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Abstract:



Thinning is one of the intensive forest management techniques commonly applied to increase the merchantable timber volume. However, how thinning affects soil–atmospheric fluxes of greenhouse gases (GHGs) is poorly understood. A field experiment with four treatments (CK: unthinned; MB: medium intensity thinning from below; HB: high intensity thinning from below; and HI: high intensity thinning by removing every alternative row of trees) was conducted to assess the impact of thinning regimes on soil–atmospheric fluxes of GHGs (CO2, CH4, and N2O) and soil nitrogen mineralization in a poplar plantation established on a lowland. Thinning significantly increased soil water content and water table in the high thinning treatments (HB and HI) and tended to increase soil temperature (p < 0.10). The result of the one-year study showed that estimated annual emissions of CO2 and CH4 were higher in HB and HI than in other treatments, while the highest emission of N2O was in the CK. The thinning treatments increased the annual emission of CO2 by 23%–64% and that of CH4 by 190%–1200%, but decreased that of N2O by 41%–62%. Thinning increased annual N mineralization by 50.3% in HI and 30.1%in HB. Changes in soil temperature and water table drove CO2, CH4, and N2O emissions, while soil water content was the most important factor driving CH4 emission. We conclude that the moderate thinning (MB) regime is the best thinning option to minimize the impact on GHG emissions for lowland poplar plantations with similar conditions to those tested in this study.
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1. Introduction


Forest ecosystems represent a significant terrestrial carbon(C) store and have been identified to have the potential to mitigate and offset greenhouse gas (GHG) emissions through the sequestration of C by means of biomass production and the utilization of forest products and residues [1,2,3]. Several management options, such as fertilization [4,5], rotation length [6], peat land drainage system for forestry [7],and thinning [8] have been evaluated for increasing the C sink. In order to increase the economic benefits from forestry, thinning as an important forest management practice is widely adopted by many countries [9,10]. Indeed, thinning will reduce the total standing biomass, production, and may play a negative role in both timber production and C sequestration in the short-term. However, it may contribute towards mitigating climate change in the long run, depending on its net effect on forest C stocks and harvested wood products. Thinning provides off-site C storage (wood products), but its effects on on-site C storage is not clear [10,11,12].



Increasing concentrations of GHGs (such as CO2, CH4, and N2O) in the atmosphere change the earth’s energy balance and contribute to global climate change [13]. Forest plantations can play a key role in mitigating global climate change [9,14], while management practices applied to plantations can influence GHG exchange between the terrestrial biosphere and the atmosphere. Extensive research has been conducted to understand the terrestrial C cycle in forest ecosystems, but how CH4 and N2O are cycled through the terrestrial biosphere is much less studied [13]. A comprehensive understanding of GHG balance and climate change needs to take a multiple-GHGs approach to investigate the fluxes of major GHGs simultaneously. The potential for increasing the C sink through forest management has been widely discussed [4,15,16]. For example, Nilsen and Strand [9] reported that thinning intensity affected C and nitrogen (N) stores and fluxes in a Norway spruce (Picea abies) forest, and Saunders et al. [1] indicated that thinning affected the net ecosystem C exchange in a Sitka spruce forest. However, less known is the role that forest management options play in the exchanges of CH4 and N2O with the atmosphere and how these GHG emissions impact the total GHG balance.



When compared to other forest species, poplars have the characteristics of fast growth, adaptability to different environmental conditions, and suitability for diverse silvicultural systems, making them suitable for plantation establishment [15,17]. Recently, poplar wood is increasingly being used as long-term storage products such as lumber and oriented strand boards. Moreover, fast-growing poplars are also very effective C sinks and can be planted in agroforestry systems to offset agricultural sources of CO2 emissions [18,19]. The main countries with poplar plantations are China (7.6 million ha), France (236,000 ha), Iran (150,000 ha), Turkey (125,000 ha), Spain (105,000 ha), and Italy (101,430 ha) [20]. Poplar plantations have markedly increased in China since 2004 (with only 3.9 million ha of poplar plantations in 2004), and poplar shave been incorporated into many managed systems for timber and fiber production as well as for environmental application throughout the south temperate zone in central China. Over the most recent ten years, most studies on poplar plantations have been focused on renewable bioenergy with short-rotation coppice [21,22], potential utilization of phytochemicals [23], the relationship between genetic diversity and productivity [24,25,26], and site productivity maintenance [27,28,29,30,31]. Although more attention has been paid to the role of poplar plantations in CO2 sequestration in China [15,16,32], there has been no comprehensive study of how management practices affect the soil–atmosphere fluxes of GHGs in poplar plantations and how these GHG emissions impact the total GHG balance. In order to increase the production of merchantable timber, thinning is commonly used in managing poplar plantations in China. However, the thinning process opens the forest canopy, resulting in modifications in air and soil temperature, vapor pressure deficit, light penetration, intercepted rainfall, and soil water content [1,33,34]. We hypothesized that thinning disturbance would enhance emissions of GHGs and N mineralization due to modification of environmental factors, and that the response of specific GHGs to the disturbance may differ. The objectives of this research were to (1) measure soil–atmosphere fluxes of GHGs (CO2, CH4, and N2O) and soil N mineralization in a poplar plantation established on a lowland site; (2) investigate differences in GHG emissions and net mineralized N among the different thinning regimes; and (3) relate GHG emissions or soil N mineralization to soil environmental factors.




