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1  | INTRODUC TION

Soils store three to four times as much carbon (C) as the atmosphere 
(Bond-Lamberty & Thomson, 2010; Lal, 2004) and represent the 

largest natural source of CO2. Therefore, changes in soil C stocks in 
response to global warming could substantially alter future climate 
trajectories (Davidson & Janssens, 2006; Trumbore, Chadwick, & 
Amundson, 1996). Yet, despite numerous studies in recent decades, 
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Abstract
Climate warming affects soil carbon (C) dynamics, with possible serious consequences 
for soil C stocks and atmospheric CO2 concentrations. However, the mechanisms 
underlying changes in soil C storage are not well understood, hampering long-term 
predictions of climate C-feedbacks. The activity of the extracellular enzymes ligni-
nase and cellulase can be used to track changes in the predominant C sources of 
soil microbes and can thus provide mechanistic insights into soil C loss pathways. 
Here we show, using meta-analysis, that reductions in soil C stocks with warming 
are associated with increased ratios of ligninase to cellulase activity. Furthermore, 
whereas long-term (≥5 years) warming reduced the soil recalcitrant C pool by 14%, 
short-term warming had no significant effect. Together, these results suggest that 
warming stimulates microbial utilization of recalcitrant C pools, possibly exacerbating 
long-term climate-C feedbacks.
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the net effects of climate warming on soil C stocks are still unclear 
(Knorr, Prentice, House, & Holland, 2005; Smith & Fang, 2010; van 
Gestel et al., 2018). Several short-term studies found soil C losses 
with experimental warming (Melillo et al., 2017; Pries, Castanha, 
Porras, & Torn, 2017; Sistla et al., 2013). If such initial stimulation of 
soil C decomposition persists, rising temperatures could drive strong 
positive climate-C feedbacks and accelerate planetary warming 
(Chen et al., 2015; Karhu et al., 2014). However, it is unclear whether 
results from short-term experiments can be extrapolated over time. 
Thus, to improve future predictions of soil C storage, we need to 
advance the mechanistic understanding of warming effects on soil 
C dynamics.

Short-term respiratory responses to warming likely represent in-
creased turnover of the labile and readily accessible litter and soil or-
ganic matter (SOM; Dorrepaal et al., 2009; Knorr et al., 2005). However, 
the majority of litter and SOM are protected from microbial attack by 
complex chemical conformation or by physico-chemical interactions 
within the soil matrix (Cotrufo et al., 2015; Jenkinson, 1990; Kallenbach, 
Frey, & Grandy, 2016; Kleber & Johnson, 2010; Schmidt et al., 2011). 
Therefore, the effects of long-term warming on soil C storage both 
depend on changes in microbial accessibility of litter and SOM (Schuur 
et al., 2009; Singh, Bardgett, Smith, & Reay, 2010), and on depolym-
erization of chemically complex and recalcitrant C pools (Cotrufo, 
Wallenstein, Boot, Denef, & Paul, 2013; Lehmann & Kleber, 2015).

Cellulases and ligninases are among the most important 
C-degrading enzymes targeting the degradation of litter and SOM 
with different qualities (Chen et al., 2017; Jian et al., 2016; Margida, 
Lashermes, & Moorhead, 2019). Whereas cellulase is associated with 
decomposition of relatively labile C pools, ligninase is associated with 
the decomposition of relatively recalcitrant C pools (Sinsabaugh, 
2010; Sistla & Schimel, 2013). Thus, the ratio of ligninase to cellu-
lase (ligninase:cellulase) activity can be used to quantify microbial 
preference in utilizing various pools of litter and SOM (Chen, Luo, 
García-Palacios, et al., 2018; Romero-Olivares, Allison, & Treseder, 
2017; Sinsabaugh, 2010; Yang et al., 2019). A recent meta-analysis 
showed that warming had differential effects on cellulase and lign-
inase activities (Chen, Luo, García-Palacios, et al., 2018); however, 
shifts in C-degrading enzyme activities have not been quantitatively 
linked to changes in soil C storage. Here, we use meta-analysis to 
quantify the links between soil C storage and C-degrading enzyme 
activities under experimental warming, and to synthesize the effects 
of warming on recalcitrant and labile C pools.

