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Soil respiration is a major pathway for CO2 emissions from ecosystems. Owing to its temperature dependency, the soil respiration rate is expected to increase due to global warming, particularly at high elevations. To clarify the effects of soil temperature and volumetric soil water content on soil respiration rates (RS), we examined seasonal changes in RS at five elevations of 1600–2800 m in subalpine coniferous forests in Japan for 5 years. The aboveground biomass of forest stands decreased from 282 to 29 Mg/ha as elevation increased. The monthly mean RS was lower at higher elevations from July to October. While RS was positively correlated with soil temperature at each elevation, the effect of soil water content on RS varied among the five elevations. Seasonal changes in RS could be reproduced from soil temperature and soil water content for each elevation in each year. RS at any temperature was lower at higher elevations because RS was also positively correlated with aboveground biomass. From 1600 to 2800 m, the annual RS was estimated to decrease from 2.79 to 0.74 kg CO2 year–1 m–2. The annual RS along the elevational gradient was predicted to increase by 9–12% and 30–42% under low and high greenhouse gas emission scenarios (annual mean temperature 0.76°C and 3.3°C increases), respectively, during 2095–2100 compared to the current period 2015–2020. Increased soil respiration rate will accelerate global warming via the positive feedback. Overall, our findings suggest that soil respiration evaluation is important not only for calculating the carbon balance of forest stands due to global warming but also for predicting global warming owing to the feedback of CO2 emission from soil to atmosphere.
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1. Introduction

Soil respiration is a major pathway for CO2 emissions from ecosystems (Bond-Lamberty and Thomson, 2010a). In forest ecosystems, soil contributes 60–80% of total ecosystem respiration (Law et al., 1999; Janssens et al., 2001). Soil respiration is the sum of the respiration of plant roots and microorganisms (Hanson et al., 2000). Notably, root respiration accounts for an average of 46% of total soil respiration in forests (Hanson et al., 2000). The annual soil respiration rate, on a global scale, correlates positively with the mean annual temperature, annual precipitation, soil organic matter content, and productivity (Raich, 1998; Chen et al., 2014; Zhao et al., 2017). Owing to the suppression of plant’s photosynthetic and organic matter decomposition rates in cold regions (Couteaux et al., 2002; Cornelissen et al., 2007; Takeda and Takahashi, 2020), global warming would increase the plants photosynthetic rate and consequently both root respiration rate and rate of plant detritus inputs to soil thereby increasing substrate availability or microbial decomposition/respiration. Notably, the soil respiration rate was shown to increase at a rate of 0.1 Pg C year–1 during 1989–2008 on a global scale (Bond-Lamberty and Thomson, 2010b). Cold regions, such as those at high latitudes and elevations, are expected to shift from carbon sinks to carbon sources (Moore et al., 1999; McGuire et al., 2002) because the temperature sensitivities of organic matter decomposition and soil respiration rates are high in cold regions (Hendrickson, 2003; Janssens and Pilegaard, 2003; Xu et al., 2015; Klimek et al., 2016; Zhao et al., 2017). Therefore, soil respiration evaluation is important in considering the carbon balance in the ecosystems of cold regions (Rustad et al., 2001). However, no studies have predicted future soil respiration rates at high elevations in mountainous areas—a topic examined in this study.

Soil respiration is usually reported to be lower at higher elevations because of lower air temperature (or soil temperature) (Niklińska and Klimek, 2007; Badraghi et al., 2021), and lower aboveground and belowground biomass of plant communities (Shibistova et al., 2002; Epron et al., 2006; Jiang et al., 2013; Zhao et al., 2017; Zhang et al., 2021). In general, forest biomass decreases with increasing elevation (Takahashi, 2021). Therefore, the decreased soil respiration rate at high elevations is due to low temperatures and declined plant biomass.

Further, soil respiration changes seasonally and is usually highest in the summer (Kang et al., 2003; Soe and Buchmann, 2005; Caprez et al., 2012). As the high photosynthetic rate of plants in summer affects seasonal changes in the soil respiration rate via root respiration (Högberg et al., 2001; Curiel Yuste et al., 2004), temperature can be used to explain many variations in seasonal changes in soil respiration (Soe and Buchmann, 2005; Zhang et al., 2010; Chen et al., 2013). However, the effect of soil water content often varies with elevation. For example, while the soil respiration rate correlated positively with soil water content at low elevations, it correlated negatively with the same variable at high elevations (Huang et al., 2017).

