
 

 

 

INTRODUCTION 

 

Soil atmosphere carbon dioxide (CO2) exchange is a major 

component of global carbon (C) cycle. In the context of global 

climate change, accurately understanding and quantifying the 

soil CO2 fluxes is critical to the assessment and prediction of 

global carbon budget. The production, storage and release of 

soil CO2 are affected by various factors including temperature 

change, soil moisture change (drought, precipitation or 

irrigation), wind, land type, farming practice, fertilization 

(Liu et al., 2002; Lee et al., 2004; Sponseller 2007; Reicosky 

et al., 2008; Maier et al., 2010; Meisner et al., 2013; Wang et 

al., 2013; Gandahi et al., 2015). Water availability is 

considered as the most critical factor affecting soil C release 

at arid and semi-arid regions (Liu et al., 2009; Kim et al., 

2012), and many studies have focused on the long-term or 

short-term response of soil CO2 fluxes to soil water moisture 

change (precipitation or irrigation). Various observation 

methods including laboratory experiments (Borken et al., 

2003; Lee et al., 2004; Miller et al., 2005; Meisner et al., 

2013; Fraser et al., 2016), field or plot experiments (Liu et al., 

2002; Lee et al., 2004; Maranon-Jimenez et al., 2011) and in-

situ measurement (Yang 1998; Xu et al., 2004; Jassal et al., 

2005; Ma et al., 2012; Yan et al., 2014) were applied across a 

wide range of soil types and ecotypes, and the consistent 

conclusion of these studies was that a significant pulse CO2 

flux is caused by watering, especially in the pre-dry soil 

(Borken et al., 2003; Lee et al., 2004; Meisner et al., 2013; 

Fraser et al., 2016).  

It is generally agreed that the rapid response of soil microbial 

respiration to water dominated the CO2 pulse fluxes from 

rewetting of dry soils (Birch 1958; Gestel et al., 1991; Fierer 

and Schimel 2002; Borken et al., 2003; Lee et al., 2004; 

Miller et al., 2005; Ma et al., 2012; Meisner et al., 2013; Yan 

et al., 2014; Fraser et al., 2016). Unfortunately, up to now, 

there was little agreement on the response time of 

microbiological CO2 pulse fluxes (water-induced). Some 

researchers argued that microbes respond transiently within 

several minutes since water enters soil (Borken et al., 2003; 

Lee et al., 2004; Sponseller 2007; Maranon-Jimenez et al., 

2011; Fraser et al., 2016). However, a considerable amount of 

studies indicated it need hours for microbe responding to 

watering (Yang 1998; Liu et al., 2002; Xu et al., 2004; Miller 

et al., 2005; Luo and Zhou 2006; Ma et al., 2012; Yan et al., 

2014). 

Replacement of soil air by water addition, as the physical 

mechanisms, was considered partially responsible for the CO2 

pulse fluxes (Yang 1998; Liu et al., 2002; Huxman et al., 
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Besides soil microbial respiration, water-air replacement effect (CO2-riched soil air replaced by water) was considered as a 

potential factor causing CO2 pulse emission, but its contribution to the water induced CO2 pulse emission remains unclear. To 

quantify the contribution of water-air replacement effect to water-induced CO2 pulse fluxes, a laboratory experiment was 

conducted, the dynamic pattern of soil air emission and its CO2 concentrations were observed during watering process. Results 

indicated that the soil air emission rate varied synchronously with the water infiltration rate. The total air volumes emitted from 

soil were 89%-93% of infiltrated water volumes. CO2 concentrations in soil air were much higher than that in ambient air, and 

they increased over time, with a sudden increase during 24 to 36 minutes since the initial watering. It implied that soil microbial 

respiration may have a response to watering during this period. As a result of a large amount of replaced air volume and high 

CO2 concentrations, watering caused a large increase in soil CO2 fluxes during the watering process. The water-air replacement 

effect was confirmed as the main pathway of water induced CO2 pulse emission during the watering process, and its 

contribution was estimated as 50.2%-60.2% of total CO2 fluxes. The current results would help to understand the mechanism 

of water-induced pulse CO2 fluxes, and to accurately estimate CO2 emission from soil under the changing environment with 

more frequent rainfall or irrigation. 
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2004; Luo and Zhou 2006; Maranon-Jimenez et al., 2011; 

