Journal of Ecology and Environment© The Author(s) 2017
https://doi.org/10.1186/s41610-017-0056-x

Research

Effect of rainfall events on soil carbon flux in mountain pastures

Seok-Hee Jeong1  , Ji-Young Eom1  , Jae-ho Lee2   and Jae-Seok Lee1  
(1)Department of Biological Science, Konkuk University, Seoul, South Korea

(2)Division of Ecosystem Service & Research Planning, National Institute of Ecology, Choongnam, South Korea

 

 
Seok-Hee Jeong
Email: jsh4369@nate.com

 
Ji-Young Eom
Email: ejy0907@naver.com

 
Jae-ho Lee
Email: jhlee14@nie.re.kr

 
Jae-Seok Lee (Corresponding author)
Email: jaeseok@konkuk.ac.kr



Received: 22 June 2017Accepted: 27 October 2017Published online: 17 November 2017
Abstract
Background
Large-scale land-use change is being caused by various socioeconomic problems. Land-use change is necessarily accompanied by changes in the regional carbon balance in terrestrial ecosystems and affects climate change. Therefore, it is crucial to understand the correlation between environmental factors altered by land-use change and the carbon balance. To address this issue, we studied the characteristics of soil carbon flux and soil moisture content related to rainfall events in mountain pastures converted from deciduous forest in Korea.

Results
The average soil moisture contents (SMC) during the study period were 23.1% in the soil respiration (SR) plot and 25.2% in the heterotrophic respiration (HR) plot. The average SMC was increased to 2.1 and 1.1% in the SR and HR plots after rainfall events, respectively. In addition, saturated water content was 29.36% in this grassland. The soil water content was saturated under the consistent rainfall of more than 5 mm h−1 rather than short-term heavy rainfall event. The average SR was increased to 28.4% after a rainfall event, but the average HR was decreased to 70.1%. The correlation between soil carbon flux rates and rainfall was lower than other environmental factors. The correlation between SMC and soil carbon flux rates was low. However, HR exhibited a tendency to be decreased when SMC was 24.5%. In addition, the correlation between soil temperature and respiration rate was significant.

