
A
cc

ep
te

d
 A

rt
ic

le

This article has been accepted for publication and undergone full peer review but has 
not been through the copyediting, typesetting, pagination and proofreading process, 
which may lead to differences between this version and the Version of Record. Please 
cite this article as doi: 10.1111/gcb.14394 

This article is protected by copyright. All rights reserved. 

DR. JI  CHEN (Orcid ID : 0000-0001-7026-6312) 

DR. PABLO  GARCIA-PALACIOS (Orcid ID : 0000-0002-6367-4761) 

DR. XUHUI  ZHOU (Orcid ID : 0000-0002-2038-9901) 

DR. JIANWEI  LI (Orcid ID : 0000-0002-0429-3627) 

DR. JIANYANG  XIA (Orcid ID : 0000-0001-5923-6665) 

DR. SHULI  NIU (Orcid ID : 0000-0002-2394-2864) 

DR. KEES JAN  VAN GROENIGEN (Orcid ID : 0000-0002-9165-3925) 

 

 

Article type      : Primary Research Articles 

 

 

Differential responses of carbon-degrading enzymes activities to warming: 

implications for soil respiration 

 

Running title: Carbon-degrading enzyme responses to warming 

 

Ji Chen1,2,3* | Yiqi Luo4,5 | Pablo García-Palacios6 | Junji Cao2,7* | Marina Dacal6 | Xuhui 

Zhou8,9 | Jianwei Li10* | Jianyang Xia8 | Shuli Niu11 | Huiyi Yang12 | Shelby Shelton13 | 

Wei Guo14 | Kees Jan van Groenigen15 

 

1Center for Ecological and Environmental Sciences, Key Laboratory for Space Bioscience & 

Biotechnology, Northwestern Polytechnical University, Xi’an, 710072, China; 

http://crossmark.crossref.org/dialog/?doi=10.1111%2Fgcb.14394&domain=pdf&date_stamp=2018-07-12


A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

2State Key Laboratory of Loess and Quaternary Geology (SKLLQG), and Key Laboratory of Aerosol 

Chemistry and Physics, Institute of Earth Environment, Chinese Academy of Sciences, Xi’an, 710061, 

China; 

3Aarhus University Centre for Circular Bioeconomy, Department of Agroecology, Aarhus University, 

Blichers Allé 20, 8830 Tjele, Denmark. 

4Center for Ecosystem Science and Society, Department of Biological Sciences, Northern Arizona 

University, Arizona, 86011 USA; 

5Department for Earth System Science, Tsinghua University, Beijing 100084, China. 

6Departamento de Biología y Geología, Física y Química Inorgánica y Analítica, Área de Biodiversidad 

y Conservación, Universidad Rey Juan Carlos, 28933 Móstoles, Spain; 

7Institute of Global Environmental Change, Xi’an Jiaotong University, Xi’an, 710049, China; 

8Center for Global Change and Ecological Forecasting, Tiantong National Field Observation Station for 

Forest Ecosystem, School of Ecological and Environmental Sciences, East China Normal University, 

Shanghai, 200062, China. 

9Shanghai Institute of Pollution Control and Ecological Security, Shanghai 200437, China. 

10Department of Agriculture and Environmental Sciences, Tennessee State University, Nashville, 37209, 

USA; 

11Synthesis Research Center of Chinese Ecosystem Research Network, Key Laboratory of Ecosystem 

Network Observation and Modeling, Institute of Geographic Sciences and Natural Resources Research, 

Chinese Academy of Sciences, Beijing, 100101, China; 

12College of engineering mathematics and physical sciences, University of Exeter, EX4 4QF, UK 

13Department of Emergency Medicine, University of Colorado Denver, Denver, CO, 80045 USA; 

14Department of Earth and Environmental Sciences, Xi'an Jiaotong University, Xi'an 710049, China; 

15Geography, College of Life and Environmental Sciences, University of Exeter, Exeter, EX4 4QG, UK. 

 

*Corresponding author: 

Ji Chen, chenji@ieecas.cn, Tel: +86-29-62336233, Fax: +86-29-62336234. 

Junji Cao, cao@loess.llqg.ac.cn, Tel: +86-29-62336233, Fax: +86-29-62336234. 

Jianwei Li, jli2@tnstate.edu, Tel: +1-615-963-1523, Fax: +1-615-963-1523.  



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Abstract  

Extracellular enzymes catalyze rate-limiting steps in soil organic matter 

decomposition, and their activities (EEAs) play a key role in determining soil 

respiration (SR). Both EEAs and SR are highly sensitive to temperature, but their 

responses to climate warming remain poorly understood. Here, we present a 

meta-analysis on the response of soil cellulase and ligninase activities and SR to 

warming, synthesizing data from 56 studies. We found that warming significantly 

enhanced ligninase activity by 21.4% but had no effect on cellulase activity. Increases 

in ligninase activity were positively correlated with changes in SR, while no such 

relationship was found for cellulase. The warming response of ligninase activity was 

more closely related to the responses of SR than a wide range of environmental and 

experimental methodological factors. Furthermore, warming effects on ligninase 

activity increased with experiment duration. These results suggest that soil 

microorganisms sustain long term increases in SR with warming by gradually 

increasing the degradation of the recalcitrant carbon pool. 

 

KEYWORDS 

Extracellular enzyme activity, Decomposition, Soil microorganisms, Soil respiration, 

Recalcitrant carbon pool, Ligninase activity, Cellulase activity, Global warming  
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1  |  INTRODUCTION  

The average global surface temperature is predicted to increase between 1 and 4°C by 

the end of the 21st century (Collins & Knutti, 2013, O'Neill et al., 2017). Rising 

temperatures have cascading impacts on ecosystem carbon (C) budgets, and these can 

cause both positive and negative C cycle–climate feedbacks (Carey et al., 2016, Chen et 

al., 2016a, Chen et al., 2017a, Karhu et al., 2014, Paustian et al., 2016, Peñuelas et al., 

2017, Yang et al., 2018). Soil respiration (SR) represents the largest C flux from soils to 

the atmosphere (Bradford et al., 2016, Tucker, Bell, Pendall, & Ogle, 2013), and is 

primarily driven by the microbial decomposition of soil organic matter (SOM). 

However, we know little about the mechanisms underlying the response of SR to 

climate warming (Chen et al., 2016b, Conant et al., 2011, van Gestel et al., 2018). 

Specifically, there is a lack of information regarding the degree to which soil 

extracellular enzymes (EEs), which catalyze the rate-limiting step in SOM 

decomposition (Allison, Wallenstein, & Bradford, 2010a, Jing et al., 2014, Sinsabaugh, 

2010, Stone et al., 2012), are affected by warming. These enzymes, primarily produced 

by microbes, are considered proximate agents of SR because they lower the activation 

energy of key reactions and speed up the breakdown of polymers (Chen et al., 2017b, 

Chen et al., 2018, Janssens et al., 2010, Suseela, Tharayil, Xing, & Dukes, 2014). 

Although the rates at which these enzymes are produced and degraded are sensitive to 

temperature (Allison & Treseder, 2008, German, Marcelo, Stone, & Allison, 2012, 

Papanikolaou, Britton, Helliwell, & Johnson, 2010, Steinweg, Dukes, Paul, & 

Wallenstein, 2013), it is still unclear how warming responses of enzymes affect SR. 
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 Cellulose and lignin are the two most abundant SOM compounds, and microbially 

mediated decomposition of these materials composes a main source of SR (Carreiro, 

Sinsabaugh, Repert, & Parkhurst, 2000, Chen et al., 2018, Janssens et al., 2010, 

Waldrop et al., 2004). Cellulose and hemicellulose comprise the main composition of 

primary plant cell walls. Hydrolysis of cellulose and hemicellulose is mainly catalyzed 

by cellulase, including β-1,4-glucosidase (BG), β-1,4-xylosidase (BX) and 

β-D-cellobiosidase (CBH) (Carreiro, Sinsabaugh, Repert, & Parkhurst, 2000, Chen et 

al., 2017b, Jian et al., 2016). The aromatic C polymer lignin is found in secondary plant 

cell walls, where it covers and shields cellulose from microbial decay. Oxidation and 

degradation of phenolic-containing recalcitrant compounds are facilitated by ligninase, 

that is, peroxidase (PER), phenol oxidase (PO) and polyphenol oxidase (PPO) 

(Dashtban, Schraft, Syed, & Qin, 2010, Romero-Olivares, Allison, & Treseder, 2017, 

Sinsabaugh et al., 2008, Zhou et al., 2012). The critical roles of cellulase and ligninase 

in mediating SOM decomposition suggest that climate warming may affect SR through 

its effects on EEAs, yet we still lack direct evidence. 

