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Abstract

:

Soil respiration (Rs) is a widely monitored parameter in global forest management that results in activities that contribute to ecosystem functions. Rs can vary depending on different disturbance levels and ecosystem types as a result of changes in forest management practices. Understanding the mechanisms through which different forest management practices affect Rs can provide a general reference for ecological management and restoration practices. However, the global drivers of Rs across different forest management practices have not been sufficiently studied in the literature. In this study, we investigated the changing trends in Rs based on the relationships evident between biomass and Rs across different forest management practices. We used simple linear models to explore the relationships between biomass (aboveground and belowground biomasses) and Rs at a global scale based on different types of forest management practices and biomes. We observed significant differences in the mean values of Rs among various forest management practices. Furthermore, significant positive relationships between forest biomass and Rs were evident globally. Soil temperature had a significant effect on Rs, but the influences of soil temperature and moisture on Rs changed with the variations in forest management practices. Biome type can regulate the relationships between forest biomass and Rs across different forest management practices. We observed that the relationships between forest biomass and Rs were the strongest for naturally regenerating forests, both with and without signs of management, in tropical and subtropical coniferous and temperate broadleaf and mixed forests. Forest plantations and agroforestry can favor the establishment of similar positive relationships in temperate forest biomes (i.e., temperate conifer forests and boreal forests/taiga). Our results show that aboveground and belowground biomasses can be applied as effective ecological indicators for monitoring Rs levels, depending on different forest management practices and biomes. In this study, we provide evidence for monitoring Rs levels under different forest management practices globally.
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1. Introduction


Forest management practices are classified in the field as planning sustainable forest management, restoration, and conservation activities [1]. Understanding the role of forest management practices in terms of conducting ecological assessments can facilitate these decision-making processes [1,2]. In a previous study, Lesiv et al. (2022) [1] provided maps of global forest management classes that contributed to assessing ecosystem functions and services. The maintenance of soil functions is the goal of conserving and restoring ecosystem functions and services across a variety of forest management practices worldwide [3,4,5]. For example, it is necessary to assess soil health in agroforestry systems globally [6,7]. Soil health is a key ecological indicator of ecosystem functions and services [8,9]. With the rapid development of forest management practices, it is thus critical to assess soil health and soil functions so as to support the development of biodiverse organisms that sustain terrestrial life.



Soil respiration (Rs) is a critical indicator of soil health. Rs is a measure of biological activity and decomposition, and reflects the soil’s potential to encourage plant growth and produce soil microbes [9,10,11]. Carbon sequestration is a process mainly influenced by Rs because it is the largest outward flux of carbon (C) from terrestrial ecosystems [12]. A high Rs rate indicates high biological activity, which signifies a healthy soil that readily breaks down the organic residues and cycles the nutrients needed for tree growth in forests [12,13]. The soil microbial community and root biomass play vital roles in Rs activity in terrestrial ecosystems [11,13]. Furthermore, changes in soil moisture and temperature induced by land use can exert more significant effects on Rs levels [9,11,13]. Thus, biomass, in combination with the factors of soil moisture and temperature, greatly contributes to Rs activity, supporting the flux of carbon (C) from terrestrial ecosystems. Forest management practices can drive land use changes and biomass variation [12]. Understanding the potential impacts of forest management practices on the intensity and processes controlling Rs is crucial for accurately estimating the global carbon balance [12]. Thus, the appropriate selection of management methods can contribute to enhancing forest carbon sequestration on a global scale.



Ecological processes (e.g., biomass changes) vary depending on the changes occurring in forest management practices [1,12]. For example, there are significant differences in the aboveground and belowground biomasses between natural and planted forests. The increase in aboveground and belowground biomasses occurs as a result of forest development [14,15,16]. A high forest biomass value is closely linked to managed plantation forests. Previous studies have provided evidence for the relationship between biomass and Rs [17,18,19]. However, these studies focus on specific sites or cases of forest management practices. Our study presents a general analysis of the relationship between biomass and Rs across different forest management practices. Thus, it is possible to develop monitoring approaches for Rs by using biomass as an ecological indicator.



