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Abstract

:

Bioenergy is one of the most considered alternatives to fossil fuels. Short-rotation woody crops (SRWCs) as bioenergy sources are capable of alleviating energy constraints and sequestering atmospheric CO2. However, studies investigating soil carbon (C) dynamics at SWRC plantations are scarce. We studied American sycamore (Platanus occidentalis) as a model tree species for SRWC at different planting densities ((1) 0.5 × 2.0 m (10,000 trees·ha−1 or tph), (2) 1.0 × 2.0 m (5000 tph), and (3) 2.0 × 2.0 m (2500 tph)) to examine seasonal variation in total soil respiration (Rtotal), partitioned into heterotrophic (Rh) and autotrophic (Ra) respiration, and we evaluated climatic and biological controls on soil respiration. Rtotal and Rh exhibited larger seasonal variation than Ra (p < 0.05). During the nongrowing seasons, the average Rtotal was 0.60 ± 0.21 g·C·m−2·day−1 in winter and 1.41 ± 0.73 g·C·m−2·day−1 in fall. During the growing season, Rtotal was 2–7 times higher in spring (3.49 ± 1.44 g·C·m−2·day−1) and summer (4.01 ± 1.17 g·C·m−2·day−1) than winter. Average Rtotal was 2.30 ± 0.63 g·C·m−2·day−1 in 2500 tph, 2.43 ± 0.64 g·C·m−2·day−1 in 5000 tph, and 2.41 ± 0.75 g·C·m−2·day−1 in 10,000 tph treatments. Average Rh was 1.72 ± 0.40 g·C·m−2·day−1 in 2500 tph, 1.57 ± 0.39 g·C·m−2·day−1 in 5000 tph, and 1.93 ± 0.64 g·C·m−2·day−1 in 10,000 tph, whereas Ra had the lowest rates, with 0.59 ± 0.53 g·C·m−2·day−1 in 2500 tph, 0.86 ± 0.51 g·C·m−2·d−1 in 5000 tph, and 0.48 ± 0.34 g·C·m−2·day−1 in 10,000 tph treatments. Rh had a greater contribution to Rtotal (63%–80%) compared to Ra (20%–37%). Soil temperature was highly correlated to Rtotal (R2 = 0.92) and Rh (R2 = 0.77), while the correlation to Ra was weak (R2 = 0.21). Rtotal, Rh, and Ra significantly declined with soil water content extremes (e.g., <20% or >50%). Total root biomass in winter (469 ± 127 g·C·m−2) was smaller than in summer (616 ± 161 g·C·m−2), and the relationship of total root biomass to Rtotal, Rh, and Ra was only significant during the growing seasons (R2 = 0.12 to 0.50). The litterfall in 5000 tph (121 ± 16 g DW·m−2) did not differ (p > 0.05) from the 2500 tph (108 ± 16 g DW·m−2) or 10,000 tph (132 ± 16 g DW·m−2) treatments. In no circumstances were Rtotal, Rh, and Ra significantly correlated with litterfall amount across planting densities and seasons (p > 0.05). Overall, our results show that Rtotal in American sycamore SRWC is dominated by the heterotrophic component (Rh), is strongly correlated to soil environmental conditions, and can be minimized by planting at a certain tree density (5000 tph).
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1. Introduction


Bioenergy has become one of the most considered energy sources as an alternative to fossil fuels, with potential to promote agricultural and environmental sustainability by reducing carbon (C) emissions [1,2,3]. The US Department of Energy characterizes short-rotation woody crops (SRWCs), in addition to perennial herbaceous crops, as capable of alleviating energy constraints and helping to decrease atmospheric CO2 levels [4]. SRWC tree species grown as bioenergy feedstocks can be produced without depleting food supplies, have a net positive energy balance, and contribute to the reduction in greenhouse gas emissions and soil restoration [5]. The most popular SRWC species are poplar (Populus spp.), willow (Salix spp.), sweetgum (Liquidambar styraciflua), black locust (Robinia pseudoacacia), Eucalyptus spp., silver maple (Acer saccharinum L.), and sycamore (Platanus occidentalis) [6]. Although Populus and Salix genera have been the most widely investigated SRWCs in many regions of the US, many species of these genera are not native to the Southeastern USA. These species cannot survive in marginal lands, summer droughts, and high temperatures [7], unlike American sycamore, which is native to the southeastern USA and is viable across a wide range of environmental conditions. American sycamore is a promising species for SRWC culture. It shows high resilience to degraded agricultural soils and has been shown to produce 30% more aboveground biomass than sweetgum plantations under low-intensity management [8].



