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Title 1 

Soil enzymes in response to climate warming: mechanisms and feedbacks 2 

 3 

Summary (350 words) 4 

1. Soil enzymes are central to ecosystem processes because they mediate numerous reactions 5 

that are essential in biogeochemical cycles. However, how soil enzyme activities will respond 6 

to global warming is uncertain. We reviewed the literature on mechanisms linking temperature 7 

effects on soil enzymes and microbial communities, and outlined a conceptual overview on how 8 

these changes may influence soil carbon fluxes in terrestrial ecosystems. 9 

2. At the enzyme scale, although temperature can have a positive effect on enzymatic catalytic 10 

power in the short-term (i.e., via the instantaneous response of activity), this effect can be 11 

countered over time by enzyme inactivation and reduced substrate affinity. At the microbial 12 

scale, short term warming can increase enzymatic catalytic power via accelerated synthesis and 13 

microbial turnover, but shifts in microbial community composition and growth efficiency may 14 

mediate the effect of warming in the long-term. 15 

3. Although increasing enzyme activities may accelerate labile carbon decomposition over 16 

months to years, our literature review highlights that this initial stage can be followed by the 17 

following phases: (i) a reduction in soil carbon loss, due to changing carbon-use efficiency 18 

among communities or substrate depletion, which together can decrease microbial biomass and 19 

enzyme activity; (ii) an acceleration of soil carbon loss, due to shifts in microbial community 20 

structure and greater allocation to oxidative enzymes for recalcitrant carbon degradation. 21 



Studies that bridge scales in time and space are required to assess if there will be an attenuation 22 

or acceleration of soil carbon loss through changes in enzyme activities in the very long term. 23 

4. We conclude that soil enzymes determine the sensitivity of soil carbon to warming, but that 24 

the microbial community and enzymatic traits that mediate this effect change over time. 25 

Improving representation of enzymes in soil carbon models requires long-term studies that 26 

characterize the response of wide-ranging hydrolytic and oxidative enzymatic traits – catalytic 27 

power, kinetics, inactivation – and the microbial community responses that govern enzyme 28 

synthesis. 29 

 30 

Keywords: Carbon storage, Carbon-use efficiency, Climate change, Microbial ecology, Soil 31 

extracellular enzymes, Temperature sensitivity.  32 



1. - Introduction 33 

Atmospheric temperature has increased by more than 1°C since the 1900s, and is predicted to 34 

increase by another 2.7°C by 2100 (IPCC, 2021). The consequence of this global warming for 35 

soil carbon (C) storage is among the most important questions highlighted by many 36 

intergovernmental reports, notably because soils are the biggest sink of C in terrestrial 37 

ecosystems (Shukla et al., 2019). Given that microbes contribute significantly to organic matter 38 

cycling and long-term C stabilization in soils (Garcia-Palacios et al., 2021), it is essential to 39 

assess the direction and magnitude of global warming impacts on microbial communities and 40 

soil C cycling rates (Allison et al., 2010). Multiple lines of evidence suggest that rising 41 

temperatures may increase soil microbial activity across a variety of soil types and ecosystems 42 

(Chen et al., 2015; Xu & Yuan, 2017). Increased microbial activity can translate into accelerated 43 

decomposition rates, which in turn can release soil-derived CO2 into the atmosphere and 44 

decrease soil C storage, contributing to a positive feedback on global warming (Bardgett et al., 45 

2008). However, the highly uncertain responses of microbial communities to warming renders 46 

low confidence in the projections of carbon–climate feedbacks in global models (Sulman et al., 47 

2018). 48 

Soil enzymes, produced mainly by microorganisms, are one of the main limiting factors 49 

controlling the degradation of soil organic matter (Burns et al., 2013). Enzymes are generally 50 

present within microbial cells, associated with the microbial cell’s plasma membrane or 51 

periplasmic space, or grouped into multi-enzyme extracellular complexes (cellulosomes). They 52 

are also present external to microbial cells, excreted into the aqueous soil solution, or stabilized 53 

in soils through interactions with organic matter and clay minerals (Fig. 1). Soil enzymes 54 



depolymerize high molecular weight organic compounds into smaller oligomers or monomers 55 

that are recognized by cell-wall receptors and transported into microbial cells. Because 56 

understanding organic matter degradation at a very fine scale is often necessary to estimate 57 

ecosystem functions at higher spatial scales (Allison et al., 2010; Bradford et al., 2021), 58 

studying changes in overall enzyme activities can help predict biogeochemical processes related 59 

to C, nitrogen (N), phosphorus (P) and sulfur cycling in terrestrial ecosystems. 60 

A critical knowledge gap is the fine-scale factors controlling the temperature sensitivity 61 

of enzymes. Changes in the backbone structure of isoenzymes and their high flexibility in the 62 

conformation of active sites allow enzymes to maintain high activity across a range of 63 

temperatures (Feller & Gerday, 2003). Moreover, the majority of cold-adapted enzymes exhibit 64 

high reaction rates (kcat) by decreasing their energy of activation (EAcat) at the expense of 65 

stability (Box 1) (Siddiqui & Cavicchioli, 2006). However, there are further potentially 66 

important factors to consider that have, until recently, been overlooked, either due to limitations 67 

in methodological approaches and/or absence of concrete evidence. Among them, thermal 68 

inactivation, catalytic power and adsorption-desorption mechanisms may all influence the 69 

response of enzymatic organic matter depolymerization to temperature (Alvarez et al., 2018). 70 

Changes in the structure, biomass and activity of microbial communities may also have 71 

repercussions on enzyme allocation or carbon use efficiency (CUE) (Geyer et al., 2016). 72 

However, whether microbes adapt to warming through physiological adjustments, where 73 

community ‘adaptation’ could arise at the species level or via community compositional change, 74 

is still under debate (Carey et al., 2016; Romero-Olivares et al., 2017; Walker et al., 2018). 75 

Another major knowledge gap is how enzyme activities respond to experimental 76 



warming in field studies at the global scale, and how this response may affect soil organic 77 

carbon (SOC) stocks from short (days to months), to medium (years to decades), to long-term 78 

(centuries to millennia). Recent meta-analyses have demonstrated that enzyme responses to 79 

temperature vary with the duration and magnitude of warming (Chen et al., 2018; Meng et al., 80 

2020). Generally, warming strongly increases the activity of hydrolases (e.g., cellulase) that 81 

catalyze the hydrolysis of glycosidic bonds in the short term, while oxidoreductases (e.g., 82 

ligninase) involved in the oxidative degradation of recalcitrant molecules often increase in the 83 

medium term (Chen et al., 2020). However, a survey of data from the literature highlights 84 

tremendous variations in enzyme responses to warming within the same climatic region, 85 

ranging from positive to negative (Table S1). Differences in mean annual temperature, soil 86 

moisture, oxygen, iron and C availability may all contribute to explaining this variability within 87 

and among studies (Xiao et al., 2018; Wen et al., 2019; Meng et al., 2020). This emphasizes the 88 

importance for improved understanding of both the environmental context and fine-scale 89 

mechanisms to better predict responses of enzymes to warming and their impacts on SOC stocks 90 

at large scales. 91 

In this review, our main objective is to highlight the potential effect of warming on soil 92 

enzymes, and how this, in turn, may affect SOC stocks across spatiotemporal scales. To this 93 

end, we first developed a lexicon of definitions to clarify and harmonize the main concepts and 94 

ideas across various disciplines encompassing enzymology, biogeochemistry, microbial 95 

ecology and soil ecology (Box 1). Because we hypothesize that fine-scale biochemical 96 

mechanisms may help explain variation in SOC cycling and stocks at large spatial scales, we 97 

review the effects of temperature on enzyme activity at the enzyme scale (Section 2) and at the 98 



microbial scale (Section 3). We highlight the main sources of uncertainties and propose new 99 

conceptual frameworks in each of these two sections. We then evaluate the potential 100 

repercussions of altered enzyme activities on SOC storage (Section 4). Finally, we provide new 101 

directions for improved integration of soil enzymes in models (Section 5) and identify key 102 

research priorities for further investigation (Section 6). 103 

 104 

2. - Effects of temperature on enzyme activity at the enzyme scale 105 

2.1 - Generalities about Km, Vmax and other factors in relation with temperature 106 