Conclusions
In a mountain pasture ecosystem, rainfall induced the important change of soil moisture content related to respiration in soil. SR and HR were very sensitive to change of SMC in soil surface layer about 0–10-cm depth. SR was increased by elevation of SMC due to a rainfall event, and the result was assumed from maintaining moderate soil moisture content for respiration in microorganism and plant root. However, HR was decreased in long-time saturated condition of soil moisture content. Root has obviously contributed to high respiration in heavy rainfall, but it was affected to quick depression in respiration under low rainfall. The difference of SMC due to rainfall event was causative of a highly fluctuated soil respiration rate in the same soil temperature condition. Therefore, rainfall factor or SMC are to be considered in predicting the soil carbon flux of grassland ecosystems for future climate change.
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Background
In the carbon cycle in terrestrial ecosystems, carbon is fixed by photosynthesis from the atmosphere, and the fixed carbon is returned to the atmosphere by the respiration of plants (autotrophic respiration (AR)), although some is absorbed into the soil. The carbon is stored in the soil, and it is released back into the atmosphere by soil respiration (SR), which includes plant root respiration (RR) and heterotrophic respiration (HR) (Hanson et al. 2000). The carbon cycle is a common process in terrestrial ecosystems; however, the amount and speed of carbon cycling are distinct in ecosystems. In addition, the combination of characteristics that constitute distinct climatic areas, such as boreal, temperate, and tropical, and vegetative characteristics, such as annuals, perennial herbaceous, shrubs, and trees, occasion various ecosystems. These terrestrial ecosystems have different carbon cycling characteristics, and it is necessary to understand the carbon cycle process of various ecosystems to quantify it.
Forest ecosystems are a very important part in the global carbon cycle. The study of carbon cycling in forest ecosystems has resulted in the accumulation of a variety of data, and it is still being studied by many researchers (Musselman and Fox 1991, Dixon et al. 1994, Ohashi et al. 2000, Xu et al. 2015). However, forests are rapidly changing to grasslands and agricultural lands for economic purposes in various regions (Goldewijk 2001, Foley et al. 2005). In addition, this trend is expected to continue. As a result, these changes will affect regional carbon cycle and the global carbon cycle (Houghton 1999). Therefore, it is very important to collect and understand carbon cycle data based on changes in land-use patterns.
Although forests have been converted into various forms in the mid-latitudes of Asia, the form that contributes the most to the ecosystem carbon cycle and achieves most economic objectives is the grassland. In addition, grassland ecosystems, which cover 25% of the total land area (Meyer and Turner 1994), are a very important part of the carbon cycle (Scurlock and Hal 1998). In addition, carbon accumulation in grasslands accounts for over 10% of that of all terrestrial ecosystems (Eswaran et al. 1993, Nosberger et al. 2000).
The grassland ecosystem has a different carbon cycle from that of the forest ecosystem because of new above-ground plant growth each year. The grassland ecosystem is dominated by herbaceous plants with no canopy. Thus, the grassland ecosystem is strongly affected by changes in temperature and soil moisture content caused by sunlight and rainfall (White et al. 2000). Therefore, the instability of the ecosystem is higher than that of the forest ecosystem because of the extreme changes caused by weather events, such as drought and heavy rain. The instability caused by climate change in the grassland ecosystem influences vegetation, which eventually affects the carbon cycling in the ecosystem (Haas et al. 1957, Cole et al. 1989). In addition, the total area of grassland is increasing because of social and economic problems (Lambin and Meyfroidt 2011). Without understanding the quantitative and qualitative characterization of cycling carbon in the grassland ecosystem, it will be difficult to understand and predict the global carbon cycle.
To understand the carbon cycle of the grassland ecosystem, it is necessary to understand soil carbon cycles because 98% of total carbon in grasslands is accumulated in the soil (Hungate et al. 1997). Soil carbon flux is very important in the soil carbon cycle, which is correlated with various environmental factors, such as air temperature, soil temperature, soil moisture, and vegetation (Raich and Schlesinger 1992, Davidson et al. 1998). In the soil carbon cycle, precipitation patterns, such as annual rainfall, total precipitation, and strength of rainfall, affect soil carbon flux (Sala and Lauenroth 1982, Lauenroth and Bradford 2009). A 0–5-cm depth of soil is the area with the highest soil microbial abundance and organic carbon (Parton et al. 1987) because rainfall leads to rapid soil carbon flux when there is high soil moisture content (Birch 1958, Sponseller 2007). This occurs because the soil microorganism activity promotes the decomposition of organic carbon from the soil (Bottner 1985). In addition, carbon flux occurs because of the reduction of soil porosity by abiotic processes (Huxman et al. 2004). Therefore, for the quantitative and qualitative assessment of the carbon cycle of the grassland ecosystems, it is crucial to understand the correlation between environmental factors, such as changes in precipitation and soil moisture content.
In this study, we attempt to understand the carbon cycle of mountain pastures where temperate deciduous forests dominated by Quercus were converted to pasture. Additionally, we clarified the relationship between soil carbon flux and soil moisture content associated with rainfall events. Thus, we analyzed the relationship between soil carbon flux and changes soil moisture content based on total precipitation, hourly precipitation, and precipitation duration in grassland ecosystems.

Methods
Site description
Our study was conducted in mountain pastures in Daegwallyeong, Gangwon Province (37° 68′ 52″ N, 128° 73′ 47″ E) in Korea. The study site is a mountain pasture where the study was conducted in 1956. Originally, the area was a temperate forest dominated by Quercus genus such as Quercus mongolica. The mountain pasture was dominated by Poa pratensis and Festuca ovina. Other common species included Artemisia princeps and Rumex acetosella. The site was at an altitude of 840 m, the average annual temperature for the last 30 years (1981–2010) was 6.6 °C, and the average annual rainfall was 1989 mm (Climatological Normals of Korea 2011). This study site is located in the temperate northern climate zone and middle province of floristics (Noh et al. 2013). Therefore, this is included in an alpine area with an average temperature of about 6 °C, lower than that of the lowlands, and about 135 days frostless period (Han and Kim 1993).

Measurement of environmental factor
Precipitation was measured in an open area to accurately determine the moisture in the ecosystem. Precipitation was collected with a 0.2-mm rain gauge (S-RGB-M002, Onset, USA), and data were sampled every minute and recorded at 30-min intervals with a data logger (HOBO micro station, Onset, USA).
Soil moisture content was measured at a point within 30 cm of the SR and HR measurement points to minimize spatial non-uniformity of soil and carbon flux. The soil moisture content was measured from 0- to 15-cm depth using a water content reflectometer (CS616, Campbell Scientific, USA). The soil temperature was measured at 5-cm depth with a T-type thermocouple (0.32-mm diameter, Suzuden, Japan). Data consisted of a measurement every 10 s, and data were recorded every 2 min by the data logger (CR1000, Campbell Scientific, USA).

