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Pulse Effect of Precipitation: Spatial Patterns and Mechanisms of Soil Carbon Emissions
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The rapid and strong release of CO2 caused by precipitation (known as the pulse effect) is a common phenomenon that significantly affects ecosystem C cycling. However, the degree to which the pulse effect occurs overlarge regional scales remains unclear. In this study, we conducted continuous and high-frequency measurements of soil CO2 release rates (Rs) for 48 h after simulated precipitation, along a precipitation gradient of different grassland types (i.e., meadow, typical, and desert) in Inner Mongolia, China. Pulse effects were assessed using the maximum Rs (Rsoil–max) and accumulated CO2 emissions (ARs–soil). Strong precipitation pulse effects were found in all sites; however, the effects differed among grassland types. In addition, an apparent decrease in both Rsoil–max and ARs–soil was observed from the east to west, i.e., along the decreasing precipitation gradient. ARs–soil values followed the order: temperate meadow grassland (0.097 mg C g–1 soil) > typical temperate grassland (0.081 mg C g–1 soil) > temperate desert grassland (0.040 mg C g–1 soil). Furthermore, Rsoil–max and ARs–soil were significantly positively correlated with soil quality (SOC, POC, and N, etc.; P < 0.01). ARs–soil (P < 0.05) and ARs–SOC (P < 0.01) were significantly affected. ARs–soil and ARs–SOC were also positively correlated with soil microbial biomass significantly (P < 0.05). Rsoil–max and ARs–soil had similar spatial variations and controlling mechanisms. These results greatly support the substrate supply hypothesis for the effects of precipitation pulses, and provide valuable information for predicting CO2 emissions. Our findings also verified the significant effect of soil CO2 release from precipitation pulses on the grasslands of arid and semi-arid regions. Our data provide a scientific basis for model simulations to better predict the responses of ecosystem carbon cycles in arid and semi-arid regions under predicted climate change scenarios.
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HIGHLIGHTS


- CO2 release due to precipitation pulses significantly affects the carbon cycle.

- High-frequency soil CO2 release rate measurements were recorded after precipitation.

- The precipitation pulse effect was strong and differed among grassland types.

- Peak release rates and accumulated CO2 were positively correlated with soil quality.

- Our data improve model predictions of soil CO2 release from the pulse effect.





INTRODUCTION

The soil C pool is the largest global C reservoir and it plays an important role in the C cycle of ecosystems. The decomposition of soil organic matter (SOM) is an important pathway for CO2 gas exchange between the soil environment and the atmosphere (Barnard et al., 2013). SOM is one of the most important components of soils because it improves soil physical, chemical, and biological properties (Liu et al., 2011). Furthermore, the decomposition of SOM is the main energy source for the physiological activities of soil microorganisms. Recently, the composition, properties, and conversion of SOM have become important topics of research. As an indispensable process in the ecosystem C cycle, the decomposition of SOM may directly affect climate change at regional or global scales (Mayes et al., 2012).

Soil organic matter decomposition is a common process whereby soil microorganisms decompose organic matter and release a large amount of CO2. The rate of SOM decomposition is important for the soil C cycle and its response to future effects of climate change (Schlesinger and Andrews, 2000). Many studies have been conducted to assess SOM decomposition along horizontal and vertical transects in different areas (Craine et al., 2012) and to clarify the main influential factors and underlying mechanisms involved in SOM decomposition (Wu and Brookes, 2005). The factors that influence SOM decomposition, such as temperature, precipitation, soil microbes, and soil aggregates, differ among different ecosystems (Müller and Höper, 2004). For example, soil moisture, which is largely related to precipitation, has been shown to significantly affect the SOM decomposition rate in field and laboratory experiments (Austin et al., 2004). In natural ecosystems, soil moisture is regulated mainly by precipitation events, which commonly cause a rapid release of CO2 from the soil environment within a short period. This rapid, precipitation-driven release of CO2, known as the pulse effect or birch effect (Birch, 1958), has been estimated to account for approximately one-fifth of the total CO2 released from soil C pools (Moyano et al., 2013; Liu et al., 2018). Overall, precipitation pulse effects are relatively stronger in arid and semi-arid regions (Austin et al., 2004; Esch et al., 2016). Therefore, it is important to understand the differences and variations in the responses of SOM decomposition to precipitation pulses in different steppe types. Elucidating the factors that influence the process of the precipitation pulse effect, will improve understanding of grassland SOM stability and thus enable highly accurate predictions.

