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Abstract

:

Forest restoration affects nutrient cycling in terrestrial ecosystems. However, the dynamics of carbon (C), nitrogen (N), and phosphorous (P), and their stoichiometry (C:N:P ratio) in the soil during forest restoration are poorly understood in subtropical areas. In the current study, we collected soil samples at three depths (0–10, 10–20, and 20–30 cm) at three restoration stages (early, intermediate, and late) in subtropical forests. Soil organic carbon (SOC), total nitrogen (N), and total phosphorous (P) concentrations were determined. Forest restoration significantly affected soil nutrient concentrations and stock (p < 0.05). SOC concentrations increased from 12.6 to 18.6 g/kg and N concentrations increased from 1.2 to 1.6 g/kg, while P decreased from 0.3 to 0.2 g/kg. A similar pattern of change was found for the nutrient stock as restoration proceeded. C:P and N:P ratios increased to a greater extent than that of C:N ratios during forest restoration, implying that subtropical forests might be characterized by P limitation over time. The slopes and intercepts for the linear regression relationships between SOC, N, and P concentrations were significantly different across the forest restoration stages (p < 0.05). This indicated that forest restoration significantly affects the coupled relationships among C-N, C-P, and N-P in subtropical forest soil. Our results add to the current body of knowledge about soil nutrient characteristics and have useful implications for sustainable forest management in subtropical areas.
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1. Introduction


Forest restoration leads to changes in tree species composition with different traits. These shifts result in different amounts and quality of litter (leaves and fine roots) input, nutrient uptake by trees, and microclimates for litter decomposition, which, in turn, influence soil organic carbon (SOC), total nitrogen (N), and total phosphorous (P) dynamics and their stoichiometry (carbon (C):N:P ratio), ultimately affecting nutrient recycling [1,2]. SOC, N, and P reflect soil fertility and terrestrial productivity [2,3,4,5,6]. Understanding how forest restoration affects SOC, N, P, and their stoichiometry (C:N:P ratio) is critical for predicting C pools, soil nutrient balance, and achieving sustainable forest management [4,5,6].



Previous studies have suggested that forest restoration could improve the concentrations of C and N in the soil due to accumulative organic matter input from aboveground litterfall and root turnover [2,7,8]. However, to date, the variation in soil P with forest restoration remains unknown. Following forest restoration, soil P has been shown to increase [9], decrease [10], or remain constant [11]. These inconsistent results are attributable to the complex abiotic and biotic processes of the soil P [12]. Soil P is primarily derived from parent minerals during weathering and litter decomposition [12]. Subtropical soils are usually strongly weathered and have a low total P content and availability [12,13]. Furthermore, more efficient P resorption has been found in fresh leaves compared to a significant decline in the P content from plant litter across forest restoration stages, which implies that less P is returned to soil through litter decomposition in forests [14]. The rest of the P is tied up with plant growth following forest restoration, leading to a depletion-driven limitation [12]. N:P ratios have been shown to become significantly higher in both fresh leaves and litterfall from early- to late-restoration species, and late-restoration species are more likely to recycle P than N. This implies that the nutrient limitation shifts from N at the early restoration stage (young stands) to P at the late restoration stage (old stands) [14,15,16,17].



Previous studies have shown that forest type, climatic characteristics, and soil depth influence the soil stoichiometry in forest ecosystems [18,19,20,21,22]. For instance, the N:P ratios and C:P ratios in soils have both been shown to decrease, while no significant difference has been shown for the C:N ratio of monsoon evergreen broad-leaved forests across three restoration stages (15 years old, 30 years old, and primary forest) in Yunnan, Southwest China [23]. Jiao et al. [24] pointed out a tendency for the N:P ratio to increase across forest restoration stages in the Loess Plateau, China. Previous studies have also shown that C, N, and P are closely-coupled (related) in forest soil [1,25]. A well-constrained (consistent) C:N:P ratio at a depth of 0–10 cm on the global scale was found through a literature review [26]. In China, a constrained C:N:P ratio was also found on a national scale [22]. However, less attention has been paid on understanding the change in nutrient stoichiometry and their coupled relationships in soil with forest restoration.