In soils, enzyme-substrate complexes react to convert substrates (e.g., organic molecules) into 107 

products (Fig. 2A), releasing the enzyme to potentially catalyze more reactions. The velocity 108 

of this reaction is traditionally viewed as a saturating function of substrate concentration (Cs) 109 

and is often described by the Michaelis-Menten equation (Michaelis & Menten, 1913) (see also 110 

Section 5 for other related equations): 111 

 112 

Reaction Velocity, V (T) = Vmax (T)∙
Cs

Km (T)+Cs
        (1) 113 

where Vmax is the reaction velocity when the substrate concentration is not limiting and Km is 114 

the half-saturation constant reflecting the affinity (1/Km) of the enzyme for the substrate (Box 115 

1). Both parameters are sensitive to temperature (T) and to determine its effect on reaction 116 

velocity, the temperature responses of both Vmax and Km are usually measured in short-term 117 

assays (from minute to hours). Under these conditions, Vmax increases with temperature to an 118 

optimum, above which the reaction velocity decreases due to thermal inactivation of enzymes 119 



(Fig. 2B). The parameter Km also increases with temperature, indicating a reduction of enzyme 120 

affinity for substrate at higher temperatures (Razavi et al., 2015; Ma et al., 2017). 121 

Short-term temperature responses of enzyme activities are often used to predict long-122 

term responses of biocatalyzed reactions to warming (Davidson et al., 2012). For example, 123 

warming is expected to increase soil enzyme activities and C mineralization if the temperature 124 

optima of soil enzymes (Vmax) exceed the temperatures usually observed in situ (Knorr et al., 125 

2005). This prediction would be particularly true for organic-rich soils where reaction velocity 126 

is controlled more by the temperature response of Vmax than Km, as long as the substrate is 127 

accessible to the enzymes. However, an increase in Km with temperature can compensate for an 128 

increase in Vmax when substrate is limiting, leading to a weak net impact of temperature on 129 

reaction velocity (Razavi et al., 2015; Blagodatskaya et al., 2016). Therefore, the theory predicts 130 

that organic-matter poor soils are less sensitive to warming. 131 

The short-term temperature responses of Vmax and Km are useful to assess the 132 

instantaneous potential activity in soils, but they are inadequate to describe long-term effects. 133 

For example, several ecosystem experiments observed a decline in CO2 loss from warmed soils 134 

within a few years (Liski et al., 1999; Melillo et al., 2017), suggesting that C mineralization is 135 

driven by changes in enzyme activity and the sizes of C and enzymes pools, all of which may 136 

display distinct temperature responses over time. Consistently, enzyme assays conducted over 137 

long periods showed that temperature optima of reactions shifted to lower temperatures (Daniel 138 

et al., 2001; Alvarez et al., 2018). This shift can be explained by a slower thermal-inactivation 139 

of enzymes and longer persistence of enzyme activity at cold temperatures, which may also be 140 

affected by changes over time in the activity and composition of the microbes that synthesize 141 



them (see Section 3). These observations imply that, in field-scale studies and natural systems, 142 

the temperature optima of soil enzyme activity can vary over time. 143 

A recent analysis of the temperature dependence of enzymatic systems demonstrated 144 

that the instantaneous temperature response of Vmax is insufficient to model the long-term 145 

temperature response of bio-catalyzed reactions (Alvarez et al., 2018). The study identified that, 146 

by confounding the instantaneous Vmax with cumulative activity over time, the positive effect 147 

of warming on enzymatic reactions was overestimated. Therefore, describing the temperature 148 

responses of enzymatic reactions must include their time dependence. 149 

 150 

2.2 - The catalytic power of enzymes and its response to temperature 151 

The variable Vmax describes the instantaneous enzymatic activity mediated by an enzyme pool. 152 

In nature, however, the enzymes released by microorganisms catalyze biochemical reactions 153 

until their complete inactivation, unless another factor limits the reaction. The total amount of 154 

matter processed by a pool of enzymes (e.g., soil C respired) is the cumulative activity of the 155 

enzyme pool until its complete degradation or turnover (Alvarez et al., 2018). The cumulative 156 

activity mediated by a single unit of enzymes is defined as its catalytic power (Epower in mole 157 

UE-1) (Box 1). The standard Epower measured in normalized conditions (i.e., soil-free buffered 158 

solutions and excess of substrates) is determined by the following equation (Alvarez et al. 159 

2018): 160 

 161 

Epower (T) = kcat (T)
kinact (T)          (2) 162 



where kcat is the specific catalytic activity of the enzymes (kcat = Vmax mediated by one unit of 163 

enzyme) and kinact is the thermal inactivation rate. The parameters kcat and kinact usually increase 164 

with increasing temperature, but kinact is assumed to have a steeper slope than kcat for a wide 165 

range of enzymes (Fig. 2B) (Daniel et al., 2001; Alvarez et al., 2018). The relative temperature 166 

sensitivity of the Epower is determined by: 167 

 168 

1
Epower (T) ∙

d Epower (T)
dT

 = -
(EAinact - EAcat)

RT2          (3) 169 

Thus, the catalytic power of enzymes monotonically varies with increasing temperature, 170 

depending on the sign of the difference in activation energies between enzyme inactivation and 171 

catalysis (EAinact - EAcat). Values of EAinact and EAcat vary greatly among enzymes, reflecting 172 

the flexibility of enzyme conformation structure and adaptation to thermal environment (Daniel 173 

et al., 2001; Alvarez et al., 2018). However, a universal pattern showing higher temperature 174 

sensitivity of inactivation than catalysis (EAinact > EAcat) for a wide range of enzymes has been 175 

shown (Alvarez et al., 2018). Therefore, warming has a negative effect on the catalytic power 176 

of enzymes, which could explain the observed attenuation of warming effects on soil C 177 

mineralization as well as decreases in soil enzyme pools, microbial biomass and CUE reported 178 

in numerous warming experiments (Allison et al., 2010; Frey et al., 2013; Tucker et al., 2013). 179 

 180 

2.3 - Temperature effects on enzyme activity through diffusive and adsorption/desorption 181 

processes 182 

Microbes and their substrates are often spatially separated, implying that soil enzymatic 183 

activities are limited by the diffusion of enzymes and substrates (Fig. 1). Therefore, the 184 



responses of instantaneous and cumulative enzyme activities also depend on the effects of 185 

temperature on diffusive processes. The diffusion of water and solutes in a soil matrix increases 186 

with temperature due to higher Brownian movements and lower water viscosity (i.e., Stokes-187 