Because central Japan has many high mountains, estimating carbon uptake at the landscape level requires investigating soil respiration along elevational gradients. Further, examining the change in the soil respiration rate along elevational gradients is necessary to clarify the impact of global warming on the carbon balance of forest stands. However, soil respiration measurements along elevational gradients have not yet been made in Japan. Therefore, the purpose of this study is to answer the following questions:


(1)Does the soil respiration rate decrease with increasing elevation, and can the seasonal change in the soil respiration rate at each elevation be explained by soil temperature and soil water content?

(2)Can the mean annual temperature and stand biomass of trees explain the elevational variation in the annual soil respiration rate?

(3)How much will global warming increase soil respiration rates along the elevational gradient by the year 2100?





2. Materials and methods


2.1. Study site

This study was conducted at five elevations (1600, 2000, 2300, 2500, and 2800 m) in a subalpine coniferous forest on the eastern slope of Mt. Norikura (36°06′N, 137°33′E, summit elevation 3026 m) in Chubu Sangaku National Park, Japan. Mt. Norikura is a volcano, but the last eruption was approximately 9000 years ago (Nakano and Uto, 1995). The soil substrate of the study site of 2800 m was scoria deposition with thin topsoil, while the study site of 1600 m was brown forest soil. An elevation of 1600 m is the lowest range limit of the subalpine zone. The treeline ecotone (sensu Körner, 2012) is located between 2500 and 2850 m (Takahashi and Yoshida, 2009; Takahashi et al., 2012). The mean annual temperatures of the study sites were estimated from the Nagawa Observatory (1068 m), which is the closest to the study sites, during the past 30 years (1981–2010) with the standard lapse rate (-0.6°C/100 m). The mean annual temperatures were 5.1°C at 1600 m, 2.7°C at 2000 m, 0.9°C at 2300 m, –0.3°C at 2500 m, and –2.1°C at 2800 m.

Four evergreen conifers (Abies veitchii Lindl., A. mariesii Mast., Tsuga diversifolia Mast., and Picea jezoensis var. hondoensis Rehder) were distributed between 1600 and 2500 m (Miyajima et al., 2007). However, the abundances of the four conifers were not uniform along the elevational gradient. A. veitchii dominates between 1600 m and 2200 m and A. mariesii dominates between 2000 m and 2500 m. The abundances of T. diversifolia and P. jezoensis var. hondoensis were lower than those of the two Abies species. Subordinate trees were all deciduous broad-leaved trees, such as Betula ermanii Cham. and Sorbus commixta Hedland. Dwarf pine Pinus pumila Regel dominated the treeline ecotone between 2500 and 2850 m (Miyajima et al., 2007), i.e., the study sites of 2500 and 2800 m were the lower and upper distribution limits of P. pumila, respectively. Dwarf bamboo Sasa senanensis Rehder is patchily distributed at 1600 m (Miyajima et al., 2007). The canopy height decreased with increasing elevation and was about 20 m at 1600 and 2000 m, about 10 m at 2300 m, 2 m at 2500 m, and 1 m at 2800 m (Miyajima and Takahashi, 2007; Takahashi and Yoshida, 2009).



2.2. Soil respiration measurements

Plots of 1.0, 0.6, 1.0, 0.05, and 0.004 ha were established at elevations of 1600, 2000, 2300, 2500, and 2800 m on the eastern slope of Mt. Norikura, respectively (Takeda and Takahashi, 2020). Soil respiration was measured at each plot in each elevation from July 2, 2015 to November 28, 2019. Measurements were performed once a week on sunny or cloudy days at each elevation after snow melting (May–July) to the end of October each year. In addition, measurements were taken once a month during the snow cover period (December–April) at 1600 m from 2017 onward (i.e., two winter seasons). Soil respiration was measured on the snow surface. Measurements were conducted at three points in each elevation. No soil collar was installed at each elevation, but measurements were taken at the same three points at each elevation. Soil respiration rates were measured for 5 min at each point using a closed static chamber (a volume of 8.83 liter, base area of 0.05 m2), equipped with a portable CO2 sensor (Vaisala, GMP343, Helsinki) and a data logger (Vaisala, MI70, Helsinki). The CO2 concentration was recorded at 15-s intervals, and the soil respiration rate (Rs, g CO2 h–1 m–2) was calculated using Equation 1 (Bekku et al., 1995).
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where α is the time rate of change in CO2 concentration in the chamber (ppm/min), ρ is the density of CO2 (mg/m3), V is the volume of the chamber (m3), and S is the basal area of the chamber (m2). Furthermore, the air temperature, volumetric soil water content, and soil temperature at a depth of 5 cm were measured along with the soil respiration measurement, except for the snow period at 1600 m. Air temperature was measured using a bar mercury thermometer. Soil water content and soil temperature were measured using a soil moisture sensor (EC-5, Meter Group, Inc., Pullman) and a digital thermometer (D619, Tateyama Kagaku Co., Ltd., Toyama), respectively. The soil temperature and soil water content at a depth of 5 cm were manually measured three times for each point of the soil respiration measurement, and the mean values of the three measurements were used for statistical analysis.