Measurement of soil carbon flux
Measurement plot of 15 m × 10 m was installed in mountain pasture plots. And area of 7 m × 1 m was selected for measuring soil respiration and three chambers were installed. Also, three trenched plots were set near the soil respiration measurement plot about 1 m away from, and three heterotrophic respiration measurement chambers were installed. We used the applied automatic opening and closing chamber (AOCC) system (Suh et al. 2006) based on open-flow method to measure soil carbon flux. The AOCC system was consisted of three parts: chamber, pump, and controller. The chamber has a motor for regulating the opening and closing of the chamber. The chambers were designed to be 9.5 cm above the ground. Six chambers for three SR and three HR were installed in the soil carbon flux measurement plot, which automatically opened and closed sequentially for 10 min. The pump circulated the air in the closed circuit space. In a closed dynamic chamber (CDC) method, carbon dioxide (CO2) concentration in the closed space is measured by IRGA (Li-840, Li-Cor. USA). To calculate SR and HR, raw data of CO2 concentration were collected every 2 min by the data logger (CR1000, Campbell Scientific, Logan, UT). ncreasing rates of CO2 concentration per unit time were calculated. And these variables were used to calculate the soil carbon release rate based on[image: $$ \mathrm{SR}\left(\mathrm{mg}\ {\mathrm{CO}}_2{\mathrm{m}}^{-2}\ {\mathrm{h}}^{-1}\right)= a\rho {VA}^{-1}, $$]


where a is the CO2 rate of increase (ppm min−1), ρ is the CO2 density (mg m−3), V is the chamber volume (m3), and S is the soil area (m2).


Results and discussion
Rainfall and soil moisture contents
Eight rainfall events consisting of a single rainfall event of 5 mm and more were selected during the study period. The changes in hourly precipitation, soil moisture content, and soil carbon flux were investigated for a total of 51 h, including 6 h before rainfall events. In addition, some data were lost because of heavy rain or lightning during the study period. The lost data were estimated using the temperature data from the Daegwallyeong weather station and the exponential correlation between temperature and the soil carbon flux.
The grassland is in a mountainous area at 840 m above sea level. Approximately 50% of the annual rainfall is concentrated in the summer as is typical of temperate northern climates. The study period lasted a total of 123 days from July 2015 to October 2015. During the study period, there were a total of 54 rain days, and total precipitation was 481.8 mm. August had the highest rainfall of 313.9 mm, and rainfall was 72.6, 32.4, and 63.0 mm in September, July, and October, respectively (Fig. 1). Rainfall during July–August was 376.9 mm and accounted for 78.2% of total rainfall during the study period. Average monthly precipitation during the study period for the last 30 years (1981–2010) at the study site was 326.7, 420.9, 307.3, and 124.9 mm for July, August, September, and October, respectively (Climatological Normals of Korea, 2011). The amount of precipitation and rain days during the study period compared to average precipitation in mountainous grassland was lower than normal.[image: A41610_2017_56_Fig1_HTML.gif]
Fig. 1Variation of soil moisture content in soil respiration measurement plot (SMC-SR) and soil moisture content in heterotrophic respiration measurement plot (SMC-HR) and rainfall during the study period in an artificial alpine grassland in Daegwallyeong