Einstein law) (González Sánchez et al., 2008; Mon et al., 2016). The greater diffusion in soil 188 

under warming may thus promote encounters between enzymes and substrates, thereby 189 

increasing instantaneous and cumulative enzyme activities. Moreover, the temperature 190 

sensitivities of water and solute diffusion of soil minerals (EA ranging from 15 to 25 KJ) are 191 

on the same order of magnitude as the Epower of many enzymes (EA ranging from 15 to 279 KJ) 192 

(González Sánchez et al., 2008; Mon et al., 2016; Alvarez et al., 2018). However, the 193 

contribution of diffusion processes to the temperature responses of soil enzyme activity and 194 

mineralization rates has been overlooked and may further depend on soil moisture availability. 195 

In particular, although increasing temperature may increase diffusion when soil moisture is 196 

high, a decrease in soil water availability in response to warming may in turn decrease soil 197 

enzyme activities (Zuccarini et al., 2020). 198 

Temperature may also affect soil enzymatic activities by affecting adsorption and 199 

desorption processes. Most enzymes and substrates adsorb onto soil particles and can be 200 

released due to changes in environmental conditions (Gianfreda & Bollag, 1996). For example, 201 

the equilibrium between adsorption and desorption shifts toward desorption with increasing 202 

temperature, because adsorption reactions are exergonic and have lower activation energies 203 

(Ten Hulscher & Cornelissen, 1996). Enzyme adsorption has been shown to reduce their 204 

catalytic activity but increase their functional persistence due to the protection of clay minerals 205 

against degradation (Gianfreda & Bollag, 1996; Menezes-Blackburn et al., 2011). Desorption 206 



of enzymes and substrates increase the reaction velocity in the short-term by increasing catalytic 207 

activity (kcat) and substrate concentration (Nannipieri et al., 1996; Wallenstein et al., 2011). In 208 

the medium-term, a lower enzyme persistence reducing the reaction velocity may decrease 209 

Epower. Collectively, these results indicate that the Epower of enzymes in soil can differ from the 210 

standard Epower measured in solution with excess substrate (Alvarez et al., 2018), and highlights 211 

the need for further studies estimating the temperature response of Epower under natural soil 212 

conditions. Furthermore, adsorption and desorption typically occur in solution, so that impacts 213 

of warming on soil water content may override temperature effects on these processes in drier 214 

soils, and this interaction should be considered as research priorities in future experiments. 215 

 216 

3. - Effects of temperature on enzyme activity at the microbial scale 217 

Further to the generally short-term direct effects of temperature on enzyme kinetics (Section 2), 218 

indirect effects can occur over the short- to long-term via changes in microbial physiology and 219 

microbial community structure (Fig. 3). In soils, temperature responses represent aggregated 220 

and emergent processes of the microbial community, where individual microbial populations 221 

may differentially respond to temperature changes. In the short term (i.e., instantaneous 222 

temperature response), physiological responses are the result of the combined effects on the 223 

enzymes involved in cell metabolism (i.e., anabolic and catabolic activities) and on adjustments 224 

in cellular physiology and metabolism through altered gene expression within individuals (i.e., 225 

acclimation) (Donhauser et al., 2021). In the long term, changes in temperature lead to shifts in 226 

microbial traits (i.e., community adaptation) that impact growth and survival through 227 

compositional changes of the microbial community (Malik et al., 2020). In this section, we 228 



discuss the effects of temperature on microbial biomass, CUE, microbial community structure 229 

and substrate-induced changes on microbial activity. 230 

 231 

3.1 - Temperature effect on microbial biomass and activity 232 

In general, an increase in temperature is expected to promote microbial activity and growth (Fig. 233 

3A) (Singh et al., 2010; Burns et al., 2013; Cavicchioli et al., 2019). Such an increase in 234 

microbial biomass, in turn, may increase enzyme synthesis because of both constitutive 235 

production and greater resource demand (Baldrian et al., 2013). However, elevated 236 

temperatures may also induce shifts in microbial growth strategy, with fewer resources 237 

allocated to enzyme production (Allison, 2014), resulting in a neutral response or even 238 

decreased enzymatic activities with an increase in temperature (Burns et al., 2013; Jaskulak & 239 

Grobelak, 2020). For instance, the activity of several extracellular enzymes decreased after 240 

almost three decades of warming (Liu et al., 2021a), leading to a lower investment in enzymes 241 

per unit of biomass (i.e., specific enzyme activity) (Fig 3B). This inconsistency has led to the 242 

conclusion that the effect of warming on enzymes are not universal, and that a finer 243 

understanding of the context of substrate decomposition is necessary to reveal the mechanisms 244 

of temperature control on enzyme synthesis (Singh et al., 2010). 245 

 246 

3.2 - Temperature effect on carbon-use efficiency 247 

Microbial carbon use efficiency (CUE) (or growth yield) provides a framework to connect 248 

microbial physiological changes to altered extracellular enzyme production (Box 1) (Geyer et 249 

al., 2016; Sinsabaugh et al., 2016) (Fig. 3A). According to theoretical considerations, microbial 250 



CUE is expected to decrease with increasing temperature (Mainzer & Hempfling, 1976; Hall & 251 

Cotner, 2007) (Fig. 3B), as respiration is considered to have a higher temperature sensitivity 252 

than growth (Allison et al., 2010). Although this pattern has often been confirmed 253 

experimentally and via modeling (Allison et al., 2010; Manzoni et al., 2012; Tucker et al., 2013; 254 

Allison, 2014; Alvarez et al., 2018), other studies found no effect (Hagerty et al., 2014; Walker 255 

et al., 2018; Simon et al., 2020), or even positive effects of increasing temperature on CUE, 256 

which may be the result of compositional shifts in the community at warmer temperatures in 257 

the longer-tern (Zheng et al., 2019) (see below). The rate-yield tradeoff conceptual framework 258 

suggests that microbes with greater investment in resource acquisition have lower CUE and 259 

vice versa (Allison, 2014). Alternatively, microbes that have a greater enzymatic capacity 260 

should process complex resources more rapidly but also incur relatively greater respiratory 261 

costs that reduce CUE. A decreased investment in enzyme production by microorganisms at 262 

higher temperatures may thus mask the expected decrease of CUE (Allison, 2014; Cavicchioli 263 

et al., 2019). This should occur when respiratory costs increase faster than the benefits of 264 

enzyme production as temperatures rise. 265 

 266 

3.3 - Temperature effect on microbial community structure and stoichiometry 267 

The variable response of enzyme allocation and CUE to temperature may also depend on shifts 268 

in the microbial community structure (Domeignoz-Horta et al., 2020; Pold et al., 2020). 269 

Temperature-altered community structure may be linked to extracellular enzymatic capacity 270 

through the concept of microbial life history strategies (Malik et al., 2020). Microbial guilds 271 

may vary strongly in their functional abilities to produce enzymes (e.g., copiotrophic versus 272 



oligotrophic bacteria and fungi), both in terms of the types of enzymes (i.e., hydrolases versus 273 

oxidoreductases), and their costs of production (i.e., backbone structure of enzyme and 274 

metabolic costs) (Allison et al., 2010; Allison, 2014). Therefore, temperature-induced changes 275 

in the relative proportion of bacteria and fungi within the community can have consequences 276 

for enzyme allocation and CUE (Keiblinger et al., 2010; Reischke et al., 2014). 277 