2  | MATERIAL S AND METHODS

2.1 | Data collection

We compiled four databases to explore the relationships between 
C-degrading enzyme activities and soil C storage under experimen-
tal warming, and to quantify the effects of warming on labile and 
recalcitrant C pools (see Supplementary materials and methods 
in Supporting Information S1). Database 1 included studies that 

simultaneously reported the effects of warming on soil C-degrading 
enzyme activities and soil C stocks. If a study reported soil enzyme 
data but no soil C data, we searched extensively for matching soil C 
data from papers published by the same research group. Database 2 
included studies that reported the effects of warming on enzyme ac-
tivities of ligninase and cellulase. Database 3 included studies on the 
effects of warming on recalcitrant C pools, and Database 4 included 
studies on the effects of warming on labile C pools. A previous ver-
sion of Database 2 was published by Chen, Luo, Van Groenigen, et al. 
(2018); the current version has been updated to include 16 observa-
tions (six studies) that were published since the previous version was 
compiled. The other three new databases were created following the 
same method as used in Chen, Luo, Van Groenigen, et al. (2018). 
Detailed information about the databases can be found via figshare 
(https​://figsh​are.com/s/7dd68​e1fa4​5e32b​2f9fa​) and in the online 
Supplementary materials, methods and databases in Supporting 
Information S1.

We searched Web of Science (http://apps.webof​knowl​edge.
com/), Google scholar (http://schol​ar.google.com/) and China 
National Knowledge Infrastructure (http://www.cnki.net/) for arti-
cles that were published before February 2019. The keywords used 
in the Databases 1 and 2 were (a) ‘climate change’ or ‘experimental 
warming’ or ‘elevated temperature’ and (b) ‘cellulase’ or ‘ligninase’ or 
‘glucosidase’ or ‘xylosidase’ or ‘cellobiosidase’ or ‘peroxidase’ or ‘phe-
nol oxidase’ or ‘polyphenol oxidase’ and (c) ‘terrestrial’ or ‘soil’ or ‘land’. 
The keywords used in the Databases 3 and 4 were (a) ‘climate change’ 
or ‘experimental warming’ or ‘elevated temperature’ and (b) ‘soil car-
bon pool’ or ‘labile carbon’ or ‘recalcitrant carbon’ or ‘heavy fraction 
carbon’ or ‘light fraction carbon’ or ‘dissolved carbon’ or ‘occluded car-
bon’ or ‘aromatic carbon’ or ‘phenolic’ or ‘hydrolysable carbon’.

To be included in our datasets, articles had to report exper-
imental warming protocols, particularly warming duration. We 
only considered experiments that lasted at least 1  year, and 
we made a distinction between short-term (<5  years) and long-
term (≥5 years) experiments. Treatment replicates and standard 
deviations needed to be reported. Environmental and site vari-
ables (Tables S1 and S2) were tabulated if these were reported. 
In total, 68 articles were selected based on these criteria (see 
Supplementary references lists and Figure S1 in Supporting 
Information S1).

2.2 | Description of environmental and 
experimental variables

For each study in our dataset, we recorded a wide range of environ-
mental variables, including latitude (with a range from 20.45°N to 
76.55°N), longitude (149.57°W to 144.73°E), elevation (5–4,763 m), 
climatic variables (mean annual temperature [MAT, −12 to 27°C], 
mean annual precipitation (MAP, 122–2048  mm), vegetation type 
(http://www.world​clim.org/, including farmland, grassland, forest, 
heathland and tundra) and soil type (http://www.fao.org/about/​
en/, including Phaeozems, Histosols, Luvisols, Podzols, Cambisols, 