Kim et al., 2012; Wang et al., 1998) . It is well known that 

soil is a porous medium composed of solid, liquid and air 

phases. The proportion of liquid or gas in soil pore space is in 

constantly change, which means that water will squeeze the 

gas out from soil (Wang et al., 1998). The soil air is rich in 

CO2 and other trace gases (e.g. N2O and CH4) (Reicosky et 

al., 2008; Wang et al., 2013), which will cause a potential 

greenhouse gases fluxes when soil air is squeezed out from 

the soil. Liu et al thought that water-air replacement plays an 

important role in the pulse CO2 fluxes following 10 and 50 

mm water addition (Liu et al., 2002). Similarly, Marañón-

Jiménez et al found CO2 fluxes from a post-fire soil decreased 

rapidly after watering, and concluded that degasification is the 

main reason for why peak CO2 fluxes appeared immediately 

after water additions (Maranon-Jimenez et al., 2011). 

However, the degasification occurs mainly during water 

infiltration, and it is a pity that they didn’t measure the CO2 

fluxes during water infiltration process.  

On a long temporal-scale (seasonal or annual), almost all CO2 

emitted naturally from soil produced by soil microbial 

respiration, and CO2 produced in the soil will mostly emit to 

atmosphere (Maier et al., 2011). However, on a short 

temporal-scale (hourly or daily), with the external 

environment changes such as precipitation, irrigation, 

temperature change, air pressure disturbance, changes in the 

amount of CO2 in soil pore-space will significantly affect the 

CO2 fluxes (Hirsch et al., 2004; Flechard et al., 2007; Maier 

et al., 2010; Maier et al., 2011) . The CO2 fluxes measured by 

different techniques generally include both soil respiration 

and rapid changes in soil air CO2 storage, the contributions of 

the two, however, was not identified. 

During an intense precipitation or irrigation event, taking 

water entering soil as a start point, the contribution of the soil 

water-air replacement and water-induced microbial 

respiration to the CO2 fluxes pulse remains unclear. Previous 

published studies have not elaborated on the fluxes 

measurements during water entering soil in much detail, and 

several researches addressed on this topic by inferring the 

possible causes of fluxes pulse based on their results. 

Therefore, the contribution of the water-air replacement to the 

fluxes pulse has not been examined directly. Liu et al once 

suggested that a laboratory experiment with sealed soil boxes 

should be done in future to investigate water-air replacement 

effect directly in his prospect (Liu et al., 2002). 

In current study, we designed an apparatus to observe the 

dynamic pattern of emitted soil air during water infiltration in 

a laboratory experiment, as well as the CO2 concentrations in 

soil air. The aim of this study is to quantify the soil air volume 

replaced by watering, to characterize dynamic change of CO2 

concentrations in replaced soil air, and to evaluate the 

contribution of the water-air replacement effect and the 

response of soil microbial respiration to the water-induced 

CO2 pulse fluxes during watering process. 

MATERIALS AND METHODS 

 

Soil properties: The study was conducted on soils collected 

from a vegetable farmland at the suburbs of Nanjing in May 

2016. Soils were air-dried for 2 weeks and ground by a 

hammer mill, then sieved by the 2mm mesh to remove plant 

residues and other coarse fragments. The soils were mixed 

and homogenized, and then were packed into the cylindrical 

soil boxes (Diameter=30 cm, Height=40 cm) with the bulk 

density of 1.25 g cm-3 for the surface 0-10 cm depths and 1.30 

g cm-3 for the 10-40 cm depths. Soil moisture was measured 

as 7.1% (v/v) before it was packed into the soil boxes. Soil 

organic carbon content, total nitrogen, total phosphorus and 

soil pH are 18.2 g C kg-1, 1.4 g N kg-1, 0.3 P2O5 g kg-1 and 

6.85, respectively. 

Experimental design: To quantify the gas volume and its CO2 

flux caused by water-air replacement during water infiltration 

process, a soil box and a gas sampling device were designed 

(Fig.1). 

 
Figure 1. Layout of the experimental device (Static 

chamber for diffusive flux measurement prior or 

after watering). 