2. Materials and Methods


2.1. Study Area


The study area is located at Baoying Agriculture Farm (119°15′ E, 33°22′ N) in Lixiahe Region of Jiangsu Province, China. The main forested areas consist of poplar and dawn redwood (Metasequoia glyptostroboides) plantations established on marginal agricultural lands in the middle of the 1980s. The area has a warm temperate climate with a mean annual precipitation of 966 mm. The annual frost-free period is about 225 days, and the average radiant intensity is 494.04 kJ·cm−2. Mean annual air temperature is 14.3 °C, with average temperatures of 0.4 °C in January and 27.6 °C in July. The clay loam soil has a moderate fertility with a pH value of 7.6, a total N, P, K, Ca, and Mg contents of 0.93, 0.71, 15.92, 2.09, and 11.91 g·kg−1, respectively, in the 0–20 cm soil depth. The water table fluctuates from 0.2 to 1.0 m, and the bulk density of soil to 20 cm is 1.28 g·cm−3.




2.2. Plantation Establishment and Experimental Design


The poplar plantation was established in 2006 with one-year-old seedlings of clone 35 (Populus deltoides cv. 35) over an area of about 45.0 ha. The initial density of the plantation was 500 trees ha−1 (spacing: 4.0 m × 5.0 m). At the stand age of six, the mean diameter at breast height (1.3 m) of the plantation was 16.6 cm (averaged over all trees on the trial area), while the tree height was 18.2 m (averaged over trees sampled by 15% of all trees on the trial).



The thinning trial was set up at the end of 2011 in order to compare the thinning effect on micro climate, GHG fluxes, nutrient cycling, and plantation growth. The experiment involved four treatments: unthinned (CK), medium intensity thinning (30% removal of trees) from below (from the lower end of the diameter distribution) (MB), high intensity thinning (50% removal of trees) from below (HB), and high intensity (50% removal of trees) interlaced thinning (HI), using a randomized complete-block design with three replications. Each plot size was about 4300 m2 with a buffer row of trees between plots, and total area of the trial was about 5.2 ha. After thinning, all the thinned stems and branches were removed from the site, and the mean basal areas of the remaining trees were 11.08, 8.23, 7.54, and 5.03 m2·ha−1 for CK, MB, HB, and HI, respectively.




2.3. Measurement of Soil Temperature, Moisture Content, and Water Table Level


A wireless sensor network (WSN) was used to monitor environmental factors in different thinning treatments [35]. Briefly, the data acquisition nodes to collect environmental information were placed in the different thinning treatments. The collected data in the acquisition nodes are converged to the gateway node through the WSNs, then the gateway nodes send the data to the server via the 3G module. Five sensors were installed in each treatment for each soil depth to monitor the soil temperature and moisture content. Soil temperature and moisture content at the 5 and 15 cm depths were recorded every 5 min in each treatment. Soil water table was measured monthly by an open auger hole method [36] between January and December in 2014.




2.4. Soil N Mineralization and Sample Collection


Soil N mineralization was determined through in situ soil incubation using the resin core method [37]. The detailed resin core method described by Yan et al. [31] was exactly followed in this study during spring, autumn, and winter times, owing to the similar site conditions and both for the poplar plantations. To absorb N input from rainfall (about 10 kg·ha−1·year−1 at the study area) and litter decomposition, the upper resin layer covered with a 0.13 mm nylon mesh on the top was installed. However, the water table at the site is very high during the summer time. Therefore, a modified resin core method was adopted in this study during the summer to prevent the loss of mineralized N from the PVC tube (Figure 1).