https://figshare.com/s/7dd68e1fa45e32b2f9fa
http://apps.webofknowledge.com/
http://apps.webofknowledge.com/
http://scholar.google.com/
http://www.cnki.net/
http://www.worldclim.org/
http://www.fao.org/about/en/
http://www.fao.org/about/en/
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Chernozems, Oxisols, Andosols, Entisol, Arensol, Cryosols, Mollisols 
and Gelisols). Regarding the warming protocols, we recorded the 
magnitude (i.e., the average temperature difference between the 
warming and control plots, with a range from 0.3 to 5.1°C), duration 
(in years, from 1 to 23 years as continuous variable) and methods 
(open top chambers, infrared heaters, greenhouses, heating cables 
and curtains). When critical information was not reported in the ar-
ticle, we tried to obtain this information by contacting the corre-
sponding author.

2.3 | Carbon-degrading enzymes

For the purpose of our analysis, ligninase activity represented the 
activities of peroxidases (EC1.11.1.7) or phenol oxidases (EC1.10.3.2) 
or polyphenol oxidases (EC1.14.18.1) or the average of their activi-
ties if two or three of them were reported simultaneously (Table S3).  
These enzymes are oxidative in nature and can effectively accel-
erate the breakdown of relatively recalcitrant molecules such as 
lignin, phenol and other aromatics (Sinsabaugh, 2010). Cellulase ac-
tivity represented the activities of β-1,4-glucosidases (EC3.2.1.21) 
or β-1,4-xylosidases (EC3.2.1.37) or β-1,4-D-cellobiohydrolases 
(EC3.2.1.91) or their average. Cellulases breaks down cellulose, 
hemicellulose and several related polysaccharides into monosac-
charides such as beta-glucose, or short polysaccharides and oligo-
saccharides. The ratio of ligninase:cellulase activities is an effective 
proxy of microbial substrate preference (Romero-Olivares et al., 
2017; Sinsabaugh, 2010; Yang et al., 2019), with higher ratios indi-
cating relatively greater investment in decomposition of chemically 
recalcitrant C pools (Chen, Luo, García-Palacios, et al., 2018; Ren  
et al., 2017; Romero-Olivares et al., 2017). Detailed information on 
the enzyme assays can be found in the online supplementary materi-
als and methods in Supporting Information S1.

2.4 | Soil carbon pools

Soil organic C can be broadly divided into chemically labile and re-
calcitrant pools, which differ in rates of microbial mineralization and 
in residence time (Chen, Luo, Van Groenigen, et al., 2018; Cotrufo 
et al., 2013; Davidson & Janssens, 2006; Kögel-Knabner & Rumpel, 
2018). Labile C is the fraction with the shortest mean residence 
time (days to years), and includes, for example, simple root exu-
dates, fresh plant detritus with relative small particle size and liv-
ing or dead cells (necromass) that can easily be decomposed (Kolář  
et al., 2009; Strosser, 2010). Soil labile C pools serve as readily avail-
able energy sources for soil microorganisms, thereby contributing 
to enhanced nutrient cycling in soils. In the present study, pool sizes 
of labile C were estimated from: (a) active C pools with short resi-
dence time, determined by soil incubations and inverse modeling 
(Carrillo, Pendall, Dijkstra, Morgan, & Newcomb, 2011; Feng et al., 
2017); (b) readily hydrolysable or oxidizable C or dissolved organic C 
or water- or K2SO4-extractable C (Bhattacharyya et al., 2013) and (c) 

light fraction C, determined by physical soil fractionation (Song et al., 
2012; von Lützow et al., 2007). Detailed information on the meas-
urements and proxies of labile C pools can be found in the online 
supplementary materials and methods in Supporting Information S1.