Precipitation is one of the main controlling factors for the interannual variation in the productivity, soil respiration, and biogeochemical cycles of the temperate grasslands of China (Nielsen and Ball, 2015; Ni et al., 2019). Water is a stress factor in the Inner Mongolia Plateau (Bai et al., 2008). The frequency and intensity of precipitation over the grasslands of Inner Mongolia have shown an increasing trend over the last 60 years, indicating that more precipitation pulse events are likely to occur (Song et al., 2017). These arid and semi-arid regions commonly show different levels of pulse responses owing to changes in rainfall frequency and rainfall intensity (Nielsen and Ball, 2015). Microbial respiration shows very sharp responses to precipitation events and may reach peak levels within several minutes (Wang et al., 2016a). Soil microorganisms rapidly assimilate available organic matter under higher soil moisture levels, resulting in a higher degree of CO2 release. The response of soil microorganisms to increasing soil moisture is also related to the duration of drought before soil rewetting by precipitation. To understand the effect of precipitation pulses on soil carbon pools in the grasslands of Inner Mongolia, we investigated indicators, such as soil substrate, soil grain size and soil microorganisms, as mentioned previously, for relevant analyses. Commonly, long periods of drought may increase the utilization efficiency of soil to available SOM after a precipitation event. In arid and semi-arid regions, the low soil moisture level is often a stress factor for SOM decomposition (Wu and Brookes, 2005). Precipitation, which causes a rapid change in soil moisture, is an important driving factor for the structure and function of the soil C cycle in arid and semi-arid regions (Moyano et al., 2013). The frequency and intensity of precipitation may affect the activities of microorganisms. Soil aggregate damage and matrix desorption may occur under drought conditions, which may consequently increase the available substrate matrix and increase the hydrophobicity of soils with high levels of SOM (Mikha et al., 2005). When precipitation occurs, microbial drought stress is relieved, and the available substrate preserved under the drought conditions can be rapidly utilized by microbes, resulting in the release of a large amount of CO2 into the atmosphere (Xiang et al., 2008).

The underlying mechanisms involved in the precipitation pulse effect remain unclear because most previous studies used the absorption method or conducted meteorological chromatography at intervals of hours or days. Furthermore, it is unclear how and why the precipitation pulse effect varies at large regional scales. Here, we conducted continuous and high-frequency measurements (total n = 138) of the soil CO2 release rate (Rs) for 48 h after simulated precipitation events at 10 sites along a precipitation gradient transect of different grassland types (i.e., meadow, typical, and desert) in Inner Mongolia, northern China. The precipitation pulse effects were assessed using the maximum Rs values (Rsoil–max) and accumulated CO2 emissions (ARs–soil) (Figure 1). Our study addressed the knowledge gap regarding the short-term effects of precipitation pulses on a regional scale. Our findings may help to identify the differences and influential factors of precipitation pulse effects in steppe environments. It was hypothesized that the soil substrates, physic-chemical properties, and soil microbes would influence the effect of precipitation pulses (i.e., substrate supply mechanism of microbes vs. stress mechanism). This study provides a full scientific basis for the exchange of CO2 between the soil and the atmosphere in temperate steppe environments, which may help to develop model predictions regarding the processes involved in such short-term but large CO2 release events.
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FIGURE 1. Example of a pulse effect (soil CO2 emissions) in response to a simulated precipitation event. Precipitation event stand pulse precipitation; Time (h) represents the duration of the precipitation pulse effect; 48 h represents 48 h after of precipitation pulse occurrence. Rsoil, soil respiration rate; Rsoil–max, soil maximum respiration rate.