Cellulase and ligninase are synthesized by specific groups of microorganisms 

(Burns et al., 2013, Carreiro, Sinsabaugh, Repert, & Parkhurst, 2000, Wang et al., 

2012), and it may take years for microbial communities to adapt to environmental 

changes (DeAngelis et al., 2015). Thus, responses of cellulase and ligninase activities 

to warming may vary over time. Because warming methods differ in their effects on 

soil temperature and moisture (Chen et al., 2015, Lu et al., 2013), soil microbial 

community (Chen et al., 2015) and belowground C allocation (Rustad et al., 2001, 
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Schindlbacher et al., 2015), they may differ in their effects on EEAs as well. Including 

cellulase and ligninase activities in soil C models may improve future predictions of 

soil C stocks (Ali et al., 2015, Luo, Chen, Chen, & Feng, 2017, Moorhead, Sinsabaugh, 

Hill, & Weintraub, 2016). However, warming effects on cellulase and ligninase 

activities as well as the underlying mechanisms are still unclear.  

To address this knowledge gap, we conducted a meta-analysis of the responses of 

cellulase and ligninase activities to warming and their links with SR responses. More 

specifically, our study seeks : (1) to quantify the effects of warming on cellulase and 

ligninase activities, (2) to investigate the factors affecting the responses of cellulase and 

ligninase activities to warming, and (3) to test whether the responses of cellulase and 

ligninase activities to warming are linked with changes in SR. 

 

2  |  MATERIALS AND METHODS  

2.1  |  Data collection 

We extracted results for enzyme activities of ligninase and cellulase under warming 

experiments conducted in the field. We used Web of Science 

(http://apps.webofknowledge.com/), Google Scholar (http://scholar.google.com/) and 

China National Knowledge Infrastructure (http://www.cnki.net/) for an exhaustive 

search of journal articles published before June 2018, using the following key words : 

(1) “climate change” or “experimental warming” or “elevated temperature” and (2) 

“cellulase”, or “ligninase”, or “glucosidase”, or “xylosidase”, or “cellobiosidase”, or 
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“peroxidase”, or “phenol oxidase”, or “polyphenol oxidase”, and (3) “terrestrial” or 

“soil” or “land”. 

To be included in our dataset, experiments had to meet several criteria: (1) the 

warming treatment lasted at least one year; (2) vegetation, soil physicochemical 

parameters and climate were similar between control and warming treatments; (3) 

sample size and standard deviations were reported; (4) warming protocols (i.e., 

warming method, warming magnitude, warming time and warming season) were 

clearly described. All studies in our dataset measured enzyme activity for warmed and 

control soils at the same incubation temperature (i.e., temperature differences between 

treatments occurred only in the field, and not during the incubation). As such, 

differences in enzyme activity between warmed and control soils were not related to the 

temperature sensitivity of enzymes, but reflect warming effects on enzyme production 

by soil microbes. We found 56 articles that met our requirements (see Dataset and 

Figure S1).  

For each study in our dataset, we extracted information on cellulase and ligninase 

activities (Table S1). If a paper reported multiple warming responses (e.g. in 

multi-factor experiments, or studies applying more than one warming protocol), each 

experiment was included separately in our dataset. If one paper reported two or three 

kinds of cellulase or ligninase, then their sum values were considered as the overall 

responses of cellulase and ligninase activities. We also recorded a wide range of 

environmental variables, including latitude, longitude, elevation, climatic variables 

(mean annual temperature (MAT), mean annual precipitation (MAP)), sampling date, 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

sampling temperature, vegetation type (http://www.worldclim.org/) and soil type 

(http://www.fao.org/about/en/). Regarding the warming protocols, we recorded the 

magnitude (i.e., the average temperature difference between the warming and control 

plots), duration (in years) and methods (open top chamber (OTC), infrared heater (IH), 

green house (GH), heating cable, and curtain). We also recorded SR, soil C:N, 

microbial biomass, and the ratio of fungal to bacterial abundance for both control and 

warming treatments when these data were reported. When warming responses of SR 

were not available, we used responses of heterotrophic respiration or weight loss in 

litter bag experiments as proxy values. To extract data from figures we used Engauge 

Digitizer 4.1 (http://digitizer.sourceforge.net). When some critical information was not 

reported in the article, we tried to obtain this information by contacting the 

corresponding author. 

 

2.2  |  Data analysis 

We used meta-analysis to evaluate the effects of warming on cellulase, ligninase, 

individual enzyme activity and other ancillary variables (García-Palacios et al., 2014, 

Hedges, Gurevitch, & Curtis, 1999, Van Groenigen et al., 2014, Zhao et al., 2017). The 

effects of warming on EEAs were evaluated using the natural log of the response ratio 

(ln ): 
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with  and  as the arithmetic mean concentrations in the warming and control 

treatments, respectively. The variances ( v ) of lnR were calculated by: 

 

 (2),  

 

with Wn  and Cn as the number of replicates, and WS  and CS  as the SDs  for 

warming and control treatments, respectively. 

The overall effect and the 95% confidence interval were calculated using the 

“rma.mv” function in the R-package “metafor” (Viechtbauer, 2010). Because 

incubation temperature for enzyme measurements varied among studies, we included 

“Incubation temperature” as a random factor in the meta-analysis. Because several 

papers contributed more than one response ratio, we also included the variable “paper” 

as a random factor (Chen et al., 2018, Terrer et al., 2016, van Groenigen et al., 2017). 

The effects of warming were considered significant if the 95% confidence interval did 

not overlap with zero. The results for the analyses on lnR were back-transformed and 

reported as percentage change with warming (that is, 100 × (elnR - 1)) to ease 

interpretation. 
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The meta-analytic models were selected by using the same approach as in Chen et 

al. (2018), Terrer et al. (2016) and van Groenigen et al. (2017). Briefly, we analyzed all 

potential combinations of the studied factors in a mixed-effects meta-regression model 

using the “glmulti” package in R (Bangert-Drowns, Hurley, & Wilkinson, 2004, 

Calcagno & de Mazancourt, 2010). The importance of a specific predictor was 

expressed as the sum of Akaike weights for models that included this factor, which can 

be considered as the overall support for each variable across all models. A cut-off of 0.8 

was set to differentiate between important and non-essential predictors.  

 

3  |  RESULTS 

Across the whole dataset, warming significantly enhanced ligninase activity by an 

average of 21.4%. Specifically, warming significantly increased activities of PER by 

18.4%, PO by 13.5% and PPO by 28.6%. In contrast, warming had no effect on 

cellulase activity (Figure1a), or any of the individual cellulase enzymes BG, BX and 

CBH. The responses of cellulase and ligninase activities to warming were normally 

distributed (Figure 1b and 1c), and they were independent of the sample size (Figure 

S2). 

 None of variables tested for the effects of warming on cellulase activity reached the 

threshold value (0.8) of the summed Akaike weights (Figure 2a). In contrast, effects of 

warming on ligninase activity were best explained by warming duration and warming 

method (Figure 2b). Linear regression analysis confirmed that lnR of ligninase activity 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

was positively correlated with warming duration, while no such relationship was found 

for cellulase activity (Figure 3a and 3b). Regarding warming methods, warming did not 

affect cellulase activity for any of the warming methods (Figure 3a). In contrast, OTC, 

GH and IH significantly increased ligninase activity by 15.5%, 31.4% and 22.3%, 

respectively; while cables had no effect on ligninase activity (Figure 3b).  

Warming significantly increased microbial biomass specific ligninase activity (i.e. 

the ratio of ligninase activity to total microbial abundance) by 40.6% (Figure S3a). This 

increase was weakly positively correlated with warming-induced changes in the ratio of 

fungal to bacterial abundance (Figure S3b). Finally, our analyses suggest that warming 

had stronger positive effects on biomass specific ligninase activity for long-term than 

short-term studies, while this relationship was not observed for biomass specific 

cellulase activity (Figure S4a and S4b). 