Recalcitrant C pools consist of organic material resistant to de-
composition, with mean residence times of years to decades or 
longer. (Davidson & Janssens, 2006; Kleber, 2010). The nature of 
recalcitrant compounds ranges from simple halogenated hydrocar-
bons to complex polymers, such as lignin. Recalcitrant C pools can 
be made biodegradable by enzymes capable of deconstructing these 
compounds. In the present study, soil recalcitrant C pools include (a) 
passive C pools, determined from soil incubation and data-assimila-
tion (Feng et al., 2017); (b) non-readily oxidizable C (Bhattacharyya et 
al., 2013) or non-readily hydrolysable C (Belay-Tedla, Zhou, Su, Wan, 
& Luo, 2009; Bhattacharyya et al., 2013; Zhao et al., 2014); (c) pheno-
lic, lignin or other aromatic or occluded large C compounds (Jassey et 
al., 2013; Schnecker, Borken, Schindlbacher, & Wanek, 2016); and (d) 
heavy C fractions, determined by physical fractionation (Song et al., 
2012; von Lützow et al., 2007). Detailed information on the measure-
ments and proxies of recalcitrant C pools can be found in the online 
supplementary materials and methods in Supporting Information S1.

2.5 | Data analysis

We used meta-analysis to synthesize the effects of experimental 
warming on (a) the ratio of ligninase:cellulase activities and (b) the 
changes in soil recalcitrant and labile C pools. This was done by cal-
culating the logarithmic response ratio (lnR), a metric commonly used 
in meta-analysis (Chen et al., 2015; Hedges, Gurevitch, & Curtis, 
1999; Zhao et al., 2017):

where XT and XA are the arithmetic mean values of the variables in 
the experimental warming and ambient treatments, respectively. The 
variances (ϑ) of lnR was calculated as:

where NT and NA are the number of replicates, and SDT and SDA are 
the standard deviations for experimental warming and ambient treat-
ments, respectively.

Articles were included as a random factor in the meta-analysis, 
since some articles contributed multiple observations. A mixed- 
effects meta-analysis was conducted using the function rma.mv in 
the R package ‘metafor’ (Viechtbauer, 2010). The effect size was 
back-transformed to percentage change to ease interpretation. Using 
the R package ‘glmulti’, we performed a model selection analysis to 
calculate the relative importance of all predictors in determining 
treatment effects, closely following the methods used by Chen, Luo, 
García-Palacios, et al. (2018), Chen, Luo, Van Groenigen, et al. (2018). 

(1)lnR= ln (XT∕XA),

(2)�=
SD2

T

NTXT

+
SD2

A

NAXA

,
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Briefly, the relative importance for a specific variable was calculated 
as the sum of the Akaike weights for all models containing this vari-
able; this sum was considered as the overall support for each variable 
across all potential models. A threshold value of 0.8 was set to iden-
tify the most important variables (Terrer, Vicca, Hungate, Phillips, & 
Prentice, 2016; van Groenigen et al., 2017).

3  | RESULTS

The response of ligninase:cellulase activities was negatively corre-
lated with warming-induced changes in soil C storage. Specifically, 
one unit increase in the lnR of ligninase:cellulase caused 0.09 unit 
decrease in the lnR of soil C storage (Database 1; Figure 1a). The 
relative importance of the lnR for lignase:cellulase supported the re-
moval of other predictors, such as environmental and site variables 
(latitude, elevation, MAT and MAP), experimental warming protocols 
(warming methods, warming duration and warming magnitude) and 
ecosystem types (Figure 1b).

Averaged across all studies on C-degrading enzyme activities 
(Database 2), experimental warming significantly increased the ratio 
of ligninase:cellulase activities by 13% (95% confidence interval: 4%–
23%). Whereas long-term (≥5 years) experimental warming signifi-
cantly increased the ratio of ligninase:cellulase by 39%, short-term 
warming (<5 years) had no effect (Figure 2).