The effectiveness of forest management practices on ecosystem functions (e.g., Rs) depends on biome changes [20,21]. Therefore, it is necessary to implement different approaches to forest management for biomes on a global scale. The relationship between biomass and Rs can be generalized, and also guide the successful development of natural and planted forests [22,23,24]. For example, in temperate plantation forests, the effects of thinning on Rs and its components vary substantially over time [23,24,25]. Belowground biomass (i.e., fine root and microbial biomasses) should be incorporated into biogeochemical models to accurately predict the long-term effects of thinning on Rs in these biomes [26,27]. However, heavy thinning practices may not apply to tropical forests, and agroforestry can enhance direct forest conversions and the high biodiversity levels of tropical forests with high levels of carbon stocks. Biomass can differ when estimating Rs because of the changes in forest management practices [23,24,25]. Hence, in this study, we considered the effects of the biome on the relationships between biomass and Rs across different forest management practices.



Moreover, we investigated the effects of soil temperature and moisture on Rs rates under different forest management scenarios. The release of carbon dioxide from the soil through the process of respiration substantially contributes to fluxes occurring in the global carbon cycle [28,29]. Rs rates can also vary with soil temperature changes [30]. Respiration rates are likely to follow the current temperature response function, although higher latitudes are more responsive to warmer temperatures than lower latitudes [31]. Furthermore, soil moisture is a key index for understanding soil–plant–atmosphere interactions [32]. Linear relationship between Rs and water content levels, as a result of soil moisture, generally exists across different spatial scales [33,34]. However, the effects of soil temperature and moisture levels on Rs levels under different forest management scenarios, which can provide useful insights into the role of forest management concerning Rs from an environmental perspective, have rarely been investigated in the literature.



Thus, our study aims to explore the relationships between aboveground and belowground biomasses and Rs across different forest management practices at the global scale, which can ultimately provide a varied selection of appropriate management options in the future. Higher Rs rates signify highly active soils as well as a higher carbon efflux activity to the atmosphere [17,19,23,24]. Given that high Rs may not mean high biodiversity and soil health in some cases, we should favor management practices that support high Rs rates, which also imply a higher biomass accumulation rate. In this study, we propose five hypotheses: (1) positive relationships between biomass and Rs exist; (2) significant relationships between soil temperature and moisture and Rs exist; (3) the biomass–respiration relationships vary across different forest management practices; (4) the relationships of soil temperature and moisture with Rs depend on various forest management practices; and (5) the effects of forest management classes on biomass–respiration relationships depend on biome types.




2. Materials and Methods


2.1. Data on Forest Management Practices


Global forest management data were obtained from Lesiv et al. (2022) [1]. Forest management types were classified into six groups: (11) naturally regenerating forests without any signs of management, (20) naturally regenerating forests with signs of forest management, (31) planted forests (rotation > 15 years), (32) plantation forest (rotation ≤ 15 years), (40) oil palm plantations, and (53) agroforestry, similarly to the study of Lesiv et al. (2022) [1]. These forest management types were based on the human impact level and rotation time observed, distinguishable from visual interpretations of satellite imagery. The high soil respiration does not necessarily mean high biodiversity and soil health, but rather means a high rate of forest disturbances. To reduce such effects, the human impact level and rotation time observed from forest management practices are linked to the rate of forest disturbances. Based on the study conducted by Lesiv et al. (2022), we used 226,322 locations at a 100 m × 100 m resolution based on unique locations using Geo-Wiki (https://www.geo-wiki.org/), an online application used for crowdsourcing and the expert visual interpretation of satellite imagery [1]. The location dataset represents the status of forest ecosystems, and can be used to investigate the value of forests in terms of species, ecosystems, and their services [1].