In addition to the manual measurements of soil temperature and soil water content at the time of the measurements of soil respiration rates, the soil water content and soil temperature at a depth of 5 cm were automatically recorded at hourly intervals during the 5 years from 2015 to 2019 near the soil respiration measurement site at each elevation, using five soil moisture sensors (EC-5, Meter Group, Inc., Pullman) equipped with a data logger (Em50, Meter Group, Inc., Pullman) and a thermometer (TR-52i, T & D Corporation, Matsumoto), respectively. The values of the five soil water contents of each elevation were averaged for each hour. Hourly automatic measurement data of the soil temperature and soil water content at a depth of 5 cm were used for the snow period at 1600 m because the soil temperature and soil water content could not be measured manually during the snow period.



2.3. Statistical analysis

A generalized linear model (GLM) was used to analyze the effects of the soil water content, soil temperature at a depth of 5 cm, and the observation year on the soil respiration rate for each elevation as follows:
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where ln is the natural logarithm, Rs is the soil respiration rate (g CO2 h–1 m–2), Ts is the soil temperature (°C), WS is the volumetric soil water content (%), Yi is the observation year i, a0 is the constant, and a1–a3 are regression coefficients. The squared value of WS was included as an independent variable because the soil respiration rate may be at its peak at a certain WS. The observation year was added as an explanatory variable because the soil respiration rate may be affected by unknown factors specific to the observation year (i.e., human error and interannual meteorological variation) other than the soil temperature and soil water content at the time of measurement. The observation year was used as a categorical variable. The effect of each observation year i between 2016 and 2019 on the soil respiration rate was expressed as the difference from that of 2015 (i.e., the constant value of Y2015 is zero).

Data of non-snow periods at the five elevations and those of the snow period at 1600 m after 2017 were also included in the dataset. The GLM analysis was performed for each elevation because the stand biomass of the trees differed along the elevational gradient. The number of measurements of soil respiration rates used for the statistical analysis were 376, 274, 239, 235, and 217 at 1600, 2000, 2300, 2500, and 2800 m, respectively. The selection of explanatory variables was performed by the Akaike Information Criteria (AIC) for Equation 2, and the model with the lowest AIC was selected as the best.

Sensitivity analysis was performed to examine the effects of soil temperature and soil water content on the soil respiration rate. The soil respiration rate was calculated using Equation 2 (the year was set as 2015) for the actual observed range of soil water content (about 10–60%) and for four soil temperature conditions (0-5.0, 5.1-10.0, 10.1-15.0, and 15.1-20.0°C).

Although soil temperature and soil water content at a depth of 5 cm were automatically measured at hourly intervals for 5 years at each elevation, the year-round measurements of soil temperature and soil water content at the five elevations could be performed for only 2 years (2018 and 2019) because of measurement challenges at certain elevations each year. Therefore, annual soil respiration rates at the five elevations were estimated using soil temperature and soil water content for the 2 years (2018 and 2019) only. Hourly soil respiration rates at each elevation were calculated by substituting hourly soil temperature and soil water content in 2018 and 2019 into Equation 2, and the annual soil respiration rate of each elevation in each year was obtained by summing the hourly soil respiration rates.

The temperature sensitivity (Q10) of the soil respiration rate was calculated for each elevation in each year using Equations 3 and 4:
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where RS is the soil respiration rate (g CO2 h–1 m–2), TS is the soil temperature, and b0 and b1 are the constant and exponent, respectively.