In recent years, variations in soil nutrients and stoichiometry across forest restoration stages or successions were reported in the northwest Loess Plateau [8,27,28] and the southwestern karst area [29] in China. However, in Southern China, while variations in stoichiometry in plant tissues have been examined in subtropical forests [14,30], soil stoichiometry dynamics across forest restoration stages have been poorly investigated [17,30,31]. Sub-tropical forests in South China are composed of diverse species and are restored quickly. Therefore, the influence of forest restoration on SOC, N, and P dynamics and their stoichiometry may differ from those in other areas.



The current study was carried out in diverse tree species forests in the subtropical area of China, where evergreen broad-leaved forests are the climax vegetation [14]. Most of these forests have been changed into secondary forests at different restoration stages over previous decades due to human activities, such as firewood collection and tree felling. In this study, three forest types (coniferous and evergreen broad-leaf mixed forest dominated by Pinus massoniana and Lithocarpus glabe (PM-LG), deciduous forest dominated by Choerospondias axillaris (CA), and evergreen broad-leaves forest dominated by Cyclobalanopsis glauca and Lithocarpus glaber (CG-LG), representing secondary forests at three restoration stages (early, intermediate, and late) in the subtropical area, were selected to investigate the dynamics of SOC, N, and P concentrations, as well as their stoichiometries at depths of 0–10, 10–20, and 20–30 cm. Specifically we hypothesized that (1) concentrations and stocks of SOC and N would increase while those of P would decrease as forest restoration stages proceeded; and (2) C:P and N:P ratios would increase to a greater extent than the C:N ratio, with P becoming the limitation along forest restoration stages.




2. Materials and Methods


2.1. Description of Study Site


The study site was located in the Dashanchong Forest Park (latitude 28°24′58′′ N; longitude 113°19′08′′ E; elevation 55–260 m a.s.l.), Changsha County, Hunan, China (Figure 1). The annual average air temperature in this area is 17.3 °C and the annual mean rainfall is 1420 mm, occurring mostly during the growing season [32,33]. The soil is identified as Alliti–Udic Ferrosols, which matches the Acrisol type in the World Reference Base for Soil Resource [34].



Evergreen broad-leaved forests are the climax vegetation in this region. The secondary forests are in different phases of restoration (early, mid, and late) following anthropogenic disturbances. The three secondary forests originated from secondary restoration in regions where firewood collection has been outlawed since the late 1950s. We selected three forest stands along different stages of restoration based on species composition under different disturbance levels. The three forest types and their component tree species, according to percentage of basal area at breast height (1.3 m), were (1) high-level disturbances: a coniferous mixed forest (PM-LG) composed of 60% coniferous species (P. massoniana), 25% evergreen broadleaved species (L. glaber), and 15% other tree species; (2) middle-level disturbances: a deciduous mixed forest (CA) composed of 65% deciduous species (C. axillaris), 6% Loropetalum chinensis, 6% Symplocos setchuensis, and 23% other tree species; and (3) lower-level disturbances: an evergreen broadleaved forest (LG-CG) composed of 53% evergreen broadleaved species (37% L. glaber and 16% C. glauca), 16% P. massoniana, and 31% other tree species.



In 2009, three 1-ha permanent study plots were established for the three forests at different restoration stages. Each 1-ha study plot was divided into 100 subplots of 10 m × 10 m to map the locations of individual trees and to record the diameters of tree species at breast height (1.3 m), height, and crown width. Detailed descriptions of the three forests characteristics are described in Table 1.




2.2. Field Soil Sampling and Laboratory Analysis


We collected soil samples between 25 May and 16 June in 2014. Within each 10 m × 10 m subplot of each study plot, a quadrat with an area of 50 cm × 50 cm was set up for soil sampling. After removing the litter layer carefully by hand from the topsoil, four samples were collected from each depth (0–10, 10–20, 20–30 cm). The four samples were then mixed by hand to form one composite sample for each layer at the subplot. The soil samples were stored at 4 °C until they were analysed. In addition, three soil cores from each depth were collected using a steel soil corer (a diameter of 5.0 cm and length of 5.0 cm) and sealed in air-tight containers for measurement of bulk density.



