Effects of elevated atmospheric CO2 and nitrogen deposition on leaf litter and soil carbon degrading enzyme activities in a Cd-contaminated environment: a mesocosm study
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Abstract: Raising atmospheric CO2 concentration and nitrogen (N) deposition are changing terrestrial carbon (C) cycle; however, little has been known about such impacts in a heavy-metal-contaminated environment. This study conducted an open-top chamber experiment to explore the impacts of raising atmospheric CO2 concentration and N deposition on the leaf litter and soil C cycle in cadmium (Cd)-contaminated environment. The experiment include five treatments: control, Cd (30 g ha-1 yr-1) addition, Cd addition under elevated CO2 (700 ppm CO2), Cd and N (100 kg ha-1 yr-1) additions, and Cd and N additions under elevated CO2, with three replicates per treatment. Leaf litter and soil C cycle were indexed by microbial biomass C concentration and the activities of four key C-degrading enzyme (β-glucosidase (BG), cellobiohydrolase (CBH), polyphenol oxidase (PPO), and peroxidase (POD)) in litter and soil. Results showed that, after one year treatment, Cd addition negatively affected the activities of all four C-degrading enzyme in litter and soil; while elevated CO2 and N addition essentially alleviated these negative effects. Elevated CO2 and N addition increased C-degrading enzyme activities more of the non-legume (i.e., Cinnamomum camphora) litter than those of the legume (i.e., Acacia auriculiformis) litter. Elevated CO2, N addition, and Cd addition all affected C-degrading enzyme activities via their effects on the microbial biomass C concentration and C and N availability of the litter and soil samples. We suggest that raising atmospheric CO2 concentration and N deposition can offset the detrimental effect of Cd on the litter and soil C-degrading enzyme activities in forest ecosystems.
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1. Introduction 
Atmospheric CO2 concentration has been raising continuously from ~285 ppm in 1840s to ~410 ppm in 2018 (IPCC, 2013; https://www.co2.earth/). During the same period, atmospheric nitrogen (N) input has doubled (Galloway et al., 2008) and been increasing up to tens of folds in many terrestrial ecosystems such as subtropical forests in China (Ren et al., 2000; Zheng et al., 2002; Mo et al., 2006; Sun et al., 2010; Yu et al., 2017). The impacts of such changes on forest carbon (C) cycles (e.g., litter decomposition and soil organic matter mineralization) have been intensively investigated in non-heavy-metal-contaminated environments (Liu et al., 2008; Siegenthaler et al., 2010), but rarely in a heavy-metal-contaminated environment (Xue et al., 2018). However, soils have been suffering from heavy metal (e.g., cadmium (Cd)) contamination in many industrialized or urbanized areas such as the Pearl River Delta area in south China (Sun, 2010; Hou et al., 2014). More importantly, heavy metal can continuously accumulate in soils and thus have long-lasting impacts on forest C cycle (Xue et al., 2018). It is therefore important to improve our understanding of the joint control of elevated atmospheric CO2 concentration, N deposition, and Cd contamination on forest C cycle, to improve the prediction of future forest C cycle and sequestration in heavy-metal-contaminated areas.
Litter decomposition and soil organic matter mineralization are the key components of forest C cycle. They determine forest C sequestration and provide nutrients for forest growth (Siegenthaler et al., 2010). Litter decomposition and soil organic matter mineralization are controlled by two main groups of factors: 1) litter and soil organic matter quality (e.g., C:N ratio), and 2) environmental condition (e.g., litter and soil moisture content). Litter decomposition and soil organic matter mineralization are enzyme participated processes (Cenini et al., 2016). The C-degrading enzyme activities (e.g., Cellobiohydrolase (CBH), β-Glucosidase (BG), polyphenol oxidase (PPO) and peroxidase (POD)) have been identified to be the key factors determining litter decomposition and soil organic matter mineralization (Enowashu et al., 2009; Schimel et al., 2017). Litter and soil C-degrading enzyme activities link litter and soil organic matter quality to the microbial ability of assimilating nutrients (Andersson et al., 2004; Allison et al., 2011). CBH and BG are cellulases that can depolymerize cellulose to oligomers and monomers, while PPO and peroxidase POD are ligninases that can depolymerize lignin to aldehydes and alcohols (Kähkönen et al., 2011). The activities of these enzymes vary between litter and soil, and therefore can have different effects on litter decomposition and soil organic matter mineralization (Ge et al., 2013). Thus, the response of C-degrading enzyme activities to environment change (e.g., elevating atmospheric CO2 concentration and N deposition) may differ between litter and soil, and depend on environmental factors (Floch et al., 2009; Siegenthaler et al., 2010: Hou et al., 2015; Cenini et al., 2016). 
Some studies reported that elevated atmospheric CO2 concentration and N addition can accelerate litter decomposition and soil organic matter mineralization through increasing the activities of BG, CBH, PPO and POD (Andersson et al., 2004; He et al., 2016). However, contrasting results have been reported at some other sites, as related to the differed litter and soil quality and climate conditions among sites (Siegenthaler et al., 2010; Xia et al., 2017). Contrary to elevated atmospheric CO2 concentration and N addition, heavy metals such as Cd typically have negative effects on litter decomposition and soil organic matter mineralization through inhibiting BG, CBH, PPO and POD activities (Gao et al., 2014; Xue et al., 2018). These evidence motivate us to ask the question: will raising atmospheric CO2 concentration and N deposition offset the negative effects of Cd contamination on litter decomposition and soil organic matter mineralization in forest ecosystems? 
Moreover, most previous studies have examined the effects of single factor such as raising atmospheric CO2 concentration or N deposition on plant growth and nutrient cycle in forest ecosystems (Siegenthaler et al., 2010; Lü et al., 2013; Liu et al., 2015), with much less focus on the interactions of multiple factors. In fact, raising atmospheric CO2 concentration and N deposition and heavy metal contamination typically occur simultaneously with the rapid urbanization and industrialization (Sun et al., 2010). Therefore, it is critical to understand the interactive effects of multiple environmental factors on forest C cycle and sequestration.
This study was aimed to address the interactive effects of raising atmospheric CO2 concentration, N deposition, and Cd contamination on litter decomposition and soil organic matter mineralization in forest. To address this issue, we designed an open-top field chamber experiment with five treatments: control, Cd addition, Cd addition under elevated CO2, Cd and N additions, Cd and N additions under elevated CO2. And we measured microbial biomass C concentration and the activities of four C-degrading enzyme (BG, CBH, PPO, and POD) in the litter and soil samples. We hypothesized that (1) Cd addition would inhibit litter and soil C-degrading enzyme activities and microbial biomass C concentration. (2) The negative effects of Cd addition would be essentially offset by the elevated atmospheric CO2 concentration and/or N addition treatments. (3) The effects of CO2, N, and Cd treatments differed between the cellulose-degrading enzyme and the lignin-degrading enzyme activities, as well as differed among the non-legume litter, the legume litter and the mineral soil. 
2. Material and methods 
2.1. Sites 
The experiment is located in Guangzhou, Guangdong Province, China (23º20´N and 113º30´E). The area has a monsoon climate characterized by a mean annual temperature of 21.5°C. The annual precipitation ranges from 1600 to 1900 mm, and the mean relative air humidity is 77% (Huang et al., 2014).