MATERIALS AND METHODS


Study Area and Soil Sampling

Grasslands in China account for 12% of the total grasslands worldwide and are mainly distributed in arid and semi-arid regions (Fang et al., 2010). Furthermore, the grasslands of the Inner Mongolia Plateau, located within the Eurasian continent, cover half of the total land area in China and are classified as temperate grasslands (or steppe) (Kang et al., 2007). In this study, we constructed 10 sampling sites from the northeast to the southwest of the study area, located in the Northeast Forested Steppe Sample Zone (NECT) of China The International Geosphere-Biosphere Program (112.15–123.51°E, 43.55–45.11°N), as the 14th transect of The International Geosphere-Biosphere Program, namely the Northeast China Transect (Koch, 1995). The mean annual temperature of the transected area ranged from 0.11 to 5.79°C, and the mean annual precipitation varied from 150 to 400 mm, of which 70% occurred from June to August. The 10 sampling sites transected three main grassland types: meadow steppe, typical steppe, and desert steppe (Figure 2 and Supplementary Table 1).
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FIGURE 2. Locations of field investigations along a north-east grassland transect in Inner Mongolia, China. Sampling sites were positioned along a precipitation gradient from east to west, which included three types of grasslands: meadow grassland (1–3), typical grassland (4–7), and desert grassland (8–10).


Along the transect, the soil type was mainly prairie soil with a typical calcium profile. From east to west, the soil type was black calcareous soil, dark chestnut calcareous soil, typical chestnut calcareous soil, sandy gravel desert soil, and gray desert soil, gray calcareous soil. The northeast and southwest areas represents semi-humid to semi-arid and arid climate regions, respectively. The dominant species of the meadow steppe were Leymus chinensis (Trin.) Tzvel. and Stipa grandis P.A. Smirn. The dominant species of the typical steppe were Cleistogenes squarrosa (Trin.) Keng., Agropyron cristatum (L.) Gaertn., and Artemisia frigida Willd. The dominant species in the desert grasslands were S. capillata Linn., Allium polyrhizum Turcz., Hippolytia trifida (Turcz.) Poljak., and Salsola collina Pall. (Cao et al., 2010).

Soil samples were collected in early August 2018. In each site, we constructed four plots (1 × 1 m) at 20 m apart, along a 100 m transect line. After surveying the plant community and manually removing the soil surface litter, we used a soil drill to collect ∼ 2.5 kg of 0–10 cm soil in each plot. In the laboratory, all visible roots and large stones were manually removed from the samples, and samples were stored in a refrigerator at 4°C prior to determination of the microbial biomass. The remaining soil samples were air-dried, passed through a 2 mm sieve, and then stored until measurement of the total C (Najera et al., 2020), total nitrogen (TN), organic C (SOC), soil particulate organic C, and other parameters (He et al., 2009).

Soil pH, soil oxidation-reduction potential (ORP), and soil electrical conductivity were measured in air-dried soil samples mixed in a 1:2.5 (v/v) soil: water ratio, using an Ultrameter-2 pH meter (Myron L. Company, Carlsbad, CA, United States). Soil texture was measured using a particle analyzer (Mastersizer 2000, Malvern, Worcestershire, England) after the organic matter and carbonates were removed with 30% hydrogen peroxide and 30% hydrochloric acid, respectively. Soil TN concentrations were measured using an elemental analyzer (Vario EL Ø, Elementar, Germany). SOC was analyzed using the H2SO4–K2Cr2O7 oxidation method (Nelson and Sommers, 1982). Furthermore, the phospholipid fatty acid (PLFA) contents were determined using the mild alkaline methyl esterification method (Bååth and Anderson, 2003). The samples were analyzed using a Thermo ISQ gas-chromatography mass-spectrometry system (TRACE GC Ultra ISQ, Germany). The lipids were extracted from fresh soil samples (8 g of dry weight -equivalent) using a chloroform: methanol: phosphate buffer (1:2:0.5). The individual compounds were identified by comparing their relative retention times with 37 commercially available FAMEs (FAME 37 47885-U, Supelco Inc.) and a mixture of 26 bacterial FAMEs (BAME 26 47080-U, Supelco Inc.). The concentrations of the individual compounds were calculated by comparing their peaks with an internal standard (nonadecanoic acid methyl ester 19:0). The sum of all PLFAs was used to represent the viable microbial biomass.