2.4. Future prediction of soil respiration rates

This study used the Agro-Meteorological Grid Square Data (AMGSD), the National Agriculture and Food Research Organization (NARO) in Japan (Ohno et al., 2016; Kominami et al., 2019) to predict the change in the soil respiration rate at each elevation by climate change. Two climate change scenarios were used in this study: representative concentration pathways (RCP) 2.6 and 8.5 of the atmosphere–ocean general circulation model, the Model for Interdisciplinary Research on Climate (MIROC5). RCP 2.6 and RCP 8.5 are low- and high-future greenhouse gas emission scenarios, respectively. Under the RCP 2.6 scenario, the temperature will rise by 0.70°C during 2055–2060 and by 0.76°C during 2095–2100 compared to the current period 2015–2020. Under the RCP 8.5 scenario, the temperature will rise by 1.5°C during 2055–2060 and by 3.3°C during 2095–2100 compared to the current period 2015–2020. The third-order mesh data (1 × 1 km resolution) of AMGSD were obtained from NARO, and we used daily mean air temperatures of the two climate change scenarios.

Soil respiration rates at the five elevations were calculated for 2015–2020, 2055–2060, and 2095–2100. The soil respiration rate at each elevation was calculated using Equation 5, with only the soil temperature and stand biomass of trees as explanatory variables:

[image: image]

where RS is soil respiration rate (g CO2 h–1 m–2), Ts is soil temperature (°C), B is aboveground biomass (Mg/ha), c0 is a constant, c1 and c2 are regression coefficients. The aboveground biomass values at 1600, 2000, 2300, 2500, and 2800 m were 282.4, 267.6, 195.3, 50.1, and 29.0 Mg/ha, respectively (Takeda and Takahashi, 2020). Soil water content was excluded from Equation 5 due to the difficulty of estimating it in the future, although it affects the soil respiration rate. Using the same dataset of the five elevations with which Equation 2 was analyzed, co-c2 of Equation 5 were estimated by GLM (n = 1341). The selection of explanatory variables was performed by AIC for Equation 5, and the model with the lowest AIC was selected as the best.

The daily mean soil temperature was estimated from the daily mean air temperature because soil temperature is omitted in AMGSD. Regression equations were made to estimate the soil temperature from the air temperature at the soil respiration measurement during the 5 years (2015–2019) for each elevation (Supplementary Table 1). Daily mean soil temperatures for 2015–2020, 2055–2060, and 2095–2100 were estimated by substituting the daily mean air temperature of AMGSD into the regression equation for each elevation. The soil temperature was almost 0°C in winter due to the insulation effect of snow cover from the results of year-round measurements of soil temperature. Therefore, this study assumed that soil temperature does not drop below 0°C even in winter. Furthermore, assuming that the aboveground biomass of each elevation is the same between the current period (2015–2020) and the two future periods (2055–2060, 2095–2100), this study calculated the soil respiration rates of the current and the two future periods from the aboveground biomass and the estimated daily mean soil temperature for each elevation. Because the soil respiration rate of Equation 5 is per hour, the daily soil respiration rate was calculated by multiplying this by 24. The annual soil respiration rate was estimated by summing the daily soil respiration rates for each year.




3. Results

Soil respiration rates at the five elevations in 2019 are shown as examples of elevational and seasonal changes in soil respiration rates (Figure 1). The soil water content tended to be lower throughout the year at 2800 m than at the other elevations because of the scoria substrate at 2800 m. The soil respiration rate was highest during early August (day of the year 210–220) at each elevation. This period also corresponded to the highest soil temperatures (Figure 1). The monthly mean soil respiration rate was lower at higher elevations for each month from July to October (Pearson correlation test, P < 0.001 for each month, Figure 2). The soil respiration rate in 2016 (especially July) tended to be lower than in the other years at each elevation, except for 2000 m (Figure 2 and Table 1).
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FIGURE 1
Seasonal changes in soil respiration rates (top row), soil temperature (middle row), volumetric soil water content (bottom row, lines) at a depth of 5 cm, and daily precipitation (bottom row, bars) at five elevations in 2019 on Mt. Norikura, central Japan. The elevation is 1600, 2000, 2300, 2500, and 2800 m from the left to the right for each row of five panels. The day of the year (X axis) is depicted between 100 and 350 for each panel.
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FIGURE 2
Elevational changes in monthly mean soil respiration rates from July to October for 5 years (2015–2019). A Pearson correlation coefficient (R) is shown in each panel. Each correlation coefficient is significant (P < 0.001).