Before the physicochemical analyses, all soil samples were air-dried and then sieved through a 2 mm sieve to remove the stones, litter, and plant roots. The soil bulk density was determined by dividing the oven-dried mass of soil samples by their core volumes [35]. The SOC concentrations were determined using the potassium oxidation method (K2Cr2O7/H2SO4) [36], which involves oxidizing an aliquot of soil (0.5 g) with a solution of K2Cr2O7 and H2SO4 at 170 °C. The excess dichromate was titrated with 0.25 mol L−1 FeSO4. An oxidation factor of 1.1 was used, based on the supposition that 91% of organic C was oxidized in the procedure. The N concentrations were measured with the Semimicro–Kjeldahl method [37], involving the digestion of soil (1.0 g) with a catalyst (H2SO4–K2SO4–CuSO4–Se mixture) at 380 °C. Then, the sample was distilled by adding 30 mL NaOH. Released ammonium was captured in 10 mL of H3BO3. The titer of the ammonium borate formed was measured by addition of 0.05 N H2SO4, using a methyl red and bromocresol green indicator. The P concentrations were measured by the Mo–Sb colorimetric method [38] after HClO4–H2SO4 digestion.




2.3. Data Analyses


The soil’s organic C stock (Cs), N stock (Ns), and P stock (Ps) (all in Mg/ha) for each soil profile were calculated according to the following equations [39]:


   C s  =   ∑ i n   [  D i  × S O  C i    × B  D i  × ( 1 −  G i  ) ] / 10 ,  



(1)






   N s  =   ∑ i n   [  D i  ×   TN  i    × B  D i  × ( 1 −  G i  ) ] / 10 ,  



(2)






   P s  =   ∑ i n   [  D i  ×   TP  i    × B  D i  × ( 1 −  G i  ) ] / 10 ,  



(3)




where n represents the number of soil layers; i represents the ith depth; SOCi, Ni, and Pi are the concentrations of SOC, N, and P (g/kg) at the corresponding ith depth; Di, BDi, and Gi are the thickness (cm) in the corresponding ith soil depth, soil bulk density (g/cm3), and the percent (%) of coarse (>2 mm) fragments, respectively.



The normality of the data was determined using the Kolmogorov-Smirnov test. All data were log transformed when necessary to meet the assumption of normality. Differences in SOC, N, P concentrations, stock, and their ratios between the three soil layers at the same restoration stage or between the three restoration stages at the same soil depth were evaluated using one-way analysis of variance (ANOVA), followed by the least significant difference (LSD) test.



We used standardized major axis (SMA) regressions [40] to quantify the relationships between the concentrations of SOC, N, and P across the three restoration stages. We also tested the differences in the slopes and the intercepts of the regressions between the three restoration stages using the R package, Smatr 3.4-1 [40]. If significant differences were found, this indicated that forest restoration had significantly affected the coupled relationships among C-N, C-P, and N-P. All of these analyses were performed with R version 3.4.1 [41].





3. Results


3.1. Variations in SOC, N, and P Concentrations and Stocks across Restoration Stages and Soil Depth


The SOC and N concentrations and stocks increased across the forest restoration stages for all soil layers (Figure 2A,B and Figure 3A,B).



The mean 0–30 cm SOC concentration increased from the early stage (12.6 ± 0.3 g/kg) to the late stage (18.6 ± 0.6 g/kg), as did the average soil N concentration (1.2 ± 0.03 g/kg to 1.6 ± 0.05 g/kg). Similarly, there were increases from the early to the late stage in total CS (0–30 cm) (46.0 ± 1.2 Mg/ha to 62.5 ± 2.2 Mg/ha) and total NS (4.5 ± 0.1 Mg/ha 5.4 ± 0.2 Mg/ha). At any given restoration stage, the SOC and N concentrations and stocks decreased with soil depth, while soil P concentrations and stock were lower at all three depths across the forest restoration stages (Figure 2C and Figure 3C).



The average P concentration decreased from the early stage (0.3 ± 0.006 g/kg) to the late stage (0.2 ± 0.004 g/kg) at 0–30 cm as did the total PS at 0–30 cm (1.1 ± 0.02 Mg/ha to 0.9 ± 0.01 Mg/ha). There were no significant differences in the P concentration or stock between the middle stage and the late stage (p > 0.05). A pronounced decrease was found in the P concentration and stock at 0–10 cm across the forest restoration stages (p < 0.05) (Figure 2C and Figure 3C).