Enzyme activity can be affected by changes in the microbial community composition 278 

and their stoichiometric nutrient requirements. Several studies have found that Fungal:Bacterial 279 

(F:B) ratios increase in response to warming (Pritchard, 2011; Yuste et al., 2011), although 280 

increased cold resistance for fungal compared to bacterial growth has also been observed 281 

(Pietikäinen et al., 2005). An increase in the F:B ratio, in turn, is expected to increase 282 

community-level CUE and lower N-related enzyme allocation because fungi have lower 283 

nutrient requirements per C unit than bacteria (Keiblinger et al., 2010). Shifts in the microbial 284 

community composition resulting in an increased F:B ratio should also increase the Cmic:Nmic 285 

biomass ratio (Singh et al., 2010; Bragazza et al., 2013; Liu et al., 2021b), because fungi often 286 

present higher stoichiometric C:N:P ratios (Fanin et al., 2013; Mooshammer et al., 2014). As 287 

such, shifts in enzyme allocation due to changes in stoichiometric requirements often occur 288 

simultaneously with decreases in CUE (Sinsabaugh & Shah, 2012; Sinsabaugh et al., 2016; 289 

Manzoni et al., 2021) (Fig. 3B). However, these relationships may also depend on changes in 290 

substrate recalcitrance (Sinsabaugh & Shah, 2012; Margida et al., 2020); for example, whether 291 

microorganisms meet their C-demands from organic N compounds like proteins (Mori, 2020). 292 

 293 

3.4 - Temperature effects on substrate availability 294 



Warming will also have indirect effects on microbial communities by modifying resource 295 

availability and quality, in addition to the soil physical environment, where complex 296 

interactions and feedbacks occur between microbes, plants and soil (Bardgett et al., 2008; Singh 297 

et al., 2010). For instance, long-term warming can lead to depletion of the soil labile C pool 298 

(Singh et al., 2010; Burns et al., 2013; Walker et al., 2018) and immobilization of N (Sinsabaugh 299 

et al., 2017; Gao & Yan, 2019; Terrer et al., 2021), which in turn can increase N limitation to 300 

microbial activity (Singh et al., 2010; Liu et al., 2021b) and decrease organic matter quality 301 

(Pritchard, 2011; Bragazza et al., 2013). Changes in substrate availability and quality may also 302 

have consequences for the biomass and structure of microbial communities (Cavicchioli et al., 303 

2019) and microbial community CUE (Keiblinger et al., 2010; Sinsabaugh et al., 2014), with 304 

efficiency declining as nutrient availability decreases and as substrate recalcitrance increases 305 

(Mooshammer et al., 2014; Margida et al., 2020). Taken together, these results highlight the 306 

need for considering both direct and indirect effects of temperature on microbial communities 307 

and their substrates to accurately predict the effects of warming on enzyme activities. 308 

 309 

4 - Consequences of warming on soil carbon stocks  310 

The sensitivity of soil C decomposition to warming (Fig. 4) can be viewed from the perspective 311 

of the temperature responses of enzymatic traits (kcat, kinact, Km, Epower; Section 2, Fig. 2). These 312 

traits are further modified via the temperature responses of microbial community composition, 313 

growth and activity; in addition to organic matter inputs, availability and composition (related 314 

to plant productivity) and abiotic factors including mineral-stabilisation (Section 3, Fig. 3). The 315 

manner in which these enzymatic traits influence soil C under warming is strongly dependent 316 



on time-scale. We subsequently frame our discussion around short-term (days to months), 317 

medium-term (years to decades) and longer-term (centuries to millennial) effects of enzymes 318 

on soil C under warming (Fig. 4). 319 

 320 

4.1 - The response of soil carbon and enzymes to short-term warming 321 

Soil warming experiments consistently show an acceleration of soil CO2 emission over the 322 

short-term (e.g., < 2 years) (Romero-Olivares et al., 2017). This short-term CO2 emission 323 

increase is widely understood to be the result of increased microbial metabolic activity and 324 

increased catalytic activity (Vmax) of enzymes present in the soil matrix which, together, increase 325 

the degradation of assimilable and labile organic C substrates (Phase 1; Fig. 4). This short-term 326 

sensitivity is well described by Arrhenius kinetics (see Section 2), which predicts that enzymatic 327 

activation energies (i.e., Q10 of Vmax) are higher in cooler climates and for less reactive and more 328 

recalcitrant substrates (Davidson & Janssens, 2006). Arrhenius theory for enzymatic reactions 329 

is consistent with broad observations of increased enzyme activity and soil CO2 emission in 330 

warming experiments (Table S1 and references therein). The theory is also consistent with 331 

observations of greater temperature sensitivity at higher latitudes and cooler climates, for both 332 

soil enzymes (e.g., for Km in German et al., 2012) and soil CO2 emission (Carey et al., 2016), 333 

and by short-term incubation experiments showing increased Q10 for more recalcitrant 334 

substrates (Knorr et al., 2005; Craine et al., 2010). The support for Arrhenius theory to describe 335 

the temperature sensitivity of soil enzyme catalytic activity and CO2 emission, has resulted in 336 

its widespread application in Earth System models to represent the sensitivity of soil C to 337 

warming (Todd-Brown et al., 2013) (see also Section 5 hereafter). 338 



Importantly, however, Arrhenius theory often cannot explain soil C cycle responses to 339 

warming observed in situ and in long-term field experiments (Melillo et al., 2017; Nottingham 340 

et al., 2020). The theory does not predict enzymatic reaction responses due to changes in the 341 

microbial community (Karhu et al., 2014), via changes in plant inputs to soil (Melillo et al., 342 

2011) or via abiotic processes and destabilisation of mineral-associated C (Doetterl et al., 2015). 343 

The theory is also inconsistent with reports of greater Q10 of Vmax for hydrolytic enzymes than 344 

for oxidative enzymes (Nottingham et al., 2016; Tan et al., 2020), suggesting a greater short-345 

term temperature sensitivity for more labile organic matter rather than more recalcitrant 346 

lignocellulose compounds (although the sensitivity of recalcitrant compounds appears to be 347 

greater in the longer-term) (Melillo et al., 2017; Chen et al., 2020). Further evidence that 348 

Arrhenius theory is insufficient to explain soil C cycling responses under field conditions comes 349 

from estimates for the short-term temperature sensitivity of soil respiration across global 350 

ecosystems (e.g., Q10 of 1.3-3.3, median 2.4) (Raich & Schlesinger, 1992), that consistently 351 

exceed the temperature sensitivity reported for hydrolytic enzymes (Q10 ranging by 1.5-2.3 352 

across latitudinal gradients) (German et al., 2012; Allison et al., 2018). These differences in the 353 

observed temperature sensitivity of enzymatic Vmax and CO2 emission also reflect additional 354 

influences on enzymatic traits under field conditions, including substrate supply and moisture, 355 

that increase the apparent temperature sensitivity of respiration (Davidson et al., 2006). 356 

Furthermore, under field conditions, site-specific differences in nutrient availability and in 357 

enzyme pool sizes involved in C and nutrient-degradation can affect the magnitude and time-358 

scale of the increase in enzyme activity and related soil CO2 emission (i.e., altering the slope of 359 