TABLE 1    Results of model selection for Equation 2, listed below, at five elevations.
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Seasonal changes in soil respiration rates at the five elevations could be reproduced using Equation 2 for each year (Table 1 and Supplementary Figure 1). While the soil respiration rate correlated positively with the soil temperature for each elevation (Figure 3 and Table 1), it also correlated positively with the soil water content at 1600 m but was uncorrelated at 2000 m (Table 1). The soil respiration rate correlated negatively with the square of soil water content at 2300, 2500, and 2800 m (Table 1). The sensitivity analysis using Equation 2 revealed that the higher the soil temperature, the higher the soil respiration rate at any elevation (Figure 4). Under higher soil temperature conditions, the soil respiration rate at 1600 m tended to increase more with increasing soil water content, although the variation of the soil respiration was large at any soil water content (Figure 4). The effect of soil water content on the soil respiration rate was not recognized at 2000 m (Figure 4). The soil respiration rate at 2300 m tended to decrease with increasing soil water content at any soil temperature (Figure 4). The soil respiration rates increased with increasing soil water content until peaking at 30 and 25% at 2500 and 2800 m, respectively, and then soil respiration rates decreased with increasing soil water content (Figure 4).
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FIGURE 3
Relationships of soil respiration rates with soil temperature (left column) and soil water content (right column) at a depth of 5 cm at five elevations for 5 years (2015–2019). The elevations are 1600, 2000, 2300, 2500, and 2800 m from the top to the bottom for each column.
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FIGURE 4
Changes in soil respiration rates with soil temperature and soil water content at a depth of 5 cm at five elevations (1600, 2000, 2300, 2500, and 2800 m). The soil respiration rate was calculated using Equation 2 in the main text for the three or four soil temperature conditions (0-5.0, 5.1-10.0, 10.1-15.0, and 15.1-20.0°C) at each elevation. See Table 1 for equation parameters (the measurement year was set as 2015). An average soil temperature was used to draw a regression line (Equation 2) for each soil temperature condition at each elevation (i.e., 3.6, 7.9, 12.5, 16.4°C at 1600 m, 8.0, 12.8, 16.2°C at 2000 m, 4.3, 7.7, 12.6°C at 2300 m, 3.5, 7.2, 11.7°C at 2500 m, and 3.5, 7.7, 11.6°C at 2800 m).


Annual soil respiration rates at the five elevations were calculated by substituting hourly measurement data for soil temperature and soil water content in 2018 and 2019 into Equation 2. Seasonal changes in the soil respiration rate at each elevation did not differ significantly between the 2 years (Supplementary Figure 2). Annual soil respiration rates were lower at higher elevations, decreasing from 2.79 kg CO2 year–1 m–2 at 1600 m to 0.74 kg CO2 year–1 m–2 at 2800 m. The annual soil respiration rate correlated positively with the mean annual temperature (Pearson correlation test, R = 0.92, P < 0.001, n = 10) and the aboveground biomass (R = 0.93, P < 0.001, n = 10) (Figure 5).
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FIGURE 5
Relationships of annual soil respiration rates with mean annual temperature (left) and aboveground biomass (right) at the five elevations (1600, 2000, 2300, 2500, and 2800 m) for the 2 years, 2018 (●) and 2019 (○). The annual soil respiration rate was estimated by substituting hourly soil temperature and soil water content into Equation 2 in the main text. See Table 1 for the equation parameters. The unit of Mg/ha is equivalent to × 0.1 kg/m2.


The temperature sensitivity (Q10) of the soil respiration rate showed no elevational trend, with the mean value ranging from 2.7 to 5.1 across the five elevations (Supplementary Figure 3). The effects of soil temperature (TS, °C) and aboveground biomass (B, Mg/ha) on the elevational change in the soil respiration rate (RS, g CO2 h–1 m–2) was analyzed using Equation 5. The constant (c0) and coefficients (c1, c2) of Equation 5 were estimated by GLM as below (P < 0.001 for each of c0-c2, n = 1341).
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The soil respiration rate was higher at lower elevations with greater biomass even at the same soil temperature because of the two positive coefficients of TS and B (Figure 6).