While many researchers have studied the aboveground productivity of SRWC species, investigation of soil C dynamics of SRWCs is less common. Soil respiration is an important component of the global C budget and is responsible for up to 25% of the land–atmosphere CO2 exchange [9]. Therefore, changes in soil respiration due to land management may have significant implications for atmospheric CO2 concentration [10,11]. Autotrophic respiration from roots and heterotrophic respiration from the decomposition of litter and soil organic matter by soil microorganisms are the two main components of soil respiration [12,13]. The contribution of autotrophic respiration to total soil respiration ranges between 10% and 90% [14,15]. Partitioning root and microbial contributions to soil respiration is complicated [16], but crucial for calculating the C budgets of vegetation and the turnover rate of soil organic matter [17]. There have been three main approaches to differentiating heterotrophic from autotrophic respiration in field studies, including component integration, root exclusion studies, and isotope tracing [14,18]. Among these, the root exclusion method has been recognized as a simple, but effective approach considering the difficulty in measuring root respiration in situ [17]. The root exclusion method entails little disturbance to the trees and has been widely used to provide insights on separating root respiration from soil microbial respiration [17,19]. It is also suitable for maintaining most field conditions and easy to apply under experimental conditions (Li et al., 2010).



Among factors controlling soil respiration, soil temperature [20,21,22] and soil water content [23] are dominant. As the climate warms, there is the potential for heterotrophic respiration to increase, with implications for feedbacks to atmospheric CO2 concentration. Low soil water content limits substrate C availability to microbial communities and, thus, reduces soil respiration [24,25]. However, high soil water content reduces soil respiration by blocking CO2 transport because of low soil effective porosity and diffusion [23,26].



Soil respiration is >90% a biological process; hence, plant-derived factors are important determinants [27]. Roots and microorganisms depend on substrate supply assimilated by plants that are eventually incorporated back into the soil as litter. Autotrophic respiration is closely linked to fine root biomass, and heterotrophic respiration is positively correlated with annual litter production [28].



However, despite the importance of biological control of soil respiration, empirical models have often disregarded biotic factors and focused more on climate variables, since vegetation productivity and climate are correlated, and their effects on soil respiration cannot be disentangled [27]. Nevertheless, it was reported that it is possible to separate climatic and biological effects on soil respiration, and that a biologically driven model explained sixfold more variance of soil respiration than a climate-driven model [27,29]. Disentangling climate and biological effects on soil respiration is still under debate [30,31,32].



The degree to which soil respiration in bioenergy plantations is climate-driven or biologically driven requires further investigation.



Contrasting findings on the main determinants of soil respiration are only correlative relationships, obscured by the background correlation between productivity and climate. A key question arises as to whether soil respiration and its components respond differently to changing environmental and biological conditions [12,13]. Quantitatively describing environmental and biological factor impacts on soil respiration is necessary to improve models of soil respiration [16,33,34].



SRWC tree planting density controls the degree of aboveground vegetation cover, affecting light penetration and associated weed development [35]. The selection of planting density has important economic consequences, as it impacts rotation length and establishment costs [36]. Studies regarding fast-growing species have shown that low-density tree planting has strong positive effects on individual stem diameter, volume, and quality [37,38]. High-density tree planting requires a larger initial financial commitment, but will result in faster site occupation, shading out competing plants and reducing weed control requirements [8]. Growing American sycamore at a higher planting density resulted in smaller individual trees in addition to higher total aboveground biomass production [39], yet how it affects soil C cycling is still unclear.



Planting density effects on soil respiration of sycamore SRWC have not been studied extensively. However, a study in SRWC of Populus and Salix showed that higher planting density was associated with higher total soil respiration rates compared to lower planting density [40]. Lastly, quantitative information on the seasonal changes in soil respiration and its partitioning in bioenergy SRWC is lacking.



To address these knowledge gaps of soil C cycling in SRWC, we conducted a year-long field study using a 4 year old American sycamore plantation at three different planting densities under a low-input regime in the Piedmont region of central North Carolina. We aimed to quantify total soil respiration (Rtotal), partitioned into heterotrophic (Rh) and autotrophic (Ra) components, and we examined the effects of planting density and seasonality on soil CO2 efflux. We also determined the major environmental and plant-mediated drivers of Rtotal, Rh, and Ra. We hypothesized that (1) Rtotal, Rh, and Ra would be higher during the growing season than in the nongrowing season due to higher soil temperature, adequate soil moisture, higher root biomass, and higher litterfall production, (2) that the contribution of Rh to Rtotal would be greater than Ra, (3) that the influence of soil temperature would be more significant than that of the soil water content (SWC), and (4) that environmental factors (e.g., soil temperature and SWC would have a greater effect on soil respiration than plant controls (e.g., root biomass and litterfall).




2. Materials and Methods


2.1. Site Description


This study was conducted at a North Carolina Department of Agriculture and Consumer Services research station near Butner, North Carolina (36°7′58.20″ N, 78°48′26.49″ W) (Figure 1) in a bioenergy field trial in its second rotation, following coppicing in 2014. At this site, elevation is approximately 86 m above sea level, mean annual precipitation is 1412 mm, and mean temperature is 21.0 °C in summer and 7.8 °C in winter. The soil is mapped as Creedmoor sandy loam with 13% clay, 25% silt, and 62% sand texture (https://websoilsurvey.sc.egov.usda.gov/) accessed on 15 June 2017. During the first rotation cycle, bare-root American sycamore (Platanus occidentalis L.) seedlings were purchased from the North Carolina Forest Service and hand-planted in winter 2010 [39]. During the first growing season, weed competition was controlled by glyphosate herbicide and mowing between the tree rows to aid tree establishment, but no other inputs were applied thereafter. Trees were harvested after the fourth growing season in winter 2013–2014. For the current study, sampling was conducted from July 2017 to August 2018, at which time the second-rotation trees were 3 years old.




