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Intense droughts and extreme precipitation events are likely to occur more 
frequently with global climate change. These drying-rewetting (DW) cycles 
affect the soil carbon (C) cycle. Biochar addition are reported to affect SOC 
mineralization and soil organic carbon (SOC) storage. However, the 
effects of biochar application on SOC mineralization during DW cycles are 

poorly understood. Two wheat straw (WS25) biochar produced at 300 C  

(WS300) and 600 C (WS600) were used to explore the effects of biochar 
on SOC mineralization under artificial DW cycles as compared to constant 
moisture (CM). It was found that biochar had different effects on SOC 
mineralization depending on biochar type or drying/rewetting period of DW 
cycles. Just like CK and WS25, WS600 application decreased SOC 
mineralization under DW cycles compared to CM. To some extent, SOC 
mineralization during DW cycles was similar to CM for WS300. The results 
suggested that WS300 addition diminished the reducing effect of DW cycle 
on SOC mineralization. In addition, biochar exhibited different effects on 
SOC mineralization depending on the drying and rewetting period under 
DW cycles. Biochar (WS300) addition during the drying period had less 
effect on SOC mineralization but increased the flush effect of SOC 
mineralization during the rewetting period. In conclusions, biochar 
application significantly affect SOC mineralization following DW cycles.  
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INTRODUCTION 
 

Biochar is a carbon-rich organic material produced by pyrolysis of organic 

materials under anoxic or hypoxic conditions (Glaser et al. 2009). Biochar is porous, has a 

large specific surface area and strong adsorption capabilities for nutrient or pollutants 

(Atkinson et al. 2010). Biochar effectively decreases soil bulk density and favours the 

formation of soil microaggregates, thereby improving soil structure and increasing the 

utilization rate of water and fertilizers (Biederman and Harpole 2013). Biochar also 

provides shelter for soil microorganisms and promotes the proliferation of microbial 

communities (Atkinson et al. 2010). Biochar contains mineral nutrients and it can be 

beneficial for plant growth and reduce additional chemical fertilizers (Liu et al. 2013). 

More importantly, biochar addition significantly increases crop yield in low to moderate 
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fertility soils. As a result, biochar has attracted attention in agriculture, environment, and 

energy fields in recent years (Lehmann 2007; Major et al. 2010). 

Soil organic carbon (SOC) is a key factor affecting soil fertility and crop yield. 

Biochar has a carbon (C) content of 60 to 91%, and most of the C exists in the form of inert 

aromatic C (Enders et al. 2012). This C has relatively stable physiochemical properties, 

strong resistance to biological degradation, and persists for a long time in soil (Glaser et 

al. 2009). Addition of biochar to soil can increase the SOC content. The magnitude of the 

increase is dependent on the amount of biochar added and its stability (Woolf et al. 2010). 

Kimetu et al. (2010) reported that biochar application significantly decreased SOC loss as 

compared with green manure because of the large amount of easily degraded organic matter 

contained in green manure. However, some studies show that biochar addition increased 

the degradation of the original SOC in a short time (Wardle et al. 2008). Different results 

may be caused by the different biochar properties, soil type, environmental factors, and the 

duration of biochar addition into soil (Zheng et al. 2018). 

Soil moisture affects SOC mineralization and soil microbial respiration (Chow et 

al. 2006). Relatively lower soil moisture decreases the tendency for soluble matter in soil 

to diffuse and does not provide sufficient nutrients for microorganisms (Chowdhury et al. 

2011), which affects SOC mineralization. It was found that the soil microbial community 

and activity greatly decreased after 14 d of soil drying (Pulleman and Tietema 1999). 

However, excessive moisture, such as flooding, will limit the growth of microbial 

communities due to anaerobic conditions (Mavi and Marschner 2012), and this will 

decrease the rate of SOC mineralization (Xiang et al. 2008). In recent years, with global 

climate change, intense droughts and extreme precipitation events are likely to occur more 

and more frequently. As a result, soil moisture generally experiences drying-retting (DW) 

cycles which affects soil microbial activity and SOC mineralization. DW cycles can 

increase SOC mineralization, resulting in increased CO2 emission into the atmosphere 

(Fierer and Schimel, 2003). However, the effects of biochar on SOC under DW cycles have 

not been fully understood. Coastal saline soil was selected for this work.  It had relatively 

low SOC content. This study included (1) effects of different biochar on SOC 

mineralization in soil following DW cycles and CM events; and (2) biochar addition on 

SOC mineralization during drying and rewetting period following DW cycles.  