3.2. Changes in Soil Stoichiometry across Forest Restoration Stages and Soil Depth


The C:N ratios at the early stage were significantly lower (p < 0.05) than those at the middle and late stages at all soil depths (Figure 4A). No significant differences were found in the C:N ratio between the middle stage and the late stage at all soil layers (p > 0.05). The C:N ratio at a depth of 0–10 cm was significantly larger (p < 0.05) than at the 10–20 and 20–30 cm depths for all restoration stages (Figure 4A).



The N:P and C:P ratios increased across forest restoration stages, and these ratios differed significantly between restoration stages (Figure 4B,C).



The C:P and N:P ratios were larger at the late stage than at the middle and early stages at depths of 0–10 and 10–20 cm. However, the two ratios were significantly (p < 0.05) larger at the middle stage than the early and late stages at a depth of 20–30 cm (Figure 4B,C). The C:P ratio was significantly (p < 0.05) higher at 0–10 cm than at 0–10 and 20–30 cm for all restoration stages. There were no differences (p > 0.05) in the N:P ratio between the early stage and middle stage at depths of 0–10 and 20–30 cm. However, significant differences were found among the three soil layers at the late stage (Figure 4C).



Significantly positive linear correlations were found for the concentrations of SOC, N, and P between the three restoration stages (p < 0.01) (Figure 5).



Furthermore, all the slopes and intercepts of the regression lines of the SOC, N, and P concentrations significantly differed across the three restoration stages (p < 0.01, SMA test, Table 2).





4. Discussion


4.1. Changes in SOC, N, and P Concentrations and Stocks with Restoration and Soil Depth


Forest restoration is found to be a critical factor in determining changes in soil concentrations of C, N, and P. The mechanism of soil organic matter decomposition and the ecosystem nutrient cycling pattern at each restoration stage can be different owing to different plant species present in each restoration stage [42,43,44]. In the present study, as forest restoration proceeded, the SOC and N concentrations and stocks significantly increased. This result supports our first hypothesis and is in agreement with the previous reports [8,26,45]. This is likely due to more SOC and nutrients being released from microbial decomposition and accumulated in the soil from the input of litter and roots with vegetation recovery [8,46]. Some researchers have reported that at the later restoration stage, forests have more fine roots than at earlier restoration stages [26,46]. Fine roots are easy to turnover, which could result in higher SOC and N concentration inputs into the soil [28]. In the same forests investigated in this study, it has been shown that there was more SOC and N released from litter in the late stage of reforestation due to a higher litter decomposition rate than at the early stage [47]. The total standing fine root biomass and their turnover (dead roots) also increases with forest restoration [28,48], which in turn leads to higher SOC and N concentrations.



In contrast, P is derived primarily from rock weathering [12], and the decline in soil P during forest restoration could have resulted from increased demands by plants due to biomass accumulation [12,25]. In the red soil region in Southern China, P has also been proven to be a primary limiting factor due to the serious erosional losses that have taken place [20]. In our previous study, more efficient P resorption and a decline in P content in plant litter from early to late restoration species was found [14], which implies that less P is returned to soils through litter decomposition.



The concentrations of SOC, N, and P at a depth of 0–10 cm were higher than those at the 10–20 and 20–30 soil depths for all stages. This result is in line with some previous studies that reported that more active SOC and soil nutrients are sequestered in the topsoil due to most natural biological processes occurring at the soil surface in forest ecosystems [22,49,50,51].




4.2. Variation of Soil Stoichiometry with Forest Restoration and Soil Depth


Globally, a well-balanced C:N:P mass ratio is 186:13:1 for surface soil, i.e., 0–10 cm [26]. A general C:N:P mass ratio is 134:9:1 for 0–10 cm organic-rich soil and 60:5:1 for the entire soil depth (0–250 cm) in China [22]. In this study, the mean C:N:P mass ratio was 59.7:5.4:1 for the 0–30 cm depth, and the highest C:N:P (69.2:5.7:1) was found at the 0–10 cm depth. These ratios were far below the average C:N:P for China and globally. For the 0–10 cm depth soils, the C:N, C:P, and N:P ratios were 12.3, 69.3, and 5.7, respectively—lower than the average Chinese values reported in Tian et al. [22], which were 14.4, 136, and 9.3, respectively. These differences might be due to soil samples containing humified litter in the Cleveland and Liptzin [26] and Tian et al. [22] studies, resulting in relatively higher C:N, C:P, and N:P ratios than in our results.