Phase 1; Fig. 4). 360 



 361 

4.2 - The response of soil carbon and enzymes to medium-term warming 362 

From annual to decadal time-scales, soil C and the catalytic power of soil enzymes is 363 

increasingly influenced by changes in the composition and physiology of microbial 364 

communities, of plant communities and substrate inputs to soil, and by changes in the soil 365 

abiotic or geophysical environment. These medium-term effects of warming appear to occur in 366 

two distinct phases in the literature. Warming over the medium-term can result in a decline in 367 

enzyme activity and CO2 emission due to substrate depletion (Phase 2a, Fig. 4), or an increase 368 

in activity and CO2 emission via microbial community changes and increased capacity for 369 

lignin degradation (Phase 2b, Fig. 4). Although effects on enzyme systems via both substrate 370 

depletion and community change can occur concurrently, these two phases may also switch 371 

over time (Melillo et al., 2017). Regardless, the contribution of each of the two phases depend 372 

on initial C availability and C inputs (Walker et al., 2018; Terrer et al., 2021), which may also 373 

explain why the effects of warming on soil C stocks are strongly context-dependent. 374 

The observed medium-term decline in the stimulation of soil CO2 emissions following 375 

warming (Phase 2a; Fig. 4) (Romero-Olivares et al., 2017), has been explained by substrate 376 

limitation to decomposers (Hartley et al., 2007; Walker et al., 2018), exacerbated by increases 377 

in enzyme substrate affinity (Km), which further constrains reaction rates and subsequent CO2 378 

emission (Razavi et al., 2015). Substrate depletion leads to a decline in microbial biomass and 379 

enzyme activities, which contributes to the attenuation of warming-induced soil CO2 release 380 

over time (Walker et al., 2018). Another explanation for this medium-term decline in CO2 381 

emission is a decline in microbial CUE (Tucker et al., 2013), when the temperature sensitivity 382 



of respiration is greater than that of growth (Manzoni et al., 2012). This microbial CUE decline 383 

under warming has been further linked to a loss of enzyme catalytic power (Epower) because the 384 

temperature sensitivity of enzyme deactivation under warming is greater than that of synthesis 385 

(Alvarez et al., 2018). Together, these factors contribute towards a lower impact of warming 386 

via enzyme-mediated reactions in the medium-term (Phase 2a; Fig. 4). 387 

Warming over decadal time-scales can also affect soil enzyme systems via changes in soil 388 

communities and can result in additional large losses of soil C (Phase 2b; Fig. 4). For instance, 389 

following 27 years of soil warming in a temperate forest, persistent losses of soil C occurred 390 

alongside a change in the microbial community composition and a four-fold increase in 391 

ligninase activity (Melillo et al., 2017). Similarly, 12 years of warming in a prairie ecosystem 392 

led to an increase in the respiration of slow-cycling C pools, microbial community change and 393 

increased abundance of genes involved in degrading complex organic matter (Feng et al., 2017). 394 

Alternatively, in a tropical forest ecosystem, 5 years of warming by translocating soil across a 395 

mountain gradient led to a decline in labile soil C pools, community composition change and 396 

increased activity of hydrolytic and oxidative enzymes (Nottingham et al., 2019). Indeed, this 397 

pattern of increased activity of lignin-degrading enzymes under warming is commonly 398 

observed in experiments, as reported in meta-analyses (Chen et al., 2018; Meng et al., 2020). 399 

The increased enzymatic activity under year-to-decadal warming appears to be, in turn, 400 

related to increased efficiency of growth and/or CUE of the community (Feng et al., 2017; 401 

Melillo et al., 2017). In contrast to short-term warming experiments where CUE often declines, 402 

studies across biogeographical climate gradients have reported increases with warmer 403 

temperatures over the long-term. For example, a modelling study using a global soil data set 404 



found increased microbial CUE in warmer climates (Ye et al., 2019) and a study where soil 405 

microbial growth was measured across climate gradients found that growth was temperature 406 

adapted (i.e., relatively faster growth at higher temperatures for soils from warmer climates) 407 

(Bååth, 2018), as similarly observed for bacterial growth in montane tropical forest soils after 408 

11 years of warming via translocation (Nottingham et al., 2021). However, decadal-scale 409 

response of CUE may also be context dependent (e.g., on site or substrate). For example, in a 410 

temperate forest following 20 years of soil warming, CUE decreased overall (Li et al., 2019) 411 

but increased for the degradation of recalcitrant C substrates (Frey et al., 2013). Such 412 

physiological adaptation to warming of microbial community activity has been explained by 413 

changes in the community composition (Donhauser et al., 2020). For example, increased soil 414 

fungal:bacterial ratios, as observed under warming (Yuste et al., 2011), have been associated 415 

with higher community-level CUE (Keiblinger et al., 2010). Thus, CUE may decline in the 416 

short-term but, via compositional changes, increase in the longer-term (Fig. 3B), increasing 417 

metabolic and enzymatic activity and with negative implications for soil C stocks (Garcia-418 

Palacios et al., 2021). 419 

 420 

4.3 - The response of soil carbon and enzymes to long-term warming 421 

Over century to millennial time-scales, soil C turnover and enzyme activities appear at quasi-422 

equilibrium with climate and plant inputs, based on the observation of greater soil C 423 

accumulation at cooler temperatures across global temperature gradients (Post et al., 1982). Soil 424 

enzymatic traits reflect this equilibrium of soil C turnover, with higher activity of hydrolytic 425 

enzymes in ecosystems with greater C turnover (e.g., higher net primary production) and a shift 426 



in enzyme efficiency due to the temperature-adaptation of both microbial communities and the 427 

isoenzymes they synthesize (Wallenstein et al., 2011; Bååth, 2018). However, great uncertainty 428 

lies in whether such relationships are relevant to the warming predicted for the coming decades 429 

(Garcia-Palacios et al., 2021). On the one hand, rapid decadal warming may cause a persistent 430 

acceleration of enzyme activities and destabilization of soil C (Phase 3; Fig. 4). This soil C loss 431 

could be further exacerbated by priming effects, especially where warming increases NPP or 432 

coincides with increased atmospheric CO2 (Terrer et al., 2021), whereby increased plant C-433 

inputs to soil stimulates microbial activity and enzyme synthesis for nutrient acquisition, in the 434 

process degrading soil organic matter (Blagodatskaya & Kuzyakov, 2008). On the other hand, 435 

as observed across these long-term gradients in temperature, an equilibrium of C turnover may 436 

eventually occur whereby soil C loss is balanced by inputs from plants or is mediated by 437 

acclimation responses of microbes and the isoenzymes they synthesise. Reconciling these 438 

countervailing effects requires further empirical information on the response of microbial 439 

communities and soil enzymes from field experiments at wide spatial and temporal scales. 440 

 441 

5 - Integrating soil enzymes into models to predict temperature effects on soil C cycling 442 