2.2. Experimental design

A total of 15 open-top chambers (diameter: 3.0 m, height: 4.5 m) were established in March 2017 for the current experiment, with five treatments and three replicates per treatment. The five treatments are: control (ambient atmospheric CO2 concentration without any addition of N or Cd ), Cd addition (30 g ha-1 yr-1), Cd addition under elevated CO2 (Cd+ CO2; 30 g Cd ha-1 yr-1 and 700 ppm CO2), Cd and N addition (Cd+N; 30 g Cd ha-1 yr-1 and 100 kg N ha-1 yr-1), and Cd and N addition under elevated CO2 (Cd+CO2+N; 30 g Cd ha-1 yr-1, 700 ppm CO2, and 100 kg N ha-1 yr-1). Chemically pure NH4NO3 was used as the N source, and chemically pure CdCl2 was used as the Cd source. We used a N addition rate of 100 kg N ha-1 yr-1 for two considerations. One is atmospheric N deposition increased from 46 kg N ha-1 yr-1 in 1988 to 109 kg ha-1 yr-1 in 2030 in China (Ren et al., 2000; Zheng et al., 2002; Mo et al., 2006), which is close to the addition rate used in our study. The other is a doubled N addition rate enabled us to detect significant N addition effects in a short time.
The above-ground of chamber was wrapped with impermeable and transparent plastic sheets, and the top of chamber were totally open. Light intensity in the chamber was 97% of full light and no spectral change were detected. Air temperature were recorded inside or outside of chamber, and no significantly different was found. The below-ground part was delimited by a concrete steel structure wall to prevent any lateral or vertical water and elements fluxes with the outside surrounding soil. In each chamber, the additional CO2 supplied from a tank, and was distributed by transparent pipe. The transparent pipe with pinholes (0.1 cm diameter) was hung 2.0 m in height. The distance between two pinholes was 3 cm. To ensure that CO2 was equally distributed in the entire chamber, the pipe was connected to a fan. CO2 fumigation was applied with fans daily from 8:30 am to 16:00 pm everyday (except rainy day). The CO2 flux from the tank was controlled by a flow meter and CO2 concentrations on the four planes (0.5, 1, 1.5, 2.0 and 2.5 m in height) in the chambers were periodically monitored using a LICOR 6400 (LICOR Inc., Lincoln, NE, USA).      
In October 2016, soil was collected from a nearby evergreen broadleaved forest. The soil is Ultisol, with a pH value below 6.0 in all soil layers (Table S1). Two years old seedlings were transplanted into the chambers. Each chamber was randomly planted with three seedlings for each of the following six kinds of species: Acacia auriculiformis, Castanopsis hystrix, Cinnamomum camphora, Liquidambar formosana, Syzygium cumini and Schima superba. These species are widely planted and grown tree species in subtropical China. Acacia auriculiformis is the only N2-fixing species in this experiment. The litter biomass of Liquidambar formosana, Syzygium cumini, Schima superba and Castanopsis hystrix are not enough to conduct the litter decomposition assays, so the remaining two species (Acacia auriculiformis and Cinnamomum camphora) were selected for this study.
2.3. Sample preparation