Measurement of the Soil Respiration Rate

Soil samples used in the incubation experiments were air-dried in a room at 20°C for ∼1 week until the soil water content reached <10% of WHC (water holding capacity). We measured the WHC using a simple substitute for the soil core method (He et al., 2013). Before the experiment, subsamples (30 g) were placed in incubation bottles (5 cm diameter, 10 cm height), with five replicates per site and the microbial respiration rate (Rs) of the dry soil was recorded using a measuring device. The air-dried soil samples were then rewetted to 65% WHC of the soil sample point using a sprayer to simulate a precipitation event and maintained at a constant temperature of 20°C. The soil respiration rate (Rs) was then measured over 48 h (Wang et al., 2016a). In practice, Rs was continuously measured using equipment developed by He et al. (2013). This system enabled us to collect Rs measurements at a high frequency (Liu et al., 2018). The dynamics of Rs for each replicate were measured at intervals of 21 min during the 48 h incubation period. The Rs (mg C g–1 soil h–1) was calculated based on the slope of the change in the CO2 concentration and conversion factors (He et al., 2013), as follows:
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Where C is the slope of the change in CO2 concentration, V is the volume of the incubation bottle and gas tube, α is the conversion coefficient for CO2 mass, β is a conversion coefficient of time, and m is the soil weight (g).



The Pulse Effect of Precipitation on Soil CO2 Release

In this study, three indicators (as shown in Figure 1) were selected to describe the process of the pulse effect of soil CO2 released after a precipitation event, namely Rsoil–max, ARs–soil, and ARs–SOC.

We chose the maximum value of soil respiration rate reached in the pulse effect of precipitation as Rsoil–max. That is, Rsoil–max: represents soil maximum respiration rate.

To characterize the total pulse effect, the accumulative emission of CO2 during the 48 h incubation period was calculated relative to the soil mass (ARs–soil, mg C g–1 soil) as follows:

[image: image]

Where ti and ti + 1 are different measurement times (h).

To further explore the response mechanisms of soil microbes after a precipitation event, the ARs–soil data were normalized for the SOC content as ARs–SOC (mg C g–1 soil), as follows:
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Statistical Analysis

The normality of the data was evaluated using the Kolmogorov–Smirnov test. Differences in ARs–soil and ARs–SOC among the different grassland types were assessed using a one-way analysis of variance, with the least significant differences test. Correlation and regression analyses were used to determine the relationship between the influential factors and ARs–soil and ARs–SOC. RDA analysis was used to explore the relative contribution of the influential factors (climate, soil properties, and microbes) and their interaction with the pulse effect by Canoco 5.0. Other statistical tests were performed using IBM SPSS Statistics 19.0 statistical software, with P-values < 0.05 indicating significant differences.



RESULTS


Changes in the Precipitation Pulse Effect Among Different Grassland Soils

All grassland soils showed a strong precipitation pulse effect on the soil CO2 release after several to 10 min, resulting in the release of a large amount of CO2 into the atmosphere (Figure 3). The accumulated amount of CO2 released within 48 h (ARs–soil, Figure 3A) after a simulated precipitation event differed significantly among different grassland types (P < 0.05) in the following order: temperate meadow steppe (0.097 mg C g–1 soil) > temperate typical steppe (0.081 mg C g–1 soil) > temperate desert steppe (0.040 mg C g–1 soil). However, after standardizing the data for the SOC content, the ARs–SOC findings were ordered as follows: temperate desert steppe (9.08 mg C g–1 SOC) > temperate meadow steppe (6.79 mg C g–1 SOC) > temperate typical steppe (4.95 mg C g–1 SOC) (Figure 3B).
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FIGURE 3. (A) Accumulation of released soil CO2 (ARs–soil) for 48 h after a simulated precipitation event. (B) Accumulation of released SOC CO2 (ARs–SOC) for 48 h after a simulated precipitation event. ARs–soil and ARs–SOC were calculated based on the soil and soil organic C, respectively. ARs–soil, accumulative emission of CO2 relative to soil mass; ARs–SOC, accumulative emission of CO2 relative to SOC. Error bars represent SE (Meadow and Desert, n = 3; Typical, n = 4). Different lowercase letters indicate significant differences at P < 0.05.