Experimental evidence shows a strong dependence of enzyme activity on soil C, which varies 443 

over time (Fig. 4). Given this strong dependency, how effectively have soil enzymes been 444 

represented in models to predict warming effects on soil C? The rationale, development, and 445 

limitations of enzyme-driven decomposition models have been discussed in several recent 446 

reviews (Manzoni & Porporato, 2009; Todd-Brown et al., 2012; Wieder et al., 2015). In brief, 447 

adding temperature-sensitive, enzymatic processes increases the potential realism of simulated 448 



ecosystem-level responses but requires more model parameters and supporting data (Sulman et 449 

al., 2018; Wang & Allison, 2019). Herein, we focus attention on quantifying the fine scale 450 

activities of extracellular enzymes responsible for the catalysis of dead organic matter and 451 

possible responses to temperature as well as key environmental constraints. 452 

 453 

5.1 - Conceptual foundations 454 

The ecoenzymatic stoichiometric theory provides an underlying conceptual framework for 455 

enzyme-based decomposition models and a central equation quantifying relationships between 456 

fundamental controls (Sinsabaugh & Shah, 2012): 457 

 458 

EEAC:X = 
AC:X 
CUE  · 

BC:X 
LC:X

       (4) 459 

The extracellular enzyme activities (EEA) associated with the acquisition of C and other (X) 460 

nutrients (C:X), are determined by the stoichiometry of microbial biomass (BC:X) and available 461 

substrate (LC:X), constrained by resource use efficiencies for C (CUE) and X (AX). Decay rates 462 

for particular substrates can be approximated by EEA assuming these activities scale with the 463 

catalysis of these substrates. 464 

Enzyme-driven models typically use the Michaelis-Menten (MM) equation to estimate 465 

the catalysis of soluble substrates by soluble enzymes (see Section 2), the Reverse Michaelis-466 

Menten (RMM) equation for insoluble substrates catalyzed by soluble enzymes, or the 467 

Equilibrium Chemistry Approximation (ECA) equation that integrates both reactions (Tang, 468 

2015; Tang & Riley, 2019; Wang & Allison, 2019): 469 

 470 



dS
dt  = 

(Vmax · Cs · EEA)
(Km + Cs + EEA)        (5) 471 

The ECA equation (eq. 5) saturates on both substrate (Cs) and extracellular enzyme activities 472 

(EEA) whereas the MM equation saturates on Cs and the RMM saturates on EEA, with the 473 

relative merits of each equation reviewed elsewhere (Wang & Post, 2013; Moorhead & 474 

Weintraub, 2018; Tang & Riley, 2019). Additional syntheses have shown that the kinetic 475 

coefficients (Vmax and Km) scale with microbial biomass, metabolism, stoichiometry and 476 

resource availability (Sinsabaugh et al., 2014; Sinsabaugh et al., 2015), consistent with the 477 

ecoenzymatic stoichiometric theory. 478 

Within this modeling framework, the most direct effects of warming include changes in 479 

enzyme and/or substrate concentrations and catalysis rates per unit enzyme (Davidson & 480 

Janssens, 2006; Pold et al., 2017). These effects are likely to manifest as changes in the apparent 481 

kinetics of enzyme-catalyzed reactions, e.g., Vmax or Km (Fig. 1, Box 1) and are usually 482 

simulated as Q10 or Arrhenius functions modifying overall reaction rates (dS/dt) or the 483 

underlying kinetic coefficients (Davidson et al., 2012; Sihi et al., 2016): 484 

 485 

p = a · e(-EAcat
[R·T] )      (6) 486 

where the parameter (p) is estimated as an Arrhenius function given a coefficient (a), activation 487 

energy (EAcat), universal gas constant (R) and temperature (T). Although this combination of 488 

thermodynamic controls (eq. 6) on biochemical mechanisms (eq. 5) seems straightforward, 489 

interactions between key controls (eq. 4) are a prominent feature of contemporary enzyme-490 

driven decomposition models. 491 

 492 



5.2 - Temperature effects on substrate-enzyme interactions 493 

Earlier discussions of temperature effects on the kinetic coefficients (Vmax and Km) of enzyme-494 

substrate reactions (Section 2.1) and the diffusion and adsorption of enzymes in soils (Section 495 

2.3), may be especially relevant to simulating the catalysis of insoluble substrates because their 496 

surface features influence enzyme adsorption and activity (Jeoh et al., 2017; Nill & Jeoh, 2020) 497 

in ways that soluble substrates do not. For example, Kari et al., (2017) showed that the kinetic 498 

parameters for cellulase-cellulose hydrolysis were determined by the density of surface binding 499 

sites instead of the mass of cellulose. Binding sites also are constrained by structural features 500 

of the cellulose fibril, such as the degree of polymerization and links to hemicellulose and lignin 501 

(Jeoh et al., 2017; Kari et al., 2017; Nill & Jeoh, 2020). It is not clear how temperature affects 502 

the mechanisms of enzyme adsorption on solid substrates because reports are inconsistent and 503 

complicated by non-productive binding to both target and non-target substrates (Baig, 2020). 504 

However, both the ECA and RMM equations can explicitly represent the availability and 505 

saturation of binding sites, as well as temperature effects on kinetic parameters. 506 

In addition to temperature effects on individual enzyme-substrate interactions, several 507 

decomposition models also include multiple substrate pools, which can exhibit differential 508 

sensitivities to temperature (Davidson & Janssens, 2006; Allison et al., 2018; Alvarez et al., 509 

2018). Two of the most common forms of substrate control are their relative resistances to decay 510 

and nutrient contents. For example, microorganisms may preferentially use less recalcitrant 511 

substrates with higher resource use efficiencies (e.g., CUE in eq. 4) and thus generate higher 512 

enzyme activities for those substrates (Margida et al., 2020). However, substrates with higher 513 

activation energies (eq. 6) can have higher temperature sensitivity, thus altering the relative 514 



decay rates of various substrates as temperatures change (Davidson & Janssens, 2006). 515 

Differences in substrate nutrient content also affects their relative decay rates as microbes 516 

balance stoichiometric needs (eq. 4), such as C and N from multiple substrates (Manzoni et al., 517 

2021). Again, temperature changes can differently affect enzymes associated with C versus N 518 

acquisition (Lehmeier et al., 2013; Tan et al., 2020), potentially altering the balance of C and 519 

N-acquisition. Models that consider both stoichiometry and recalcitrance of substrates must 520 

include potential shifts in microbial demands and concomitant enzyme activities (see Section 521 

3) with temperature, as overall resource limitations vary between different forms of C and 522 

nutrients (Sinsabaugh & Shah, 2011).  523 

 524 

5.3 - Current modeling challenges 525 

Several recent models use enzyme activities to simulate soil organic C dynamics. Most include 526 

relatively few types of enzymes or substrates that represent broad classes of both. One of the 527 

simplest is the MEND model (Microbial-ENzyme-mediated Decomposition; Wang, Post & 528 

Mayes 2013) which uses MM equations to simulate the activities of two generic enzyme pools 529 

produced by microorganisms, one that degrades particulate organic C and another that degrades 530 

mineral-associated organic C. However, even relatively simple models are difficult to calibrate 531 

(Schimel & Weintraub, 2003; Todd-Brown et al., 2012; Wieder et al., 2015; Sulman et al., 2018; 532 

Wang & Allison, 2019), particularly when parameters are used to estimate aggregated processes 533 