 

The soil boxes were bottom sealed, and top covered by a 

plexiglass plate equipped with O ring rubber gasket which 

was connected to the soil box tightly by four screws through 

the flange. There was 2 cm head space between the soil 

surface and the cover plate, which was designed to store the 

ponding water during infiltration. Over the cover plate, there 

were two holes, one was connected to a water supply tank 
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through water supply pipe, another one was connected to the 

gas sampling bag by a gas collection pipe. Four water levels, 

namely 30, 50, 70 and 90 mm (named as SW1, SW2, SW3 

and SW4), were conducted with three replicates. Water was 

supplied to each of the soil boxes at room temperature. During 

the watering process, the flow rate was carefully managed to 

avoid the ponding water depth exceeding the head space and 

entering the gas collection pipe.  

Gas collection and CO2 fluxes calculation: During the 

watering process, all the air replaced by water from each soil 

box were collected completely every 3 minutes using the 1000 

mL gas sampling bag (Dlian Delin, China) connected to the 

gas collection pipe. The gas sampling bags are soft enough to 

let the air into freely and smoothly without any pressure. At 

the end of each sampling, the valve on the gas collection pipe 

was closed and gas sample was sealed in the sampling bag, 

then another bag was connected to the pipe to collect the next 

sample. The volumes of gas sample were determined 

carefully by a glass syringe (volume=100 ml; accuracy= 2 

ml). The ambient atmospheric temperature was recorded 

during the volume measurement. CO2 concentrations were 

analyzed within 48 hours after sampling by using a gas 

chromatograph system (Agilent 7890A, California, USA). 

CO2 fluxes caused by water-gas replacement were calculated 

by multiplying the air volume with the CO2 concentration. 

𝑭 =
𝝆×𝒗×𝑸

𝑨×𝒕
×

𝟐𝟕𝟑

𝟐𝟕𝟑+𝑻
                      1 

Where 𝐹 is the CO2 emission fluxes (mg CO2 m−2 h−1), 𝜌 is 

the CO2 density at the standard state (𝜌 = 1.963 kg m-3), 𝑣 is 

the CO2 concentrations (ppmv), 𝑄 is the volume (L) of gas 

sample during a sampling interval of 3 minutes, 𝐴 is the cross-

sectional area of the soil box (m2), and 𝑇 (°C) is the ambient 

temperature during gas volume measurement. 

Half hour before watering soil respiration rates in dry soil 

(R1) were measured by the static chamber method, and half 

hour after watering the rates in wet soil (R2) were measured 

again using the same method. The static chamber 

(Diameter=30 cm, Height=40 cm) was connected to the soil 

box by screws through the flange. Soil respiration rates were 

calculated by the following equation based on the linear 

increase rate of CO2 concentrations (Hou et al., 2016) : 

𝑅 =  𝜌 × ℎ ×
273

273+𝑇𝑐
×

𝑑𝐶

𝑑𝑡
            2 

Where 𝑇𝑐  is the temperature inside the chamber, ℎ  is the 

height of chamber (m), and 
𝑑𝐶

𝑑𝑡
 is the linear increase in CO2 

concentrations (ppmv h-1). We supposed that there is a linear 

increase in soil respiration from R1 to R2. The contribution of 

water-air replacement effect ( 𝑃 ) to the CO2 Flux during 

watering was estimated by the following equation: 

𝑃 =
(𝑛+1)×(𝑅1+𝑅2)

2×(𝑅1+∑ 𝐹𝑖)𝑛
𝑖=1

                       3 

Where 𝑛 is the number of soil air collection during watering 

(n = 5, 10, 15 and 22 for SW1, SW2, SW3 and SW4 treatment, 

respectively). 

Statistical analysis: The differences of CO2 emissions from 

different watering treatments and different observation 

periods were analyzed using a one-way ANOVA analysis and 

post hoc Fisher’s LSD tests. Statistical analysis was 

performed using the statistical software SPSS 22.0 (IBM 

SPSS Statistics, Chicago, USA). 