Influence of Soil Properties on Rsoil–max and ARs–soil

Along the grassland transect, Rsoil–max increased with increasing soil C and nitrogen (N) contents (Figures 4C,D). In particular, Rsoil–max was closely related to soil particulate organic C (POC; Figure 4A) and easily oxidizable organic C (EOC; Figure 4B). The increase in soil POC and EOC contents significantly increased Rsoil–max. The influence of soil properties on Rsoil–max was significant (Figure 5 and Supplementary Table 2).
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FIGURE 4. (A) Relationships between Rsoil–max and POC. Rsoil–max, soil maximum respiration rate. POC, particulate organic carbon. (B) Relationships between Rsoil–max and EOC. EOC, easily oxidizable organic carbon. (C) Relationships between Rsoil–max and SOC. SOC, soil organic carbon. (D) Relationships between Rsoil–max and N. N, total nitrogen. Shaded areas indicate the 95% confidence interval and vertical bars denote SE.
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FIGURE 5. Results of the redundancy analysis of the soil environmental factors and the soil microbial biomass. Blue arrows represent the response variables; red arrows represent the independent variables. Rsoil–max, soil maximum respiration rate; ARs–soil, accumulative emission of CO2 relative to soil mass; ARs–SOC, accumulative emission of CO2 relative to SOC; POC, particulate organic carbon; EOC, easily oxidizable organic carbon; SOC, soil organic carbon; N, total nitrogen; C, total carbon; pH, potential of hydrogen; OPR, oxidation–reduction potential; COND, electrical conductivity.


Similarly, ARs–soil was significantly, linearly, and positively correlated with soil C and N contents (Figures 5, 6). During the 48 h incubation period, ARs–soil was negatively correlated (P < 0.05, R2 = 0.43) with soil sand content (Figure 7A), but positively correlated with the soil clay and silt contents (Figures 7B,C). Other soil properties had significant effect on ARs–soil (Figure 5 and Supplementary Table 2). When we standardized ARs–soil to SOC content ARs–SOC, there was a significant correlation between ARs–SOC and soil texture composition (Figure 7). ARs–SOC was significantly, linearly, and positively correlated with soil sand content (P < 0.01, R2 = 0.70; Figure 7), but negatively correlated with soil clay and silt contents.
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FIGURE 6. Relationships between ARs–soil and environmental factors. ARs–soil, accumulative emission of CO2 relative to soil (A) Relationships between ARs–soil and POC. POC, particulate organic carbon. (B) Relationships between ARs–soil and EOC. EOC, easily oxidizable organic carbon. (C) Relationships between ARs–soil and SOC. SOC, soil organic carbon. (D) Relationships between ARs–soil and N. N, total nitrogen. Shaded areas indicate the 95% confidence interval and vertical bars denote SE.
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FIGURE 7. Relationships between ARs–soil, ARs–SOC, and the different proportions of the soil components. ARs–soil, accumulative emission of CO2 relative to soil mass; ARs–SOC, accumulative emission of CO2 relative to SOC. (A) Relationships between ARs–soil and sand. (B) Relationships between ARs–soil and clay. (C) Relationships between ARs–soil and silt. (D) Relationships between ARs–SOC and sand. (E) Relationships between ARs–SOC and clay. (F) Relationships between ARs–SOC and silt. Shaded areas indicate the 95% confidence interval and vertical bars denote SE.




Relationship Between Soil Microbial Biomass and the Precipitation Pulse Effect

Soil microbial biomass had an important effect on the amount of CO2 released during the simulated precipitation pulse events. A significant positive correlation was observed between ARs–soil and soil microbial biomass, i.e., ARs–soil increased with increasing soil bacterial and fungal biomass (Figure 8A). A significant negative correlation was observed between ARs–SOC and microbial biomass (Figure 8B). ARs–SOC gradually decreased along the transect with increasing microbial biomass.
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FIGURE 8. Relationship between ARs–soil, ARs–SOC, and the soil microbial biomass. ARs–soil, accumulative emission of CO2 relative to soil mass; ARs–SOC, accumulative emission of CO2 relative to SOC. (A) Relationship between ARs–soil and the soil microbial biomass. (B) Relationship between ARs–SOC and the soil microbial biomass. Shaded areas indicate the 95% confidence interval and vertical bars denote SE.