 

 

EXPERIMENTAL 
 
Materials 

The surface (0 to 20 cm) saline soil (Calcaric-Fluvisol) was collected in the Yellow 

River delta (37°45′50″N, 118°59′24″E). After collection, gravel and plant debris were 

removed, and the soil was passed through a 2 mm sieve before storage at 4°C. The soil pH 

was 8.3 and the SOC content was 4.7 mg/g. The material used for biochar preparation was 

wheat straw. After the wheat straw was washed and impurities removed, it was dried to 

constant weight, crushed, and passed through a 2 mm sieve. Following this, the wheat straw 

was placed in a stainless-steel tank for air isolation. The straw material was charred using 

a muffle furnace (DRZ-4DAS electric-resistance furnace, Longkou, China). The charring 

temperatures were set to 300 °C and 600 °C, respectively, and the charring time was 4 h. 

Some physichemical properties of the soil and biochar are listed in Table 1. 
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Experimental Design 
Fresh sieved soil samples (equivalent to 200 g of dry soil) were mixed with wheat 

straw or biochar in a 1 L bottle to create four treatments: soil alone (CK), wheat straw 

amended soil (69 gkg−1, WS25,), lower temperature biochar amended soil (20 gkg−1, 

WS300), and higher temperature biochar amended soil (18 gkg−1,WS600). Each treatment 

had five replicates. WS25, WS300, and WS600 treatments had equal initial C content. Two 

conditions CM and DW cycles were set up for comparison. In total, 40 bottles were used 

in this study because first 20 bottles were used during CM treatment and the other 20 bottles 

were used during DW cycles. For the CM, water content was maintained at 70% WHC 

(water holding capacity) throughout the experiment by replenishing appropriate water. DW 

cycles were run three successive cycles, with each cycle containing a drying period and a 

rewetting period. The drying period (without water supplement) lasted for 7 d, during 

which the water content was decreased from 70% WHC to 30% WHC. After drying period, 

the water content was added to 70% WHC to create the rewetting period (7 d). The bottles 

were placed in an incubator (RZH artificial climate incubator, Hangzhou Huier) for 25 °C 

of open incubation. On days 2, 9, 12, 17, 21, 24, 27, 30, 33, 37, 40, 43, 46, 49, 52, 55, 59, 

and 63 of the experiment, gas chromatography was used to measure the amount of CO2 

produced in each treatment. The mineralization rate and cumulative mineralized quantity 

of CO2 for each treatment was calculated.  

 

Methods 
Data calculation and analysis 

The CO2 concentration was measured using a gas chromatograph (Agilent 7980A). 

Before sampling, the gases in the bottle were on the balance with outside air. The formula 

for calculation of the mineralization rate was, 

β =ρ× (V / W) × (dc/dt) × (273/T)                                                            (1) 

where β represents CO2 mineralization rate (μg·g−1·d−1), ρ represents CO2 density under 

standard conditions (1.98 g·L−1), V is the gas volume inside the incubation bottle (L), W is 

soil sample mass (g); dc/dt is the rate of change of CO2 concentration (μL·L−1·d−1); and T 

is the incubation temperature (K). 

For SOC mineralization affected by the DW cycles, the parameter δ was used to 

represent the percentage deviation of SOC mineralization during DW cycles over the CM 

process. The equation is as follows, 

δ = (CMc – DWc) × 100 / CMc                                                                  (2)  

where δ represents the percentage of deviation of SOC mineralization during DW cycles 

over the CM process; CMc is the cumulative SOC mineralization during the CM process 

(μg·g−1), and DWc is the cumulative SOC mineralization during the DW cycles. 

Comparison of different treatment δ values was used to examine whether addition of 

biochar affected the SOC mineralization during the DW cycles. 

 

Statistical analysis 

One-way ANOVA was carried out using the SPSS computer package (SPSS Inc. 

1999, Chicago, USA) for the data of SOC mineralization rate and soil microbial carbon 

content. Significant differences between means were determined using Duncan test, where 

differences were considered statistically significant at the P<0.05 level. Microsoft Excel 

2010 was used for data analysis and figure production.  
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RESULTS AND DISCUSSION 
 

Biochar Effects on SOC Mineralization Rate under DW Cycles 
Figure 1 shows that the SOC mineralization rate was relatively higher for all 

treatments (except CK) in the first DW cycle than in the other cycles. 
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Fig. 1. Effects of drying–rewetting cycles on SOC mineralization rates in the treatments of (a) CK, 

(b) WS25, (c) WS300, (d) WS600.  indicates constant moisture, ■ indicates drying–rewetting 
cycles. Vertical bars represent the standard deviation of the organic carbon mineralization rates 
with 5 replicates. 