2.2. Experimental Design


The experiment was set up as a randomized complete block design of factorial treatments of planting density (three levels), replicated three times (Figure 1) [39]. Seasons were defined as winter (January–March), spring (April–June), summer (July–September), and fall (October–December). The planting density treatments were (1) 0.5 × 2.0 m (10,000 trees·ha−1 or tph), (2) 1.0 × 2.0 m (5000 tph), and (3) 2.0 × 2.0 m (2500 tph). Each of the three planting density treatments was replicated three times for a total of nine plots dispersed across three blocks.




2.3. Soil Respiration Measurements


We used the nested collar approach to partition total soil respiration into heterotrophic and autotrophic components [41]. We used three pairs of randomly located shallow collars per plot, one set measuring bulk soil only (i.e., total soil respiration) and the other measuring soil in which living roots had been severed by insertion of deep collars around the shallow collars (i.e., heterotrophic soil respiration). Dimensions of the shallow collars were 10.4 cm diameter and 5.0 cm height, inserted 2.0 cm into the soil. Dimensions of the deep collars were 15.4 cm diameter and 35.0 cm height, inserted 30.0 cm into the soil. All soil respiration collars were installed in mid-May 2017. To reduce disturbance-induced CO2 efflux, collars were installed at least 1.5 months before the soil respiration measurements began. No vegetation was allowed to grow near each deep collar setup to prevent roots from entering below. All soil respiration measurements were made with a portable gas exchange system (PP Systems EGM-4 CO2 Gas Analyzer, Amesbury, MA, USA). Total soil respiration (Rtotal) and heterotrophic respiration (Rh) measurements occurred twice monthly from July 2017 through August 2018. Measurements from each of the three blocks were taken between 9:00 a.m. and 2:00 p.m. using the EGM-4 Gas Analyzer. Three subsample measurements were taken in each plot for Rtotal and Rh, for a total of six measurements per treatment plot. A single plot mean for each efflux component was calculated from the three subsample measurements. Autotrophic respiration (Ra) was estimated as the difference between Rtotal and Rh.




2.4. Meteorological Measurements


Individual spot measurements of soil temperature (5 cm depth) and soil water content (SWC) (0–12 cm depth) were taken adjacent to shallow collars and inside the deep collars at each subsample location following the Rtotal and Rh measurements. Soil temperature at 10 cm depth was measured using a digital thermometer and soil water content was measured using a Field Scout TDR 300 (Spectrum Technologies, Aurora, IL, USA) with 12 cm long soil probes. Precipitation data were obtained from the nearest US Weather Service station in Butner, North Carolina.




2.5. Root Biomass and Litterfall


Total root biomass was estimated by obtaining five soil cores (5 cm diameter × 15 cm deep) from each of the nine plots in August 2017 (summer data) and February 2018 (winter data). Soil samples were soaked in water to loosen attached soil particles. Roots and organic matter were extracted manually by wet sieving using a 2 mm mesh sieve. Roots/organic matter were dried at 70 °C for 3 days and then weighed. Total root biomass is the combined coarse and fine roots extracted after sieving. Litterfall was collected from July 2017 to January 2018, at the same time the soil respiration measurements were taken. Litterfall was collected monthly using a single round collector (2500 cm2) suspended above the forest floor and randomly located in each plot. The collected surface litters were stored in paper bags and dried to constant mass at 70 °C in the lab.




2.6. Data Analysis


The field study was set up as a randomized complete block design of tree planting density, replicated three times. Before analysis, all variables were checked for normal distributions and homogeneity of variance, and appropriate transformations were applied to meet assumptions of ANOVA. Significant differences for all statistical tests were evaluated at the level of α = 0.05. The Tukey HSD Test was used for post hoc comparisons of means. Linear relationships were examined with a locally weighted linear regression in the ggplot2 package. All analyses were processed in R version 4.1.2 [42].