(Wang & Post, 2012). In subsequent studies, Li et al., (2019) and Jian et al., (2020) used data 534 

from field and laboratory experiments, respectively, to refine estimates of MEND parameters, 535 

and in turn predict changes in soil C with warming. This approach produced reasonable results 536 



but risks the pitfalls of aggregation schemes discussed by Bradford et al., (2021), in that 537 

underlying controls can be masked by the aggregation. For MEND and models using similar 538 

substrate definitions (see above reviews), this is a likely problem because organic matter varies 539 

in chemical composition and needs different enzymes to degrade. Fatichi et al., (2019) 540 

addressed this limitation in part by dividing the particulate organic C pool into polysaccharide 541 

and polyphenol components that were degraded by different enzymes. However, 542 

polysaccharides and polyphenols, particularly lignocellulose, do not decay independently and 543 

interact to influence patterns of enzyme expression (Margida et al., 2020). 544 

In contrast to models that simulate activities of only a few enzymes, the DEMENT 545 

model (Decomposition Model of Enzymatic Traits; Allison 2012) selects traits for a population 546 

of microorganisms from an array of enzyme types driving MM kinetics operating on a range of 547 

substrates to establish communities, which in turn drive decomposition as a consequence of the 548 

selected traits. The model has been used to evaluate the effects of drought tolerance and 549 

temperature on decomposition (Allison & Goulden, 2017; Pold et al., 2019), and compare the 550 

efficacy of the MM, RMM and ECA equations (Wang & Allison, 2019). DEMENT greatly 551 

reduces the likelihood of obscuring microbial-level controls on emergent system behavior, such 552 

as decomposition, and provides a framework that might be able to integrate synergisms among 553 

enzymes. However, assumed relationships for the underlying tradeoffs between traits may 554 

represent aggregative responses that are not consistent across trait combinations. The model 555 

also operates at a spatially explicit microbial scale that is not directly applicable to global scale 556 

C fluxes. However, it evaluates microbial-scale behaviors that are directly relevant to broad 557 

scale patterns in soil C. Thus, DEMENT is a process-level tool that may be used to evaluate 558 



causative relationships at fine scales (Bradford et al., 2021).  559 

Although we focused on fine-scale modelling of soil enzyme activity herein, a 560 

fundamental challenge to simulating the effects of climate warming on soil enzymes is that 561 

enzyme-catalyzed reactions occur at the scale of molecular interactions whereas questions 562 

about soil warming usually focus on broader scales in time and space. Section 4 explained that 563 

short-, medium-, and long-term responses of soil enzyme activities to warming differ in context 564 

and controls and thus, the models addressing different scales need different formulations 565 

(Wieder et al., 2015; Sulman et al., 2018; Wang & Allison, 2019). This contrast illustrates the 566 

conundrum discussed by Bradford et al. (2021) in that aggregating processes across scales risks 567 

masking important underlying mechanisms, but simulating detailed processes across broad 568 

scales requires knowledge and parameter sets that seldom exist (Todd-Brown et al., 2012). 569 

Current modeling efforts seek to balance these two constraints given the question of interest 570 

defining modeling goals (e.g., MEND, DEMENT). 571 

 572 

6. - Scientific advances, synergies and research priorities 573 

Given the various lines of theory and experimental evidence that underpin our understanding 574 

of how temperature affects both simple enzyme systems and soil processes in situ, scaling 575 

responses across spatial and temporal scales remains a challenge. This problem of scaling limits 576 

our ability to yield quantitative predictions regarding the magnitude and sometimes even the 577 

direction of feedbacks between climate change and soils. Furthermore, current models are 578 

effectively restricted to fine scales and are prone to overestimating enzyme responses when 579 

compared to experimental field data. It is therefore clear that we lack empirical understanding 580 



of the interrelated biotic and abiotic constraints on soil enzymes. Recent studies have attempted 581 

to address this problem, for example by characterizing guilds within the microbial community 582 

that are inherently associated with different enzymatic traits that may correlate with soil C 583 

storage traits such as CUE (Hagerty et al., 2018; Malik et al., 2020). However, modelling the 584 

response of microbial community guilds to the diverse feedbacks of climatic disturbances is not 585 

easy, as the complexity of networked interactions and feedbacks at the molecular and 586 

community level are still poorly understood and challenging to represent in current Earth 587 

system models. Thus, improved representation of enzymes in soil C models is needed and we 588 

propose three key research priorities that may help predict the warming effect on soil enzymes 589 

and soil C stocks from the short to the long-term. 590 

 591 

(i) Bridging scales in time and space 592 

To improve model predictions, further study of direct (e.g., via response of Vmax, Km, Epower) and 593 

indirect (e.g., via CUE and community changes) drivers of enzymes and soil C under warming 594 

are needed. In particular, more studies are required using standardized methods that bridge 595 

scales in time and space, encompassing ecosystem properties (e.g., across gradients in NPP and 596 

rainfall) and soils (e.g., across gradients in soil weathering) where the relative importance of 597 

diffusion and desorption on enzyme catalytic power may widely differ. This breadth of spatial- 598 

and temporal-scales can be achieved by combining laboratory incubation studies assessing 599 

short-term responses at high spatial replication (Craine et al., 2010; Bradford et al., 2019), 600 

alongside in situ warming experimental studies and natural temperature gradients assessing 601 

long-term responses (Blagodatskaya et al., 2016; Nottingham et al., 2016; Melillo et al., 2017; 602 



Walker et al., 2018). Within this framework, wide biogeographical representation is required 603 

with improved standardisation of methods. For example, there are several remaining 604 

methodological challenges in the quantification of oxidative enzymes - including the applied 605 

substrate and buffer conditions (Bach et al., 2013) - and the separation of biotic and abiotic 606 

contributions to their activity (e.g., Sanchez-Julia & Turner, 2021). Addressing these 607 

methodological issues will improve analytical power across these studies and, in turn, our 608 

understanding across these wider scales. 609 

 610 

(ii) Identifying functional traits using an ‘omics’ approach 611 

Because enzymes correspond to genes across various lineages of living organisms, using ‘omics’ 612 

data may help link phylotypes to specific enzyme activities. For instance, Feng et al. (2017) 613 

recently demonstrated that the diversity of C-degradation genes declined with warming at the 614 

expense of microbial genes involved in degrading complex organic compounds, suggesting 615 

shifts in microbial guilds as substrate quality decreases. In both terrestrial and marine 616 

environments, specific microbial species or microbial guilds are correlated with particular 617 

habitats, C storage traits, nutrient status, or even different gas emissions to the atmosphere 618 

(Clemmensen et al., 2013; Chu et al., 2020). Such trait gradients could then be augmented with 619 

a systems biology or ‘omics’ approach linking organismal and functional gene diversities, e.g., 620 

for enzymes to link metabolism to terrestrial ecosystem function. Thus, combining 621 

metabarcoding, metagenomics and metatranscriptomics data alongside metabolite and protein 622 

analyses could provide valuable information for enzyme-driven Earth system models (Trivedi 623 

et al., 2016). Such a genome-scale description could be used to discover new genomes or genes 624 



associated with variations in functional traits such as CUE or community-scale Q10 values. 625 