Warming on average increased SR by 15.8% (95% CI: 6.3% - 26.1%) in our 

dataset. We found no relationship between the responses of cellulase activity and the 

responses of SR to warming (Figures 4a). However, the warming response of SR was 

positively correlated with the response of ligninase activity and the positive 

relationship held when analyzed for PER, PO and PPO individually (Figures 4b and 

S5). To compare the relative importance of cellulase and ligninase activities in 

explaining the response of SR to warming, we limited our model selection analysis to 

studies that simultaneously reported the effects of warming on cellulase and ligninase 

activities and SR. Effects of warming on SR were best predicted by the responses of 

ligninase activity over a wide range of ecosystem types, climatic variables and warming 
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protocols (Figure 4c). Experiment duration had no significant impact on SR responses 

to warming, either in the subset of studies that reported responses of both enzymes 

(Figure 4c), or across the entire dataset. 

4  |  DISSCUSSION 

Our results show that warming significantly enhanced ligninase activity, and that 

warming responses are positively correlated with warming duration. In contrast, 

warming does not affect cellulase activity. Why does warming have differential effects 

on cellulase and ligninase activities? We propose three possible mechanisms. First, the 

enzyme responses reflect warming-induced changes in substrate availability. Enzyme 

activity can be described by the Michaelis–Menten relationship, which primarily 

depends on substrate availability (Davidson & Janssens, 2006, Sinsabaugh et al., 2008). 

Initial stimulation of SR by warming depletes easily hydrolysable substrates (Allison, 

McGuire, & Treseder, 2010b, Luo, Wan, Hui, & Wallace, 2001), limiting the positive 

response of cellulase activity to increasing temperatures (Davidson & Janssens, 2006, 

Stone et al., 2012, Weedon, Aerts, Kowalchuk, & van Bodegom, 2014). At the same 

time, warming-induced declines in easily hydrolysable C pools can lead to microbial C 

starvation (Crowther & Bradford, 2013, Fenner et al., 2006, Melillo et al., 2017, 

Metcalfe, 2017). Under these circumstances, soil microbial communities may adapt to 

utilize previously inaccessible recalcitrant C pools to fuel their metabolic activities. 

Microbial utilization of recalcitrant substrates such as phenol requires 

depolymerization, a process catalyzed by ligninase (De Gonzalo, Colpa, Habib, & 

Fraaije, 2016, Jassey et al., 2012, Sinsabaugh, 2010).  
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Second, warming may increase ligninase activity through its effect on soil N 

availability. Warming-induced redistribution of N from soils to vegetation could 

progressively lead to microbial N limitation, particularly in high C:N regions (Bai et al., 

2013, Beier et al., 2008, Melillo et al., 2011). In that case, soil microorganisms are 

expected to invest C and energy to acquire N through decomposition of N-containing 

molecules (Chen et al., 2017b, Sinsabaugh et al., 2008), which are often physically or 

chemically protected by other aromatic macromolecules such as lignin (Hobbie, 2008, 

Weedon et al., 2012, Zhao et al., 2014). This explanation is supported by the positive 

correlation between warming effects on ligninase activity and soil C:N, while no clear 

relationship is found for the responses of cellulase activity (Figure S6). Finally, 

warming-induced changes in soil microclimate (Domínguez et al., 2017, Zhou et al., 

2013), fresh C input (Bhattacharyya et al., 2013a, Xue et al., 2016, Yin et al., 2013) and 

plant community composition (Kardol, Cregger, Campany, & Classen, 2010, Steinauer 

et al., 2015) can all cause substantial changes in microbial communities as well. 

Increased ligninase production with warming might reflect shifts in the microbial 

community composition. Indeed, several studies suggest that warming-induced 

changes in soil microbial community composition cause differential responses of 

cellulase and ligninase activities (DeAngelis et al., 2015, Pold, Grandy, Melillo, & 

DeAngelis, 2017). This explanation is also consistent with studies showing that fungi 

are main contributors to ligninase production (De Gonzalo, Colpa, Habib, & Fraaije, 

2016, Kinnunen, Maijala, JArvinen, & Hatakka, 2017), and that experimental warming 

increases fungal abundance (A'Bear, Jones, Kandeler, & Boddy, 2014, Delarue et al., 
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2015). However, warming may also directly or indirectly cause physiological 

adaptation of soil microorganisms to increase enzyme production (Manzoni et al., 

2012, Nie et al., 2013, Schindlbacher et al., 2015), even when warming decreases total 

microbial biomass (Pold, Grandy, Melillo, & DeAngelis, 2017, Sistla & Schimel, 2013, 

Sorensen et al., 2018). This is consistent with recent findings that experimental 

warming tends to decrease microbial C use efficiency (Manzoni et al., 2012, Tucker, 

Bell, Pendall, & Ogle, 2013).  

Why does the effect of warming on ligninase activity increase over time? Soil 

microorganisms can adjust their community composition or alter their C utilization 

strategies to adapt to warming, but it requires several years or even decades for 

significant changes in their community composition to occur (DeAngelis et al., 2015, 

Feng et al., 2017, Rousk, Smith, & Jones, 2013). Furthermore, warming-induced N 

limitation may take several years to manifest (Bai et al., 2013, Melillo et al., 2011). In 

addition, long-term warming could also restructure plant community and alter litter 

quality towards decay resistance (e.g. high lignin content) (Melillo et al., 2011, Talbot, 

Yelle, Nowick, & Treseder, 2012), thereby promoting the microbial production of 

ligninase.  

Regardless of the mechanism underlying the differential warming response of 

ligninase and cellulase, our results suggest that warming-induced shifts in cellulase and 

ligninase activities could help to sustain long-term increases in SR with warming (Lin, 

Zhu, & Cheng, 2015, Romero-Olivares, Allison, & Treseder, 2017, Souza et al., 2017). 

This is because warming responses of ligninase activity exert far larger control over SR 
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than a broad range of environmental and experimental variables. These results suggest 

that responses of SR to warming are largely modulated by a single group of 

lignin-modifying enzymes, which contributes to sustained positive responses of SR to 

long-term climate warming. 

Warming methods constituted the second important predictor of the warming 

effects on ligninase activity. Cables only warm soils and are reported to have negative 

effects on microbial biomass, litter inputs and root exudates (Rustad et al., 2001, 

Schindlbacher et al., 2015). Similarly, a recent meta-analysis shows that cables 

generally decrease total microbial, fungal and bacterial abundance, while other 

warming methods increase microbial abundance (Chen et al., 2015). We hypothesize 

that these negative responses suppressed microbial activity and microbial enzymatic 

production (Chen et al., 2015, Hanson et al., 2017). In addition, high warming 

magnitude and large reductions in soil moisture in cable experiments may decrease 

microbial C use efficiency (Schindlbacher et al., 2011, Schindlbacher et al., 2012), 

which could potentially suppress microbial cellulase and ligninase production.  

Model projections of soil C dynamics often lack representation of EEAs regulated 

SOM decomposition (Davidson & Janssens, 2006, Luo et al., 2016, Wieder, Bonan, & 

Allison, 2013). However, our finding that warming-induced shifts in cellulase and 

ligninase activities may facilitate sustained increases in SR under long-term climate 

warming, highlights the need for a closer integration of enzymatic decomposition into 

soil biogeochemical models. Unfortunately, responses of SR and EEAs to long-term 

climate warming remain understudied, since experiment duration is often constrained 
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by funding availability. If the relationship between ligninase and warming duration 

holds across a wide range of land ecosystems, our results suggest that ecosystem 

climate-carbon feedbacks could be stronger than previously assumed. 

 

ACKNOWLEDGEMENTS 

Firstly, we would like to thank the authors whose work is included in this 

meta-analysis, especially those who supplied us with additional data. Secondly, we 

would like to thank Robert Sinsabaugh and three anonymous reviewers for their 

valuable comments on an earlier version of this manuscript. This study was supported 

by the National Natural Science Foundation of China (41701292), China Postdoctoral 

Science Foundation (2017M610647, 2018T111091), the Natural Science Basic 

Research Plan in Shaanxi Province (2017JQ3041), the State Key Laboratory of Loess 

and Quaternary Geology (SKLLQG1602), the Key Laboratory of Aerosol Chemistry 

and Physics (KLACP-17-02), Institute of Earth Environment, Chinese Academy of 

Sciences. Contributions from Dr. Luo’s Eco-lab to this study were financially 

supported by United States Department of Energy grant DE-SC00114085, and US 

National Science Foundation grants EF 1137293 and OIA-1301789. This work was 

also supported by NSFC-Yunnan United fund (U1302267) and the National Science 

Fund for Distinguished Young Scholars (31325005). 

 

DATA ACCESSIBILITY 

The data associated with this paper is available from the online supplementary file. 

 

SUPPORTING INFORMATION 

Additional Supporting Information may be found online in the supporting information 

tab for this article. 