3. Results


3.1. Seasonal Variation in Rtotal, Rh, and Ra


A very distinct seasonal trend was observed in Rtotal, Rh, and Ra. All soil respiration components were at their lowest during winter (January–March), gradually increased in spring (April–June), and remained relatively high during summer (July–September), before gradually decreasing toward fall (October–December) (Table 1). During the nongrowing season, the average Rtotal was 0.60 ± 0.21 g·C·m−2·day−1 in winter and 1.42 ± 0.29 g·C·m−2·day−1 in fall. However, the average Rtotal was 2–5 times higher in spring (3.50 ± 1.09 g·C·m−2·day−1) and 3–7 times higher in summer (4.01 ± 1.11 g·C·m−2·day−1) compared to the nongrowing season values. Average Rh was 0.43 ± 0.17 g·C·m−2·day−1 in winter, 1.11 ± 0.21 g·C·m−2·day−1 in fall, 2.21 ± 0.62 g·C·m−2·day−1 in spring, and 3.20 ± 0.89 g·C·m−2·day−1 in summer. Average Ra was 0.17 ± 0.18 g·C·m−2·day−1, 1.28 ± 0.85 g·C·m−2·day−1, 0.81 ± 0.60 g·C·m−2·day−1, and 0.31 ± 0.20 g·C·m−2·day−1 in winter, spring, summer, and fall, respectively. In general, all respiration components across all treatments between the winter and fall and between the spring and summer were not statistically different (p > 0.05, Table 1).




3.2. Variation in Rtotal, Rh, and Ra due to Planting Density


Average Rtotal was 2.30 ± 0.63 g·C·m−2·day−1 in 2500 tph, 2.43 ± 0.64 g·C·m−2·day−1 in 5000 tph, and 2.41 ± 0.75 g·C·m−2·day−1 in 10,000 tph treatments (Table 1). Average Rh was 1.72 ± 0.40 g·C·m−2·day−1 in 2500 tph, 1.57 ± 0.39 g·C·m−2·day−1 in 5000 tph, and 1.93 ± 0.64 g·C·m−2·day−1 in 10,000 tph, whereas Ra had the lowest rates, with 0.59 ± 0.53 g·C·m−2·day−1 in 2500 tph, 0.86 ± 0.51 g·C·m−2·day−1 in 5000 tph, and 0.48 ± 0.34 g·C·m−2·day−1 in 10,000 tph treatments. There were no significant differences in Rtotal at different planting densities (p > 0.05). Only Rh and Ra in 10,000 tph and 5000 tph were statistically different (p < 0.05), showing the lowest Rh at 5000 tph and the lowest Ra at 10,000 tph (Table 1).




3.3. The Contribution of Rh and Ra to Rtotal


Seasonally, heterotrophic respiration contributed 63%–78% of the total soil respiration, while autotrophic respiration contributed 20%–36% (Figure 2), indicating that Rh was the primary driver of Rtotal (p < 0.05). Regression of Rh on Rtotal produced R2 from 0.82 to 0.96 seasonally (Figure 2), while the Ra to Rtotal relationship correlated well during the leaf expansion season in April–June (R2 = 0.87) and during leaf senescence in October–December (R2 = 0.72). Interestingly, the Ra–Rtotal relationship was weakest in summer (July–September; R2 = 0.21).



Estimates based on planting density treatment effect showed that heterotrophic respiration contributed 65%–80% of Rtotal leaving the contribution of Ra to be only 20%–35% (Figure 3). As a result, Rtotal could be explained better by Rh than Ra regardless of planting density (p < 0.05). The Rh–Rtotal linear relationship based on planting density produced R2 from 0.91 to 0.98, while the Ra–Rtotal relationship only ranged from R2 = 0.72 to R2 = 0.81.




3.4. Environmental Drivers of Rtotal, Rh, and Ra


Soil respiration was strongly correlated to soil temperature regardless of the season. However, the Rtotal–soil temperature relationship during the bud break and leaf expansion period (April–June) was weaker (R2 = 0.38) compared to the remaining seasons (R2 = 0.76 to 0.92, Figure 4a). During the peak of summer in July–September, the Rtotal–soil temperature relationship was the strongest (R2 = 0.92). The effect of soil temperature on heterotrophic respiration was greatest during the fall when sycamore had shed leaves (R2 = 0.97), but it was weakest during winter (R2 = 0.45) and spring (R2 = 0.43) (Figure 4b). The Ra–soil temperature relationship was strongest during winter (R2 = 0.51) and fall (R2 = 0.44). However, during the growing season (April to September), soil temperature only explained about 20% of the variation in Ra (Figure 4c). Overall, the relationship of soil temperature across all seasons was R2 = 0.70, R2 = 0.71, and R2 = 0.39 for Rtotal, Rh, and Ra, respectively.



Soil water content had a significant effect on Rtotal, Rh, and Ra (p < 0.05) across all seasons, but the strength of the relationship was highly variable, ranging from R2 = 0.14 to R2 = 0.94 (Figure 4d–f). During the growing season, there was a distinct pattern of increasing soil respiration when soil water content was within the range of 25%–40% SWC. However, Rtotal, Rh, and Ra were relatively low at extremes of soil water content, such as in summer when SWC dropped below 25% or when it exceeded 50% in winter. Across the whole seasons, the soil moisture–soil respiration relationship was R2 = 0.32, R2 = 0.43, and R2 = 0.07 for Rtotal, Rh, and Ra, respectively.