In each separate experiment, two plant species litter under five treatments conditions were collected on 10th April 2018. Leaf litter within the sampling area were fully collected and separated into undecomposed leaf litter and partly decomposed leaf litter under the treatments. The undecomposed leaf litter is leaf litter that is not broken yet and the partly decomposed leaf litter is leaf litter that has been broken but its origin can still be identified. 
After the litters were collected, soil at 0-5 cm depth was sampled by cutting rings (height: 5cm; volume: 100 cm3) with five replicates (including four corners and a middle in each chamber). Litter samples from the same layer of each subplot were mixed together as one composite sample. Both litter and soil samples were stored at 4°C in the refrigerator within 4 h after sampling.  
The soil samples from each subplot were mixed well and sieved to pass through a 2-mm mesh, then trough the 0.25 mm and 0.053 mm-mesh successively and weighed. The first subsample of the sieved soil through a 2-mm mesh was oven-dried at 105 °C to constant weight for the determination of moisture content. A second subsample was stored at 4 °C for the determination of microbial biomass C and C-degrading enzyme activities. A third subsample air-dried for 2 weeks was prior to grinding and determining soil chemical properties. 
2.4. Analytical methods
Soil pH and electrical conductivity (EC) were determined at a soil: water (w:v) ratio of 1:2 using a glass electrode. Microbial biomass C concentration of both litter and soil samples were determined by a fumigation-extraction method (moist weight to volume ratios of 1:25 and 1:5 for litter and soil samples, respectively) (Vance et al., 1987). The total organic C concentration of the litter and soil samples were determined using the K2Cr2O7 oxidation method (Nelson & Sommers, 1982). Litter and soil total N and total P concentrations were determined using sulfuric acid digestion followed by a colorimetric analysis (Murphy and Riley, 1962) using a UV4800 (Shimadzu, Japan).
The activities of the four C-degrading enzyme (i.e., BG, CBH, PPO, and POD) in litter and soil were determined following the procedures of Allison et al. (2005) and Freeman et al. (1995). Specifically, litter and soil samples were suspended in sodium acetate buffer (pH 5.0) (1:15 soil: buffer; 1:60 litter: buffer), and 0.75 ml extract and 0.75 ml substrate buffer (5 mM) were dispensed into 96-well micro-plates with five replicates wells per sample and assay. Substrate control (sodium acetate buffer+ substrate buffer), sample control (sodium acetate buffer+ samples), and sample (substrate buffer+ samples) quench wells each had five replicates. The micro-plates were continuously shaken and incubated at 20 °C in a constant temperature incubator (LRH-250-GSI, Zhujiang, China). β-1,4-glucosidase (BG) activities after 1 h incubation and cellobiohydrolase (CBH) activities after 4 h incubation were measured spectrophotometrically (405 nm) using pNP – β - glucopyranoside and pNP – cellobioside as substrates, respectively (Allison et al., 2005). Phenol oxidase and peroxidase activities after 2 h incubation were measured spectrophotometrically (450 nm) using L - 3, 4 - dihydroxyphenylala - nine (DOPA) as substrate. To stop the reaction, a 75 µl aliquot of 1 M NaOH was added to each well.
2.5. Statistical analysis
Litter and soil C:N:P ratios were all calculated on a mass basis. Differences in parameters among different treatments including litter and soil C, N, P concentrations, C:N:P ratios, MBC, and enzyme activities were examined by one-way analysis of variance (ANOVA) with Least Significant Difference (LSD test) at a significance level of 0.05. The interaction of treatments and layers on litter and soil enzyme activities was examined by two-ways ANOVAs with treatments and layers as fixed factors with SPSS 19.0 software (SPSS. Inc., Chicago, IL, USA) and Origin 2015 (Origin lab. Inc., Massachusetts, USA). 
We used structural equation modelling (SEM) to examine the relative importance of Cd, CO2, N, organic matter (organic carbon and nitrogen concentration), microbial biomass C (MBC) and moisture for four C-degrading enzyme activities. Because BG, CBH, PPO and POD activities were very closely related (Pearson’s r=0.79), and organic carbon and nitrogen concentration were very closely related (Pearson’s r=0.97). So we reduced these four enzyme activities variables and two organic matter variables to a single variable (Enzyme and OMC) using PCA respectively, as a new variable into the model using Amos 24.0 (IBM SPSS, USA), and the results are presented as typical path diagrams (Schermelleh-Engle et al., 2003). 
We evaluated the fit of our model using the model χ2 –test and the root mean squared error of approximation, and confirmed fit using the Bollen-Stine bootstrap test. 
3. Results 