We obtained a global map of the 14 biomes from Dinerstein (2017) [35]. Based on the studies performed by Olson et al. (2001) and Dinerstein et al. (2017) [35,36], we used a global map of 867 ecoregions belonging to 14 biome guide conservation actions and ecological processes. We used terrestrial biomes in our study; large land areas displayed characteristic geographically distinct assemblages of plant communities and environmental conditions [37,38]. The study area included six forest biomes: tropical and subtropical moist broadleaf forests, tropical and subtropical dry broadleaf forests, tropical and subtropical coniferous forests, temperate broadleaf and mixed forests, temperate conifer forests, and boreal forests/taiga.



In our study, however, we only considered temperate, tropical, and boreal forests, excluding forest masses in drylands, considering the importance of these ecosystems for carbon cycle assessment [29]. Tropical and subtropical dry broadleaf forests include the cases of forest management practices [1]. Hence, this biome was included in our study. The most efficient carbon capture systems are widely available in the research, and the carbon present in certain forests can be released into the atmosphere by the processes of respiration, decomposition, and combustion in a cyclical manner [39]. Hence, biomes are efficient for the activities of carbon sequestration and storage. Different forest management practices can help temperate, tropical, and boreal forests to capture higher levels of carbon by changing the factors of tree age structure and density in the stands.



To improve the accuracy of the different forest management practices, we overlapped 226,322 locations with the above-mentioned six forest biomes, excluding global dry zones [39]. The soil in dry regions is sandy with extremely low organic matter, low nutrient levels, and low microbial activity, which results in considerable uncertainties concerning the biomass–Rs relationship. However, in our study, we only used locations presenting the six forest biomes relevant to our study. Finally, 159,835 locations in the six forest biomes were used for further analysis (Figure 1).




2.2. Data on Soil Respiration


Soil respiration data obtained from 2000 to 2014 were obtained from Huang et al. (2020) [40], which were based on comprehensive literature checks of field Rs measurements. This dataset followed the selection criteria of the records available in the literature: (1) the dataset strictly focused on annual (year-round) Rs measurements; (2) the studies that applied an infrared gas analyzer or gas chromatograph were selected for both autotrophic and heterotrophic respiration processes; and (3) in cases where more than one set of year-round Rs measurements were completed at one site and for one year, the data were averaged to estimate the mean annual Rs rates for the site and year [30]. The final dataset used in this study contained 1292 annual Rs measurements collected from 701 sites between 2000 and 2014 [40].



Based on the abovementioned dataset, the product of the annual global Rs rates collected from 2000 to 2014 was generated at a 1 km × 1 km spatial resolution for each grid cell, using the available MODIS data and statistical models based on biome types. Rs rates varied among different biomes due to the global relationships between the factors of climate and vegetation. In their study, Huang et al. (2020) established biome-scale models for improving the estimation performance of global Rs based on field measurements and satellite remote sensing technology. Here, Rs is considered as the annual soil respiration rate (g C m−2 year−1) [40]. Under a 10-fold cross-validation method, this database was used to perform model accuracy estimations using four statistical models (multiple nonlinear regression (MNLR), random forest regression (RFR), support vector regression (SVR), and artificial neural network (ANN)) by comparing the root mean square error (RMSE) and coefficient of determination (R2) [40]. These models could account for more spatiotemporal variabilities in the global Rs rates than machine learning algorithm models. The model parameters of different numbers or types were adjusted and tested to ensure that the Rs results were accurate at a 1 km × 1 km spatial resolution for each grid cell. This database is relatively robust when measuring Rs rates [40]. To conduct a spatial analysis at the global scale, a 1 km by 1 km spatial resolution dataset was created from the original remote sensing data products based on the nearest neighbor resampling method based on 701 sites studied between 2000 and 2014. We averaged the annual global Rs rates for each cell grid from 2000 to 2014 [40]. Bare lands, water bodies, urban lands, and built-up lands were excluded from our study area. The Rs indices could be represented at a spatial scale.