[image: image]

FIGURE 6
Relationship between soil respiration rate and soil temperature at a depth of 5 cm at five elevations (1600, 2000, 2300, 2500, and 2800 m). The regression lines of elevations of 1600 and 2000 m markedly overlapped, such that they are indistinguishable. The soil respiration rate at each elevation was calculated by substituting aboveground biomass into Equation 6. The aboveground biomass was 282.4, 267.6, 195.3, 50.1, and 29.0 Mg/ha at 1600, 2000, 2300, 2500, and 2800 m, respectively.


Substituting the soil temperature estimated from the daily mean temperature of the climate change scenarios (RCP 2.6, RCP 8.5) into the soil temperature in Equation 6, the percent change in the annual soil respiration rate was estimated for the two future periods (2055–2060, 2095–2100) compared to the current period (2015–2020). The annual soil respiration rate along the elevational gradient was expected to increase by 9–12% and by 30–42% under the RCP 2.6 and RCP 8.5, respectively, during the future period (2095–2100) compared to the current period (2015–2020) (Figure 7). Under the two RCP scenarios, the percentage increase in the soil respiration rate was highest at 2000 m and slightly decreased with increasing elevation (Figure 7).


[image: image]

FIGURE 7
Percent increases in annual soil respiration rates for the two future periods, 2055–2060 and 2095–2100, relative to the current period (2015–2020) at the five elevations (1600, 2000, 2300, 2500, and 2800 m). Annual soil respiration rates were estimated using Equation 6 and two climate change scenarios (RCP 2.6 and RCP 8.5).




4. Discussion


4.1. Elevational and seasonal changes in soil respiration rates

This study showed that the soil respiration rate was lower at higher elevations with lower soil temperatures and stand biomass. Many studies on seasonal changes in the soil respiration rate have found positive correlations among the soil respiration rate, soil temperature, and biomass (Rustad et al., 2001; Wieser, 2004; Epron et al., 2006; Zhao et al., 2017; Zhang et al., 2021). Therefore, the soil respiration rate is often reported to be lower in higher elevations (Niklińska and Klimek, 2007; Badraghi et al., 2021). In addition, the photosynthetic rate of plants is temperature-dependent (DeLucia and Smith, 1987; Mellander et al., 2004; Zaka et al., 2016), and the root respiration rate is thought to increase when the photosynthetic rate is high due to high air and soil temperatures (Sampson et al., 2007; Metcalfe et al., 2011). The photosynthetic rates of Abies veitchii, A. mariesii, and Pinus pumila, which are dominant in the sites of the present study, are decreased by low air and soil temperatures (Shimada and Takahashi, 2022, Suzuki and Takahashi, 2022). Therefore, lower soil respiration rates at higher elevations are undoubtedly caused by lower biomass and cooler temperatures.

Q10 has been shown to correlate negatively with temperature (Janssens and Pilegaard, 2003; Song et al., 2014; Xu et al., 2015) and is often reported to be greater at higher elevations and latitudes (Zhao et al., 2017; Badraghi et al., 2021). In addition, the Q10 value is usually approximately 2 at lowlands (Hashimoto, 2005; Meyer et al., 2018). Although no elevational trend in Q10 was found among the five elevations (1600–2800 m) studied, the average value of Q10 at each elevation ranged from 2.7 to 5.1. Therefore, Q10 was clearly higher at the five elevations in the subalpine zone than in the lowlands.

The effect of soil water content on the soil respiration rate differed among the five elevations. The soil respiration rate slightly increased with increasing soil water content at 1600 m when soil temperature was high but decreased at higher elevations when the soil water content exceeded the optimal soil water content, corroborating Huang et al.’s (2017) findings. This elevational change in the effects of soil water content on soil respiration rate is thought to correspond to the elevational change in meteorological conditions. In general, air temperature decreases while precipitation increases with increasing elevation in central Japan (Yamamura and Nakano, 1985; Yamada et al., 1995). Dendrochronological studies have often reported that climatic factors limiting tree growth change from less precipitation in summer at low elevations to low summer temperatures at high elevations (Adams and Kolb, 2005; Wang et al., 2005; Massaccesi et al., 2008; Peng et al., 2008). This is also true for the elevational gradient in the present study (Takahashi, 2003; Takahashi et al., 2003, 2005, 2011). Therefore, the positive correlation between the soil respiration rate and the soil water content in high soil temperature conditions at 1600 m indicates that the decrease in tree growth due to less precipitation (i.e., drought stress) reduces the root respiration rate and consequently the soil respiration rate.