 

With increasing incubation time, mineralization rate gradually decreased and 

stabilized. As is shown in Fig. 1, addition of WS25 significantly increased the SOC 

mineralization rate, possibly due to the higher level of easily oxidizable C in wheat straw 

(Sun et al. 2014). Addition of WS300 increased SOC mineralization rate within a short 

period of time, but the rate was similar to the control in the long term. The trend of SOC 
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mineralization rate by WS600 was similar to the CK. These data demonstrate that biochar 

addition greatly increased SOC content and significantly decreased the SOC mineralization 

rate compared with WS25.  

 

 
Fig. 2. The mean SOC mineralization rates in different treatment (WS25 indicates 1/10 of real 

value).  indicates constant moisture, ■ indicates drying–rewetting cycles. Vertical bars represent 
the standard deviation of the mean organic carbon mineralization rates with 5 replicates. Different 
letters indicate significant differences between the treatments (P<0.05). 

 

Compared with CM conditions, the SOC mineralization rate during the drying 

period of DW cycles rapidly decreased with decreasing soil moisture. It has been found 

that drying inhibits soil microbial activity or even caused death of these microorganisms 

under extreme drought (Lehmann et al. 2011; Mavi and Marschner 2012). The reduced soil 

microbial activity significantly decreases degradation of SOC (Yang et al. 2016). In 

addition, drying limits the diffusion of SOC, and this results in decreasing CO2 production 

(Franzluebbers et al. 1994; Chowdhury et al. 2011).  

When dried soil undergoes rewetting, the SOC mineralization rate (flush of CO2) 

significantly increased relative to the mineralization rate measured pre-dry down levels 

(Franzluebbers et al. 2000; Fierer and Schimel 2003). For three successive DW cycles, the 

proportion of flushed of CO2 following rewetting of dried soil were 406%, 322%, and 

612% for WS25, 802%, 143%, and 165% for WS300, and 411%, −12%, and 85% for 

WS600. The observation suggested that the size of flush of CO2 significantly decreased 

with increasing frequency of DW cycles. This phenomenon of enhanced CO2 emission 

after a rewetting event is likely due to the stimulation of inhibited microorganisms during 

the drying phase and the rapid release of previously protected labile organic matter (Denef 

et al. 2001; Fierer and Schimel 2003; Mavi and Marschner 2012).  
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Table 1. Physicochemical Characteristics of the Soil and Biochar 

 pH 
EC  
(μs cm-1) 

TOC 
(g kg-1) 

N 
(g kg-1) 

LOM 
(g kg-1)* 

Ash 
(%) 

Soil 7.0 500 8 0.9 3 - 

WS25 6.8 2770 375 17.0 246 6.1 

WS300 6.9 3975 643 14.8 133 10.1 

WS600 9.6 6495 702 10.0 68 19.6 

* Labile organic matter (Sun et al. 2014). 
 

It is interesting to note that addition of biochar decreased the rewetting of CO2 

pulse, especially for second or third DW cycles. The size of the CO2 pulse depend on the 

size of the organic pool, the quality of organic matter, and the properties of the soil biota 

(Fierer and Schimel 2002). As was shown in Table 1, the content of decomposable labile 

organic matter followed the order of WS25>WS300>WS600. Decomposition of this labile 

component may explain the lower CO2 pulse for WS300 and WS600, relative to WS25 as 

previously reported (Yang et al. 2017). In addition, the enrichment process of biochar 

provides microorganisms with a shelter to resist drought condition and significantly 

stimulation of microbial activity did not occur after rewetting of drying soil (Fierer and 

Schimel 2002). This is consistent with changes in soil microbial biomass carbon (MBC) 

observed following rewetting of drying soil. As is shown in Fig. 3, the MBC content during 

CM process in control soil was 33.9±15.9 mgkg−1, which was significantly decreased to 

8.2±2.6 mgkg−1 after DW cycles (P<0.05). The response of soil MBC to DW cycles was 

decreased when biochar addition into the soil. For example, the MBC of WS300 was 

statistically insignificant (P>0.05) in the CM condition (20.4±5.1 mgkg−1) and DW cycles 

(27.1±1.7 mgkg−1). The results suggest that biochar application decreased the effects of 

DW cycles on soil MBC and thereby led to reduce flush of CO2. 