2.3. Data on Forest Biomass


In this study, we classified forest biomass into aboveground and belowground biomasses. The original aboveground biomass data were generated at a 1 km × 1 km spatial resolution using a global dataset of aboveground live biomass (i.e., dry mass) stored in forests with a spatial resolution of 1 ha, based on the study conducted by Santoro et al. (2021) [41]. We obtained the data for belowground biomass (i.e., root biomass) from the study conducted by Huang et al. (2020) [40] based on 10,307 field measurements of forest root biomasses worldwide, including global observations of forest structure, climatic conditions, topography, land management, and soil characteristics. This is a spatially explicit global high-resolution (~1 km) root biomass dataset that includes the assessment of fine and coarse roots [40].




2.4. Data on Soil Temperature and Moisture


Global maps indicating the annual soil temperature data, including mean, minimum, and maximum temperatures, were used to calculate nine bioclimatic variables used in our study: (1) AMT—annual mean temperature; (2) MDTR—mean diurnal temperature range (mean of monthly temperature (max temp–min temp)); (3) isothermality (×100); (4) TS—temperature seasonality (standard deviation × 100); (5) MTWM—maximum temperature of the warmest month; (6) MTCM—minimum temperature of the coldest month; (7) ATR—annual temperature range; (8) MTWQ—mean temperature of the wettest quarter; and (9) MTDQ—mean temperature of the driest quarter. The data were obtained from a previous study (https://zenodo.org/records/4558663, accessed on 27 August 2020) [42]. The corresponding temperature values based on ERA5L were calculated using the means of the average temperature for each month over the 1981–2016 period and averaging the 12 monthly values from January to December to produce one annual value. This procedure was repeated for a soil depth in the range of 0–5 cm, as well as concerning the offsets in the mean, minimum, and maximum temperatures [42]. All variable map layers were projected onto a unified pixel grid in EPSG:4326 (WGS84) at a 30 arc-sec resolution (≈1 × 1 km at the equator). Soil temperature data indicate that seasonal variations and climatic conditions control Rs rates for particular types of vegetation and forest management practices [42].



We downloaded a map from the study of Guevara et al. (2021) [43], which indicated soil moisture levels. The dataset comprised gap-free global mean annual soil moisture predictions for 28 years (1991–2018) across a 15 km grid at a soil depth of 0–5 cm. This was a new soil moisture dataset that had high granularity with validation methods and a modeling approach that could be applied on a global scale. Subsequently, we computed the average and standard deviation values for soil moisture over the 28-year period (1991–2018) for further analysis [43].




2.5. Analyses


To explore the relationships of aboveground and belowground biomass, as well as soil temperature and moisture, with Rs, we used a general linear mixed model on a global scale [44]. In our study, the random factor was forest management practices, the response variable was Rs, and the explanatory variables were biomass (aboveground and belowground biomasses), soil temperature, and moisture (mean and standard deviation values obtained from 1991 to 2018). We used marginal R2 (R2m) and conditional R2 (R2c) values to quantify the observed relationships under a general linear mixed model. The R2m value of the model was reported using just fixed effects, while the R2c value of the full model was employed considering the random factors. The predictors are organized in a matrix where the rows are the study locations and the columns are the aboveground and belowground biomass, soil temperature and moisture, and Rs. The matrix was used as the input in a general linear mixed model. We compared the results of the gap between the R2m and R2c to test whether the changes in forest management classes (i.e., random factors) affect the relationships of biomass, soil temperature, and moisture with Rs. The relative importance of the above-mentioned explanatory variables was quantified using the general linear mixed model [44]. We then used the Tukey post hoc test to compare the average Rs values for each forest management/biome type. To explore the dependence of different forest management approaches and biomes, we used simple linear models to determine the relationships evident between biomass and Rs, and between soil temperature and moisture and Rs, based on the biome types, as well as different forest management practices. All analyses were conducted using the glmm. hp and lme4 packages using R v4.2.3 (https://www.r-project.org/).