 

CONFLICT of INTEREST 

The authors declare no conflict of interest. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

 

ORCID 

Ji Chen http://orcid.org/0000-0001-7026-6312 

Pablo Garcia-Palacios http://orcid.org/0000-0002-6367-4761 

Xuhui Zhou http://orcid.org/0000-0002-2038-9901 

Jianwei Li http://orcid.org/0000-0002-0429-3627 

Jianyang Xia http://orcid.org/0000-0001-5923-6665 

Shuli Niu http://orcid.org/0000-0002-2394-2864 

Kees Jan van Groenigen http://orcid.org/0000-0002-9165-3925 

 

References 

Papers indicated with * are included in our meta-analysis. 

*A'bear, A. D., Jones, T. H., Kandeler, E., & Boddy, L. (2014). Interactive effects of temperature and 

soil moisture on fungal-mediated wood decomposition and extracellular enzyme activity. Soil 

Biology and Biochemistry, 70, 151-158. doi:10.1016/j.soilbio.2013.12.017. 

Ali, R. S., Ingwersen, J., Demyan, M. S., Funkuin, Y. N., Wizemann, H. D., Kandeler, E., & Poll, C. (2015). 

Modelling in situ activities of enzymes as a tool to explain seasonal variation of soil 

respiration from agro-ecosystems. Soil Biology and Biochemistry, 81, 291-303. 

doi:10.1016/j.soilbio.2014.12.001. 

Allison, S. D., Wallenstein, M. D., & Bradford, M. A. (2010a). Soil-carbon response to warming 

dependent on microbial physiology. Nature Geoscience, 3, 336-340. doi:10.1038/Ngeo846. 

*Allison, S. D., Mcguire, K. L., & Treseder, K. K. (2010b). Resistance of microbial and soil properties to 

warming treatment seven years after boreal fire. Soil Biology and Biochemistry, 42, 

1872-1878. doi:10.1016/j.soilbio.2010.07.011. 

Allison, S. D., & Treseder, K. K. (2008). Warming and drying suppress microbial activity and carbon 

cycling in boreal forest soils. Global Change Biology, 14, 2898-2909. 

doi:10.1111/j.1365-2486.2008.01716.x. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

*Bai C. (2011). The Effects of Experimental warming and nitrogen addition on soil properties. Inner 

Mongolia Agricultural University. 

http://www.wanfangdata.com.cn/details/detail.do?_type=degree&id=D341262. (In Chinese 

with English abstract) 

Bai, E., Li, S., Xu, W., Li, W., Dai, W., & Jiang, P. (2013). A meta-analysis of experimental warming 

effects on terrestrial nitrogen pools and dynamics. New Phytologist, 199, 441-451. 

doi:10.1111/nph.12252. 

Bangert-Drowns, R. L., Hurley, M. M., & Wilkinson, B. (2004). The effects of school-based 

writing-to-learn interventions on academic achievement: A meta-analysis. Review of 

Educational Research, 74, 29-58. doi:10.3102/00346543074001029. 

Beier, C., Emmett, B. A., Peñuelas, J., Schmidt, I. K., Tietema, A., Estiarte, M., . . . Gorissen, A. (2008). 

Carbon and nitrogen cycles in European ecosystems respond differently to global warming. 

Science of the Total Environment, 407, 692-697. doi:10.1016/j.scitotenv.2008.10.001. 

*Bhattacharyya, P., Roy, K. S., Neogi, S., Dash, P. K., Nayak, A. K., Mohanty, S., . . . Rao, K. S. (2013a). 

Impact of elevated CO2 and temperature on soil C and N dynamics in relation to CH4 and N2O 

emissions from tropical flooded rice (Oryza sativa L.). Science of the Total Environment, 461, 

601-611. doi:10.1016/j.scitotenv.2013.05.035. 

*Bhattacharyya, P., Roy, K. S., Neogi, S., Manna, M. C., Adhya, T. K., Rao, K. S., & Nayak, A. K. (2013b). 

Influence of elevated carbon dioxide and temperature on belowground carbon allocation and 

enzyme activities in tropical flooded soil planted with rice. Environmental Monitoring and 

Assessment, 185, 8659-8671. doi:10.1007/s10661-013-3202-7. 

Bradford, M. A., Wieder, W. R., Bonan, G. B., Fierer, N., Raymond, P. A., & Crowther, T. W. (2016). 

Managing uncertainty in soil carbon feedbacks to climate change. Nature Climate Change, 6, 

751-758. doi:10.1038/nclimate3071. 

Burns, R. G., Deforest, J. L., Marxsen, J., Sinsabaugh, R. L., Stromberger, M. E., Wallenstein, M. D., . . . 

Zoppini, A. (2013). Soil enzymes in a changing environment: Current knowledge and future 

directions. Soil Biology and Biochemistry, 58, 216-234. doi:10.1016/j.soilbio.2012.11.009. 

Calcagno, V., & De Mazancourt, C. (2010). glmulti: an R package for easy automated model selection 

with (generalized) linear models. Journal of Statistical Software, 34, 1-29. 

http://www.jstatsoft.org/article/view/v034i12. 

Carey, J. C., Tang, J., Templer, P. H., Kroeger, K. D., Crowther, T. W., Burton, A. J., . . . Heskel, M. A. 

(2016). Temperature response of soil respiration largely unaltered with experimental 

warming. Proceedings of the National Academy of Sciences, 113, 13797-13802. 

doi:10.1073/pnas.1605365113. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Carreiro, M., Sinsabaugh, R., Repert, D., & Parkhurst, D. (2000). Microbial enzyme shifts explain litter 

decay responses to simulated nitrogen deposition. Ecology, 81, 2359-2365. 

doi:10.1890/0012-9658(2000).081[2359:MESELD]2.0.CO;2. 

Chen, J., Luo, Y., Xia, J., Jiang, L., Zhou, X., Lu, M., . . . Cao, J. (2015). Stronger warming effects on 

microbial abundances in colder regions. Scientific Reports, 5, 18032. doi:10.1038/srep18032. 

Chen, J., Luo, Y., Xia, J., Shi, Z., Jiang, L., Niu, S., . . . Cao, J. (2016a). Differential responses of ecosystem 

respiration components to experimental warming in a meadow grassland on the Tibetan 

Plateau. Agricultural and Forest Meteorology, 220, 21-29. 

doi:10.1016/j.agrformet.2016.01.010. 

Chen, J., Luo, Y., Xia, J., Wilcox, K. R., Cao, J., Zhou, X., . . . Wang, R. W. (2016b). Warming effects on 

ecosystem carbon fluxes are modulated by plant functional types. Ecosystems, 1-12. 

doi:10.1007/s10021-016-0035-6. 

Chen, J., Zhou, X., Hruska, T., Cao, J., Zhang, B., Liu, C., . . . Wang, P. (2017a) Asymmetric diurnal and 

monthly responses of ecosystem carbon fluxes to experimental warming. CLEAN – Soil, Air, 

Water, 45, 1600557. doi:10.1002/clen.201600557. 

Chen, J., Luo, Y., Li, J., Zhou, X., Cao, J., Wang, R. W., . . . Walker, L. M. (2017b). Costimulation of soil 

glycosidase activity and soil respiration by nitrogen addition. Global Change Biology, 23, 

1328-1337. doi:10.1111/gcb.13402. 

Chen, J., Luo, Y., Van Groenigen, K. J., Hungate, B. A., Cao, J., Zhou, X., & Wang, R. W. (2018) A 

keystone microbial enzyme for nitrogen control of soil carbon storage. Science Advances. 

doi:10.1126/sciadv.aaq1689. 

*Chen, S. T., Sang, L., Zhang, X., & Hu, Z. H. (2016). Effects of warming and straw application on soil 

respiration and enzyme activity in a winter wheat cropland. Environmental Science, 37, 

703-709. doi:10.13227/j.hjkx.2016.02.040. (In Chinese with English abstract) 

*Chen, X. L., Wang, G. X., & Yang, Y. (2015). Response of soil surface enzyme activities to short-term 

warming and litter decomposition in a Mountain forest. Acta Ecologica Sinica. 

doi:10.5846/stxb201312182982. (In Chinese with English abstract) 

Collins, M., & Knutti, R. (2013). Long-term climate change: projections, commitments and 

irreversibility. In Climate Change 2013: The Physical Science Basis. Contribution of Working 

Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change 

(Stocker, T.F., et al., eds), p. 1054. Cambridge, UK and New York, NY, USA: Cambridge 

University Press. http://pure.iiasa.ac.at/id/eprint/10551/. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Conant, R. T., Ryan, M. G., Agren, G. I., Birge, H. E., Davidson, E. A., Eliasson, P. E., . . . Hopkins, F. M. 