F I G U R E  1   (a) Relation between warming-induced shifts in 
ligninase:cellulase activities and corresponding changes in soil 
carbon storage. (b) Relative importance of variables regulating the 
effects of experimental warming on soil carbon storage. Results are 
based on studies that simultaneously reported warming responses 
of soil carbon (C) storage and soil C-degrading enzyme activities. 
Warming-induced shifts in ligninase:cellulase activities are negatively 
correlated with changes in soil C storage (R2 = .237; p < .001; n = 58). 
Regression line in panel (a) shows the linear regression; the shaded 
grey area represents the confidence interval. lnR-Lig:Cell, log-
transformed response ratio of ligninase:cellulase activities. Duration, 
magnitude and method all refer to aspects of the warming treatment; 
detailed information on these variables can be found in Section 2. 
MAT, mean annual temperature; MAP, mean annual precipitation 
[Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E  2   Effects of experimental warming duration on 
lignase:cellulase activities. Data were grouped into warming 
duration of shorter or longer than 5 years. Error bars indicate the 
95% confidence interval. Numbers above the error bars indicate 
sample sizes for each group. Warming effects are considered 
significant if the confidence interval does not include zero. 
Warming responses of lignase:cellulase activities are significantly 
different between short-term and long-term studies (p = .036) 
[Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E  3   (a) Effects of experimental warming duration 
on the recalcitrant carbon (C) pool. (b) Relative importance of 
variables regulating the effects of experimental warming on the 
soil recalcitrant C pool. Data were grouped into warming duration 
of shorter or longer than 5 years. Error bars indicate the 95% 
confidence interval. Numbers above the error bars indicate sample 
sizes for each group. Warming effects are considered significant if 
the confidence interval does not include zero. There is a significant 
difference between short-term and long-term studies for warming 
responses of the recalcitrant C pool (p = .001). Duration, magnitude 
and method indicate aspects of the warming treatment; detailed 
information on these variables can be found in Section 2. MAT, 
mean annual temperature; MAP, mean annual precipitation. Type.
RCP, distinguishes between various proxies for the recalcitrant C 
pool; detailed information can be found in Section 2 [Colour figure 
can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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Long-term experimental warming significantly decreased soil 
recalcitrant C pools by 14%, while no effect was observed for short-
term warming (Figure 3a). Whereas warming responses of the recal-
citrant C pool were best predicted by warming duration (Figure 3b), 
none of the predictors reached the threshold of 0.8 for the effects 
of warming on the labile C pool (Figure S2). Consistent with this anal-
ysis, warming responses of the soil labile C pool did not depend on 
experiment duration (Figure S3).

4  | DISCUSSION

Our finding of a warming-induced increase in ligninase activity rela-
tive to cellulase activity indicates soil microbes decompose more 
chemically complex and recalcitrant C pools (e.g., lignin) to fuel their 
metabolic processes (Romero-Olivares et al., 2017; Sinsabaugh, 
2010). Indeed, several recent studies found that warming favors 
microbial functional communities degrading old and recalcitrant C 
pools (Cheng et al., 2017; Feng et al., 2017; Woodcroft et al., 2018; 
Xue et al., 2016).

Importantly, warming-induced increases in ligninase:cellulase 
activity were negatively correlated with warming responses of soil 
C storage. We propose three possible explanations for this result. 
First, the decomposition of complex structural macromolecules 
with warming duration may increase microbial accessibility to pro-
tected litter and SOM, such as lignin-encrusted C-compounds that 
are liberated by enzymatic depolymerization prior to the microbial 
utilization (Cotrufo et al., 2013; Lehmann & Kleber, 2015). This will 
accelerate the degradation of litter and SOM, leading to further 
soil C losses.

Second, microbial C use efficiency (CUE), the ratio of C allo-
cated for growth versus respiration (Manzoni, Taylor, Richter, 
Porporato, & Ågren, 2012), is different for the degradation of 
cellulose- and lignin-like substrates (Cotrufo et al., 2013). Indeed, 
reported CUE values for cellulose are much higher than for lignin 
(Bahri et al., 2008; Dijkstra et al., 2011) because additional energy 
is required for the depolymerization of lignin-like substrates. This 
suggests that more C could be respired by stimulating the degra-
dation of lignin- than cellulose-like substrates (Lehmann & Kleber, 
2015). This interpretation agrees well with our recent finding that 
warming-stimulation of ligninase activity is positively correlated 
with warming-stimulation of soil respiration (Chen, Luo, García-
Palacios, et al., 2018).

