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Abstract: Soil water potential (Ψ) controls the dynamics of water in soils and can therefore 

affect greenhouse gas fluxes. We examined the relationship between soil moisture content (θ) at 

five different levels of water potential (Ψ = 0, −0.05, −0.1, −0.33 and −15 bar) and greenhouse 

gas (carbon dioxide, CO2; nitrous oxide, N2O and methane, CH4) fluxes. The study was 

conducted in 2011 in a silt loam soil at Freeman farm of Lincoln University. Soil samples were 

collected at two depths: 0–10 and 10–20 cm and their bulk densities were measured. Samples 

were later saturated then brought into a pressure plate for measurements of Ψ and θ. Soil air 

samples for greenhouse gas flux analyses were collected using static and vented chambers,  

30 cm in height and 20 cm in diameter. Determination of CO2, CH4 and N2O concentrations 

from soil air samples were done using a Shimadzu Gas Chromatograph (GC-14). Results 

showed that there were significant correlations between greenhouse gas fluxes and θ held at 

various Ψ in the 0–10 cm depth of soil group. For instance, θ at Ψ = 0 positively correlated with 

measured CO2 (p = 0.0043, r = 0.49), N2O (p = 0.0020, r = 0.64) and negatively correlated 

with CH4 (p = 0.0125, r = −0.44) fluxes. Regression analysis showed that 24%, 41% and 

19% of changes in CO2, N2O and CH4 fluxes, respectively, were due to θ at Ψ = 0 (p < 0.05). 

This study stresses the need to monitor soil water potential when monitoring greenhouse  

gas fluxes. 
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1. Introduction 

Agriculture is a significant source of carbon dioxide (CO2), nitrous oxide (N2O) and methane (CH4) 

and the contribution to the emissions of these gases mainly depend on agricultural management practices 

(e.g., fertilizer applications, methods of irrigation, tillage, manure applications, crop cultivation, burning 

crop residues, etc.) [1–3]. Agricultural soils can constitute either as a net source or sink of these 

greenhouse gases (GHG) [4,5]. In fact, the production and emissions of CO2, CH4 and N2O are all 

affected by soil temperature and moisture, which in turn are influenced by soil and crop management 

practices [6–10]. The water status in soils is characterized by the amount of water present, known as soil 

water content (SWC, θ) and as a function of its energy state, called as soil water potential (SWP, Ψ) [11]. 

Several authors have found significant correlation between soil water and GHG fluxes [12,13]. Other 

authors have suggested that GHG fluxes are greater at certain levels of water in the soil and decline as 

water content declines [12,14]. Unfortunately, there are only few studies relating soil water content and 

its energy state (water potential) to GHG fluxes [15]. The objective of this study was, therefore, to assess 

the relationship between soil moisture (θ) held at five different levels of water potential (Ψ = 0, −0.05, 

−0.1, −0.33 and −15 bar) and CO2, N2O and CH4 fluxes. 

2. Experimental Section 

2.1. Experimental Field 

The experiment was conducted in 2011 at the Freeman farm at Lincoln University, Jefferson City, 

Missouri, USA. The coordinates of the experimental site are 38°34′55.8′′N and 92°06′26.9′′W.  

The soil of experimental site is a Waldron silt loam (Fine, smectitic, calcareous, mesic Aeric 

Fluvaquents) with an average slope of 2%. The average annual precipitation for the previous 20  years 

was 1037 mm and the average two-year temperatures during the growing season of May, June, July, 

August, and September were 19.2 °C, 24.5 °C, 29 °C, 25.4 °C, 19 °C and 13.7 °C, respectively.  

Forty-eight plots, 21.34 m in length by 12.19 m in width each were established in a 4.05 ha field planted 

with corn (Zea mays) and soybean (Glycine max). Plots were arranged in a three-factor factorial design 

with three replications. The three factors (treatments) were tillage at two levels (no-tillage vs. 

conventional tillage), cover crop at two levels (no-rye vs. rye) and rotation at four levels (continuous corn, 

continuous soybean, corn-soybean and soybean-corn rotations). Corn and soybean were planted in May 

2011 and harvested in late October 2011. Rye (Secale cereale) was planted in 12 plots of both corn and 

soybean, immediately after harvest. Since Rye was planted in October 2011 and harvested in May 2012, 

its effects could be studied only in the growing of 2012, as was therefore not part of this study. In 

addition, although described above, in this multi-year investigation (2011–2015), the corn to soybean 

and soybean to corn rotation treatments only started in 2012, and are therefore not reported in this paper. 