3. Results


Our results present significant differences in the mean values of Rs for the different forest management practices (Figure 2). Globally, the Rs rates were the highest for plantation forests (rotation ≤ 15 years) and oil palm plantations, and the lowest for planted forests (rotation > 15 years) (Figure 2). These differences varied depending on the biome changes that occurred (Figure 3). The highest Rs rates were evident for planted forests (rotation > 15 years) in boreal forests/taiga and tropical and subtropical coniferous forest areas, plantation forests (rotation ≤ 15 years) in temperate broadleaf, mixed forest and temperate conifer forest areas, and naturally regenerating forests without any signs of management located in primary forests in tropical and subtropical coniferous forest and tropical and subtropical moist broadleaf forest areas (Figure 3).



We observed that forest biomass and soil conditions had significant effects on Rs rates globally (R2m = 0.30 and R2c = 0.33). The factors of AMT, TS, MTCM, MTWQ, MTDQ, and aboveground biomass had substantial effects on Rs; however, soil moisture had the least effect on Rs (Figure 4). The gap between R2m and R2c values indicates that these effects varied depending on the changes in forest management classes. We also observed that the strongest positive relationships between biomass and Rs existed for naturally regenerating forests without signs of management (R2 = 0.49 for aboveground and R2 = 0.28 for belowground; p < 0.0001; Figure 5) and for naturally regenerating forests with signs of forest management (R2 = 0.11 for aboveground; p < 0.0001; Figure 5). Other forest management classes can lead to the establishment of weak relationships between forest biomass and Rs globally. Based on the slope results we obtained in our study, the effects of aboveground biomass on Rs rates were evidently lower than those of the belowground biomass at the global scale.



We can observe that the effects of soil temperature and moisture on Rs rates depend on different forest management practices (Table 1). The strongest relationships between soil temperature and moisture (i.e., AMT, MDTR, TS, MTWM, MTCM, ATR, MTWQ, MTDQ, and mean SM) and Rs can be observed in naturally regenerating forests without any signs of management (Table 1). In addition, AMT, MTWM, MTCM, MTWQ, and MTDQ present strong effects on the Rs rates in plantation forests (rotation ≤ 15 years; Table 1). AMT has positive effects on Rs in naturally regenerating forests without any signs of management, but has negative effects on Rs in plantation forests (rotation ≤ 15 years; Table 1). In naturally regenerating forests with signs of forest management, only TS has an effect on Rs (Table 1). Based on the slope results, it can be observed that the soil moisture level is enhanced in naturally regenerating forests without any signs of management, planted forests (rotation > 15 years), and oil palm plantations. MDTR had negative effects on Rs rates in naturally regenerating forests without any signs of management, naturally regenerating forests with signs of forest management, and planted forests (rotation > 15 years).



Interestingly, we observed that biome types could regulate the relationships between forest biomass and Rs across different forest management practices (Figure 6). All the relationships were positive. The relationships between forest biomass and Rs rates were the strongest for naturally regenerating forests, both with and without signs of management, in tropical and subtropical coniferous forests and temperate broadleaf and mixed forests. When analyzing planted forests (rotation > 15 years), we observed that the relationships between forest biomass and Rs rates were the strongest in temperate conifer forests, boreal forests, and taiga (R2 > 0.12; p < 0.0001; Figure 6). For agroforestry, we determined that boreal forests/taiga had the strongest relationships, but the R2 values of belowground biomass were higher than those of aboveground biomass (Figure 6). In other biomes, the relationships between forest biomass and Rs rates were weak due to R2 < 0.1, except for aboveground biomass vs. Rs in tropical and subtropical coniferous forests in naturally regenerating forests with signs of forest management (Figure 6).