To remove any possible confounding effects of soil temperature on soil water content, we normalized Rtotal, Rh, and Ra by soil temperature. Linear models were created to determine the residuals from soil temperature and Rtotal, Rh, and Ra relationships. The residuals were used to analyze the relationship of soil temperature-normalized Rtotal, Rh, and Ra with SWC during a given period. We found that the correlation of soil water content to Tsoil-normalized Rtotal decreased from R2 = 0.32 to R2 = 0.04 after normalization (Supplemental Figure S1). The Tsoil-normalized Rh correlation also decreased by half from R2 = 0.44 to R2 = 0.24.




3.5. Plant-Mediated Drivers of Rtotal, Rh, and Ra


The average total root biomass in 10,000 tph (505 ± 88 g·m−2) and 5000 tph (502 ± 108 g·m−2) treatments was not statistically different (p > 0.05). However, the average total root biomass in widely spaced 2500 tph (621 ± 238 g·m−2) was higher than the other two planting densities (p < 0.05), indicating lower root production of sycamore in narrow-spaced planting density treatments (Figure 5a). Meanwhile, the total root biomass measured during the summer (616 ± 161 g·m−2) was higher than in winter (469 ± 127 g·m−2) (Figure 5b), and the difference was significant (p < 0.05).



The annual litter collected in 2500 tph sycamore treatment yielded the lowest amount (average 108 ± 21 g DW·m−2), while the highest was observed in 10,000 tph (132 ± 13 g DW·m−2), and the difference was significant. The litterfall in 5000 tph (121 ± 16 g DW·m−2) did not differ (p > 0.05) from the 2500 tph or 10,000 tph treatments (Figure 5c).



Collectively, these results suggest that the maximum root biomass was achieved at 2500 tph, while maximum litter production was achieved at higher planting densities (10,000 tph and 5000 tph).



The positive linear relationship of total root biomass to Rtotal, Rh, and Ra explained about half of the variation and was highest at 5000 tph with R2 = 0.52, R2 = 0.46, and R2 = 0.55, respectively (Figure 6). However, there was no significant total biomass–soil respiration relationship in 10,000 tph plots (Figure 6a–c). Seasonally, the total root biomass–soil respiration relationships were mainly insignificant (p > 0.05) except for Rh during the summer months where the Rh–total root biomass relationship was significant but weak (R2 = 0.12, Figure 6e). However, in no circumstances were Rtotal, Rh, and Ra significantly correlated with litterfall amount across planting densities and seasons (p > 0.05).





4. Discussion


4.1. Limitations and Uncertainties


We caution that, due to the shallow insertion of our nested collars, we could not ensure that this cut-root method would fully eliminate root respiration; however, it is a method that has been widely used and, thus, provides a tested means of comparison [42]. Despite the absence of a more sophisticated way of soil respiration partitioning, our study presents a simplistic partitioning approach to separate heterotrophic respiration from bulk soil respiration and estimate the autotrophic component, and we examined planting density and seasonal effects in American Sycamore SRWC grown as a bioenergy feedstock.




4.2. Seasonal Variation in Rtotal, Rh, and Ra


Results from this study indicate that Rtotal and Rh exhibited large seasonal variation (p < 0.05, Figure 2), consistent with other studies [26,43,44,45,46]. The seasonal variation of Rtotal and Rh exhibited a similar pattern, while there was less seasonal variation in Ra. Microbial respiration is the primary pathway of total soil respiration and has been shown to have a great deal of seasonal variability [43,45,47,48]. These seasonal variations have been associated with plant growth stage, soil type, and environmental conditions [49,50]. Rtotal, Rh, and Ra rates were relatively high in June to August and lowest in winter months (January to March), supporting our hypothesis of higher soil respiration rates during the growing season. Similar seasonal patterns were found in studies conducted in grassland and cropland ecosystems [16]. However, Ra declined in July as root respiration may have been restricted by relatively low root development or even root senescence, as has been shown for pine forests at this time of year in North Carolina [51], while Rh rapidly increased due to increasing soil temperature and potential root litter inputs.




4.3. Variation in Rtotal, Rh, and Ra as Affected by Planting Density


Although we found no differences in total soil respiration across planting densities, Rh in 5000 tph treatment (1.57 ± 0.39 g·C·m−2·day−1) was significantly lower than in 10,000 tph (1.97 ± 0.64 g·C·m−2·day−1) (p < 0.05), consistent with another study that showed maximum microbial soil respiration at higher (narrow-spaced) tree planting density [48]. The addition of more soil organic carbon through litterfall is high in narrower spacing, leading to enhanced soil organic decomposition and microbial activities, thus improving soil microbial respiration. Nonetheless, soil respiration in different plant densities might result from the differences in root litter inputs, nutrients, water, temperature, etc., as well as the interactions among them [17].



Soil respiration can be also related to photosynthetic activity, and respiratory activity and plant productivity have been shown to be coupled [52,53]. Root-derived carbon respiration and leaf area index (LAI) can be used as predictive parameters to determine this coupling [54]. Although we did not measure LAI in this study, it did not differ significantly between treatments [54]. However, individual tree root systems may express different carbon respiration patterns, and rates have been shown to be highly variable dependent on planting density [54,55] and indirectly influenced by the turnover rates [54]. A higher productivity in narrow spacing results in a higher litterfall, leading to high soil respiratory activity. More work is needed to elucidate the role of root systems in soil respiration as affected by planting density.