3.1 Comparison of litter and soil C, N, P concentration and C:N:P ratios and their relationships with four C-degrading enzyme activities 
Main effects of treatments and layers and their interaction were all statistically significant for the selected parameters: litter and soil C, N, P concentration and C:N:P ratios (P<0.05, two-way ANOVA; Table 2). Litter and soil C, N, P concentrations and C:N ratio are significantly correlated with the CBH, BG, PPO and POD activities, the C:P and N:P ratio were significant correlated with BG, PPO and POD activities (Table 3). 
The Cd addition decreased litter C, N, P concentration in undecomposed and partly decomposed leaf litter and soil layer. The elevated CO2 and N addition offset the negative effect of Cd addition, and increased the litter and soil C, N, P concentration by 2-3%, 13.2-13.5% and 28-32% respectively on elevated CO2 treatment, and by 4-6%, 18.8-19.1% and 48-49%, respectively on N addition treatment. The C, N, P concentration in litter and soil increased more under Cd+N treatment than under Cd+CO2 treatment (Table 4). The litter C:N, C:P and N:P ratios were the highest under Cd addition treatments, but the lowest under Cd+CO2+N treatments. The C, N concentration, C:N, C:P and N:P ratios in legume (Acacia auriculiformis) litter were higher than in non-legume (Cinnamomum camphora) litter in undecomposed and partly decomposed leaf litter, while lower P concentration were observed in legume litter. The litter C, N, P concentration, C:N, C:P, and N:P ratios were higher in undecomposed and partly decomposed leaf litter (Table 4). Soil C, N, P concentration were higher under Cd+CO2+N treatment than other treatments, but the C:N ratio was lower under Cd+CO2+N treatment than other treatments. In different treatments, the moisture had no significant effect on litter and soil C, N, P concentration and C:N:P ratios.
3.2 Comparison of litter and soil enzyme activities among treatments and layers
Main effects of treatments and layers and their interaction were all statistically significant for the selected parameters: cellulase (BG and CBH) and ligninase (PPO and POD) activities, moisture concentration, microbial biomass C (P<0.05, two way ANOVA; Table 2). 

On treatments and species scale, elevated CO2 and N addition offset the negative effect of Cd addition, and increased MBC, and CBH, BG, PPO and POD activities by 14.6-46%, 20-81%, 37-63.3%, 26-33% and 9-11%, respectively on elevated CO2 treatments, and by 59-33%, 38-99%, 99-117% and 45-46%, respectively on N addition treatments. The CBH, BG, PPO, POD activities and microbial biomass C of litter were higher under the treatment of Cd+CO2+N than other treatments. The lowest CBH, BG, PPO and POD activities were observed under Cd addition among the different treatments. CBH, BG, PPO and POD activities were higher in legume (Acacia auriculiformis) litter than in non-legume (Cinnamomum camphora) litter in undecomposed and partly decomposed leaf litter layers (Fig. 1). The similar trends were found for microbial biomass C (Fig. 1). The microbial biomass C, and CBH, BG activities were higher in undecomposed leaf litter than in partly decomposed leaf litter, while PPO, POD activities and moisture were lower in undecomposed leaf litter than in partly decomposed leaf litter.
In the 0-5 cm mineral soil layer, the CBH and BG activities were significant higher under Cd+N+CO2 treatment than other treatments, the higher PPO and POD activities were observed under Cd addition treatment comparing to other treatments (P<0.05) ( Fig. 3). 
3.3 Effect of treatments and litter, soil qualities on C-degrading enzyme activities 
To clarify the effects and relative importance of Cd addition, elevated CO2, N addition, organic matter component (including organic carbon and nitrogen), microbial biomass C (MBC) and moisture for enzyme activities, the structural equation model (SEM) were conducted based on the known effects and relationships between key drives of treatments (Cd addition, and N addition and elevated CO2). We included in model organic matter component (OMC) and moisture, which were important factors influencing the enzyme activities. The goodness-fit model specified from our model (RMSEA=0.16, P=0.07), and revealed that Cd addition, elevated CO2, N addition, organic matter component (OMC), microbial biomass C (MBC) had a significant direct effect on enzyme activities (CBH, BG, PPO and POD) (standardized β=-0.13, 0.19, 0.36, 0.83, 0.01 and 0.1, respectively). Cd addition, elevated CO2, N addition and moisture had a significant indirect effect on enzyme activities (standardized β=0.06, -0.09, -0.12 and 0.75, respectively). The Cd addition had negative total effect on enzyme activities (β=-0.07) (Fig. 2). The standardized total effect on enzyme activities decreased in the order of organic matter component (OMC) (β=0.83) > moisture (β=0.76) > N addition (β=0.24) > MBC (β=0.1) > CO2 addition (β=0.10) > Cd addition (β=-0.08) (Fig. 3).