The C:N ratios in our study were approximately 10 across three restoration stage (Figure 4A), and had relatively little change. This result is in line with a previous report stating that C:N ratios show little variation among different developmental stages and soil depths in China’s soil [22]. The relatively constant C:N ratios may be attributed to the close C and N coupling in the litter during forest development [1]. However, high variations were found in N:P and C:P ratios with soil depth and restoration stages, which is in line with the results reported by Tian et al. [22] on a national scale in China, and by Cleveland and Liptzin on a global scale [26].



A low C:N ratio (<25) implies that soil organic matter is accumulating more slowly than it is decomposing [21] and that there is net mineralization of N in the soil [52]. A C:N ratio lower than 10 indicates that less organic matter is being merged into the soil [53,54]. Similar to Li et al. [39], we found that P changed only slightly between forest succession types and soil depth. The late restoration stage and middle restoration stage had higher SOC and N concentrations than the early restoration stage, resulting in higher C:P and N:P ratios, which is in agreement with the global soil nutrient ratios reported by Cleveland and Liptzin [26]. In addition, the topsoil layer (0–10 cm) had greater soil C:N, C:P, and N:P ratios than those of the subsoil or deeper soil because the litter layer releases more nutrients into the topsoil [39]. In this study, the soil C:P ratios ranged from 42.9 to 80.0 for the 0–30 cm soil depth, which implied a net mineralization of soil nutrients (<200) [55]. The significant increase in N:P ratios in the late restoration stage (evergreen broadleaved forest) support the idea that the strongest P limitation tends to occur at the late stage of forest restoration [16]. Huang et al. [17] also reported that plant N:P ratios were greater in the late restoration stage (evergreen broad-leaved forest) compared to the early restoration stage (conifer forest) in subtropical China. Our results showed that there were significant increases in the N:P ratio in subtropical forest soils during forest restoration, and our previous results showed that the N:P ratio becomes significantly higher in both fresh leaves and litterfall with forest restoration [14], which again indicates that the P limitation occurs at late restoration stages of subtropical forests.



Our study supports the hypothesis that C:N:P Redfield-like ratios are common in forest soil [26]. The SOC, N, and P concentrations were significantly correlated (Figure 5), regardless of the restoration stage, and the relatively high correlation coefficients of 0.78–0.89 for C and N concentrations indicated that the C:N ratio was highly constrained. Relatively constrained C:P and N:P ratios were also observed based on the correlation coefficients of 0.33–0.70 for the C and P concentrations, and 0.35–0.76 for the N and P concentrations. Together, this implies a relatively constrained C:N:P ratio in subtropical forest soil, which is similar to that reported in Cleveland and Liptzin [26] and Tian et al. [22]. Previous studies showed that restoration stages significantly influence soil stoichiometry [2,56]. In the current study, there were significant positive linear relationships among the concentrations of SOC-N, SOC-P, and N-P, but the slopes and intercepts of regressions differed significantly across the three restoration stages (p < 0.05) (Figure 5), indicating that forest restoration significantly affected the coupled relationships between C-N, C-P, and N-P in the subtropical forest soil (Table 2). This finding is in line with previous results [22,23].