4.4. The Contribution of Rh and Ra to Rtotal


Rh, having a similar pattern as Rtotal (figure not shown), may be attributed to the fact that Rh accounted for a relatively high proportion of Rtotal compared to Ra. Rh was the primary contributor to total soil respiration in our study, accounting for 63%–78% annually. This supports our hypothesis that the contribution of Rh to Rtotal would be greater than Ra. Similar studies that showed higher Rh than Ra include studies of Eucalyptus regnans plantations in Melbourne, Australia [56], Armeniaca sibirica plantations in Mount Taihang, China [57], and Leymus chinensis plantation in China [17]. Among short-rotation woody crops of Populus spp. and Salix spp. in Lochristi, Belgium, higher Rh than Ra was found [40]. Meanwhile, the contribution of Ra to Rtotal in our study was only 20%–35%. This proportion is within the range reported in other studies [17,27,58,59].



The contribution of Rh to Rtotal in our study was high during the growing period when soil temperature was high, consistent with other studies showing that soil respiration changes seasonally with soil temperature and often decreases with decreasing soil water in the summer [60]. Planting density also influences the contribution of Rh and Ra to Rtotal. In our case, higher planting density (10,000 tph and 5000 tph) had higher Rtotal and Rh, thus resulting in higher Rh contribution to the total soil respiration. This is in agreement with the Populus and Salix SRWC study, which showed that higher planting density was associated with higher total soil respiration rates compared to lower planting density [40].




4.5. Responses of Rtotal, Rh, and Ra to Soil Temperature and Water Content


In this study, soil temperature accounted for most of the seasonal variation in Rtotal, Rh, and Ra compared to soil water content, as we hypothesized. This result is consistent with other studies [17,61]. A study on American sycamore in a relatively humid and wet southeastern US site supported the notion that this species may be more nutrient-limited than moisture limited [6,8]. Peaks of Rtotal, Rh, and Ra occurring during the summer season were likely induced by the increase in soil temperature and decomposition of litter, thus enhancing soil respiration [46,62].



The weak relationships of soil temperature to Rtotal (R2 = 0.38), Rh (R2 = 0.43), and Ra (R2 = 0.24) during spring (April–June) occurred because of the large variability in Rtotal, Rh, and Ra with soil temperature (Figure 4). We also suspect that substrate availability may have decreased over the course of winter, thus becoming a limiting factor in spring as the soil temperature warmed, leading to apparent lower temperature sensitivity. Correlations in spring may have been weakened because of masking by other environmental variables (e.g., PAR and soil water content) and other biological drivers (photosynthesis, root biomass production, LAI, phenology, etc.) [21,27]. During spring, trees are transitioning from a period of dormancy before leaf initiation commences. During winter, Rtotal, Rh, and Ra were at their lowest, which might also be explained by dramatically decreased soil temperature. Our results show that there are conditions under which soil temperature may not be the primary driver of soil respiration. Microbes can experience substrate limitation and limited activity under dry conditions, and some conditions might induce stress responses [63]. Therefore, models should consider varying seasonal parameters corresponding to the major environmental and biological drivers for an accurate representation of seasonal dynamics of soil respiration.



Several studies have shown that soil water content has a limited impact on soil respiration, except during extremes of saturation or water deficits [14,17,64,65]. We found a positive correlation between soil water content and Rtotal, Rh, and Ra during the peak of the growing season when soil water content was below 30% (Figure 4d,e,f). Rtotal, Rh, and Ra significantly declined when the SWC was below 20%. Another study showed that heterotrophic respiration declined above a threshold of about 26% SWC [66], although the response could generally vary depending on soil type. Soil water content above this threshold could reduce the diffusion of oxygen and, thus, impede microbial activity. In contrast, when soils are very dry, metabolic activity increases with increasing water availability [52,66,67]. These results highlight the potential of American sycamore SRWC to counter soil C losses via decreased soil respiration at times of drier soils and future warmer climate. We also found a reduction in Rtotal, Rh, and Ra when SWC was above 50%–60% (Figure 6d,e,f). When soils are too wet, oxygen deficiencies inhibit aerobic respiration, which generally occurs when soils are 50%–80% saturated [65,68].



Other studies have shown that Rh and Ra respond differently to soil temperature and soil water content [17,69], which is consistent with the current study. Rh is primarily driven by soil temperature, soil water [45,70], and substrate availability, while Ra is primarily affected by root biomass and photosynthesis [71]. Consistent with these results, our study showed that average soil temperature across all seasons was positively correlated to Rtotal (R2 = 0.70) and Rh (R2 = 0.71), while the relationship of Ra with soil temperature was weak (R2 = 0.39), suggesting greater biological control of Ra rather than environmental control (Figure 4a,b,c).