                        
The soil moisture content was 23.1% in the SR and 25.2% in the HR plot, and the HR plot exhibited an average 2.1% higher than the SR plot during the entire study period (Table 1). Eight rainfall events with a single rainfall of more than 5 mm were selected during the study period. We determined hourly precipitation and soil moisture content of the SR and HR plot for a total of 51 h, including 6 h before the rainfall events. The critical rainfall amount for soil moisture changes appeared to be 5 mm. The average soil moisture content before the rainfall event was 23.6% in the SR plot and 25.0% in HR plot; thus, it was 1.4% higher in the HR plot. The average soil moisture content after the rainfall event increased by 2.1 and 1.1%, respectively, and was 25.7% for the SR plot and 26.1% for the HR plot (Fig. 2). Soil moisture content increased immediately after the rainfall event when the rainfall amount per hour was 8.4 mm, and soil moisture content increased to 29.36% in both the SR and HR plots. Thus, the saturation point for soil water in the grassland was 29.36% (Fig. 2f). In addition, heavy and continuous precipitation was needed for precipitation per hour to reach the highest soil moisture content (Fig. 2f, h). At 11:00 in Fig. 2f, the soil moisture content reached 29.36% at 8.4 mm h−1 of precipitation. However, at 13:00 in Fig. 2h, the soil moisture content at 7.4 mm h−1 was 27.74%. Thus, total precipitation was 50.4 mm for Fig. 2f, but only 24.8 mm for Fig. 2h, and total precipitation affected the saturation point for soil moisture content. The average soil moisture content of the 0–30-cm depth of soil measured in the Chinese Loess Plateau (Chen et al. 2008) was 14.6%, but the average soil moisture content at this study site was 24.6%. Fay et al. (2003) reported that average soil moisture content was 17% and increased by 40–50% during a rainfall event. However, there appeared to be differences in climate and soil quality.Table 1Monthly precipitation and soil moisture content (SMC) in soil respiration (SR) and heterotrophic respiration (HR) measurement plot during the study period


	 	July
	August
	September
	October

	SR
	HR
	SR
	HR
	SR
	HR
	SR
	HR

	SMC (%)
	23.9
	26.1
	23.5
	25.5
	23.5
	25.5
	21.8
	23.9

	Rainfall (mm)
	135.6
	308.2
	65.7
	35.5




                           [image: A41610_2017_56_Fig2_HTML.gif]
Fig. 2
                                       a–h Changes in soil moisture content in soil respiration measurement plot (SMC-SR) and heterotrophic respiration measurement plot (SMC-HR) by rainfall events




                        

Soil moisture content and soil carbon flux based on rainfall patterns
The average SR during the study period from July to October was 307.3 mg CO2 m−2 h−1, and average HR was 224.5 mg CO2 m−2 h−1. Monthly average for SR from July to October were 428.7, 382.9, 274.1, and 142.4 mg CO2 m−2 h−1 and for HR were 272.2, 296.9, 211.5, and 117.1 mg CO2 m−2 h−1, respectively (Fig. 3). Total average HR accounted for 73% of the total average SR. The soil carbon flux was shown the typical seasonal variation, with the highest flux during the high temperatures in July and August. However, the soil carbon flux pattern was changed by rainfall events. SR was increased during rainfall, whereas HR was decreased.[image: A41610_2017_56_Fig3_HTML.gif]
Fig. 3Changes in soil respiration (SR), heterotrophic respiration (HR), and soil temperature (Ts, 5-cm depth) during the study period. Also, we chose eight rainfall events (a, b, c, d, e, f, g, h) with a single rainfall of more than 5 mm during the study period




                        
Changes in soil carbon flux because of rainfall events in the grassland ecosystem could be roughly divided into three stages after the rainfall event. The first stage is the process in which CO2 in soil pores is released by rainwater immediately after rainfall (Liu et al. 2002). In addition, CO2 dissolved in the rain is released as it collides with the ground (Lee et al. 2004). The second stage is an increase in soil microorganism activity that occurs for several hours to several days after the rainfall event. The dry environment is not conducive to soil microbial activity; however, the rainfall events increase the humidity in the soil environment. Humid soil conditions increase soil microbial activity (Gliński and Stępniewski 1985, Steenwerth et al. 2005). Increased soil microbial activity leads to increased soil respiration. The third stage occurs up to 7 days after the rainfall event. In this stage, the substrate is activated and plant root activity was increased. Thus, soil microbial respiration (Huxman et al. 2004) and root respiration increase (Huang and Nobel 1993). Through these stages, rainfall events increase soil carbon flux.
Increased soil moisture content caused by the rainfall events changed the SR and HR (Fig. 4). The average SR before the rainfall event was 289.3 mg CO2 m−2 h−1, whereas the SR immediately after the rainfall was increased in five of the eight rainfall events and decreased in three events (Fig. 4). In addition, the average SR increased by 28.4%. However, average HR was 216.8 mg CO2 m−2 h−1 before a rainfall event and 101.2 mg CO2 m−2 h−1 after an event. HR decreased by up to 89.2% and average decrease was 70.1% after seven rainfall events (Fig. 4).[image: A41610_2017_56_Fig4_HTML.gif]
Fig. 4
                                       a–h Changes in soil respiration (SR), heterotrophic respiration (HR), soil moisture content of soil respiration (SMC-SR), and heterotrophic respiration (SMC-HR) measurement plot by rainfall events