 

RESULTS AND DISCUSSION 

 

Air volume by water-air replacement: During the watering 

process, the water infiltration rates were large in the first 3 

minutes (2.6-2.8mm min-1) and dropped by 44.3%-50.0% in 

the subsequent 15 minutes. Then, the infiltration rates reduced 

slowly to the minimum of 0.9-1.1mm min-1 at the end of the 

watering (Fig.2). Soil is a mixture of solid, water and air, and 

the solid is almost incompressible during the watering 

process. The increase in soil water will theoretically replace 

out the same volume of soil air if air can ventilate freely. The 

air volume emitted out from the soil varied in similar pattern 

to water infiltration rate, and it was mostly slightly lower than 

the infiltration rate during the same period (Fig.2). The reason 

is that some air might be entrapped in soil pores when the 

surface soil was saturated (Wang et al., 1998; Snehota et al., 

2010). The ratios of emitted air volumes to water infiltration 

volumes were 0.89-0.93 in four treatments 

 
Figure 2. The dynamics of water infiltration rate and the 

soil air emitted from SW1, SW2, SW3 and SW4 

treatment. SW1, SW2, SW3 and SW4 represent the 

surface watering amount for 30mm, 50mm, 70mm and 

90mm, respectively. Error bars indicate standard 

deviation (n = 3) of mean. 

 

CO2 concentrations in air samples: These CO2 

concentrations in air samples emitted from the soil were 
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significantly higher than that in the ambient air (about 412 

ppmv in current research) (Fig. 3). In the first 3 minutes, the 

collected gas CO2 concentrations were 1.68-2.16 times of that 

in the ambient air. Along with the time, CO2 concentrations 

increased gradually during watering process. By the end of 

watering, the CO2 concentrations were as high as 4.91-12.82 

times of that in the ambient air. Furthermore, the CO2 

concentrations increased more sharply after 24 min since 

initial watering (at the rate of 144, 111.4 and 83.8 ppmv min-1 

for SW2, SW3 and SW4) than before (37.7-65.7 ppmv min-1).  

   

 
Figure 3. CO2 concentrations in the soil air emitted during 

water process. Error bars indicate standard deviation 

(n = 3) of mean. 

 

Water-induced CO2 pulse fluxes: Fluxes of soil CO2 emitted 

by water-air replacement during watering were calculated by 

Equation 2 based on the air volume (in Fig. 2) and CO2 

concentrations (in Fig. 3). For all treatments, air volume 

emitted from the soil decreased along with the time within the 

first 9 minutes since initial watering (Fig. 2), as a result the 

CO2 fluxes decreased (Fig. 4) although the CO2 

concentrations in the air samples increased (Fig. 3). Then the 

fluxes increased slightly before a sharp increase was found 

from 24th to 33th minute since soil initial wetting in SW2, 

SW3 and SW4. The abruptly increase in CO2 fluxes were 

observed during the 24th-33th minute (Fig. 3). The mean CO2 

fluxes from four treatments during watering increased with 

the amount of water infiltration, and the difference is 

significant at p<0.05. The mean soil CO2 fluxes during 

watering were significantly higher than those in dry or wet 

soils(p<0.01), 4.7, 6.0, 7.3 and 6.8 times the soil respiration 

rate of dry soil (pre-watering) for SW1, SW2, SW3, SW4, and 

1.7, 1.2, 1.7 and 2.0 times that the rate of wet soil. It suggested 

that soil water-air replacement effect play a significant role in 

the soil CO2 emissions during watering, and its contribution 

to the soil CO2 fluxes is non-ignorable.  

 
Figure 4. CO2 fluxes from different treatments at different 

observation periods. The line graphs represent the 

dynamics of the CO2 fluxes for four treatments during the 

watering process, and the bars represent soil respiration 

rates from dry soil (pre-watering) and wet soil (after 

watering) for every treatment. Error bars indicate 

standard deviation (n=3) of mean. Different lowercase 

letters above the error bars indicate a significant 

difference (P<0.05). 

 

The effect of water-air replacement: The pore space in soil 

is filled with liquid water or air. The infiltration of water into 

unsaturated soil is essentially a process of replacement 

between air and water in such a porous medium (Wang et al., 

1997). In our study, we collected the soil air emitted by water-

air replacement continuously from sealed soil boxes and 

measured its volume. During the watering process with 

different water depth, considerable soil air (89%-93% of 

water infiltration volume) was replaced out. Furthermore, the 

rate of gas extrusion was proportion to water infiltration rate, 

thus soil water-air replacement caused a considerable volume 

of soil air emissions although a small amount of gas is 

entrapped and compressed in soil pores.  