DISCUSSION


Soil CO2 Release in Semi-Arid Grasslands Responds Strongly to Precipitation Events

This study demonstrated that precipitation had a strong pulse effect on the release of CO2 from the soil environment in temperate semi-arid steppe environments, i.e., precipitation events can result in large CO2 emissions (Figure 3). Soil CO2 released from precipitation pulses has been estimated to account for ∼20% of the total annual CO2 released from the soil (Göransson et al., 2013; Smith et al., 2017). This phenomenon may greatly affect soil C turnover rates in terrestrial ecosystems (Li et al., 2018), and the infiltration of precipitation may displace the CO2 that was previously accumulated in soil pores (Huxman et al., 2004b). The water displacement of soil pore space gas with high CO2 concentration is the fastest response. This process usually occurs within seconds or minutes of water addition, and may last up to a few hours. In a simulation, there was 15 times the CO2 efflux from the soil after a 4-h wet-up in, but it only lasted 12 min (Chen et al., 2008). In this study, soil respiration was measured continuously for 48 h after the addition of water, so this transient CO2 emission was negligible. The microbial oxidation of labile SOM, which is available with the physical disruption of soil aggregates, may present one plausible explanation for the rapid release of CO2 after precipitation (Appel, 1998). Global climate models predict that annual precipitation in the mid-latitudes may increase in the future (i.e., by 10–20%), and thus, further affect soil respiration in these regions (Fowler et al., 2013). Except for waterlogging, Rs is generally positively correlated with soil moisture, especially in semi-arid ecosystems (Zhu et al., 2016).

In semi-arid steppe areas, precipitation may cause drastic fluctuations in soil moisture, and thus, result in dynamic Rs responses. After precipitation, it is beneficial for soil microbes and soil enzymes to increase their activities (Stark and Firestone, 1995). Previous studies showed that ARs–soil, after a simulated precipitation event, was approximately 2.2–3.7 times that of soils with consistent moisture levels (Esch et al., 2016). However, the influence of the precipitation pulse effect on Rs is complex, because the precipitation pulse effect is dependent on, and thus, may differ among, different vegetation types, soil physical and chemical properties, soil water conditions before precipitation, soil microbial communities, and precipitation intensities and durations (Norton et al., 2008). For dry soils, precipitation can improve soil moisture and, thus, rapidly stimulate microbial activity within several minutes to several days (Cui et al., 2019). Precipitation has been shown to triple soil respiration rates in the tropical and semi-arid forests of northern Queensland, Australia during the dry season, and even enhance Rs by 30 times (Jones and Murphy, 2007; Sponseller, 2007). Furthermore, controlled field experiments showed that precipitation events can stimulate a drastic increase in Rs in high-altitude grasslands (Alba Gutiérrez-Girón et al., 2015; Xu et al., 20115). In summary, the effect of precipitation pulses on the release of CO2 from the soil environment is common among various ecosystems and is a fast and complex process that requires consideration in future model predictions (Davidson et al., 2000).



Soil Properties Influence the Precipitation Pulse Effect

The precipitation pulse effect, represented as Rsoil–max and ARs–soil, was significantly positively related to soil quality, especially the content of SOC, POC, and N (Figure 4), which demonstrates their potential to predict such effects. Commonly, better soil substrates can maintain microbial activity for longer and, release more CO2 (Wang et al., 2010), supporting the substrate supply hypothesis. Similarly, under prolonged drought conditions, a stronger pulse effect after a larger precipitation event can result from larger available substrate levels owing to the destruction of soil aggregates (Appel, 1998; Denef et al., 2001). After precipitation, the increased soil moisture content enhances the diffusivity of easily decomposable SOM. At the same time, soil microbes that are no longer subjected to drought stress become active and quickly reproduce (Xu et al., 2004), which could explain the observed rapid increase in Rsoil–max in the present study. However, with increasing in time after a precipitation event, the easily decomposable SOM can be depleted, and Rs gradually decreases to the same level as that prior to the precipitation event (Lee et al., 2002). This is consistent with our observations in the current experiments.

Within 48 h of the precipitation event, the ARs–soil was significantly positively correlated with important parameters of soil quality (Figure 6). Precipitation events may rapidly alter the soil water potential, where the pulse effect is dependent on the relatively easily decomposable components, such as POC and EOC (PriemeÂ and Christensen, 2001). After precipitation, water enters the soil, resulting in the destruction of soil aggregates and an increase in the surface area of SOM exposed to soil microbes (Fischer, 2009; Rakhsh et al., 2020). Some studies have shown that alternating wet and dry processes can reduce soil aggregates by 21–30% and increase soil CO2 release (Denef et al., 2001; He and Yu, 2016). Therefore, the available substrate accumulated in soils could be quickly decomposed and utilized by soil microbes after soil rewetting, resulting in the observed pulse effect of precipitation. Barnard et al. (2013) demonstrated that, after a drought period, the annual CO2 emissions from annual grasslands in the Mediterranean after rainfall accounted for a large portion of the annual CO2 emissions of the region. According to climate change models, changes in the precipitation status may alter the Rs in these pulse-driven ecosystems, thereby altering the C budget and its relative importance in grassland ecosystems (Huxman et al., 2004a). In the present study, Rsoil–max and ARs–soil were significantly positively correlated with soil quality, which indicates indicating that the rapid and strong pulse effect in such ecosystem types may be predicted using ecological models.