                        
Rainfall events appeared to immediately increase SR because rainwater collide with the ground and the soil porosity decreases, releasing the CO2. However, HR sharply declined during precipitation. This was caused by the rapid increase in soil moisture content and lack of oxygen in the soil. Reduced oxygen in soil pores inhibited the activity of soil microorganisms (Stark and Firestone 1995). According to a study by Suseela et al. (2012), the optimum soil moisture content for HR is 15–26%, and a soil moisture content of more than 26% inhibits soil microbial activity by forming a thin film of water on soil particles (Skopp et al. 1990, Yiqi and Zhou 2010). These results indicated that the optimum soil moisture content was 24.5%, which is similar to the results of this study (Fig. 5a).[image: A41610_2017_56_Fig5_HTML.gif]
Fig. 5The relationships of the soil respiration (SR) and heterotrophic respiration (HR) with soil moisture content (a) and soil temperature (b) during the study period




                        

Relationship between soil carbon flux and environmental factors
Soil carbon flux was closely related to environmental factors other than rainfall and soil moisture content. Various soil physicochemical properties, such as vegetation and topography characteristics (Tamai 2010), and climatic factors, such as soil temperature, air temperature, photons, and humidity (Raich and Schlesinger 1992), affect carbon accumulation in the litter layer and soil (Trumbore 2000). In particular, soil temperature is important for the activity of vegetation and soil microorganisms and thereby affects the soil carbon flux.
Correlation analysis was performed to understand the relationships between soil carbon flux and hourly precipitation, soil moisture content, and soil temperature during rainfall events. The correlation between hourly rainfall and SR was low (Fig. 6a). The correlation between soil moisture content and SR was also low (R
                           2 = 0147), but HR exhibited a tendency to decrease with soil moisture content of 24.5% (R
                           2 = 0.5451) (Fig. 6b). This result indicated that SR was not correlated with soil moisture content during the rainfall event, whereas HR was significantly correlated (Figs. 5a and 6a). In addition, the correlation between soil carbon flux and soil temperature at 5-cm depth was significantly correlated with SR (R
                           2 = 0.8046), whereas HR did not exhibit any significant relationship (Fig. 6c). However, the correlation between soil temperature and soil carbon flux during the entire survey period (Fig. 5a), including before and after rainfall events, was exponentially correlated with SR (R
                           2 = 0.794) and HR (R
                           2 = 0.6897).[image: A41610_2017_56_Fig6_HTML.gif]
Fig. 6The relationships between soil respiration (SR) and heterotrophic respiration (HR) with rainfall (a), soil moisture content (b), and soil temperature at 5-cm depth (c) during rainfall event




                        


Conclusions
This study attempts to understand the changes in soil carbon flux in mountain pastures when a rainfall event occurred. Soil moisture content changed dramatically according to the amount and duration of rainfall in Korean alpine grassland. And it highly affected to change of respiration in soil. Soil moisture content was quickly increased with the rainfall above 5 mm h−1. And saturated soil moisture content was observed when precipitation was persisted for more than 5 h rather than after strong rainfall. In addition, when rainfall events occurred, the SR was increased but the HR was decreased significantly. It was assumed by physical and biochemical effects of rainfall that it reduces the soil porosity and it affected the reduced releasing of CO2 from the soil and respiration rates in soil. Increased soil moisture content which resulted from rainfall events also reduced the HR by inhibiting the respiration of soil microorganisms. However, SR did not show suppression of respiration in the heavy rainfall, and it seems that root has obviously contributed to high respiration in heavy rainfall, but it was affected by quick dry which resulted to depression in respiration under low rainfall. Therefore, the difference of SMC due to rainfall event was causative of a highly fluctuated soil respiration rate in the same soil temperature condition. Therefore, amount and pattern of rainfall needed to be considered in predicting the soil carbon flux of grassland ecosystems for future climate change. These results help to understand the characteristics that rainfall event is a very important controlling factor in the soil carbon flux in grassland ecosystems.
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