 

Effects of Biochar Addition on Cumulative SOC Mineralization in Soil Under 
DW Cycles 

Table 2 shows that the cumulative SOC mineralization in soil subjected to DW 

cycles was lower than soil exposed to CM conditions. This indicated that the flush of CO2 

in the rewetting period did not compensate for the reduction of CO2 during the drying 

period. DW cycles clearly decreased SOC mineralization and favoured the formation of 

organic matter in soil. For convenience, the parameter δ (Eq. 2), the percentage of deviation 

of cumulative SOC mineralization during DW cycles relative to CM condition, was used 

to represent the effects of DW cycles on SOC mineralization in treated samples. The δ 

values of three DW cycles were 12.8%, 22.8%, and 25.9% for CK, 13.8%, 19.2%, and 

26.3% for WS25, 7.7%, 9.0%, and 8.7% for WS300, and 11.7%, 24.4%, and 29.5% for 

WS600. This observation suggested that the CO2 flux subjected to DW treatment decreased 

with the frequency of DW cycles, as previously experienced. This pattern indicated that 

the microbial community may adjust to the water stress with increasing of DW cycles 

(Chowdhury et al. 2011). It is important to note that biochar application showed different 

effects on cumulative SOC mineralization, depending on the drying or rewetting period in 

DW cycles. All treatments decreased cumulative SOC mineralization during the drying 

period. The δ values in the drying period of the three DW cycles were 22.3%, 16.2%, and 

29.3% for CK, 21.4%, 17.5%, and 26.9% for WS25, 16.2%, 9.6%, and 10.6% for WS300, 

19.0%, 15.1%, and 28.5% for WS600. 
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Table 2. Changes of Cumulative Organic Carbon Mineralization for the Entire 
DW, Drying, and Rewetting Period Relative to CM for Different Treatments 

δ CK WS25 WS300 WS600 

 Entire DW Period (%) 

First DW 12.8 13.8 7.7 11.7 

Second DW 22.8 19.2 9.0 24.4 

Third DW 25.9 26.3 8.7 29.5 

 Drying Period (%) 

First DW 22.3 21.4 16.2 19.0 

Second DW 16.2 17.5 9.6 15.1 

Third DW 23.9 26.9 10.6 28.5 

 Rewetting Period (%) 

First DW 10.0 3.8 −3.2 9.0 

Second DW 42.8 27.8 6.3 50.6 

Third DW 35.4 22.9 −5.7 33.5 

 

 

 
 

Fig. 3. Changes of soil microbial carbon content in different treatment.  indicates constant 
moisture, ■ indicates drying–rewetting cycles. Vertical bars represent the standard deviation of the 
soil microbial carbon content with 3 replicates. Different letters indicate significant differences 
between the treatments (P<0.05). 
 

The data suggested that biochar application show non-significantly effects on 

cumulative SOC mineralization during the drying period compared with CK or WS25. 
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Biochar application had been reported to increase the resistance of both the bacterial and 

fungal networks to drought stress. (Liang et al. 2014). Maybe the response of 

microorganism to drought with biochar application rely on soil type or biochar type (Mavi 

and Marschner 2012; Liang et al. 2014). Therefore, CO2 flux from biochar amended soils 

subject to drought stress needs further investigation.  

In contrast to the drying period, the δ values in the rewetting period of the three 

DW cycles were 10.0%, 42.8%, and 35.4% for CK, 3.8%, 27.8%, and 22.9% for WS25, 

and 9.0%, 50.6%, and 33.5% for WS600. As comparison, the δ values in three rewetting 

period for the WS300 were −3.2%, 6.3%, and −5.7%. This observation suggested that 

WS300 application increased the flush CO2 after rewetting of dried soil and reduced the 

difference of SOC mineralization between the DW cycles and CM conditions. The results 

suggested that WS300 can inhibit the effects of DW cycles on SOC mineralization but 

WS600 does not show similar effects. As previously discussed, the WS300 contained more 

labile organic matter; thus the DW cycles will release more physically protected soil 

organic matter and increase the size of the CO2 pulse (Fierer and Schimel, 2003; Mavi and 

Marschner 2012). As a comparison, WS600 had higher electrical conductivity (EC) relative 

to WS300 (Table 1); therefore WS600 application was expected to increase the salinity and 

reduce the ability of microbes to adjust to a high water potential following rewetting of 

dried soil (Yang et al. 2017). 

 

 

CONCLUSIONS 
 

1. This study showed that biochar addition had different effects on soil organic carbon 

(SOC) mineralization caused by drying and rewetting (DW) cycles. Biochar addition 

during the drying period had little effect on SOC mineralization but decreased the flush 

CO2 during the rewetting period.  

2. During the rewetting period, low temperature biochar (WS300) inhibited the effects of 

the rewetting process on SOC mineralization, while high temperature biochar (WS600) 

had little effect. Therefore, low temperature biochar can be used to decrease the effects 

of DW cycles on SOC mineralization in saline soil. 
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