All corn and soybean plots received 26 kg N, 67 kg P2O5, and 67 kg K2O/ha. However, the corn plots 

received an additional 202 kg N/ha from urea. 
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2.2. Soil Air Sampling and CO2, CH4 and N2O Measurements 

Soil samples were collected at two depths (0–10 and 10–20 cm) at three locations (replicates) near 

each gas-sampling chamber (described below) in each of the 48 plots. A core sampler of 10 cm in 

diameter and 4.9 cm in height was used, giving a sampling volume of 384.65 cm3. A total of 288 samples 

(3 locations per plot × 2 depths × 48 plots). Soil samples were collected after planting and full emergence 

of the seeds. After collection, the fresh weights of two replicates of soil samples were recorded, then samples 

were put in an oven to be dried at 105 °C for 72 h. After drying, soil physical properties, such as 

volumetric water content, bulk density and total pore space, were determined. The relationship between 

these properties and field management factors was previously examined [16]. The other replicate of soil 

samples was saturated and then subjected to measurements of moisture (θ) at various matric potential 

(Ψ) using a pressure plate apparatus as described in [17]. Soil moisture was measured at the following 

matric potentials: 0, −0.05, −0.1, −0.33 and −15 bar. 

Soil air samples for analysis of CO2, CH4 and N2O were collected on the same day while collecting 

soil samples. Static and vented chambers, 30 cm in height and 20 cm in diameter made of polyvinyl 

(PVC) were installed in each of the plot for a total of 48 chambers. The apparatus for measuring these 

gases and the conversion of gas concentrations to fluxes was described in [18]. 

2.3. Statistical Analysis 

Statistix 9.0 statistical software was used to generate a summary of simple statistics, as well as 

correlation and regression analyses. 

3. Results and Discussion 

3.1. Summary Statistics for Soil Moisture at Different Matric Potentials 

The matric potential has been a useful way to describe the availability of soil water and the ability of 

plants to extract it. The magnitude of matric potential depends on soil water content, the size of soil 

pores, the surface properties of soil particles, and the surface tension of soil water [19]. 

Table 1 shows soil moisture content determined at five different matric potentials (Ψm = 0, −0.05, 

−0.1, −0.33 and −15 bar). The values of matric potential range from zero, when the soil is saturated, to 

increasingly negative values, as the soil becomes drier [20]. In magnitude, a large difference was found 

in soil moisture content between matric potentials 0 and −0.05 bar, as showed by soil moisture content 

levels of 0.33 and 0.21 m3m−3, respectively. 

3.2. Summary Statistics for Measured Soil GHG Fluxes 

Table 2 shows that CO2 flux from experimental plots ranged from 318.05 to 764.78 mg C-CO2 

m−2·h−1 during the study period. The mean was 477.83 with a median of 462.37 mg C-CO2 m−2·h−1.  

The closeness between the mean and median values suggests that CO2 distribution approached 

normality. Nitrous oxide (N2O) flux ranged from −108.49 to 285.81 μg N-N2O m−2·h−1. CH4 flux ranged 

from −315.26 to 751.47 μg C-CH4 m−2·h−1. Similarly to N2O, the flux data from individual plots show 



Climate 2015, 3 692 

 

 

both uptake and emission of CH4 during different sampling periods. However, the average flux was very 

low, 16.82 μg C-CH4 m−2·h−1. 

Table 1. Descriptive statistics for soil moisture (θ, m3m−3) at five different matric potentials. 

Statistics Ψm = 0 Ψm = −0.05 Ψm = −0.1 Ψm = −0.33 Ψm = −15 

Mean 0.33 0.21 0.13 0.12 0.09 

SD 0.07 0.04 0.01 0.01 0.02 

C.V. 21.86 21.61 9.25 8.61 18.47 

Minimum 0.18 0.11 0.10 0.09 0.06 

Median 0.34 0.21 0.13 0.12 0.09 

Maximum 0.45 0.31 0.16 0.14 0.12 

Skew −0.33 −0.12 −0.09 0.39 0.07 

Kurtosis −1.09 0.71 −0.39 0.30 −1.40 

Table 2. Descriptive statistics for CO2, N2O and CH4 fluxes in 2011. 

Statistics CO2 (mg C-CO2 m
−2·h−1 ) N2O (μg N-N2O m−2·h−1) CH4 (μg C-CH4 m

−2·h−1) 

Mean 477.83 21.02 16.82 

SD 125.67 100.87 292.21 

C.V. 26.30 479.85 1737.10 

Minimum 318.05 −108.49 −315.27 

Median 462.37 −15.65 −110.04 

Maximum 764.78 285.82 751.47 

Skew 0.94 1.04 1.07 

Kurtosis 0.03 0.45 0.20 

The negative values of N2O suggest that there was an uptake or consumption of N2O flux during this 

investigation. Net N2O consumption has been measured under various conditions, from the tropics to 

temperate areas, and in natural and agricultural systems. Low mineral N and large moisture contents 

have sometimes been found to favor N2O consumption. This fits in with denitrification as the responsible 

process, reducing N2O to N2. However, it has also been reported that nitrifiers consume N2O in nitrifier 

denitrification. A combination of various processes can explain the wide range of conditions found to 

allow N2O consumption, ranging from low to high temperatures, wet to dry soils, and fertilized to 

unfertilized plots. Generally, conditions interfering with N2O diffusion in the soil seem to enhance N2O 

consumption [21]. However, the factors regulating N2O consumption are not yet well understood and 

merit further study. 