4. Discussion


4.1. Relationships between Biomass and Soil Respiration


Globally, different forest management types result in different Rs levels. The highest Rs rate was evident in plantation forests (rotation ≤ 15 years), and the lowest Rs rate occurred in planted forests (rotation > 15 years), indicating the presence of high Rs rates in the early stages of planted forests. Rs rates are highly dependent on soil temperature and moisture conditions [45,46]. We observed that, in the early stages of plantation forests, the soil temperature levels were relatively high, and the soil moisture level was relatively low because of the decreasing stand density and leaf area [47,48]. Rs rates increase with increasing temperature, and it has also been established that Rs decreases when the soil is either very dry or wet [49]. Hence, it is possible that the effects of different forest management types on Rs rates occur due to the changes in soil temperature and moisture levels.



Furthermore, we determined the relationships between aboveground and belowground biomasses and Rs at the global scale. Rs rates on a large spatial scale are determined by shifts in aboveground and belowground biomass allocations [50,51]. Litter decomposition, which is associated with microbial respiration, is likely to be a major component of Rs [52,53]. Aboveground biomass is frequently removed and transformed into litter with a short lifespan [23,53]. Litter decomposition plays a critical role in regulating soil carbon and nitrogen cycling between plants and soils in forest ecosystems, and the litter layer mediates the soil microclimate by buffering the soil surface and atmosphere [53,54]. Microbial respiration in the surface layer is associated with a high rate of litter component decomposition, which can promote Rs [55]. High belowground biomass, including plant roots and closely associated microbial organisms, significantly contribute to Rs [26].



Forest plantations and agroforestry have developed rapidly worldwide, contributing to Rs and playing an important role in regulating pools of soil carbon and carbon cycling in terrestrial ecosystems, which directly affect the atmospheric concentration of CO2 [17,24,56,57]. Numerous studies have conducted field and experimental work to explore the effects of forest thinning on Rs rates [24,25,58,59,60]. Forest thinning has been widely used to enhance tree growth, optimize stand structure, promote biodiversity, reduce the numbers of tree pests and diseases, decrease wildfire risks, and maintain a healthy ecosystem function in experimental and field studies [23,57,58,59]. Based on the results obtained from field and experimental studies, it is evident that thinning and understory plant removal activities inevitably affect Rs and its components by altering the environment of plantation forests [24,25,57,58]. Previous studies have shown that thinning can directly inhibit Rs by reducing aboveground and belowground biomasses [24,25,60,61].



Based on the slope results we obtained in our study, it is evident that the effects of aboveground biomass on Rs rates are lower than those of the belowground biomass at the global scale, indicating that microbial respiration coupled with plant roots plays a more critical role in Rs activity than aboveground litter decomposition. However, the influence of aboveground and belowground biomasses on Rs rates depends on the changes in forest management practices. The effects of biomass on Rs rates are evident in naturally regenerating forests globally, but are less obvious in other forest management classes. Naturally regenerating forests have relatively high photosynthetic assimilation rates, soil microbial activity, root density, and biomass values, in comparison to plantation forests [62,63]. Hence, naturally regenerating forests present stronger effects on Rs than plantation forests. Our study provided a general mechanism for assessing Rs variations in forest management types, ranging from natural to plantation forests, from the perspective of aboveground and belowground biomasses.




4.2. Relationships between Soil Temperature and Moisture and Soil Respiration


In our study, soil temperature presented a significant relationship with Rs, but a weak relationship between soil moisture and Rs at a global scale was also evident. However, we observed that the effects of soil temperature and moisture on Rs rates depended on forest management types. High temperatures were associated with low Rs values in boreal forests. Our study has shown that forest management practices could regulate the effects of soil temperature and moisture on Rs rates. Specifically, annual and extreme temperatures had substantial effects on Rs rates in naturally regenerating and plantation forests worldwide without displaying any signs of management (rotation ≤ 15 years). Although the soil temperature and moisture dependence of Rs were thoroughly examined in our study, our results show that such effects depend on different forest management practices.