During the 5-year measurement, the soil respiration rate in 2016 (especially July) was lower than in the other measurement years even at the same elevation, except for 2000 m. Although the mean monthly temperature in July 2016 was almost the same as in the other measurement years, monthly precipitation was 48–68% lower than in the other measurement years (Supplementary Figure 4), resulting in longer drought stress compared to the other measurement years. The soil respiration rate decreases under drought stress (Davidson et al., 1998; Epron et al., 2004; Lellei-Kovács et al., 2011). Therefore, the soil respiration rate was considered to be low in July 2016.



4.2. Changes in soil respiration due to global warming

In this study, the annual soil respiration rate decreased from 2.79 to 0.74 kg CO2 year–1 m–2 as elevation increased because the soil temperature and above ground biomass were lower at higher elevations. These annual respiration rates were within the range of reported values for the boreal ecosystem (Bond-Lamberty and Thomson, 2010a). The soil respiration rate at the five elevations (1600–2800 m) was expected to increase 9–12% (RCP 2.6) and 30–42% (RCP 8.5) by the year 2100 compared to the current period (2015–2020). The different results between the RCP 2.6 and RCP 8.5 scenarios were absolutely due to the difference in the temperature increase because concomitant changes in the soil water content and biomass were not taken into account. Compared to the current period (2015–2020), the global temperature will increase by 0.76°C and 3.3°C in 2095–2100 under the RCP 2.6 and RCP 8.5 scenarios, respectively. Therefore, global warming will increase the soil respiration rate, but the rate of the increase depends on how much temperature increases.

Unfortunately, there were no studies that estimated future soil respiration rates, so we cannot compare our estimates with previous studies. However, this study has some limitations in terms of predicting soil respiration rates by 2100. First, the soil respiration rate was predicted using soil temperature and biomass without considering soil water content. The increase in temperature possibly reduces the soil water content by increasing the evapotranspiration rate. Although a rise in soil temperature increases the soil respiration rate, this effect can be offset by a decrease in soil water content (Schindlbacher et al., 2012). Second, the current relationship between soil temperature and soil respiration rate was assumed to remain the same in the future, but this may change. As soil temperature increases, the organic matter decomposition rate increases (Trofymow et al., 2002; Cornelissen et al., 2007; Takeda and Takahashi, 2020), resulting in an increased supply rate of soil nutrients, which may increase plant growth rate, root respiration rate, and stand biomass. Third, it is possible that stand biomass will increase due to global warming, although this study estimated the future soil respiration rate under the assumption that stand biomass does not change from the current biomass. Increase of stand biomass will increase the soil respiration rate. Forth, as vegetation shifts to faster-growing tree species due to global warming, the nutrient concentration of litter supplied to the forest floor increases, and the heterotrophic respiration rate may increase (Metcalfe et al., 2011). Given the preceding four points, investigating the future effects of global warming on soil respiration rates is necessary using a dynamic vegetation model (cf. Sato et al., 2007).




5. Conclusion

This study showed that (1) the soil respiration rate was lower at higher elevations for each month from July to October, and the seasonal change in the soil respiration rate at each elevation could be reproduced by the soil temperature and soil water content, (2) the annual soil respiration rate correlated positively with the mean annual temperature and the aboveground biomass, and (3) the annual soil respiration rate will increase 9–12% and 30–42% under the RCP 2.6 and RCP 8.5 scenarios, respectively, during the future period (2095–2100) compared to the current period (2015–2020). As a result, global warming is expected to increase soil respiration along the elevational gradient in the future.

In general, in high elevations with cool thermal conditions, tree growth is limited more by low summer temperatures (Buckley et al., 1997; Hopton and Pederson, 2005; Wang et al., 2005; Savva et al., 2006; Levanič et al., 2009; Takahashi and Okuhara, 2013). The higher the elevation, the lower the net primary production (NPP) along the elevational gradient of the present study (Takeda and Takahashi, 2020). Global warming increases NPP because of the positive correlation between mean annual temperature and NPP from a meta-analysis (Piao et al., 2006). However, both NPP and soil respiration rates influence the carbon balance at the ecosystem level (Randerson et al., 2002; Bond-Lamberty et al., 2004; Reichstein et al., 2005). Therefore, our findings suggest that soil respiration evaluation is important not only for calculating the carbon balance of forest stands due to global warming but also for predicting global warming owing to the feedback of CO2 emission from soil to the atmosphere in mountain ecosystems.
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