As a result of large volume of soil air emitted form soil, a 

considerable CO2 fluxes pulse caused by water-air 

replacement was observed during watering process. During 

the first 9 minutes of watering, the CO2 fluxes of four 

treatments were much higher than that in the dry soil, up to 

about 200 mg CO2 m−2 h−1. Similar phenomenon was 

occasionally reported either in situ measurement or in 

incubation experiment. For example, Yang occasionally 

found CO2 flux during rainfall in an old aspen forest, 

measured by using eddy covariance technique, was 1.1-1.4 

times of the estimated CO2 flux (based on soil temperature 

and wind function), and thought it was partly attributed to 

water-air replacement effect (Yang 1998). Based on daily 

measurement by chamber method，Liu et al found peak soil 

CO2 fluxes since water additions, and thought the reason is 

that soil air with high CO2 concentrations was replaced out 
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form the soil by infiltration water (Liu et al., 2002). Using the 

same measuring method, Lee et al also found 1.2-2.5 times 

increase in CO2 fluxes compared to that before the irrigation 

at a forest floor with the O horizon of 6.8 cm thickness (Lee 

et al., 2004). They tend to support the existence of soil water-

air replacement (termed as exhaust effect), and estimated that 

a watering rate of 12-24 mm h-1 would result in 63.4-126.7 mg 

CO2 m-2 h-1 CO2 flux by assuming the mean soil air CO2 

concentration is 3000 ppm in the top 20 cm soil layer (Oishi 

and Lee, 2002). On the opposite, Jassal et al found an 

immediate decrease in CO2 fluxes after rainfall events, and 

thought water replacement effect does not exist (Jassal et al., 

2005). However, according to the dynamic of the fluxes data 

in their paper, there seems to be a fluxes pulse at the beginning 

of rainfall (it is difficult to determine the chronological order 

between pulse and rainfall due to its short temporal 

resolution). If the pulse occurred during water infiltration 

since rainfall started, we believe that their data supported the 

existence of soil water-air replacement effect.  

Rapid response of soil microbial activities to watering: The 

rapid response of soil microbial respiration to rewetting on 

dry soil was strongly supported by the existence of birch 

effect (Birch 1958). In soil with extremely low soil moisture, 

the surviving soil microbes were in a high status of 

imperturbation, which was known as metabolic alertness 

(Nobili et al., 2001). Watering ameliorated the soil conditions 

and reinstate the microbial activity and their high respiration 

rate. Meanwhile, more easily available energy and 

decomposable C were released from the dead microbes 

(Gestel et al., 1991) or the organic colloids (Birch 1959), 

which offered more available substrates for surviving 

microbes which favored the soil respiration. Furthermore, the 

enzymes derived from the debris of dead cells may be a 

potential factor of high CO2 production (Fraser et al., 2016). 

In current study, the response time of soil microbial 

respiration to rewetting was estimated as about 9 minutes. 

Yet, the response time of soil microbial respiration to 

rewetting was influenced by the length of soil dried time, and 

a long-term dried soil resulted in a delay in soil CO2 flux 

response to soil watering than short-term dried soil. The 

experimental soil was dried for about a month before 

watering, the response time might be longer if the soil was 

dried for a much long time. 

The CO2 concentrations in the collected soil air samples 

increased continuously with time (as high as 4,753 ppmv at 

the end of watering in SW4). But the increase rate in CO2 

concentrations was disproportionate throughout the watering 

process, with the average increase rates during 24-36 minute 

after initial watering 3.1-4.1 times higher than that during the 

first 24 minutes. Vertical CO2 concentration profiles in soil 

pores were reported increased linearly (Tang et al., 2003; 

Davidson et al., 2006), which could not explain the rapid 

increase in CO2 concentrations. Thus, it implied that soil 

microbial respiration response to the soil watering during this 

period. As an evidence, Xu et al observed a fast and nonlinear 

increase in CO2 concentration of three soil layers in the first 

two hours since a rainfall event by continuous sensor 

measurement, and the increase rate in the third half-hour was 

about 38 times higher than that in the first hour in soil 2 cm 

beneath surface (Xu et al., 2004). 