Soil Microbes Influence the Precipitation Pulse Effect to Some Extent

Soil microbes are influential factors that directly affect the Rs and soil C cycles. The present study showed that the soil microbial biomass was linearly positively correlated with the accumulated CO2 (ARs–soil) (Figure 8). Under normal conditions, bacteria account for more than half of the total microorganisms in steppe soils (Wang et al., 2016b). Under drought conditions, substrate supply is the main limiting factor for soil microbial activity; however, under humid conditions, oxygen diffusion determines soil microbial activity to a large extent, influencing SOM decomposition (Sun et al., 2018). Soil microbes and their cycles are an important source of soil nutrient storage and available nutrients for plant growth and can profoundly affect plant available SOM in terrestrial ecosystems (Sponseller, 2007; Fan et al., 2019). In natural ecosystems, soil microbes are highly sensitive to water conditions, and many species will enter a dormant state under drought stress. Once soil moisture improves, these microbes can quickly become active and multiply (Preece et al., 2019), thereby affecting soil microbial respiration. In Californian grasslands, repeated wet dry alternations induced a seven-fold increase in the number and activity of deep soil microbes, and the number of surface soil microbes increased by only 50% (Munson et al., 2009). Furthermore, dry–wet alternation can enhance the ratio of fungi to bacteria, and because the decomposition of SOM by fungal and bacterial communities differs, such changes can indirectly affect SOM decomposition. Asynergistic increase in bacterial and fungal abundance under increased rainfall is thought to be responsible for the increase in soil respiration (Mikha et al., 2005).

Soil microbes are sensitive to the rapid alteration of soil moisture and may enter a state of dormancy under drought stress. Our research results confirmed this conclusion. After the precipitation event, the rate of microbial respiration, increased several times or even ten times. After an initial increase in mineralization microbial solute diffusion can decreases, resulting in a reduction in the SOM decomposition rate (Cui et al., 2019). Our study found a significant positive correlation between microbial biomass and both ARs–soil and ARs–SOC. As a direct participant in SOM decomposition, the number and community structure of soil microbes directly affects the soil respiration rate and the accumulation of released CO2 (Wang et al., 2016b). When soil moisture rapidly increases after precipitation, these microbes quickly become active and start decomposing SOM. The cumulative amount of CO2 released during the precipitation pulse increased significantly. Accompanied by associated changes in the soil microbial community (Nielsen and Ball, 2015). Precipitation events can, therefore, result in the rapid and drastic release of CO2 within a short period of time (Deng et al., 2018).



CONCLUSION

In summary, the soils along a precipitation transect in a temperate steppe environment showed strong precipitation pulse effects, i.e., CO2 release was stimulated after the simulation of a precipitation event; however, the responses differed among the different grassland types. Furthermore, the Rsoil–max and ARs–soil values within 48 h after the simulated precipitation event, were significantly affected by soil quality, soil particle size, and soil microbial biomass. Furthermore, the precipitation pulse effect, as demonstrated by Rsoil–max and ARs–soil, was positively correlated with soil quality parameters, i.e., SOC, POC, EOC, and N. These results largely support the substrate supply hypothesis for precipitation pulse effects, thus, providing a good perspective to predict these rapid and drastic fluxes, and are based on the measurements of the dynamic changes in substrate content and soil microbial biomass. Our findings verify that soil CO2 release from precipitation events is significant in grasslands in arid and semi-arid regions and, provide new insights for ecological models to simulate ecosystem C cycle responses in these regions under future climate change scenarios.
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ABBREVIATIONS

WHC, water holding capacity; Rs, soil respiration rate; Rsoil–max, soil maximum respiration rate; ARs–soil, accumulative emission of CO2 on soil; ARs–SOC, accumulative emission of CO2 on SOC; SOC, soil organic carbon; POC, particulate organic carbon; EOC, easily oxidizable organic carbon.
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