The effects of soil temperature and soil water on Rtotal can be confounded [33,72,73,74]. The singular effects of soil water content may be distinguishable in ecosystems with little seasonal variation in soil temperature, such as in tropical ecosystems [72,75]; however, in temperate systems, it may be difficult to distinguish between them. Although the soil temperature in our study showed high seasonal fluctuations ranging from 8.86 to 22.62 °C, the effects of soil water content on soil respiration components were less apparent. This is due mainly to the fact that our experiment is located in a mesic climate with topography that decreases limitation from low soil water content, even during dry periods [39] although water stress may develop during extended droughts. The role of soil temperature as the main driver of soil respiration at our site, especially during the growing seasons, indicates that higher soil respiratory processes and higher soil C losses may occur in American sycamore SRWC as soil temperature increases.




4.6. Responses of Rtotal, Rh, and Ra to Root Biomass and Litterfall


The close proximity of the trees and high productivity in 10,000 tph and 5000 tph treatments [39,76] could explain why the total root biomass of American sycamore trees at low planting density (2500 tph) was higher than the closely spaced trees, as pointed out by a study previously conducted at the site [39]. However, 10,000 tph and 5000 tph appear to be the optimal planting density with regard to maximizing aboveground wood production relative to the number of trees planted and, therefore, the cost of the establishment [39,76]. A separate study reported that varying planting density might induce changes in soil properties and environmental factors, e.g., quantities of microorganisms, soil water content, and soil temperature, which might confound the interpretation of effects of planting density on root biomass [17]. Seasonal patterns of soil respiration are strongly correlated with biotic variables, such as root biomass [77]. These variables may influence total soil respiration mainly by controlling Rh and Ra. Although the relationships of total root biomass with Rtotal, Rh, and Ra in our study were only significant during the growing season, the coefficient of determination was relatively low across seasons and planting densities (R2 = 0.12 to 0.50). These weak correlations indicate the prevailing control of environmental factors over biological parameters in American sycamore SRWC in North Carolina.



There is a contention that soil respiration is highly proportional to root biomass, which has been argued in the literature [17]. In our study, the coefficients of determination between Rtotal, Rh, and Ra and total root biomass across planting densities during the growing season ranged from R2 = 0.19 to 0.55 (and less during the nongrowing season), indicating a much weaker relationship between root biomass and soil respiration than has been reported. The large unexplained variance in our case means that other factors were important in determining soil CO2 efflux. Thus, there are situations in which the assumption that root biomass is always the primary driver of soil respiration needs to be tempered, and other factors should be considered.



The highest rate of litterfall in this study was observed at the narrowest spacing (10,000 tph, p < 0.05), which is consistent with several studies reporting larger litter-derived organic C and N in narrower tree spacing [48,56]. However, in our study, there was no instance in which litter inputs significantly affected Rtotal, Rh, and Ra (R2 < 0.007, p > 0.05), suggesting that a direct pathway of freshly added organic matter to the soil posed a weaker link to soil respiration rates. A study of numerous forests worldwide also found a poor correlation between litterfall and soil respiration [78]. Although only marginally significant differences were found in litterfall across seasons and planting densities in our study, these results imply that root respiration, decomposition of root-derived litter, or decomposition of older soil organic matter contributed more to soil respiration relative to decomposition of immediately derived aboveground litter inputs.



Overall, biological controls over soil respiration components varied from R2 = 0.02–R2 = 0.55 for total root biomass and were less than R2 = 0.02 for litterfall. Environmental control varied from R2 = 0.14 to R2 = 0.94 for soil temperature and from R2 = 0.14 to R2 = 0.94 for SWC. Clearly, environmental factors had a greater effect on soil respiration than biological controls at our American sycamore SRWC field trial in central North Carolina, supporting our hypothesis.





5. Conclusions


Our study showed that total soil respiration in an American sycamore bioenergy SRWC system was governed largely by heterotrophic respiration relative to autotrophic respiration. Total and heterotrophic respiration showed large seasonal variabilities, primarily driven by soil environmental conditions, especially temperature. The lowest heterotrophic respiration occurred at the narrower spacing (5000 tph) compared to wider-spaced tree planting (2500 tph). Thus, the 5000 tph planting density may be an optimum spacing for American sycamore plantation establishment in so far as soil CO2 efflux reduction is concerned.