Well-aerated soil with air-filled pores contain high 

concentrations of CO2 that is much higher than atmospheric 

CO2 (Hirano et al., 2003; Jassal et al., 2004; Luo and Zhou 

2006; Wang et al., 2014). In current study, CO2 

concentrations in air emitted from soil pore space during 

watering ranged from 755-1,120 ppmv in the first 9 minutes. 

In fact，these experimental soils had very low soil moisture 

content (7.1% v/v ) before watering, and the CO2 

concentrations in soil pore space , were relatively low . If the 

soil initial moisture is at a relative high level, CO2 

concentrations in the soil pore space would be much higher 

(Pumpanen et al., 2003; Xu et al., 2004; Jassal et al., 2005; 

Flechard et al., 2007; Wang et al., 2014).  

The contribution of water-air replacement effect to CO2 

fluxes: We believe the enhanced soil CO2 fluxes were 

attributed to both physically replacement of CO2-enriched air 

during watering and soil microbiological response to soil 

moisture increases. In current research, soil CO2 fluxes during 

watering were much higher than CO2 fluxes in pre-watering, 

and these fluxes decreased along with time during the first 9 

minutes since the initial of watering. The water-air 

replacement effect is the fast and transient response, and it is 

almost simultaneous to water infiltration (Liu et al., 2002). 

The soil CO2 fluxes during the first 9 minutes was mostly 

attributed to the water-air replacement effect, which was 

confirmed by the fact that the fluxes were decreased along 

with the reduction of air emitted volume. And then the fluxes 

increased gradually before a sudden increase at 24th mins 

after initial of watering, and the increase was mainly 

dominated by rapidly microbial response to wetting, which 

was manifested in a continuous and fast increase in CO2 

concentrations in emitted soil air samples with time.  

The CO2 fluxes caused by water-air replacement accounted 

for 5.5%-53.3% of the fluxes increment in an incubation 

experiment (Lee et al., 2004), was a considerable proportion 

but was ignored in most studies. Using the sealed soil columns 

test devices, we measured the dynamics of emitted air volume 

and its CO2 concentrations, and the CO2 fluxes caused by the 

water-air replacement effect were about 50.2%-60.2% of the 

flux increments during watering. The current results indicated 

that the contribution of water-air replacement to CO2 fluxes 

pulse was slightly greater than that of rapidly increased soil 

microbial respiration. However, the results were obtained in 

an extremely dry soil, which means that there were very low 

CO2 concentrations in soil pore space and extremely fast 

response time of soil microbes. If soil moisture is at a high 

and suitable level for soil microbes, the CO2 concentrations in 

soil pore space will be much higher than that in dry soil, and 
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the response of soil microbial respiration to water will be less 

intense. In the high soil moisture case, the contribution of 

water-air replacement effect to CO2 fluxes will have an even 

larger proportion during rainfall and irrigation events. Thus, 

the CO2 fluxes derived from soil water-air replacement effect 

response in a direct and instantaneous way account for a large 

proportion in water induce pulse soil CO2 flux, but was 

overlooked in previous studies. 

 

Conclusion: In this study, gas extrusion rate was found 

proportional to water infiltration rate, which means that water 

infiltration resulted in considerable volume of soil air 

emission by water-air replace effect. CO2 concentrations in 

emitted soil air, which was much higher than ambient 

atmospheric CO2 concentration, increased more rapidly in 

later period the former after initial of watering. That results in 

large CO2 flux during watering process, and much higher CO2 

fluxes during 22-36 minutes after initial watering. It indicated 

that water induce high pulse CO2 fluxes during watering, and 

the pulse CO2 flux was the result of combined action of soil 

water-air replacement effect and water-enhanced soil 

microbial respiration, with the contribution of water-air 

replacement effect estimated as 50.2%-60.2%. Thus, the 

water induce high pulse CO2 fluxes should be addressed on 

for soils under changing environment with more frequent 

wetting-drying cycles, and the contribution of water-air 

replacement effect could never be neglected. 
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