4. Discussion
As hypothesized, Cd addition decreased while elevated CO2 and N addition increased the litter decomposition and soil organic matter mineralization, which were indexed by the activities of the four C-degrading enzyme. These results suggest that the negative effect of Cd on litter decomposition and soil organic matter mineralization in heavy-metal-contaminated environments, can be largely offset by N deposition and slightly by raising atmospheric CO2 in future. It calls for the consideration of heavy metal effects in earth system models to predict terrestrial C cycle and sequestration in urbanized and industrialized areas. 
Previous studied revealed that elevated CO2 increased the litter C:N ratios, while decreased the leaf litter quality (Andersson et al., 2004; Liu et al., 2015). In my study, under Cd addition, the elevated CO2 changed the litter initial chemical characters, and promoted C, N concentrations by 2-3%, and 13.2-13.5% and 28-32%, to decrease the C:N ratios in litter and soil. So elevated CO2 slightly offset the negative effect of Cd addition on C and N concentration, due to elevated CO2 promoting plant photosynthetic efficiency to increase the C, N concentration in leaf litter (Zhang et al., 2011), further to promote litter decomposition and the loss of litter nutrients (Waring et al., 2012). Elevated CO2 offset the negative effect on C-degrading enzyme, to increase the BG, CBH, PPO and POD activities, microbial biomass C in litter and soil, indicating that elevated CO2 can promote the microbial activities and alleviate the inhibition of Cd toxicity. 
In this study, N addition significantly increased the BG, CBH, PPO and POD activities (P<0.05) under Cd addition. Sinsabaugh et al., (2005) also reported that N deposition (80 kg N ha-1 yr-1) significantly increased PPO, POD and CBH activities. Our results indicated that the N addition offset the detrimental effect of Cd addition on the cellulase (BG and CBH) and cellulase (PPO and POD) activities, because the external N addition induced a priming effects on the activities of microbial community and C-degrading enzyme activities (Lü et al., 2013). N addition also promoted plant photosynthetic rate to increase leaf N concentration and soil N concentration to decrease C:N ratio in litter and soil, to improve litter and soil quality (Zhang et al., 2011). The high litter N availability for micro-decomposers in legume litter was caused by N2 fixation and high decomposition rates of N-rich litter (Gei and Powers, 2013). This study results showed that the C, N concentration of legume litter were higher than the non-legume litter under different treatments, which also promoted the litter decomposition, due to the N-rich of legume litter (lü et al., 2013). The BG, CBH, PPO and POD activities in legume litter were higher than in non-legume litter, maybe because non-legume litter contained more lignin and polyphenol, which are refractory compounds (Janssens et al., 2010). Thus, the litter N was abundant for microbial uptake in legume litter, and consequently enhanced the activities of micro-decomposers in legume litter. 
Combination of elevated CO2 and N addition strongly offset Cd effects on litter and soil enzyme activities, and significantly increased the BG, CBH, PPO and POD activities (P<0.05). Under Cd addition, the combination of elevated CO2 and N addition more strongly enhanced the photosynthesis and shoot biomass to increase leaf C, and N concentration and soil nutrient input than only elevated CO2 or N addition (Zhang et al., 2011). The interaction of elevated CO2 and N addition provided more availability of C and N for microbial activities to increase C-degrading enzyme activities than only elevated CO2 or N addition. Under Cd addition, the external N addition also increased microbial biomass C concentration and C-degrading enzyme activities, because the N addition induced a priming effect on the activities of microbial communities (Lü et al., 2013). Combination of elevated CO2 and N addition more significantly increased the BG, CBH, PPO and POD activities under Cd addition in non-legume litter than legume litter, due to the external NO3-N and NH4-N addition significantly improved the microbial activities of non-legume litter with lower N availability (Gei and Powers, 2013). However, in the mineral soil, the PPO and POD activities didn’t increase with elevated CO2 and N addition under Cd addition, due to the low C and N availability in soil. 
In the litter and soil layers, shifts in the activities of BG, CBH, PPO and POD along soil profile were demonstrated by some previous studies (Chen et al., 2000; Snajdr et al., 2008), however the pattern has been diverse in shifts of microbial community in these studies. In this study, the highest ligninase (PPO and POD) activities were generally found in the partly decomposed leaf litter layer, but the highest cellulase (BG and CBH) activities were generally found in the undecomposed leaf litter layer, which were supported by the depth distribution of cellulase activity measured in a beech forest in Germany (Wirth and wolf, 1992). Because the undecomposed leaf litter layer was more exposed to changes in weather conditions than the partly decomposed leaf litter and soil layer, indicating that microclimatic factors more regulated the microbial activities in undecomposed leaf litter than in partly decomposed leaf litter and soil (Andersson et al., 2004). 