Figure 1. Diagram illustrating the incubated soil core-ion exchange resin bag design used in the soil nitrogen (N) mineralization experiment for the summer season.
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For resin-core incubation, five sub-plots were established randomly within each plot. On 15 January 2014, after clipping and removal of plants and litter, sharp-edged PVC tubes were driven into two soil layers (0–10 and 10–20 cm) to sample soil cores and make resin-soil core combinations within each sub-plot. Based on the results from a similar site [31], the resin-soil core combinations were retrieved for chemical analysis, and new resin-soil core combinations were incubated at three-month intervals. The procedure was repeated every three months over the course of a year. Additional soil cores were sampled in adjacent locations to quantify soil initial ammonium and nitrate concentrations [31]. The collected soil and resin-soil core samples were transported to the laboratory and stored at 4 °C within a month until analysis.




2.5. Inorganic N Measurement and Data Calculation


Soil ammonium and nitrate were determined by the methods reported by Yan et al. [31] and Shibata et al. [38]. The NH4+–N and NO3−–N concentrations were analyzed using a Flow-Injection Autoanalyzer (Bran+Luebbe, Hamburg, Germany). The resin bags were washed with distilled water and dried at room temperature (28 °C–32 °C), while the resin NH4+–N and NO3−–N were extracted by shaking the resin bags with 2 M KCl for 12 h [31].



Soil N mineralization was estimated based on N levels in the resin and in the soil before and after incubation. Net N mineralization rates during each incubation period were calculated from differences of inorganic N concentrations between initial and incubated samples. Annual net N mineralization was calculated by summing the values from the four incubation periods in the year.




2.6. Measurement of GHG Fluxes


The static chamber method was used to estimate monthly GHG (CO2, CH4, and N2O) emissions [39] from January to December in2014. Each chamber consisted of a PVC cylindrical compartment (diameter: 20 cm, height: 25 cm) and a sealed cap made of silicone. Owing to the uniform topography at the site, six chambers were set up in each plot and a total of 24 chambers were installed for each replication in early January 2014. Gas sampling was conducted in the middle of each month. The day before sampling, the bottom section was inserted 5 cm into the soil with 20 cm of the PVC cylindrical compartment sitting above the soil surface. In each sampling day, a 30 mL gas sample was taken with a sampling probe from a suction hole during 30 min every 10 min (0, 10, 20, and 30 min) after the chamber sections were closed with a sealing cap. The sampled gases were stored in the empty bottles of 20 mL, and gas samples from each chamber were collected between 10:00 and 14:00 on each sampling date.



Atmospheric pressure was measured with an aneroid barometer (HA29DYM3, Heng Odd Instrument Co., Ltd., Beijing, China). After sampling, CO2, CH4, and N2O concentrations were measuredusing a 7890A gas chromatograph (Agilent Technologies Co. Ltd., Palo Alto, CA, USA). The gas flux was calculated by the following equation [40]:
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where F represents the gas flux (mg·m−2·h−1); M is the molar mass of the gas to be measured; H is the height from the soil surface to the top of the chamber; V0 is the molar volume of the gas; P is the atmospheric pressure at sampling site; T is the absolute temperature; P0 and T0 are air pressure and absolute temperature under the standard state condition; dc/dt is the rate of change in gas concentration. As a comparison among the treatments, estimated annual cumulative fluxes of GHGs were calculated by multiplying monthly mean fluxes by time.




2.7. Statistical Analysis


All results are reported as mean ± standard deviation. A one-way ANOVA was conducted to compare soil temperature, soil water content, and rates of GHG fluxes (CO2, CH4, and N2O) among the thinning treatments, while a two-way ANOVA (four thinning treatments and two soil depths) was used to determine the significance in net N mineralization rate. A Duncan’s multiple range test was used to determine the significance of differences between treatment means. All statistical analyses were carried out at α = 0.05. Relationships between soil environmental factors and GHG fluxes or N mineralization rates were evaluated using Pearson’s correlation analysis. All analyses were performed using the SPSS 10.0 statistical software package (SPSS Inc., Chicago, IL, USA).