3.3. Relation between Soil Moisture and GHG Fluxes 

Results showed that when the matric potential (Ψ) was close to 0 bar, i.e., saturated conditions at the 

0–10 cm depth, soil moisture was positively correlated with CO2 (p = 0.0043, r = 0.49) and N2O  

(p = 0.0020, r = 0.64) fluxes, but negatively correlated with CH4 (p = 0.0125, r = −0.44) fluxes. Similarly, 

we found that there was a significant correlation between CO2 fluxes and Ψ = −0.05 bar  

(p = 0.05, r = 0.47). The relationship between soil moisture held at matric potential close to zero and 
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GHG fluxes was more apparent for N2O, as demonstrated in Figure 1, which shows a positive correlation 

between N2O fluxes and θ at Ψm = 0 bar (p = 0.0020, r = 0.64). 

 

Figure 1. Correlation between soil moisture held at Ψ = 0 and N2O fluxes. 

The figure suggests that when soil moisture content is higher, it accelerates soil microbial activity and 

root respiratory activity [22] resulting in more N2O emissions. Similarly, the greater the soil moisture 

content, the greater the N2O emissions will be, because both the nitrification and denitrification processes 

are influenced by moisture [23]. Methane (CH4) flux also varied from uptake to emissions. In fact, CH4 

is formed in soils by the microbial breakdown of organic compounds in strictly anaerobic conditions, at 

a very low redox potential [24]. However, there is also some evidence that nitrifiers can also oxidize 

CH4 [25] and, hence, NH4
+ competes at the enzyme’s active site, inhibiting CH4 emissions. 

Table 3. Linear regression analysis (Y = a + b x) between soil moisture held at five different 

levels of matric potential and greenhouse gases fluxes. 

Y X A B F p R2 

CO2 Ψm = 0 95.719 1800.780 9.530 0.004 0.241 

 Ψm = −0.05 316.975 1323.160 7.420 0.011 0.230 

 Ψm = −0.1 660.242 −1446.240 0.570 0.455 0.019 

 Ψm = −0.03 692.787 −1891.690 0.420 0.520 0.014 

 Ψm = −15 754.336 −2589.960 0.550 0.463 0.050 

N2O Ψm = 0 −277.910 1535.410 20.810 0.000 0.410 

 Ψm = −0.05 −462.235 2259.790 1.280 0.267 0.041 

 Ψm = −0.1 106.962 −681.353 0.200 0.662 0.007 

 Ψm = −0.33 90.396 −610.499 0.070 0.796 0.245 

 Ψm = −15 24.162 −29.411 0.000 0.992 0.000 

CH4 Ψm = 0 2391.670 −7649.010 7.050 0.013 0.190 

 Ψm = −0.05 90.330 −370.831 0.180 0.672 0.071 

 Ψm = − 0.1 −810.305 6557.660 2.300 0.140 0.071 

 Ψm = −0.33 −669.196 6037.050 0.810 0.375 0.026 

 Ψm = −15 −1247.560 11842.900 2.260 0.143 0.070 

N2O  = 1535.40 0 -277.91

r = 0.64
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Table 3 shows the results of a linear regression analysis between GHG fluxes and soil moisture held 

at 5 different matric potentials. The results suggest that CO2 emissions were controlled by soil moisture 

when it was held at Ψ = 0 and Ψ = −0.05. Twenty-four percent of changes in CO2 emissions were due 

to soil moisture being held at Ψ = 0 while 23% of changes in CO2 emissions were due to soil moisture 

being held at Ψ = −0.05. For N2O and CH4, however, 41% and 19% of changes in these two gas fluxes 

were due to soil moisture being held at Ψ = 0. 

4. Conclusions 

The study indicates that soils that had higher water content near saturation (matric potentials close to 

zero) had higher measured CO2 and N2O emissions and higher CH4 uptake, whereas water content under 

dry conditions (low matric potentials) was less variable and did not show significant correlations with 

GHG emissions. Since soil moisture availability is controlled by the matric potential at which this water is 

held, this study stresses the need to monitor soil water potential when monitoring greenhouse gases fluxes. 
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