Shifts in BG, CBH, PPO and POD activities and microbial biomass C from the undecomposed leaf litter to the partly decomposed litter were partly explained by the shift in moisture and organic matter component (OMC) (Hou et al., 2015). In our study, structural equation modelling showed moisture of litter and soil significantly affected the microbial biomass C and C-degrading enzyme activities. Because from the undecomposed leaf litter to the partly decomposed litter, the moisture increased, therefore higher moisture inhibited the growth of microorganism (Andersson et al., 2004). Significant decreased in cellulase (BG and CBH) and microbial biomass C, but increased in clininase (PPO and POD) activities from the undecomposed leaf litter to the decomposed litter. Similarly, a decrease in cellulase and clininase activities from litter layer to humus layer were demonstrated by Andersson et al., (2004) and Carreiro et al., (2000). A possible explanation is that the cellulose and other carbohydrates in litter were preferentially decomposed with high cellulase (BG and CBH) activity in undecomposed leaf litter at the early stage of litter decomposition, and the lignin and other recalcitrant matters were latterly decomposed with high ligninase (PPO and POD) activities and low cellulase activities in partly decomposed litter at the late stage of litter decomposition (Ge et al., 2013). Meanwhile cellulase were produced by a large number of bacterial and fungal species, however ligninase were produced only by a small group of fungi (Dix and Webster, 1995). This might also explain the overall larger decrease in microbial biomass C from the undecomposed leaf litter to the partly decomposed litter. In same layer, the C-degrading enzyme activities were mainly affected by species (non-legume and legume species) litter and treatments, but in different layers, the moisture and C, N availability were main factor impacting C-degrading enzyme activities.  

5. Conclusions 
With an open-top chamber field experiment, we showed that Cd addition decreased the activities of C-degrading enzyme (BG, CBH, PPO and POD) activities and microbial biomass C concentration. While, elevated CO2, N addition and their interaction alleviated the detrimental effect of Cd addition, and significantly increased the enzyme activities, to increase litter decomposition and soil organic matter mineralization. The interaction of elevated CO2 and N addition treatment more increased the enzyme (BG, CBH, PPO and POD) activities average 150.1%, 139%, 144% and 187% respectively than only elevated CO2 treatment, and 46%, 51%, 36% and 46% respectively than only N addition treatment. The combination of elevated CO2 and N addition offset the detrimental effect of Cd addition through increasing microbial communities (i.e. microbial biomass C) and providing more C and N availability, but not through significantly improving the soil and the initial litter qualities (C:N ratios). Elevated CO2 and N addition more significantly accelerated the litter decomposition of non-legume (Cinnamomum camphora) than legume (Acacia auriculiformis) litter under Cd addition. These implications revealed Cd inhibited litter and soil C-degrading enzymes activities and its negative effects were offset by global changes (i.e. enrichment of atmosphere CO2 and N deposition) in heavy-metal Cd polluted areas. 
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Table 1. Comparison of soil physiochemical properties at 0-5 cm soil layer after one year treatments 

	Treatment
	pH
	Electrical conductivity (ds·m-1)
	Bulk 

density 

(g·cm-3)
	Sand 

content 

(%)
	Slit 

content

(%)
	Clay 

content

(%)

	Control
	5.42±0.07a
	1.04±0.11a
	1.36±0.15a
	41.4±1.0a
	31.1±2.0a
	27.5±1.0a

	Cd
	5.25±0.11a
	1.00±0.09a
	1.59±0.05a
	41.2±1.2a
	27.0±0.6ab
	31.8±0.7a

	Cd+CO2
	5.18±0.01a
	1.01±0.11a
	1.42±0.02a
	43.4±4.0a
	27±2.0ab
	29.6±2.0a

	Cd+N
	4.67±0.08b
	1.71±0.07b
	1.36±0.13a
	38.0±2.0a
	23.2±1.0b
	38.9±1.0b

	Cd+N+CO2
	4.66±0.02b
	1.55±0.19b
	1.39±0.05a
	37.2±1.0a
	25.2±2.0ab
	37.6±1.0ab


Note: Data are mean ± standard error, n=3. Different letters after data in the same column indicate a significant difference between treatments (P<0.05).  
Table 2. Two-way ANOVA analysis of the effects of treatments (T) and layers (L) on litter C-degrading enzyme activities 

	
	C
	N
	P
	C:N
	C:P
	N:P
	BG
	CBH
	PPO
	POD
	MBC
	Moisture

	Non-legume litter
	
	
	
	
	
	
	
	
	
	
	

	T
	25.9**
	4.2*
	8.5**
	1.5
	5.8**
	1.5
	17.5**
	3.6*
	16.6**
	2.7
	14.3**
	1.3

	L
	5.5*
	78.7**
	105.4*
	65.5**
	85.8**
	8.1*
	2.0
	29.4**
	42.3**
	5.3*
	103**
	8.8**

	T × L
	0.4
	0.1
	1.9
	0.2
	0.7
	0.4
	0.5
	1.2
	1.6
	0.2
	1.4
	0.31

	Legume litter
	
	
	
	
	
	
	
	
	
	
	