Previous field experiments have demonstrated that Rs was more sensitive to temperature changes as the soil moisture level increased. The effects of changes in soil temperature and moisture caused by aridity on carbon cycle variability under different forest management practices should also be considered in the research. The changes in forest management types on soil conditions can be attributed to the response of Rs to drought [64]. Drought can lead to a significant reduction in vegetation productivity by decreasing the water availability for plant tolerance, inhibiting extracellular enzyme diffusion in the context of plant water stress, and in turn inducing a substantial reduction in Rs activity [65,66]. Furthermore, different disturbance levels can alter the relationships between soil temperature and Rs rates [67,68]. Forest management practices are applied based on the degree of land disturbance [1]. Our results indicate that the annual mean temperature has a positive effect on Rs rates in naturally regenerating forests without any signs of management, but a negative effect on Rs in plantation forests (rotation ≤ 15 years). Temperature seasonality can also influence Rs rates during different forest management practices in the form of environmental constraints, such as great temperature fluctuations and severe water scarcity [69,70,71]. Soil moisture was also significantly associated with Rs, only in naturally regenerating forests without any signs of management. Relatively low soil moisture levels and warm temperatures can change the Rs rates in natural vegetation [56]. Hence, we should pay more attention to soil conditions (e.g., temperature and moisture) for the purpose of monitoring Rs rates across different forest management practices.




4.3. Biome Effects


Our results show that the effects of aboveground and belowground biomasses on Rs rates depend on biome changes. Our results also show that positive relationships between biomass and Rs exist widely in naturally regenerating forests across all 14 biomes surveyed in our study. Based on the analysis we performed on the biome effects, we determined that planted forests favored similar positive relationships in temperate forests. Rs can be enhanced for planted forests (rotation > 15 years), plantation forests (rotation ≤ 15 years), and agroforestry in temperate conifer and boreal forests/taiga by increasing aboveground and belowground biomasses. Furthermore, the Rs rate was the highest in planted forests in these two biomes.



As a crucial indicator of forest growth and quality, estimating the aboveground biomass plays a key role in monitoring the global carbon cycle and performing forest health assessments, which present significant results concerning Rs–biomass relationships in temperate conifer forests [70,72,73]. At smaller spatial scales (e.g., within forests), stand biomass is not strongly associated with Rs in temperate conifer forests [72]. Larger biomasses do not necessarily imply higher metabolic rates, even if the trees being studied are old, or have a higher proportion of dead wood due to old age, compared to younger, more metabolically active trees that account for relatively little in terms of biomass [66,74,75]. Thus, an increase in biomass can result in greater increases in Rs rates in different forest areas, as biomass is only an indirect proxy of autotrophic and, even more so, heterotrophic metabolic activity.



Furthermore, in our study, we observed that boreal forests/taiga presented the strongest relationship between biomass and Rs in the agroforestry category, indicating that biomass should be used to estimate Rs rates for agroforestry in boreal forests/taiga. Agroforestry is the system of growing trees, other woody perennials, crops, or pastures on the same land [72,73]. Agroforestry practices have recently received considerable attention in the research as a useful strategy to increase the number of carbon sinks in soils [74,76,77]. The selection of proper tree species and management techniques to rapidly increase boreal forests/taiga biomasses when introducing agroforestry systems has also been suggested in the research [76,77,78]. However, our study did not provide robust evidence for the existence of positive relationships between biomass and Rs rates in tropical and subtropical biomes (e.g., tropical and subtropical coniferous forests). Our results can be applied to forest management practices for naturally regenerating forests.