3. Results


3.1. Variation in Soil Environmental Factors


Variations of soil temperature over time at two soil depths were similar, with the highest in summer and the lowest in winter (Figure 2a,b). However, mean annual soil temperature across the four treatments at the 5 cm depth was 1.2 °C warmer than that at the 15 cm depth, even though the difference was not significant. Soil temperature in the thinning treatments was slightly higher than that in the CK, but no significant difference was detected. For example, the mean annual soil temperature at the 5 cm was 15.4, 16.5, 16.5, and 16.6 °C for CK, MB, HB, and HI respectively.


Figure 2. Monthly mean soil temperature (a,b) and water content (c,d) in different thinning treatments in poplar plantations at two soil depths. CK: unthinned; HB: high intensity thinning from below; HI: high intensity thinning by removing every alternative row of trees; MB: medium intensity thinning from below.
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The monthly soil water content was similar at the two soil depths (Figure 2c,d), but annual mean soil water content at the 15 cm depth was 14.4% greater than that at the 5 cm. The soil water content averaged over 12 months was significantly lower (p < 0.01) in CK, MB and HB than in HI at both the 5 and 15 cm depths, indicating that the HI treatment significantly enhanced soil moisture retention at the two soil depths.



Thinning treatments significantly affected the soil water table depth during the growing season (from March to September), but not in the non-growing season (Figure 3). The highest thinning intensity had a higher mean water table during the growing season and that the CK and MB had the lowest. Compared to CK, high intensity thinning (HB and HI) raised water table by 18.4% and 41.0%, respectively.


Figure 3. Monthly mean soil water table in different thinning treatments in poplar plantations at the experimental site. Different lower case letters indicate significant differences in water table among the thinning treatments within the same month, at p < 0.05 according to Duncan’s multiple range test.
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3.2. Variation in Fluxes of GHGs


The CO2 emissions were low in January and February and increased with soil temperature during the growing season (except in July, when surface waterlogging occurred), with a peak in August for all the treatments (Figure 4a). Correlation analysis showed a significantly positive relationship between soil temperature and CO2 emission rate (Table 1). Mean emission rate of CO2was approximately 4.2 times higher during the growing season than in the winter. From March to November, there was a significant difference in average CO2 emission rate among the treatments, with the ranking of HI > HB > MB > CK (Figure 4a). However, the average CO2 emission rate was not significantly different among the treatments in January and February, but significantly different in December, with the order of HI > HB > CK > MB. Throughout the year, the estimated CO2 emissions were the lowest in the CK treatments, with an average daytime emission rate of 118.7, 144.7, 162.8, and 194.5 mg CO2 m−2·h−1 for CK, MB, HB, and HI, respectively.


Figure 4. Monthly mean greenhouse gas fluxes (A: CO2; B: CH4; C: N2O) in different thinning treatments in poplar plantations. Different lower case letters indicate significant differences in greenhouse gas fluxes among the thinning treatments within the same month, at p < 0.05 according to Duncan’s multiple range test.
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Table 1. Correlation coefficients (r) between soil environmental factors and soil greenhouse gas efflux, as well as net soil N mineralization.







	
Soil Environmental Factor

	
Soil Greenhouse Gas Efflux (n = 48)

	
Net Soil N Mineralization

(n = 16)




	
CO2

	
CH4

	
N2O






	
Temperature at 5 cm depth

	
0.74 **

	
0.40 **

	
0.59 **

	
0.56 *




	
Temperature at 15 cm depth

	
0.70 **

	
0.30 *

	
0.64 **

	
0.49 *




	
Moisture at 5 cm depth

	
0.15

	
0.76 **

	
−0.18

	
0.65 **




	
Moisture at 15 cm depth

	
0.23

	
0.68 **

	
−0.19

	
0.72 **




	
Water table

	
−0.74 **

	
−0.52 **

	
−0.35 *

	
/








Note: * and ** indicate correlation is significant at p < 0.05 and 0.01, respectively. The N2O emissions were very low during the winter and spring, but quickly increased in the summer (Figure 4b). Emission rate of N2O (average of four treatments) was approximately enhanced by 472.9%, 372.5%, and 52.7% for summer, autumn, and spring, respectively, as compared with winter. Contrary to the CO2 emissions, the highest N2O emissions were observed in the CK treatment and the average daytime emission of N2O had the following order CK (0.044 mg·m−2·h−1) > MB (0.026 mg·m−2·h−1) > HI (0.021 mg·m−2·h−1) > HB (0.017 mg·m−2·h−1).