(2011). Temperature and soil organic matter decomposition rates–synthesis of current 

knowledge and a way forward. Global Change Biology, 17, 3392-3404. 

doi:10.1111/j.1365-2486.2011.02496.x. 

Crowther, T. W., & Bradford, M. A. (2013). Thermal acclimation in widespread heterotrophic soil 

microbes. Ecology Letters, 16, 469-477. doi:10.1111/ele.12069. 

Dashtban, M., Schraft, H., Syed, T. A., & Qin, W. (2010). Fungal biodegradation and enzymatic 

modification of lignin. International Journal of Biochemistry and Molecular Biology, 1, 36. 

doi:PMC3180040. 

Davidson, E. A., & Janssens, I. A. (2006). Temperature sensitivity of soil carbon decomposition and 

feedbacks to climate change. Nature, 440, 165-173. doi:10.1038/nature04514. 

De Gonzalo, G., Colpa, D. I., Habib, M. H., & Fraaije, M. W. (2016). Bacterial enzymes involved in lignin 

degradation. Journal of Biotechnology, 236, 110-119. doi:10.1016/j.jbiotec.2016.08.011. 

Deangelis, K. M., Pold, G., Topçuoğlu, B. D., Van Diepen, L. T., Varney, R. M., Blanchard, J. L., . . . Frey, 

S. D. (2015). Long-term forest soil warming alters microbial communities in temperate forest 

soils. Frontiers in Microbiology, 6, 104. doi:10.3389/fmicb.2015.00104. 

*Delarue, F., Gogo, S., Buttler, A., Bragazza, L., Jassey, V. E. J., Bernard, G., & Laggoun-Derarge, F. 

(2014). Indirect effects of experimental warming on dissolved organic carbon content in 

subsurface peat. Journal of Soils and Sediments, 14, 1800-1805. 

doi:10.1007/s11368-014-0945-x. 

*Delarue, F., Buttler, A., Bragazza, L., Grasset, L., Jassey, V. E. J., Gogo, S., & Laggoun-Defarge, F. 

(2015). Experimental warming differentially affects microbial structure and activity in two 

contrasted moisture sites in a Sphagnum-dominated peatland. Science of the Total 

Environment, 511, 576-583. doi:10.1016/j.scitotenv.2014.12.095. 

*Domínguez, M. T., Holthof, E., Smith, A. R., Koller, E., & Emmett, B. A. (2017). Contrasting response 

of summer soil respiration and enzyme activities to long-term warming and drought in a wet 

shrubland (NE Wales, UK). Applied Soil Ecology, 110, 151-155. 

doi:10.1016/j.apsoil.2016.11.003. 

Feng, W., Liang, J., Hale, L. E., Jung, C. G., Chen, J., Zhou, J., . . . Luo, Y. (2017). Enhanced 

decomposition of stable soil organic carbon and microbial catabolic potentials by long-term 

field warming. Global Change Biology, 23, 4765–4776. doi:10.1111/gcb.13755. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

*Fenner, N., Freeman, C., Lock, M. A., Harmens, H., Reynolds, B., & Sparks, T. (2006). Interactions 

between elevated CO2 and warming could amplify DOC exports from peatland catchments. 

Environmental Science & Technology, 41, 3146-3152. doi:10.1021/Es061765v. 

*Gao, J., Wang, E., Ren, W., Liu, X., Chen, Y., Shi, Y., & Yang, Y. (2017). Effects of simulated climate 

change on soil microbial biomass and enzyme activities in young Chinese fir (Cunninghamia 

lanceolata) in subtropical China. Acta Ecologica Sinica, 37, 272-278. 

doi:10.1016/j.chnaes.2017.02.007. (In Chinese with English abstract) 

García-Palacios, P., Vandegehuchte, M. L., Ashley, Shaw E., Dam, M., Post, K. H., Ramirez, K. S., . . . 

Wall, D. H. (2014). Are there links between responses of soil microbes and ecosystem 

functioning to elevated CO2, N deposition and warming? A global perspective. Global Change 

Biology, 21, 1590-1600. doi:10.1111/gcb.12788. 

German, D. P., Marcelo, K. R. B., Stone, M. M., & Allison, S. D. (2012). The Michaelis-Menten kinetics 

of soil extracellular enzymes in response to temperature: a cross-latitudinal study. Global 

Change Biology, 18, 1468-1479. doi:10.1111/j.1365-2486.2011.02615.x. 

*Gong, S., Zhang, T., Guo, R., Cao, H., Shi, L., Guo, J., & Sun, W. (2015). Response of soil enzyme 

activity to warming and nitrogen addition in a meadow steppe. Soil Research, 53, 242-252. 

doi:10.1071/sr14140. 

*Gutknecht, J. L., Henry, H. A., & Balser, T. C. (2010). Inter-annual variation in soil extra-cellular 

enzyme activity in response to simulated global change and fire disturbance. Pedobiologia, 

53, 283-293. doi:10.1016/j.pedobi.2010.02.001. 

Hanson, P. J., Riggs, J. S., Nettles, W. R., Phillips, J. R., Krassovski, M. B., Hook, L. A., . . . Ricciuto, D. M. 

(2017). Attaining whole-ecosystem warming using air and deep-soil heating methods with an 

elevated CO2 atmosphere. Biogeosciences, 14, 861. doi:10.5194/bg-14-861-2017. 

Hedges, L. V., Gurevitch, J., & Curtis, P. S. (1999). The meta-analysis of response ratios in experimental 

ecology. Ecology, 80, 1150-1156. doi:10.1890/0012-9658(1999)080[1150:TMAORR]2.0.CO;2. 

Hobbie, S. E. (2008). Nitrogen effects on decomposition: A five-year experiment in eight temperate 

sites. Ecology, 89, 2633-2644. doi:10.1890/07-1119.1. 

*Hou, R., Zhu, O., Maxim, D., Wilson, G., & Kuzyakov, Y. (2016). Lasting effect of soil warming on 

organic matter decomposition depends on tillage practices. Soil Biology and Biochemistry, 95, 

243-249. doi:10.1016/j.soilbio.2015.12.008. 

Janssens, I., Dieleman, W., Luyssaert, S., Subke, J. A., Reichstein, M., Ceulemans, R., . . . Matteucci, G. 

(2010). Reduction of forest soil respiration in response to nitrogen deposition. Nature 

Geoscience, 3, 315-322. doi:10.1038/ngeo844. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

*Jassey, V. E. J., Chiapusio, G., Gilbert, D., Toussaint, M. L., & Binet, P. (2012). Phenoloxidase and 

peroxidase activities in Sphagnum-dominated peatland in a warming climate. Soil Biology and 

Biochemistry, 46, 49-52. doi:10.1016/j.soilbio.2011.11.011. 

Jian, S., Li, J., Chen, J., Wang, G., Mayes, M. A., Dzantor, K. E., . . . Luo, Y. (2016). Soil extracellular 

enzyme activities, soil carbon and nitrogen storage under nitrogen fertilization: A 

meta-analysis. Soil Biology and Biochemistry, 101, 32-43. doi:10.1016/j.soilbio.2016.07.003. 

*Jiang, R., Yu, Y., Tang, Y. R., Hua, Z. J., Xian, J. R., & Yang, Z. B. (2018) Effects of warming and biochar 

addition on soil enzyme activities in farmland. Journal of Sichuan Agricultural University, 36, 

72-85. Doi:10.16036/j.issn.1000-2650.2018.01.011. (In Chinese with English abstract) 

*Jing, X., Wang, Y., Chung, H., Mi, Z., Wang, S., Zeng, H., & He, J. S. (2014). No temperature 

acclimation of soil extracellular enzymes to experimental warming in an alpine grassland 

ecosystem on the Tibetan Plateau. Biogeochemistry, 117, 39-54. 

doi:10.1007/s10533-013-9844-2. 

*Kane, E. S., Mazzoleni, L. R., Kratz, C. J., Hribljan, J. A., Johnson, C. P., Pypker, T. G., & Chimner, R. 

(2014). Peat porewater dissolved organic carbon concentration and lability increase with 

warming: a field temperature manipulation experiment in a poor-fen. Biogeochemistry, 119, 

161-178. doi:10.1007/s10533-014-9955-4. 