5. Conclusions


Our study showed that forest restoration significantly increased the SOC and N concentrations and stock, but those of P decreased. A constrained C:N:P ratio was found, and the C:P and N:P ratios increased to a greater extent than the C:N ratio during forest restoration in subtropical forest soil, indicating that forests in subtropical China could be experiencing a limitation in P. SOC and soil nutrients play key roles in carbon cycling and soil fertility, hence, our results provide new insights into C budgets and soil quality in subtropical forest soils and can be used to support decisions in sustainable forest management.
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Figure 1. Location of the Dashanchong Forest Park in Changsha, Hunan, Southern China. 
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Figure 2. Soil organic carbon (SOC) (A); nitrogen (N) (B); and phosphorus (P) (C) concentrations at three restoration stages. The bars indicate the standard error of the mean. Different capital letters indicate statistically significant differences (p < 0.05) at the same soil depth across the three restoration stages. Different lowercase letters indicate statistically significant differences (p < 0.05) at the same restoration stage among the three soil depths. 
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Figure 3. Soil organic carbon (SOC) (A); N (B); and P (C) stocks at the three restoration stages. The bars indicate the standard error of the mean. Different capital letters indicate statistically significant differences (p < 0.05) at the same soil depth across the three restoration stages (p < 0. 05). Different lowercase letters indicate statistically significant differences (p < 0.05) at the same restoration stage among the three soil depths. 
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Figure 4. Mass ratios of carbon (C):N (A); C:P (B); and N:P (C) at the three restoration stages. The bars indicate the standard error of the mean. Different capital letters indicate statistically significant differences (p < 0.05) at the same soil depth across the three restoration stages. Different lowercase letters indicate statistically significant differences (p < 0.05) at the same restoration stage among the three soil depths. 
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Figure 5. Relationships between soil organic carbon (SOC), N, and P concentrations at a depth of 0–30 cm across the three restoration stages. 
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Table 1. Site and community characteristics of the three forest types at early, middle, and late stages of restoration.
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	Forest Type
	Altitude (m)
	Aspect
	Slope (o)
	Stand Density (Tree ha−1)
	Total BA (m−2 ha−1)
	Dominant Species





	Early (PM-LG)
	220–262
	SW
	15
	2492
	33.66
	Pinus massoniana

Lithocarpus glaber

Diospyros glaucifolia



	Middle (CA)
	245–321
	W
	35
	1696
	18.79
	Choerospondiasaxillaris

Loropetalum chinensis

Symplocos setchuensis



	Late (LG-CG)
	225–254
	NW
	22
	1340
	23.10
	Lithocarpus glaber

Cyclobalanopsis glauca

Sassafras tzumu







Note: PM-LG, Pinus massoniana-Lithocarpus glaber forest; CA, Choerospondias axillaris forest; LG-CG, Lithocarpus glaber-Cyclobalanopsis glauca forest. BA is the basal area; SW, W, and NW are the southwest, west, and northwest aspects of each forest.
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Table 2. Test for differences in slopes and intercepts of the regression lines of soil stoichiometry (C:N:P ratio) relationships among the three restoration stages.
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Soil Stoichiometry

	
Restoration Stage

	
n

	
Slope [95% CI]

	
p

	
Intercept [95% CI]

	
p






	
C:N

	
Early

	
100

	
13.8 b [11.5, 16.0]

	
<0.01

	
−3.9 a,b [−6.6, −1.2]

	
0.03




	
Middle

	
100

	
15.7 a [14.3, 17.7]

	

	
−5.8 b [−8.7, −3.8]

	




	
Late

	
100

	
10.3 c [9.1, 11.5]

	

	
1.8 a [−0.2, 3.8]

	




	
C:P

	
Early

	
100

	
18.3 c [8.1, 28.4]

	
<0.01

	
7.1 a [3.9, 10.2]

	
<0.01




	
Middle

	
100

	
43.5 b [30.3, 56.6]

	

	
6.8 b [3.7, 9.9]

	




	
Late

	
100

	
95.7 a [76.4, 114.9]

	

	
−6.3 c [−11.3, −1.2]

	




	
N:P

	
Early

	
100

	
1.1 c [0.48, 1.6]

	
<0.01

	
0.9 a [0.7, 1.1]

	
<0.01




	
Middle

	
100

	
2.6 b [2.0, 3.34]

	

	
0.9 a [0.6, 1.0]

	




	
Late

	
100

	
8.7 a [7.3, 10.2]

	

	
−0.6 b [−1.0, −0.2]

	








Note: n stands for the number of the subplot at each restoration stage. p stands for statistical significance level of 0.05. Different lowercase letters indicate statistically significant differences (p < 0.05) between the three forests at the three restoration stages. CI, C:N, C:P, and N:P denote the confidence interval, C:N mass ratio, C:P mass ratio, and N:P mass ratio, respectively.
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