Identifying key organisms or genes varying across different ecological niches could provide a 626 

bridge to using metabolic network as a proxy for emulating biogeochemical cycles and 627 

deciphering mechanistic interactions between species. 628 

 629 

(iii) Visualizing emerging patterns at the global scale using biogeography 630 

One major transformation in ecology and soil science is being driven by the recent availability 631 

of ‘big data’ in large public databases covering different temporal and spatial scales for 632 

thousands of organisms and processes, spanning from genes to ecosystems. In this context, there 633 

are a growing number of studies that have emulated the distribution of organisms such as 634 

bacteria, fungi, soil fauna and plants over the land surface, using models constructed from geo-635 

referenced inventories, describing the presence of species and abiotic or biotic characteristics 636 

that describe the ‘niche’ occupied by these species (e.g., Tedersoo et al., 2014). These niches 637 

are constructed from open access georeferenced datasets that are becoming increasingly 638 

available, describing climate, soil properties and land use obtained from experiment 639 

measurements, remotely sensed products and even outputs from climate or Earth System 640 

models. For example, such datasets have been used to understand the emergent drivers of 641 

symbiotic relationships between plants and belowground communities, and of ecosystem C 642 

storage (Steidinger et al., 2019). Thus, adopting a ‘niche-level’ approach may pave the way to 643 

elucidating important general emerging features of metabolic (i.e., of enzyme systems) and 644 

community interactions across different biomes (Chu et al., 2020). 645 

 646 



7. - Conclusions 647 

The action of soil enzymes underpins the terrestrial C cycle, and biogeochemical cycling more 648 

broadly, by transforming organic matter to assimilable forms for biotic uptake and growth. 649 

Despite the fundamental nature of these processes and our long-standing recognition of their 650 

importance (Burns, 1978), only relatively recently has information emerged to demonstrate 651 

their importance at larger scales (Sulman et al., 2018), and how they may alter terrestrial C 652 

storage under climatic change in the coming decades (Melillo et al., 2017; Chen et al., 2020). 653 

However, extrapolating molecular-scale protein-substrate interactions to the global-scale brings 654 

new challenges associated with scaling, which can be addressed by the implementation of 655 

experiments spanning wide spatio-temporal scales, new approaches to characterize coupled 656 

microbial community and enzymatic traits, and big data approaches to increase analytical power 657 

and standardized methods to better inform models. Together these approaches will lead us to a 658 

step-change in our understanding of how soil enzymes affect terrestrial C dynamics under a 659 

changing climate. 660 

 661 
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Figure 1 - Location of enzymes in soils and their importance for carbon and nutrient 1053 

cycling. Soil enzymes are often characterized by their maximal velocity (Vmax), i.e., the maximum 1054 

reaction rate at saturating substrate concentration for a given temperature, and the Michaelis-Menten 1055 

constant (Km), i.e., the half-saturation constant (Vmax / 2) which reflects the binding affinity (1 / Km) of 1056 

an enzyme for a substrate. Because enzymes are highly variable in their forms and location in soils, we 1057 

referred to enzyme activities throughout the manuscript. All the figures were created with 1058 

BioRender.com and Powerpoint. 1059 

 1060 

Figure 2 - Effects of temperature at the enzyme scale. A) Enzyme-substrate relationships and 1061 

associated parameters, and B) responses of enzyme parameters to temperature (adapted from Ma et al., 1062 

2017). The relationship between rate of reaction and concentration of substrate depends on the affinity 1063 

of the enzyme for its substrate (1 / Km). The active site is a region of an enzyme where substrate 1064 

molecules bind and undergo a chemical reaction that generates products and releases the enzyme. The 1065 

maximum reaction rate and number of times each enzyme converts substrate to product per unit time 1066 

are defined by Vmax and kcat, respectively. The cumulative amount of substrate degraded by a unit of 1067 

enzyme Epower depends on kcat, but also on thermal inactivation of enzymes kinact. The total period of time 1068 

needed to metabolize the substrate at a given concentration is the substrate turnover time. Finally, the 1069 

Q10 temperature coefficient is a measure of the rate of change in enzyme activity as a consequence of 1070 

increasing the temperature by 10°C. The optimum temperature is defined as the temperature at which 1071 

enzymes best facilitate reactions. Temperature interval as a whole (i.e., from low and high temperatures) 1072 

may vary for psychrophilic, mesophilic and thermophilic communities.  1073 



Figure 3 - Effects of temperature at the microbial scale. A) Importance of microbial parameters 1074 

in enzyme-substrate relationships (adapted from Schimel & Weintraub, 2003), and B) responses of 1075 

microbial parameters to temperature. Microbes use all available C. Because efficiency of new biomass 1076 

C produced per unit of organic resource C consumed depends strongly on the structure of microbial 1077 

communities, their requirements and activity will influence enzyme allocation and specific enzyme 1078 

activity per unit of microbial biomass. Decomposition of litter or soil organic carbon is a function of 1079 

enzyme concentration which depends on CUE, community composition (which can also directly 1080 

influence CUE at the community scale), microbial maintenance and growth, and enzyme allocation.  1081 

 1082 

Figure 4 Effects of temperature on soil carbon stocks at different temporal scales. 1083 

Temperature may affect C inputs through rhizodeposition and necromass, which in turn may affect 1084 

microbial strategies: yield, resource acquisition and stress tolerance (adapted from Malik et al., 2020). 1085 

Interactions between microbial communities, chemical complexity and availability of organic matter 1086 

may in turn affect the pool of labile versus recalcitrant carbon at different temporal scales. In the short-1087 

term, microbial communities will produce more acquisitive C-related enzymes in response to warming 1088 

which will mainly affect the labile C pool (Phase 1). This first phase is quickly followed by one of the 1089 

two Phases 2a or 2b. Physiological adaptations or substrate depletion decrease microbial biomass and 1090 

activity and lead to a reduction in soil C loss (Phase 2a). On the other hand, shifts in microbial 1091 

community structure and allocation to oxidative enzymes may accelerate soil C loss through its impact 1092 

on the recalcitrant C pool (Phase 2b). One of the most important questions for soil ecologists and 1093 

modelers in the 21st century is whether there will be an attenuation or acceleration of soil C in the very 1094 

long term (Phase 3). Note: The effects of temperature on soil C stocks are dynamic and soil C stocks 1095 

fluctuate constantly (i.e., increase or decrease) over time. 1096 



Box 1 – Summary of definitions used in this article. 1097 

 1098 

  Term Unit   Definition 

Activation energy (EAcat) kJ mol-1 Activation energy of enzyme catalytic activity 

Activation energy inactivation (EAinact) kJ mol-1 Activation energy of enzyme inactivation 

Carbon use efficiency (CUE) unitless Measure of the partitioning of assimilated C into microbial growth or respiration 

Catalytic constant (kcat) nmol min-1 U-1 Catalytic constant for the conversion of substrate into product  

Catalytic power of enzyme (Epower) mol U-1 Cumulative amount of substrate degraded by one unit of enzyme until its complete inactivation 

Enzyme production  mol kg-1 Total quantity of enzymes produced by microbes 

Maximum reaction velocity (Vmax) nmol g-1 h-1 Maximum reaction rate at saturating substrate concentration for a given temperature 

Michaelis constant (Km) mol g-1 Half-saturation constant (Vmax / 2) which reflects the binding affinity (1 / Km) of enzyme for a substrate 

Temperature sensitivity (Q10) unitless Relative response of an enzymatic reaction rate to a temperature increase of 10°C 

Thermal inactivation (kinact) min-1 Thermal inactivation rate constant 

Specific enzyme activity  nmol g−1 Enzyme activity by unit of protein, microbial biomass or soil organic carbon 

Substrate turnover time h-1 Period of time needed to metabolize a substrate 