Third, warming-induced shifts from cellulase to ligninase 
activities could increase soil N availability because many 
N-containing molecules are physically and chemically shielded 
by the lignified macromolecules (Averill & Waring, 2018; Chen, 
Luo, Van Groenigen, et al., 2018; Plaza, Courtier-Murias, 
Fernández, Polo, & Simpson, 2013). Enhanced N availability 
could amplify the effects of warming on microbial-mediated 
litter and SOM decomposition (Chen et al., 2016; Kuzyakov & 
Blagodatskaya, 2015). For example, alleviation of N limitation 
has caused large and rapid C losses in tundra, even for the 

historically accumulated old C pool (Mack, Schuur, Bret-Harte, 
Shaver, & Chapin, 2004; Xue et al., 2016).

Our results suggest that progressive shifts from cellulase to 
ligninase activities stimulate soil C loss with experimental warming, 
causing positive climate-C feedbacks. These results are align with 
multiple studies showing that long-term warming decreases soil C 
storage more than short-term warming (Bardgett, Freeman, & Ostle, 
2008; Hopkins, Torn, & Trumbore, 2012; Trivedi et al., 2016). Our 
findings are also consistent with results from a long-term warm-
ing experiment at Harvard Forest (MA, USA), where 18  years of 
experimental warming quadrupled ligninase activity but did not 
affect cellulase activity. These divergent changes in enzyme ac-
tivities were accompanied with soil C losses and reductions in soil 
lignin abundance (Melillo et al., 2017; Pold, Melillo, & DeAngelis, 
2015). Similarly, Feng et al. (2017) showed that 12 years experimen-
tal warming substantially enhanced degradation of recalcitrant C 
pools and increased microbial genes involved in degrading complex 
C-molecules.

Shifts in microbial C-degrading enzyme activities with 
continued warming are consistent with previous explanations 
for continued soil C loss with long-term warming, such as 
shifts and adaptations in microbial community and physiol-
ogy (Melillo et al., 2017; Metcalfe, 2017), changes in micro-
bial CUE (Tucker, Bell, Pendall, & Ogle, 2013), and increased 
microbial accessibility to litter and SOM (Bailey et al., 2018; 
Doetterl et al., 2015). The key roles of C-degrading enzymes 
in regulating soil C storage are also in line with results from 
a recent meta-analysis showing that increases in soil C stocks 
with long-term N enrichment were negatively correlated with 
N-effects on ligninase activity (Chen, Luo, Van Groenigen,  
et al., 2018).

Our interpretation that prolonged warming could weaken soil 
C storage is further supported by the decreased chemical recalci-
trant C pool size with long-term warming. After the initial micro-
bial assimilation of readily accessible C pools with warming, soil 
microorganisms can acclimate to C starvation through utilization 
of chemical recalcitrant C pools. This change in microbial prefer-
ence of C substrates can be facilitated by shifts from microbial 
cellulase to ligninase activities (Crowther & Bradford, 2013). For 
example, warming decreased the abundance of lignin-derived 
compounds but increased ligninase activity in a mixed temper-
ate forest (Feng, Simpson, Wilson, Williams, & Simpson, 2008). 
Microbial utilization of recalcitrant C pools could substantially 
accelerate overall soil C loss because depolymerization of these 
recalcitrant macromolecules increases microbial accessibility 
to litter and SOM previously protected by recalcitrant C pools 
(Lehmann & Kleber, 2015; Paustian et al., 2016; Schmidt et al., 
2011).