	T
	2.1
	5.3**
	22.1**
	2.9
	10.0**
	1.3
	20.1**
	5.5**
	26.9**
	6.7**
	8.6**
	0.3

	L
	4.4*
	3.5
	301.9**
	1.5
	223.7**
	112.5**
	3.0
	20.1**
	45.2**
	0.1
	42.8**
	3.6

	T × L
	0.1
	0.03
	4.5*
	0.02
	0.8
	0.2
	0.1
	1.5
	1.5
	0.6
	0.9
	0.6


BG indicates β-glucosidase; CBH indicates Cellobiohydrolase; PPO indicates Polyphenol oxidase; POD indicates Peroxidase; Treatments (T), n=5, layers (L), n=3. * indicates P<0.05; ** indicates P<0.01 

Table 3. Coefficients of correlations between litter and soil C, N, and P concentrations and their ratios and C-degrading enzyme activities 

	Litter and soil nutrient 
	BG
	CBH
	PPO
	POD
	MBC

	C concentration
	0.531**
	0.422**
	0.574**
	0.756**
	0.564**

	N concentration
	0.613**
	0.611**
	0.442**
	0.641**
	0.695**

	P concentration
	0.496**
	0.746**
	0.175**
	0.355**
	0.870**

	C:N ratio
	0.203**
	0.084*
	0.476**
	0.567**
	0.214**

	C:P ratio
	0.109**
	0.003
	0.416**
	0.393**
	0.031

	N:P ratio
	0.168**
	0.034
	0.388**
	0.364**
	0.05


 BG indicates β-glucosidase; CBH indicates Cellobiohydrolase; PPO indicates Polyphenol oxidase; POD indicates Peroxidase; n=75, * indicates P<0.05; ** indicates P<0.01
Table 4. Comparison of litter and mineral soil C, N, and P concentrations and their ratios, moisture among treatments 

	Treatments
	Organic C

(mg·g-1)
	Total N

(mg·g-1)
	Total P

(mg·g-1)
	C:N ratio
	C:P ratio
	N:P ratio
	Moisture (%)

	Undecomposed leaf litter
	
	
	
	
	
	
	

	Cinnamomum camphora
	
	
	
	
	
	
	

	Control 
	457±7a
	14.3±0.1ab
	0.93±0.03ab
	32±1a
	493±18ab
	15.4±0.4a
	44.47±0.99a

	Cd
	452±3a
	13.3±1.2a
	0.81±0.14a
	34±3a
	598±116b
	17.1±1.8a
	48.23±9.22a

	Cd+CO2
	467±5ab
	15.1±1.7ab
	1.07±0.14ab
	32±4a
	457±67ab
	15.1±3.4a
	47.40±4.10a

	Cd+N
	478±5b
	15.8±0.5ab
	1.20±0.01bc
	30±1a
	435±38a
	14.3±0.9a
	43.32±1.69a

	Cd+N+CO2
	501±8c
	17.2±0.4b
	1.40±0.03c
	29±1a
	359±4a
	12.3±0.4a
	48.64±5.18a

	Acacia auriculiformis
	
	
	
	
	
	
	

	Control
	510±8a
	14.5±0.6ab
	0.84±0.01ab
	35±1ab
	607±5c
	17.3±0.6a
	49.73±9.0a

	Cd
	507±4a
	13.6±0.9a
	0.78±0.02a
	37±3b
	652±21c
	17.5±1.7a
	42.43±2.72a

	Cd+CO2
	519±7ab
	15.4±1.2ab
	1.00±0.07ab
	34±3ab
	521±36b
	15.6±1.9a
	47.59±8.8a

	Cd+N
	529±3b
	16.1±0.5ab
	1.16±0.10bc
	33±1ab
	464±41ab
	14.1±0.8a
	39.07±13.34a

	Cd+N+CO2
	531±8b
	17.8±1.0b
	1.33±0.03c
	30±1a
	400±14a
	13.4±1.0a
	38.87±11.2a

	Partly decomposed leaf litter
	
	
	
	
	
	

	Cinnamomum camphora
	
	
	
	
	
	
	

	Control
	442±3a
	9.5±1.0a
	0.59±0.02b
	48±5a
	751±34b
	16.2±2.3a
	51.39±2.17a

	Cd
	439±6a
	8.9±0.6a
	0.42±0.01a
	50±4a
	1062±41a
	21.4±1.0a
	53.12±3.06ab

	Cd+CO2
	459±5ab
	9.6±0.4a
	0.56±0.09b
	48±2a
	852±107b
	17.9±2.6a
	56.55±4.38ab

	Cd+N
	465±6b
	10.8±0.5a
	0.63±0.03b
	43±3a
	740±24b
	17.2±1.6a
	53.30±2.97ab

	Cd+N+CO2
	500±9c
	11.7±0.2b
	0.69±0.02b
	43±1a
	726±23b
	16.9±0.2a
	62.57±1.51b

	Acacia auriculiformis
	
	
	
	
	
	
	

	Control
	492±15a
	13.2±0.6a
	0.44±0.02ab
	38±2a
	1123±62a
	30.1±2.0a
	50.73±3.28a