5. Conclusions


We can conclude that global positive relationships exist between aboveground and belowground biomasses and Rs in naturally regenerating forests, particularly in tropical and subtropical coniferous forests. Hence, aboveground and belowground biomasses could be used as effective ecological indicators for monitoring Rs activity, depending on the different forest management practices and biomes employed. In our results, a general reference for ecosystem functions related to Rs under different forest management practices globally is successfully provided.
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Figure 1. Locations of forest management practices (a) and biomes (b) in our study. 
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Figure 2. Comparison of soil respiration rates as a result of different forest management practices. Columns coupled with bars represent mean ± standard error values. The six forest management types are classified as (11) naturally regenerating forests without any signs of management, (20) naturally regenerating forests with signs of forest management, (31) planted forests (rotation > 15 years), (32) plantation forest (rotation ≤ 15 years), (40) oil palm plantations, and (53) agroforestry [1]. Multiple comparisons using Tukey post hoc test and the compact letter display. 
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Figure 3. Comparison of soil respiration rates as a result of different forest management practices across six forest biomes. Columns coupled with bars represent mean ± standard error values. The six forest management types are classified as (11) naturally regenerating forests without any signs of management, (20) naturally regenerating forests with signs of forest management, (31) planted forests (rotation > 15 years), (32) plantation forest (rotation ≤ 15 years), (40) oil palm plantations, and (53) agroforestry [1]. Multiple comparisons using Tukey post hoc test and the compact letter display. 
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Figure 4. Importance of biomass (aboveground and belowground biomasses), soil temperature, and moisture (mean and standard error values obtained from 1991 to 2018) for soil respiration based on the general linear mixed model. Nine soil temperature variables are presented in Section 2. SM represents soil moisture. 
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Figure 5. Regression lines for relationships of aboveground (AGB) and belowground (BGB) biomasses with soil respiration rates for (11) naturally regenerating forests without any signs of management and (20) naturally regenerating forests with signs of forest management. All the relationships are significant (p < 0.05). 
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Figure 6. The significant relationships (R2) of aboveground (AGB) and belowground (BGB) biomasses with soil respiration rates for different forest management practices and biome types. All the relationships are significant (p < 0.05). The six forest management types classified as (11) naturally regenerating forests without any signs of management, (20) naturally regenerating forests with signs of forest management, (31) planted forests (rotation >15 years), (32) plantation forest (rotation ≤15 years), (40) oil palm plantations, and (53) agroforestry [1]. 
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Table 1. Relationships of soil temperature and moisture with soil respiration rates based on simple linear models.
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11

	
20

	
31

	
32

	
40

	
53




	
R2

	
Slope

	
R2

	
Slope

	
R2

	
Slope

	
R2

	
Slope

	
R2

	
Slope

	
R2

	
Slope






	
AMT

	
0.72

	
29.20

	
0.06

	
8.21

	
0.04

	
7.27

	
0.26

	
−19.81

	
0.00

	
−4.69

	
0.01

	
6.59




	
MDTR

	
0.34

	
−84.33

	
0.04

	
−20.45

	
0.06

	
−22.11

	
0.00

	
7.41

	
0.02

	
−24.31

	
0.00

	
−1.73




	
Isothermality

	
0.00

	
0.00

	
0.000

	
0.00

	
0.02

	
−3.01

	
0.00

	
0.010

	
0.00

	
−0.01

	
0.00

	
0.00




	
TS

	
0.72

	
−0.89

	
0.12

	
−0.41

	
0.09

	
−0.30

	
0.02

	
0.22

	
0.03

	
−1.04

	
0.01

	
−0.12




	
MTWM

	
0.34

	
34.87

	
0.06

	
3.26

	
0.00

	
−1.72

	
0.27

	
−20.83

	
0.00

	
−2.79

	
0.01

	
4.56




	
MTCM

	
0.73

	
19.44

	
0.07

	
6.65

	
0.11

	
12.27

	
0.17

	
−12.60

	
0.01

	
16.42

	
0.02

	
5.30




	
ATR

	
0.66

	
−23.74

	
0.09

	
−10.11

	
0.10

	
−9.75

	
0.00

	
1.74

	
0.00

	
−4.87

	
0.00

	
−1.20




	