This study is also consistent with the common finding that soil temperature explains most of the seasonal variation in total soil respiration, as well as heterotrophic and autotrophic respiration, while soil water content is a secondary factor (in non-water-limited environments). However, our study found that soil water extremes (either too dry or too wet) decreased soil respiration rates. These results imply that soil respiration in American sycamore SRWC may only be subtly enhanced during conditions of dryer soils (e.g., drought), enhancing the environmental sustainability and C benefits of this bioenergy production system. Our study contributes to the growing need for scientific investigations regarding the sustainability of wood-based bioenergy systems and provides important data on the drivers of soil respiration that will improve C cycle modeling of American sycamore SRWC.
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Figure 1. Aerial view of the study site: Butner, Durham County, North Carolina (left panel) and plot assignment (right panel). 
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Figure 2. Linear relationship between total soil respiration (Rtotal) and heterotrophic respiration (Rh) in the upper panels and autotrophic respiration (Ra) in the lower panels based on season. Each season is assigned with different colors. The linear regression line is colored black. The diagonal broken line is the 1:1 line. Average soil respiration per month was used in the analysis. 
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Figure 3. Linear relationship between total soil respiration (Rtotal) and heterotrophic respiration (Rh) in the upper panels and autotrophic respiration (Ra) in the lower panels based on planting densities (10,000 tph, 5000 tph, and 2500 tph). Each planting density is assigned with different colors. The linear regression line is colored black. Average soil respiration per planting density per month was used in the analysis. 
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Figure 4. Relationships among Rtotal, Rh, and Ra with soil temperature and soil water content using the seasons as a factor. Each season is assigned with different symbols and colors. Linear regression lines are colored according to season. Average soil respiration per planting density per month was used in the analysis. 
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Figure 5. Variation in total root biomass and litterfall across different planting densities (a,c) and seasons (b,d). In the boxplots, the thick line shows the median, the box extends to the upper and lower quartiles, and dashed lines indicate the range of data falling within 1.5 interquartile ranges of the box top and bottom. For a given graph, different letters denote significant differences among planting densities or seasons. Average monthly data were used in the analysis. 
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Figure 6. Relationships among Rtotal, Rh, and Ra and total root biomass with planting densities (a–c) and seasons (d–f) as factors. Each planting density and season is assigned with different symbols and colors. Linear regression lines are colored according to season. Average soil respiration per planting density per month was used in the analysis. 
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Table 1. Variation in total soil respiration (Rtotal), heterotrophic respiration (Rh), and autotrophic respiration (Ra) with soil temperature and soil water content (SWC) by season and per planting density. Mean values represent the values across all treatments with ± standard deviation (SD). Values that were not significantly different at a 95% significant level (p > 0.05) are represented by the same letter.






Table 1. Variation in total soil respiration (Rtotal), heterotrophic respiration (Rh), and autotrophic respiration (Ra) with soil temperature and soil water content (SWC) by season and per planting density. Mean values represent the values across all treatments with ± standard deviation (SD). Values that were not significantly different at a 95% significant level (p > 0.05) are represented by the same letter.





	

	
Soil Respiration (g C m−2 d−1)

	
Climate variables




	
Rtotal

	

	

	
Soil temp. (°C)

	
SWC (%)






	
Season

	

	

	

	

	




	
Jan–Mar

	
0.60

	
±

	
0.21

	
b

	
0.43

	
±

	
0.17

	
c

	
0.17

	
±

	
0.18

	
b

	
8.86

	
±

	
0.85

	
b

	
53.11

	
±

	
4.52

	
a




	
Apr–Jun

	
3.50

	
±

	
1.09

	
a

	
2.21

	
±

	
1.28

	
ab

	
1.28

	
±

	
0.85

	
a

	
19.84

	
±

	
0.99

	
a

	
45.30

	
±

	
6.41

	
a




	
Jul–Sep

	
4.01

	
±

	
1.11

	
a

	
3.20

	
±

	
0.81

	
ab

	
0.18

	
±

	
0.60

	
ab

	
22.62

	
±

	
0.76

	
a

	
15.59

	
±

	
7.07

	
b




	
Oct–Dec

	
1.42

	
±

	
0.29

	
b

	
1.11

	
±

	
0.31

	
bc

	
0.21

	
±

	
0.20

	
b

	
11.77

	
±

	
0.36

	
b

	
33.03

	
±

	
3.88

	
c




	
Mean

	
2.38

	
±

	
0.67

	

	
1.74

	
±

	
0.64

	

	
0.47

	
±

	
0.46

	

	
15.77

	
±

	
0.74

	

	
36.76

	
±

	
5.47

	




	
Planting Density

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
10,000 tph

	
2.41

	
±

	
0.75

	
a

	
1.93

	
±

	
0.64

	
a

	
0.48

	
±

	
0.34

	
a

	
15.61

	
±

	
0.70

	
a

	
34.27

	
±

	
4.11

	
a




	
5000 tph

	
2.43

	
±

	
0.64

	
a

	
1.57

	
±

	
0.39

	
b

	
0.86

	
±

	
0.51

	
b

	
15.87

	
±

	
0.71

	
a

	
38.61

	
±

	
5.98

	
a




	
2500 tph

	
2.30

	
±

	
0.63

	
a

	
1.72

	
±

	
0.40

	
ab

	
0.59

	
±

	
0.53

	
ab

	
15.83

	
±

	
0.80

	
a

	
37.41

	
±

	
6.33

	
a




	
Mean

	
2.38

	
±

	
0.67

	

	
1.74

	
±

	
0.47

	

	
0.64

	
±

	
0.46

	

	
15.77

	
±

	
0.74

	

	
36.76

	
±

	
5.47
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