The CH4 fluxes were negative in winter except for the HI treatment in January (Figure 4c), with the rate ranged from 0.008 to 0.155 mg·m−2·h−1 in the other seasons. Similar to N2O emission rate, mean CH4 emission rate was significantly different among the treatments in each month, with the average daytime emission rate following the order of HI (0.112 mg·m−2·h−1) > HB (0.054 mg·m−2·h−1) > MB (0.010 mg·m−2·h−1) > CK (−0.010 mg·m−2·h−1).



The largest annual emissions of CO2 and CH4 were in the HI treatment, at1.71 kg·m−2·year−1 and 982.9 mg·m−2·year−1, respectively, while the highest emission of N2O was in the CK, at 389.5 mg·m−2·year−1 (Table 2). Compared to CK, the mean annual emission of GHGs in MB, HB, and HI increased by 23.3%, 37.2%, and 63.9%, respectively, for CO2, and 190.3%, 613.6%, and 1184.4%, respectively, for CH4, whereas they were decreased by 41.6%, 61.9%, and 52.0%, respectively, for N2O.



Table 2. Annual greenhouse gas efflux from the soil in different thinning treatments in a poplar plantation.







	
Thinning Treatment *

	
CO2 (kg·m−2·year−1)

	
CH4 (mg·m−2·year−1)

	
N2O (mg·m−2·year−1)






	
CK

	
1.04 ± 0.02 d

	
−90.64 ± 30.41 d

	
389.52 ± 53.76 a




	
MB

	
1.27 ± 0.08 c

	
81.87 ± 34.84 c

	
227.46 ± 52.07 b




	
HB

	
1.43 ± 0.01 b

	
465.55 ± 114.59 b

	
148.36 ± 38.32 c




	
HI

	
1.71 ± 0.02 a

	
982.92 ± 216.43 a

	
187.01 ± 11.12 b,c








* CK: unthinned or control treatment; MB: thinning from the lower end of the diameter distribution with 30% intensity; HB: thinning from the lower end of the diameter distribution with 50% intensity; HI: interlaced thinning with 50% intensity. Significant differences among the thinning treatments for the same parameter are indicated by different lower case letters (p < 0.05).









3.3. Variation in Soil N Mineralization


Seasonal dynamics of net mineralized N (NH4+–N and NO3−–N) showed a similar pattern in both soil depths of 0–10 and 10–20 cm, with the lowest rates observed from 15 October to 15 January, and the highest rates from 15 April to 15 July (Figure 5). Net mineralized N in the 0–20 cm soil was significantly different among incubation periods, and treatment averages with and without thinning within three-month intervals were 15.6 mg·kg−1 in January–April ≈ 16.2 mg·kg−1 in April–July > (p < 0.05) 10.6 mg·kg−1 in July–October ≈ 8.9 mg·kg−1 in October–January.


Figure 5. Seasonal variation in soil mean net nitrogen (N) mineralization indifferent thinning treatments. CK: unthinned; MB: thinning from the lower end of the diameter distribution with 30% intensity; HB: thinning from the lower end of the diameter distribution with 50% intensity; HI: interlaced thinning with 50% intensity. Different lower case letters indicate significant differences in net N mineralization between two soil depths for the same treatment, while different upper case letters indicate significant differences among the thinning treatments within the same soil depth at p < 0.05 according to Duncan’s multiple range test.
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The annual net N accumulation in the high thinning treatments (HB and HI) was significantly greater than that in the CK at the two soil depths (Figure 6), while the differences between the CK and MB treatments were not significant. Net annual N mineralized in the 0–20 cm soil ranged from 42.4 to 64.5mg·kg−1·year−1 in 2014. Compared with the CK, the HI and HB treatments significantly increased the cumulative N mineralized over the 12 months by 50.3% and 30.1%, respectively, whereas no significant differences were detected between the CK and MB treatments.