*Kardol, P., Cregger, M. A., Campany, C. E., & Classen, A. T. (2010). Soil ecosystem functioning under 

climate change: plant species and community effects. Ecology, 91, 767-781. 

doi:10.1890/09-0135.1. 

Karhu, K., Auffret, M. D., Dungait, J. a. J., Hopkins, D. W., Prosser, J. I., Singh, B. K., . . . Hartley, I. P. 

(2014). Temperature sensitivity of soil respiration rates enhanced by microbial community 

response. Nature, 513, 81-84. doi:10.1038/Nature13604. 

Kinnunen, A., Maijala, P., Jarvinen, P., & Hatakka, A. (2017). Improved efficiency in screening for 

lignin-modifying peroxidases and laccases of basidiomycetes. Current Biotechnology, 6, 

105-115. doi:10.2174/2211550105666160330205138. 

*Li, N., Wang, G., Gao, Y., & Wang, J. (2011). Warming effects on plant growth, soil nutrients, 

microbial biomass and soil enzymes activities of two alpine meadows in Tibetan plateau. 

Polish Journal of Ecology, 59, 25-35. 

https://www.infona.pl/resource/bwmeta1.element.baztech-article-BGPK-3205-2423. 

Lin, J., Zhu, B., & Cheng, W. (2015). Decadally cycling soil carbon is more sensitive to warming than 

faster-cycling soil carbon. Global Change Biology, 21, 4602-4612. doi:10.1111/gcb.13071. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

*Liu, L., Zhu, X., Sun, G., Luo, P., & Wang, B. (2011). Effects of simulated warming and fertilization on 

activities of soil enzymes in alpine meadow. Pratacultural Science, 28, 1405-1410. 

doi:1001-0629(2011).28:8<1405:mnzwys>2.0.tx;2-m. (In Chinese with English abstract) 

Lu, M., Zhou, X., Yang, Q., Li, H., Luo, Y., Fang, C., . . . Li, B. (2013) Responses of ecosystem carbon 

cycle to experimental warming: A meta-analysis. Ecology, 94, 726-738. 

doi:10.1890/12-0279.1. 

Luo, Y., Ahlström, A., Allison, S. D., Batjes, N. H., Brovkin, V., Carvalhais, N., . . . Finzi, A. (2016). Toward 

more realistic projections of soil carbon dynamics by Earth system models. Global 

Biogeochemical Cycles, 30, 40-56. doi:10.1002/2015GB005239. 

Luo, Y., Chen, J., Chen, Y., & Feng, W. (2017). Data-driven microbial modeling for soil carbon 

decomposition and stabilization. In: EGU General Assembly Conference Abstracts. 

https://meetingorganizer.copernicus.org/EGU2017/EGU2017-4548.pdf. 

Luo, Y., Wan, S., Hui, D., & Wallace, L. L. (2001). Acclimatization of soil respiration to warming in a tall 

grass prairie. Nature, 413, 622-625. doi:10.1038/35098065. 

*Machmuller, M. B., Mohan, J. E., Minucci, J. M., Phillips, C. A., & Wurzburger, N. (2016). Season, but 

not experimental warming, affects the activity and temperature sensitivity of extracellular 

enzymes. Biogeochemistry, 1-11. doi:10.1007/s10533-016-0277-6. 

Manzoni, S., Taylor, P., Richter, A., Porporato, A., & Gren, G. I. (2012). Environmental and 

stoichiometric controls on microbial carbon-use efficiency in soils. New Phytologist, 196, 79. 

doi:10.1111/j.1469-8137.2012.04225.x. 

*Mcdaniel, M. D., Kaye, J. P., & Kaye, M. W. (2013). Increased temperature and precipitation had 

limited effects on soil extracellular enzyme activities in a post-harvest forest. Soil Biology and 

Biochemistry, 56, 90-98. doi:10.1016/j.soilbio.2012.02.026. 

Melillo, J. M., Butler, S., Johnson, J., Mohan, J., Steudler, P., Lux, H., . . . Scott, L. (2011). Soil warming, 

carbon–nitrogen interactions, and forest carbon budgets. Proceedings of the National 

Academy of Sciences, 108, 9508-9512. doi:10.1073/pnas.1018189108. 

Melillo, J. M., Frey, S. D., Deangelis, K. M., Werner, W. J., Bernard, M. J., Bowles, F., . . . Grandy, A. 

(2017). Long-term pattern and magnitude of soil carbon feedback to the climate system in a 

warming world. science, 358, 101-105. doi:10.1126/science.aan2874. 

Metcalfe, D. B. (2017). Microbial change in warming soils. science, 358, 41-42. 

doi:10.1126/science.aap7325. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Moorhead, D. L., Sinsabaugh, R. L., Hill, B. H., & Weintraub, M. N. (2016). Vector analysis of 

ecoenzyme activities reveal constraints on coupled C, N and P dynamics. Soil Biology and 

Biochemistry, 93, 1-7. doi:10.1016/j.soilbio.2015.10.019. 

*Nie, M., Pendall, E., Bell, C., Gasch, C. K., Raut, S., Tamang, S., & Wallenstein, M. D. (2013). Positive 

climate feedbacks of soil microbial communities in a semi-arid grassland. Ecology Letters, 16, 

234-241. doi:10.1111/Ele.12034. 

*Nie, M., Pendall, E., Bell, C., & Wallenstein, M. D. (2014). Soil aggregate size distribution mediates 

microbial climate change feedbacks. Soil Biology and Biochemistry, 68, 357-365. 

doi:10.1016/j.soilbio.2013.10.012. 

O'neill, B. C., Oppenheimer, M., Warren, R., Hallegatte, S., Kopp, R. E., Pörtner, H. O., . . . Licker, R. 

(2017). IPCC reasons for concern regarding climate change risks. Nature Climate Change, 7, 

28-37. doi:10.1038/nclimate3179. 

*Pan, X., Lin, B., & Liu, Q. (2008). Effects of elevated temperature on soil organic carbon and soil 

respiration under subalpine coniferous forest in western Sichuan Province, China. Chinese 

Journal of Applied Ecology, 19, 1637-1643. http://www.cjae.net/CN/Y2008/V19/I08/1637. (In 

Chinese with English abstract) 

*Papanikolaou, N., Britton, A. J., Helliwell, R. C., & Johnson, D. (2010). Nitrogen deposition, vegetation 

burning and climate warming act independently on microbial community structure and 

enzyme activity associated with decomposing litter in low-alpine heath. Global Change 

Biology, 16, 3120-3132. doi:10.1111/j.1365-2486.2010.02196.x. 

Paustian, K., Lehmann, J., Ogle, S., Reay, D., Robertson, G. P., & Smith, P. (2016). Climate-smart soils. 

Nature, 532, 49-57. doi:10.1038/nature17174. 

Peñuelas, J., Ciais, P., Canadell, J. G., Janssens, I. A., Fernández-Martínez, M., Carnicer, J., . . . Sardans, 

J. (2017). Shifting from a fertilization-dominated to a warming-dominated period. Nature 

Ecology & Evolution, 1, 1438. doi:10.1038/s41559-017-0274-8. 

*Pold, G., Grandy, A. S., Melillo, J. M., & Deangelis, K. M. (2017). Changes in substrate availability 

drive carbon cycle response to chronic warming. Soil Biology and Biochemistry, 110, 68-78. 

doi:10.1016/j.soilbio.2017.03.002. 

*Pold, G., Melillo, J. M., & Deangelis, K. M. (2015). Two decades of warming increases diversity of a 

potentially lignolytic bacterial community. Frontiers in Microbiology, 6. 

doi:10.3389/fmicb.2015.00480. 

*Qiao, M., Xiao, J., Yin, H., Pu, X., Yue, B., & Liu, Q. (2014). Analysis of the phenolic compounds in root 

exudates produced by a subalpine coniferous species as responses to experimental warming 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

and nitrogen fertilisation. Chemistry and Ecology, 30, 555-565. 

doi:10.1080/02757540.2013.868891. 

*Ren, X. W., Tang, J. Y., Liu, J. C., Huai-Jiang, H. E., Dong, D., & Cheng, Y. X. (2014). Effects of elevated 

CO2 and temperature on soil enzymes of seedlings under different nitrogen concentrations. 

Journal of Beijing Forestry University, 36, 44-53. doi:10.13332/j.cnki.jbfu.2014.05.016. (In 

Chinese with English abstract) 

*Romero-Olivares, A. L., Allison, S. D., & Treseder, K. K. (2017). Decomposition of recalcitrant carbon 

under experimental warming in boreal forest. Plos One, 12, e0179674. 

doi:10.1371/journal.pone.0179674. 