	Cd
	488±30a
	12.4±0.3a
	0.41±0.01a
	39±3a
	1199±99a
	30.5±0.2a
	47.40±3.66a

	Cd+CO2
	505±3a
	13.8±0.5ab
	0.43±0.01ab
	37±1a
	1171±29a
	32.0±1.9a
	53.15±0.29ab

	Cd+N
	508±2a
	15.1±2ab
	0.53±0.03bc
	35±4a
	961±51ab
	28.4±3.1a
	51.20±3.90ab

	Cd+N+CO2
	522±2a
	16.7±0.6b
	0.63±0.07c
	31±1a
	846±90b
	27.3±4.0a
	60.22±2.27b

	0-5 cm mineral soil layer
	
	
	
	
	
	

	Control
	4.1±0.3a
	0.48±0.01a
	0.17±0.02a
	8.6±0.8a
	24.9 ± 1.1a
	2.94 ± 0.32a
	12.99±0.15a

	Cd
	3.4±0.1a
	0.43±0.02a
	0.15±0.02a
	8.0 ±0.6a
	23.3 ± 3.2a
	2.91 ± 0.29a
	12.98±0.26a

	Cd+CO2
	3.5±0.1a
	0.45±0.02a
	0.15±0.01a
	7.9 ±0.6a
	24.2 ±2.8a
	3.1 ± 0.15a
	13.13±0.69a

	Cd+N
	3.4±0.6a
	0.64±0.05b
	0.13±0.02a
	5.3 ±0.8b
	26.6±3.8a
	5.09 ± 0.40b
	13.32±0.18a

	Cd+N+CO2
	3.4±0.3a
	0.61±0.04b
	0.13±0.02a
	5.6 ±0.6b
	27.9 ±4.1a
	4.97 ± 0.36b
	13.88±0.1a


Different letters after data of the same measurement of the same sample layer indicate significant (p<0.05) differences among treatments.

Figure captions 

Fig.1 Effect of treatments on β-glucosidase (BG), Cellobiohydrolase (CBH), Polyphenol oxidase (PPO), Peroxidase (POD) and Microbial biomass C (MBC) of litter and soil. Error bars represent the standard error of mean of three replicates (n=3), Different letters indicate a significant difference between treatments (Least Significant Difference test, P<0.05).

Fig.2 Effect of cadmium (Cd), CO2, nitrogen (N), organic matter component (OMC), microbial biomass C (MBC) and moisture on enzyme activities (Enzyme). Numbers adjacent to arrows are standardized path coefficients, analogous to relative regression weights, and indicative of the effect size of the relationship. Continuous and dashed arrows indicated positive and negative relationships, respectively. Arrows width is proportional to the strength of the relationship (P<0.05). Goodness-of-fit statistics for each model are shown in the lower left corner (df, degrees of freedom). Squares are observable variables. 97% of variance of the organic matter component (OMC) explained by the first component from a PCA conducted with litter and soil organic carbon (OC) and total nitrogen (TN). 78% of variance of the enzyme explained by the first component from a PCA conducted with litter and soil BG, CBH, PPO and POD.
Fig.3 Standardized total effects (direct plus indirect effects) derived from the structural equation modeling. These include the effects of Cd, CO2, N, organic matter component (OMC) (first component from a PCA conducted with litter and soil organic carbon (OC) and total nitrogen (TN)), microbial biomass C (MBC) and moisture on the enzyme activities (first component from a PCA conducted with BG, CBH, PPO and POD). SEM, structural equation model.
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Table S1. Basic soil properties at 0-5 cm soil layer before treatments. 


	Treatment
	pH
	Electrical conductivity (ds·m-1)
	Bulk density (g·cm-3)
	Total C

(mg·g-1)
	Total N

(mg·g-1)
	Total P

(mg·g-1)
	Available Cd

(µg·kg-1)

	Control
	5.22±0.15a
	4.27±0.87a
	1.51±0.08a
	2.78±0.14a
	0.20±0.07a
	0.14±0.01a
	4.99±0.008a

	Cd
	5.06±0.05a
	4.60±0.62a
	1.49±0.10a
	2.94±0.15a
	0.27±0.03a
	0.12±0.01a
	4.99±0.006a

	Cd+CO2
	5.14±0.05a
	3.77±0.47a
	1.64±0.15a
	3.01±0.11a
	0.24±0.02a
	0.13±0.01a
	4.98±0.01a

	Cd+N
	5.19±0.02a
	4.43±0.29a
	1.77±0.18a
	3.18±0.31a
	0.25±0.06a
	0.13±0.01a
	5.64±0.66a

	Cd+N+CO2
	5.12±0.16a
	4.0±0.73a
	1.83±0.12a
	2.79±0.30a
	0.23±0.08a
	0.12±0.01a
	5.65±0.67a


Note: Data are mean ± standard error, n=3. Different letters after data in the same column indicate a significant difference (P<0.05) between treatments.
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