 

between -5 % and 5 % (i.e. -0.05 and 0.05 in Supplementary Table S3). We calculated one 484 

accuracy value per scenario (N = 27), and these data were used as a univariate response variable 485 

in linear models to determine which parameters had the greatest influence over model 486 

performance (i.e. with each scenario acting as a replicate). Scenarios involving multiple 487 

parameters (scenarios 14-27) were significantly more accurate (mean ± SE accuracy: 69 ± 3.7 %) 488 

than enzyme only (52 ± 2.4 %) and physiology only (51 ± 1.2 %) scenarios (P = 0.0011). For 489 

single-parameter scenarios (i.e. scenarios 1-13), enzyme efficiency was the most important 490 

parameter for improving accuracy (57.14 ± 0.00 %; P = 0.0101) and was thus included in all 491 

multiple parameter scenarios. By comparison, enzyme substrate affinity (51.79 ± 4.49 %; P = 492 

0.0498), maintenance respiration (50.00 ± 0.00 %; P = 0.4926) and maximal uptake and mortality 493 

(52.38 ± 2.38 %; P = 0.7829) were less important determinants of model accuracy. Multiple-494 

parameter scenarios containing extracellular enzyme efficiency, maintenance respiration, 495 

maximum uptake and mortality (76.53 ± 4.33 %), but not enzyme substrate affinity (71.43 ± 496 

7.14 %), were most accurate (Supplementary Fig. S7; P = 0.0327). We thus selected scenario #23 497 

(enzyme efficiency + 15 %, maintenance respiration + 10 %, maximum uptake + 5 %, mortality + 498 

10 %; Supplementary Table S3) as an example scenario for analysis of temporal dynamics. Initial 499 

oscillations in this scenario immediately following perturbation were caused by the abrupt crash in 500 

microbial biomass following substrate depletion, which allowed substrate pools to partially recover 501 

prior to stabilising at a new equilibrium (Fig. 2a-c). Such oscillations are likely dampened in real 502 

soil, where a range of density-dependent processes, including competition for space, disease and 503 

predation, additionally regulate microbial abundance33.  504 

 505 



Statistical analysis. Microbial physiology and carbon/nitrogen pools were analysed using 506 

standardised linear mixed effects models that included transect (i.e. block) as a random intercept 507 

term. Significance (P < 0.05) was determined using likelihood ratio (LR) tests between models 508 

including or excluding explanatory variables. Using field-collected soils, we tested for effects of 509 

warming treatment (ambient, + 0.5 ºC, + 1.5 ºC, + 3.0 ºC, + 6.0 ºC) on microbial physiology and 510 

carbon/nitrogen pools (Supplementary Table S4). Using incubated soils, we tested for effects of 511 

short-term warming treatment (ambient, + 3.0 ºC, + 6.0 ºC) on microbial physiology 512 

(Supplementary Table S4). Long-term and short-term warming effects on bacterial/archaeal and 513 

fungal community composition (relative OTU abundances, calculated as the abundance of a 514 

specific OTU relative to the total abundance of all OTUs in a sample) were assessed separately 515 

using PERMANOVAs and visualised using PCA plots and heatmaps of the 100 most abundant 516 

OTUs. The long timespan of the field warming experiment eliminated the potential for soil-borne 517 

relic DNA to influence the observed composition of living microbial communities32. We tested for 518 

associations between microbial biomass C (Cmic) and microbial growth, respiration and uptake, and 519 

between Cmic and concentrations of soil C, soil N, dissolved organic C, total dissolved N, nitrate N 520 

and ammonium N using Pearson Product Moment correlations. Simulated and empirical responses 521 

to warming were also compared using a Pearson Product Moment correlation between response 522 

ratios (warmed relative to control values calculated from means of all replicates; n = 5) of 523 

measured variables (soil C, microbial biomass C (Cmic), microbial respiration (R), growth (G), 524 

uptake, mass-specific respiration (Rm), mass-specific growth (Gm) and turnover), considered for 525 

short-term and long-term warming irrespective of warming duration. Finally, we plotted significant 526 

coefficients (P < 0.05) of linear regressions between microbial respiration and temperature using 527 

empirical data at microbial and ecosystem scales and at both measured timescales.  528 

 529 

Data availability. DNA sequence data supporting the findings of this study have been deposited in 530 

the NCBI Short-Read Archive with the accession code SRP107216.  Other data supporting the 531 

findings of this study are available from the corresponding authors upon request. 532 

 533 
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