Figure 6. Annual mean net soil nitrogen (N) mineralization indifferent thinning treatments. CK: unthinned; MB: thinning from the lower end of the diameter distribution with 30% intensity; HB: thinning from the lower end of the diameter distribution with 50% intensity; HI: interlaced thinning with 50% intensity. Different lower case letters indicate significant differences in net N mineralization between two soil depths for the same treatment, while different upper case letters indicate significant differences among the thinning treatments within the same soil depth at p < 0.05 according to Duncan’s multiple range test.
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4. Discussion


4.1. Effect of Thinning Regimes on C Sequestration and N Availability


Thinning means biomass removal from forests or plantations and the re-distribution of resources, such as light, water, and nutrients [8]. Manystudies have been conducted with the aim ofinvestigating the response of tree growth and yield to different thinning regimes [1], and the varied responses were observed in different species, geographic locations, and intensities of forest thinning [8,9,41]. Generally, forest thinning has a negative impact on stand-level productivity initially, whereas the decomposition of woody debris may increase C loss from the ecosystem [1,9]. However, this effect may be dependent on the intensity and type of thinning applied and how rapidly the growth and C uptake of the remaining trees can compensate for any reduction in the leaf area. In a long-term thinning experiment in a Scots pine forest, Ruiz-Peinado et al. [10] revealed that unthinned stands had the highest C stock with 315 Mg·C·ha−1, moderate thinning presented 304 Mg·C·ha−1, and heavy thinning 296 Mg·C·ha−1, while soil C stocks in the forest floor and mineral soil were not influenced by thinning. Furthermore, Saunders et al. [1] also indicated that forest thinning (removals of stand basal area by 17% and 11%) did not significantly impact C stocks or fluxes in Norway spruce stands. This implies that light thinning could be an option to increase C storage in the form of standing biomass or soil C because increased density can also increase C input to soil due to increased litter fall [42]. Poplars are fast-growing tree species, and medium (30%) and heavy (50%) thinning intensities were applied in the present study. If we define the rotation length as 15 years, the remaining trees in the MB treatment may compensate for the reduction in the productivity of the plantations at the final harvest, due to increased photosynthetic active radiation and nutrient availability after thinning [43].



Nitrogen availability and mineralization are key parameters and transformation processes that impact plant growth and forest productivity. At the same site, differences in N mineralization rates and N availability among the treatments should be related to variations in the soil environment, understory vegetation and litter fall input caused by thinning. Our results indicated that N mineralization rates were significantly and positively correlated with soil temperature and moisture content (Table 1), and the high thinning treatments (HB and HI) significantly increased the annual net N accumulation when compared to the CK treatment (Figure 5 and Figure 6), supporting that tree spacing would affect N availability in the soil by altering N mineralization rates [44], while high annual N mineralization was found in low density plantations [31,43]. The main reason could be the difference in canopy closure of poplar plantations among the thinning treatments, which would modify the microclimate, understory diversity, litter quality, and decomposition rates, and finally influence N cycling and availability in the soil. However, attention should be paid to the possibility of N loss from leaching in the poplar plantations with a high thinning intensity. Meanwhile, the relationship between nitrogen mineralization and nitrous oxide production is also required for further study in the future.




4.2. Effect of Management Practices on GHG Emissions


Forests play an important role in the mitigation of global climate change, and indeed extending the forested areas, enhancing growth in existing forests, and maintaining C stocks may be the key aspects of sustainable management strategies in order to mitigate the effects of climate change. For example, Parmar et al. [45] indicated that land use change to Short Rotation Forestry for bioenergy production may drive changes in soil respiration by altering the composition of the soil microbial community, and may contribute towards C sequestration and GHG mitigation.



Management practices markedly impact C cycling in forest plantations, and management systems with longer rotation periods and moderate harvesting intensities are recommended to increase C fixation in forests [2]. However, the interactive effects of forest management practices on soil GHG fluxes remain unclear in forest plantations. Zhang et al. [46] reported that understory replacement with legume species likely is the optimum management technique for reducing/minimizing GHG fluxes in a Chinese chestnut plantation, while fertilization can enhance the effects of understory replacement on increasing soil organic C and nutrient availability. Results from this study indicated that increasing thinning intensity increased the annual emissions of CO2 and CH4 but decreased the emission of N2O from the soil (Table 2), supporting the point that a management practice affects more than one gas by more than one mechanism and sometimes in opposite ways [47].