Rousk, J., Smith, A. R., & Jones, D. L. (2013). Investigating the long-term legacy of drought and 

warming on the soil microbial community across five European shrubland ecosystems. Global 

Change Biology, 19, 3872-3884. doi:10.1111/gcb.12338. 

Rustad, L. E., Campbell, J. L., Marion, G. M., Norby, R. J., Mitchell, M. J., Hartley, A. E., . . . Gcte, N. 

(2001). A meta-analysis of the response of soil respiration, net nitrogen mineralization, and 

aboveground plant growth to experimental ecosystem warming. Oecologia, 126, 543-562. 

doi:10.1007/s004420000544. 

*Sang, L. (2017) Effects of warming and straw application on soil respiration and enzyme activities in a 

cropland. Nanjing University of Information Science & Technology. 

http://cdmd.cnki.com.cn/Article/CDMD-10300-1017295075.htm. (In Chinese with English 

abstract) 

*Sardans, J., Penuelas, J., & Estiarte, M. (2008). Changes in soil enzymes related to C and N cycle and 

in soil C and N content under prolonged warming and drought in a Mediterranean shrubland. 

Applied Soil Ecology, 39, 223-235. doi:10.1016/j.apsoil.2007.12.011. 

Schindlbacher, A., Rodler, A., Kuffner, M., Kitzler, B., Sessitsch, A., & Zechmeister-Boltenstern, S. 

(2011). Experimental warming effects on the microbial community of a temperate mountain 

forest soil. Soil Biology and Biochemistry, 43, 1417-1425. doi:10.1016/j.soilbio.2011.03.005. 

*Schindlbacher, A., Schnecker, J., Takriti, M., Borken, W., & Wanek, W. (2015). Microbial physiology 

and soil CO2 efflux after 9 years of soil warming in a temperate forest–no indications for 

thermal adaptations. Global Change Biology, 21, 4265-4277. doi:10.1111/gcb.12996. 

Schindlbacher, A., Wunderlich, S., Borken, W., Kitzler, B., Zechmeister-Boltenstern, S., & Jandl, R. 

(2012). Soil respiration under climate change: prolonged summer drought offsets soil 

warming effects. Global Change Biology, 18, 2270-2279. 

doi:10.1111/j.1365-2486.2012.02696.x. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

*Schuerings, J., Jentsch, A., Hammerl, V., Lenz, K., Henry, H. A. L., Malyshev, A. V., & Kreyling, J. 

(2014). Increased winter soil temperature variability enhances nitrogen cycling and soil biotic 

activity in temperate heathland and grassland mesocosms. Biogeosciences, 11, 7051-7060. 

doi:10.5194/bg-11-7051-2014. 

Sinsabaugh, R. L. (2010). Phenol oxidase, peroxidase and organic matter dynamics of soil. Soil Biology 

and Biochemistry, 42, 391-404. doi:10.1016/j.soilbio.2009.10.014. 

Sinsabaugh, R. L., Lauber, C. L., Weintraub, M. N., Ahmed, B., Allison, S. D., Crenshaw, C., . . . Gallo, M. 

E. (2008). Stoichiometry of soil enzyme activity at global scale. Ecology Letters, 11, 

1252-1264. doi:10.1111/j.1461-0248.2008.01245.x. 

*Sistla, S. A. & Schimel, J. P. (2013). Seasonal patterns of microbial extracellular enzyme activities in 

an arctic tundra soil: Identifying direct and indirect effects of long-term summer warming. 

Soil Biology and Biochemistry, 66, 119-129. doi:10.1016/j.soilbio.2013.07.003. 

*Sorensen, P. O., Finzi, A. C., Giasson, M. A., Reinman,  A. B., Sanders-Demot,  R., & Temple,  P. H. 

(2018). Winter soil freeze-thaw cycles lead to reductions in soil microbial biomass and activity 

not compensated for by soil warming. Soil Biology and Biochemistry, 116, 39-47. 

doi:10.1016/j.soilbio.2017.09.026. 

*Souza, R. C., Solly, E. F., Dawes, M. A., Graf, F., Hagedorn, F., Egli, S., . . . Peter, M. (2017). Responses 

of soil extracellular enzyme activities to experimental warming and CO2 enrichment at the 

alpine treeline. Plant & Soil, 1-11. doi:10.1007/s11104-017-3235-8. 

*Steinauer, K., Tilman, D., Wragg, P. D., Cesarz, S., Cowles, J. M., Pritsch, K., . . . Eisenhauer, N. (2015). 

Plant diversity effects on soil microbial functions and enzymes are stronger than warming in a 

grassland experiment. Ecology, 96, 99-112. doi:10.1890/14-0088.1. 

*Steinweg, J. M., Dukes, J. S., Paul, E. A., & Wallenstein, M. D. (2013). Microbial responses to 

multi-factor climate change: effects on soil enzymes. Frontiers in Microbiology, 4. 

doi:10.3389/Fmicb.2013.00146. 

Stone, M. M., Weiss, M. S., Goodale, C. L., Adams, M. B., Fernandez, I. J., German, D. P., & Allison, S. 

D. (2012). Temperature sensitivity of soil enzyme kinetics under N-fertilization in two 

temperate forests. Global Change Biology, 18, 1173-1184. 

doi:10.1111/j.1365-2486.2011.02545.x. 

*Sun, H., Wu, X. C., Qin, J. H., & Yang, W. (2007) Response of soil catalase activities to temperature 

and CO2 in subalpine forest in the western Sichuan. Chinese Journal of Soil Science, 38, 

891-895. doi: 10.5846/stxb201109251406. (In Chinese with English abstract) 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Suseela, V., Tharayil, N., Xing, B. S., & Dukes, J. S. (2014). Warming alters potential enzyme activity but 

precipitation regulates chemical transformations in grass litter exposed to simulated climatic 

changes. Soil Biology and Biochemistry, 75, 102-112. doi:10.1016/j.soilbio.2014.03.022. 

Talbot, J. M., Yelle, D. J., Nowick, J., & Treseder, K. K. (2012). Litter decay rates are determined by 

lignin chemistry. Biogeochemistry, 108, 279-295. doi:10.1007/s10533-011-9599-6. 

Terrer, C., Vicca, S., Hungate, B. A., Phillips, R. P., & Prentice, I. C. (2016). Mycorrhizal association as a 

primary control of the CO2 fertilization effect. Science, 353, 72-74. 

doi:10.1126/science.aaf4610. 

Tucker, C. L., Bell, J., Pendall, E., & Ogle, K. (2013). Does declining carbon-use efficiency explain 

thermal acclimation of soil respiration with warming? Global Change Biology, 19, 252-263. 

doi:10.1111/gcb.12036. 

Van Gestel, N., Shi, Z., van Groenigen, K. J., Osenberg, C.W., Andresen, L. C., Dukes, J. S., . . . Hungate, 

B. A. (2018). Predicting soil carbon loss with warming. Nature, 554, E4. 

doi:10.1038/nature25745. 

Van Groenigen, K. J., Qi, X., Osenberg, C. W., Luo, Y., & Hungate, B. A. (2014). Faster decomposition 

under increased atmospheric CO2 limits soil carbon storage. Science, 344, 508-509. 

doi:10.1126/science.1249534. 

Van Groenigen, K. J., Osenberg, C. W., Terrer, C., Carrillo, Y., Dijkstra, F., Heath, J., . . . Hungate, B. A. 

(2017). Faster turnover of new soil carbon inputs under increased atmospheric CO2. Global 

Change Biology, 23, 4420–4429. doi:10.1111/gcb.13752. 

Viechtbauer, W. (2010). Conducting meta-analyses in R with the metafor package. Journal of 

Statistical Software, 36, 1-48.  

Waldrop, M. P., Zak, D. R., Sinsabaugh, R. L., Gallo, M., & Lauber, C. (2004). Nitrogen deposition 

modifies soil carbon storage through changes in microbial enzymatic activity. Ecological 

Applications, 14, 1172-1177. doi:10.1890/03-5120. 

*Wang, H., He, Z., Lu, Z., Zhou, J., Van Nostrand, J. D., Xu, X., & Zhang, Z. (2012). Genetic linkage of soil 

carbon pools and microbial functions in subtropical freshwater wetlands in response to 

experimental warming. Applied and Environmental Microbiology, 78, 7652-7661. 

doi:10.1128/aem.01602-12. 