The moderate correlation between warming effects on soil 
C stocks and ligninase:cellulase activities (Figure 1a) indicates 
that warming effects on soil C storage cannot be fully explained 
by soil enzyme responses alone. Indeed, soil C stocks are deter-
mined by the balance between plant litter that is decomposed 
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and transformed into SOM versus the amount that is miner-
alized (Cotrufo et al., 2015; Jenkinson, 1990; Kallenbach et al., 
2016; Kleber & Johnson, 2010). Thus, other soil processes, for 
example, warming-induced changes in litter input, root exuda-
tion, the formation of stable SOM from microbial products and 
C leaching could also contribute to changes in soil C storage with 
warming (Liang, Amelung, Lehmann, & Kästner, 2019; Pausch & 
Kuzyakov, 2018), while those process are not considered in this 
meta-analysis. Moreover, even though the enzymes considered in 
this meta-analysis can indirectly affect the decomposition of bulk 
soil C, they are mostly involved in the decomposition of plant lit-
ter and particulate SOM (Lavallee, Soong, & Cotrufo, 2019). Thus, 
whereas warming-induced shifts in ligninase:cellulase activity 
play an important role in determining soil C dynamics with warm-
ing, it is still unclear what part of the soil C pool will be affected 
by these shifts over time frames longer than the spans of the ex-
periments in our dataset.

Including microbial processes can improve the performance 
of Earth System Models (ESMs; Allison, Wallenstein, & Bradford, 
2010; Wieder, Bonan, & Allison, 2013), but the representation 
of microbial processes in these models vary and are disputed 
(Sulman et al., 2018; Treseder et al., 2012). Microbial parame-
ters are typically estimated from short-term studies and it is still 
unclear to what extent these parameters can be extrapolated 
to longer time scales. Indeed, microbial responses to warming 
change over time (Ballantyne & Billings, 2018; Walker et  al., 
2018), for example, the progressive shifts from cellulase to lign-
inase activities identified in this meta-analysis. Thus, keeping 
microbial parameters constant with warming duration may lead 
to inaccurate ESM predictions. A recent study by Chen, Chen, 
and Luo (2019) demonstrated that including data-driven and 
dynamic (i.e., variable over time) microbial parameters into the 
Terrestrial Ecosystem model improved model performance of 
soil C dynamics considerably. Nonetheless, enzyme-mediated 
SOM decomposition is usually assumed to be a first-order kinetic 
relationship (Chen et al., 2019), and ESMs typically lack the bi-
ological, physical and chemical protection of SOM as discussed 
above (Dwivedi et al., 2019). We suggest that future studies 
should seek to advance ESMs by considering temporal shifts in 
C-degrading enzyme activities as well as the enzyme-associated 
destabilization of soil C pools with prolonged warming.

Our analysis highlights three important research gaps. First, 
to the best of our knowledge, there are no studies that mea-
sured soil enzyme activity over warming duration (i.e., for mul-
tiple years) at the same experimental site. Thus, to increase our 
understanding of temporal dynamics in enzyme responses, we 
strongly encourage researchers to repeat enzyme measure-
ments in ongoing warming experiments. Second, the microbial 
mechanisms underlying shifts in enzyme activities are still un-
clear. This lack of mechanistic understanding hampers incorpo-
rating microbial mechanisms in the models. Thus, we suggest 
that future research quantifies the relation between microbial 
community composition, gene expression and the production 

and activity of soil enzymes. Finally, we note that the studies in 
our dataset used a wide range of assay methods for enzymes and 
soil C pools. Although our meta-analysis suggests that warm-
ing effects on recalcitrant soil C pools did not depend on assay 
methods for C extraction, uniform research techniques would 
facilitate comparisons between experiments. Thus, we suggest 
that multi-site comparison studies conducting measurements in 
the same laboratory using the same methods will help us un-
derstand the role of enzymes in controlling SOM formation and 
transformation processes.

5  | CONCLUSION

This meta-analysis underscores the key role of microbial enzyme 
and substrate interactions in driving soil C dynamics with long-term 
climate warming. Specifically, our results suggest that increases in 
ligninase activity relative to cellulase activity will catalyze the deg-
radation of chemical recalcitrant C. This shift in enzyme activity 
may also increase microbial accessibility of litter and SOM, leading 
to accelerated soil C loss with prolonged warming. However, en-
zyme-mediated decomposition processes are poorly represented 
in C decomposition models and field observations. Therefore, to 
improve our predictions of soil C storage with climate change, fu-
ture research needs to identify the microbial and molecular mecha-
nisms underlying the shifts in soil C-degrading enzyme activities 
and their controlling factors.
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