In unthinned stands, GHG emissions were dominated by CO2 emissions, with negligible N2O and CH4 emissions (Table 2)—in agreement with results from forest ecosystems [11,43,44], where soil–atmospheric exchange was dominated by CO2 exchange processes. Additionally, N2O and CH4 had only a small contributory effect on the net GHG balance. However, high intensity thinning (HB and HI treatments) altered the soil–atmospheric exchange of GHGs, with the ranking order of CO2 > CH4 > N2O emissions. The annual flux of N2O varied from 1.49 to 3.90 kg N2O–N ha−1, which is lower than the IPCC emission factor (8.0 kg N2O–N ha−1) but higher than the estimated value from a temperate eucalypt forest ecosystem [13] and similar to the value reported by Berglund and Berglund [48] for a cultivated peat soil. Many studies showed that forest soils were a continuous net CH4 sink, in agreement with our result from the unthinned stands (CK), but the CH4 uptake rate (−90.64 mg·m−2·year−1) is much lower than those reported in temperate forestsin Europe [49,50], a Nothofagus forest in New Zealand [51], and a temperate eucalypt forest in Australia [11]. However, our study showed that thinning significantly increased CH4 emission from the soil, especially in the high intensity thinning treatments (HB and HI), ranging from 465 to 983 mg·m−2·year−1 (Table 2). If conversion factors of 310 for N2O and 21 for CH4 were used in the conversion of CH4 and N2O fluxes into CO2 equivalents, the estimated accumulated GHG emissions at this site were 1.16, 1.34, 1.49, and 1.79 mg·m−2·year−1 for CK, MB, HB, and HI, respectively, comparable to the values reported from a cultivated peat soil [48]. However, there is a need to assess long-term effects of forest thinning on both timber production and GHG mitigation, given the potential multi-functional role of a lowland poplar plantation.




4.3. Relationship of Environmental FactorstoGHG Emissions


Vegetation has a key role to play in the spatial and temporal variation of soil–atmosphere fluxes of GHGs by influencing the production, oxidation, and transport of gases from deep in the wetland soils [52,53,54]. Chen et al. [55] reported that a large proportion of GHGs emitted from wetland soils is due to below ground microbiological processes, whereas the growth of vegetation modifies soil properties, which strongly affect microbial activities. In this study, soil water content, temperature, and water table level differed with the thinning regime (Figure 2 and Figure 3), and accordingly, fluxes of GHGs showed significant variations among the four treatments (Figure 4 and Table 2).



Most studies have demonstrated that positive correlations between temperature and soil respiration [13,56,57], consistent with the results from this research (Table 1). However, a significant and negative correlation between water table and CO2 emission was detected in this study (Table 1). This result does not support the observation reported by many investigations, where CO2 emissions increased following the lowering of the water table level [58]; however, it is in agreement with the results reported in Berglund and Berglund [48] and Kechavarzi et al. [59], where CO2 emission rates were higher in the peat soil with a high water table level.



On a global scale, CH4 and N2O emissions contribute about 20% and 6% to greenhouse effects, respectively [60]. We found that N2O emission was most positively correlated with soil temperature among all environmental factors measured (Table 1), supporting the conclusion that temperature is a key driver for variations of N2O flux from wetland soils [52]. In this study, CH4 emission was significantly and positively correlated with soil temperature and moisture, but significantly and negatively correlated with soil water table (Table 1). These results are consistent with Chen et al. [52], but are different from Fest et al. [13], who indicated that CH4 emission was significantly and negatively correlated with soil temperature but positively correlated with soil moisture content. It appears that the individual effects of the major environmental factors on GHG emissions are well known from laboratory- and field-based studies, whereas how the interactions between those factors affect emissions and how to best optimize conditions to reduce fluxes are still not very clear and further research is needed.





5. Conclusions


Thinning altered soil environmental conditions in the poplar plantation and significantly influenced monthly dynamics of GHG emissions and seasonal variations of N mineralization rates. Soil–atmospheric exchange of GHGs in the lowland poplar plantations was dominated by CO2 exchange, with negligible N2O and CH4 emissions. Higher estimated annual emissions of CO2 and CH4 appeared in the treatments with 50% thinning intensity (HB and HI), while the largest emission of N2O occurred in the CK. High intensity thinning also significantly increased annual cumulative mineralized N by 30.1%–50.3%. Soil temperature and water table level were significantly correlated with emissions of CO2, CH4, and N2O, while soil water content was the most important driving factor for CH4 emission. Overall, our results confirmed that thinning enhanced emissions of GHGs and mineralization of N due to altered environmental conditions, but the response of specific GHGs to the disturbance differed, and we suggest that a moderate thinning with 30% intensity (MB) would be the best option for reducing GHG emissions in similar poplar plantations.
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