*Wang, X., Zhou, Y., Wang, X., Jiang, X., & Han, S. (2014a). Responses of soil enzymes in activity and 

soil microbes in biomass to warming in tundra ecosystems on Changbai mountains. Acta 

Pedologica Sinica, 51, 166-175. doi:10.11766/trxb201303120112. (In Chinese with English 

abstract) 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

*Wang, X., Dong, S., Gao, Q., Zhou, H., Liu, S., Su, X., & Li, Y. (2014b). Effects of short-term and 

long-term warming on soil nutrients, microbial biomass and enzyme activities in an alpine 

meadow on the Qinghai-Tibet Plateau of China. Soil Biology and Biochemistry, 76, 140-142. 

doi:10.1016/j.soilbio.2014.05.014. 

*Wang, Y., Liu, Y. C., & Liu, S. R. (2017) Response of soil enzyme activities to soil warming and 

explanation of environmental factors in warm-temperate Oak forest. Forest Research, 30, 

117-124. Doi:10.13275/j.cnki.lykxyj.2017.01.016. (In Chinese with English abstract) 

*Weedon, J. T., Aerts, R., Kowalchuk, G. A., & Van Bodegom, P. M. (2014). No effects of experimental 

warming but contrasting seasonal patterns for soil peptidase and glycosidase enzymes in a 

sub-arctic peat bog. Biogeochemistry, 117, 55-66. doi:10.1007/s10533-013-9870-0. 

Weedon, J. T., Kowalchuk, G. A., Aerts, R., Van Hal, J., Van Logtestijn, R., Tas, N., . . . Van Bodegom, P. 

M. (2012). Summer warming accelerates sub-arctic peatland nitrogen cycling without 

changing enzyme pools or microbial community structure. Global Change Biology, 18, 

138-150. doi:10.1111/j.1365-2486.2011.02548.x. 

Wieder, W. R., Bonan, G. B., & Allison, S. D. (2013). Global soil carbon projections are improved by 

modelling microbial processes. Nature Climate Change, 3, 909. doi:10.1038/nclimate1951. 

*Xu, G., Chen, J., Berninger, F., Pumpanen, J., Bai, J., Yu, L., & Duan, B. (2015). Labile, recalcitrant, 

microbial carbon and nitrogen and the microbial community composition at two Abies 

faxoniana forest elevations under elevated temperatures. Soil Biology and Biochemistry, 91, 

1-13. doi:10.1016/j.soilbio.2015.08.016. 

*Xu, Z. F., Tang, Z., Wan, C., Xiong, P., Cao, G., & Liu, Q. (2010). Effects of simulated warming on soil 

enzyme activities in two subalpine coniferous forests in west Sichuan. Chinese Journal of 

Applied Ecology, 21, 2727-2733. http://www.cjae.net/CN/Y2010/V21/I11/2727. (In Chinese 

with English abstract) 

Xue, K., Yua, M.M., Sh, Z. J., Qi, Y., Den, Y., Cheng, L., . . . Bracho, R. (2016). Tundra soil carbon is 

vulnerable to rapid microbial decomposition under climate warming. Nature Climate Change, 

6, 595-600. doi:10.1038/NCLIMATE2940. 

*Yang, L., Chen, Y. M., He, R. L., Deng, C. C., Liu, J. W., & Liu, Y. (2016) Responses of soil microbial 

community structure and function to simulated warming in alpine forest. Chinese Journal of 

Applied Ecology, 27, 2855-2863. doi:10.13287/j.1001-9332.201609.026. (In Chinese with 

English abstract) 

Yang, Y., Hopping, K. A., Wang, G., Chen, J., Peng, A., & Klein, J. A. (2018) Permafrost and drought 

regulate vulnerability of Tibetan Plateau grasslands to warming. Ecosphere, 9, e02233. 

doi:org/10.1002/ecs2.2233. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

*Yin, H., Li, Y., Xiao, J., Xu, Z., Cheng, X., & Liu, Q. (2013). Enhanced root exudation stimulates soil 

nitrogen transformations in a subalpine coniferous forest under experimental warming. 

Global Change Biology, 19, 2158-2167. doi:10.1111/gcb.12161. 

*Zhao, C., Zhu, L., Liang, J., Yin, H., Yin, C., Li, D., . . . Liu, Q. (2014). Effects of experimental warming 

and nitrogen fertilization on soil microbial communities and processes of two subalpine 

coniferous species in Eastern Tibetan Plateau, China. Plant and Soil, 382, 189-201. 

doi:10.1007/s11104-014-2153-2. 

*Zhao, C. Z., & Liu, Q. (2009). Growth and physiological responses of Picea asperata seedlings to 

elevated temperature and to nitrogen fertilization. Acta Physiologiae Plantarum, 31, 163-173. 

doi:10.1007/s11738-008-0217-8. 

Zhao, F., Ren, C., Shelton, S., Wang, Z., Pang, G., Chen, J., & Wang, J. (2017). Grazing intensity 

influence soil microbial communities and their implications for soil respiration. Agriculture, 

Ecosystems & Environment, 249, 50-56. doi:10.1016/j.agee.2017.08.007. 

*Zhou, J. Z., Xue, K., Xie, J. P., Deng, Y., Wu, L. Y., Cheng, X. H., . . . Luo, Y. Q. (2012). Microbial 

mediation of carbon-cycle feedbacks to climate warming. Nature Climate Change, 2, 106-110. 

doi:10.1038/Nclimate1331. 

*Zhou, X. Q., Chen, C. R., Wang, Y. F., Xu, Z. H., Han, H. Y., Li, L. H., & Wan, S. Q. (2013). Warming and 

increased precipitation have differential effects on soil extracellular enzyme activities in a 

temperate grassland. Science of the Total Environment, 444, 552-558. 

doi:10.1016/j.scitotenv.2012.12.023. 

 

Figure captions 

 

FIGURE 1 (a) Effects of warming on cellulase and ligninase activities indicated with 

the mean percentage of change in warming vs. control plots. Distribution of the 

log-transformed response ratios (lnR) of (b) cellulase and (c) ligninase activities to 

experimental warming. Error bars represent 95% confidence intervals. The sample size 

for each variable is shown in the right column of the figure. PER, peroxidase; PO, 

phenol oxidase; PPO, polyphenol oxidase; BG, β-1,4-Glucosidase; BX, 

β-1,4-Xylosidase; CBH, β-D-Cellobiosidase. 
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FIGURE 2 Model-averaged importance of the predictors of warming effects on soil (a) 

cellulase and (b) ligninase activities. The importance is based on the sum of Akaike 

weights derived from model selection using corrected Akaike’s Information Criteria. 

Cutoff is set at 0.8 in order to differentiate between important and non-essential 

predictors. MAT, mean annual temperature; MAP, mean annual precipitation; 

Sample.T, sampling temperature; Time, daily warming regime (i.e., day, night, or 

diurnal warming); Season, annual warming regime (i.e. growing season, non-growing 

season or whole-year warming). 

 

FIGURE 3 Relationships between warming-induced changes in (a) cellulase and (b) 

ligninase activities and warming duration. Effects of warming on (c) cellulase and (d) 

ligninase activities for various warming methods. The response of ligninase activity 

was positively correlated with warming duration (y = 0.016 x + 0.113, R2 = 0.117, p < 

0.001, F = 22.590, n = 172). Error bars represent 95% confidence intervals. OTC, open 

top chamber; IH, infrared heater; GH, green house. The sample size for each variable is 

shown in the right column of the figure. 

 

 

FIGURE 4 Relationships between the effect of warming (lnR) on soil respiration (SR) 

and lnR of (a) cellulase and (b) ligninase activities. (c) Model-averaged importance of 

the predictors of warming effects on SR. The warming response of SR was positively 

correlated with the warming response of ligninase activity (y = 0.528 x + 0.108, R2 = 

0.467, p < 0.001, F = 61.260, n = 72). Model selection analysis is limited to studies that 

simultaneously reported the responses of ligninase, cellulase and SR. The importance is 

based on the sum of Akaike weights derived from model selection using corrected 

Akaike’s Information Criteria. Cutoff is set at 0.8 to differentiate between important 

and non-essential predictors. MAT, mean annual temperature; MAP, mean annual 

precipitation; Time, daily warming regime (i.e., day, night, or diurnal warming); 

Season, annual warming regime (i.e. growing season, non-growing season or 

whole-year warming); Sample.T, sampling temperature.  
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