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Abstract

:

Mixed-species plantations of trees with N-fixing species have the potential of promoting forest productivity and soil fertility. However, few studies in the literature have addressed the advantages of mixed-species plantations of leguminous trees over monocultures of leguminous trees based on in situ inventories over a long time period. Here, we monitored the dynamics of tree community composition, vegetation biomass, soil nutrients, and soil microbial phospholipid fatty acids (PLFAs), in an Acacia mangium monoculture plantation during 33 years of development and compared it with a mixed-species plantation of A. mangium associated with 56 native species which were underplanted 14 years after the initial establishment. Leaf N and phosphorus (P) concentrations of three main species in the overstory and understory of the A. mangium monoculture were measured. Our results showed that the soil organic carbon (SOC), total nitrogen (TN), and available phosphorus (AP) concentrations significantly increased over time during the approximately thirty years of A. mangium monoculture plantation, while the disadvantages were associated with new species regeneration and the increment of vegetation biomass. In the A. mangium monoculture plantation, leaf N concentration of A. mangium, Rhodomyrtus tomentosa, and Dicranopteris dichotoma continuously increased from 21 to 31 years, while the leaf P concentration of A. mangium and R. tomentosa decreased. The mixed-species plantations of A. mangium with native tree species had lower SOC and soil TN concentrations, more new tree species recruitment in the understory, and faster vegetation biomass increment than the A. mangium monoculture. However, the PLFAs of soil microbial groups were slightly different between the two types of plantations. We conclude that improved soil N nutrient condition by A. mangium monoculture benefits N absorption by A. mangium, R. tomentosa, and D. tomentosa, while low soil AP limits P absorption by A. mangium and R. tomentosa. Meanwhile, transforming the A. mangium monoculture into a mixed-species plantation via the introduction of multiple native species into the A. mangium monoculture decreases SOC and TN concentrations but the advantages include improving forest regeneration and maintaining forest growth in a long-term sequence. These findings provide useful and practical suggestions for managing forest monocultures of A. mangium in subtropical regions.
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1. Introduction


The area of planted forests across the globe covers 294 million hectares and is still increasing to balance the loss of natural forests [1,2,3]. The majority of these planted forests are homogenous in composition with only one fast-growing tree species to optimize wood and fiber production [4,5]. It has been found that almost half of the subtropical forest area is currently under monoculture (single tree species plantation) [6]. However, several recent studies have identified problems with monocultures, for example, exacerbating the loss of biodiversity, decreasing productivity, increasing the risk of pest and disease infection, reducing soil fertility, and increasing vulnerability to climate change [4,7,8]. These constraints could result in a loss of economic and ecological functions across forests [9,10].



Studies have proposed that mixed-species plantations have greater levels of ecosystem functions and services, including higher productivity and soil organic matter concentration, than monocultures [11,12]. Especially, mixed-species plantations of trees with nitrogen-fixing species have been recommended, with the additional advantages that they can reduce the need for nitrogen (N) fertilization [13,14], decrease competition for light, and accelerate the soil N mineralization and phosphorus (P) cycle [14,15,16]. However, evidence from numerous studies has proven that the production of mixed-species plantations is lower than that in monocultures due to erroneous selection of trees species for the mixtures and unsuitable sites for planting [15,17,18]. Moreover, in recent decades, mixed-species plantations with native trees have been recommended over those with exotic trees [14,19,20]. For example, from 1990 to 2015, more than 80% of the mixed-species plantation area was comprised of native trees [2]. An increasing number of studies have shown that mixed-species plantations with native trees have higher productivity and nutrient use efficiency relative to monocultures [18,21]. Nonetheless, previous studies of mixed-species plantations have mostly focused on mixtures of from two to three trees [14,17]. Until now, few experiments had studied the differences between an exotic N-fixing species monoculture and a mixed-species plantation with dozens of native trees, in terms of plant species composition; soil organic carbon (SOC), nutrient (e.g., nitrate (NO3−-N), ammonium (NH4+-N), and soil total phosphorus) concentrations; and soil microbial community, and especially, the long-term effects remain unclear.



In southern China (tropical and subtropical areas), the forests have historically been damaged by timber harvesting, improper logging, and firewood collection [22,23]. To promote forest recovery and soil amelioration, an initiative, namely monoculture planting of Acacia mangium (a N-fixing tree species, native to Australia and Papua New Guinea), was implemented in the 1980s [24,25]. However, recent studies have documented that the A. mangium monocultures in southern China had poor understory regeneration [26,27], low biodiversity, and lacked stableness [25]. Therefore, transforming the A. mangium monocultures to mixed-species plantations with dozens of native trees was initiated and applied within forest management activities [24,28]. However, the long-term effects of A. mangium monocultures in southern China, especially the differences between A. mangium monocultures and mixed-species plantations with native trees, are still unclear.



Hence, in the current study, we aim (1) to evaluate the effect of the planting year on the tree community composition, vegetation biomass, soil nutrient properties, and foliar N and P concentrations of the trees, shrubs, and herbs in an A. mangium monoculture using long-term inventory data and (2) to clarify the effect of the plantation type (A. mangium monoculture and A. mangium mixed-species plantation with native trees) on tree community composition, vegetation biomass, soil physiochemical properties, and soil microbial community structure. Based on the above-mentioned goals, we attempt to test the following hypotheses: (1) The plant species richness, foliar N and P concentrations, and the concentration of SOC and other soil nutrients in the A. mangium monoculture will increase with the increment of planting year. This is based on the fact that previous studies have shown that leguminous N-fixing trees can enhance SOC stock, soil N availability, and the rate of soil P cycle [14,16,29,30]; (2) mixed-species plantation with native trees will favor new species recruitment and increase vegetation biomass, soil nutrient contents, and soil microbial PLFAs compared to A. mangium monoculture. This is based on the fact that previous studies have shown that mixed-species plantations have higher productivity and nutrient use efficiency relative to monocultures [18,29,31]. The in-situ inventories of the stands over a long-time sequence, in this study, can improve our understanding of the long-term effects of N-fixing tree monoculture and N-fixing mixed-species plantation with dozens of native trees on the plant soil and soil microbial community of the stands.




2. Materials and Methods


2.1. Study Site


The study was conducted at the Heshan National Field Research Station (60.7 m a.s.l., 22°34′ N, 112°50′ E, Figure 1A) in the subtropical region of southern China. The climate in this region is characterized by a subtropical monsoon associated with a wet season from April to September during which 80% of the 1700 mm of annual precipitation falls. In the past 30 years, the mean annual temperature has been 21.7 °C. The soil is classified as acrisols based on WRB soil classification [32], which is a type of heavily acidic and easily leached soil. The zonal climax vegetation is the subtropical evergreen broad-leaf forest. As a result of long-term anthrophonic disturbances, such as logging, burning, and harvesting of wood for biofuel production, the soil in this area has eroded and the original vegetation has almost disappeared, leading to vast areas of degraded land [22]. The site was covered by grass species before the establishment of the experiment.




2.2. Experimental Design


2.2.1. Plot Design


In 1984, a pure plantation of Acacia mangium (an exotic leguminous species) was established on an area of about 5 hectares of homogenously degraded hilly land to rehabilitate the degraded ecosystem (Figure 1B,C). Seedlings of A. mangium were planted at a spacing of 2.5 m × 3 m, with a basal fertilizer application of 50 g of potassium chloride and 50 g of urea [22]. In 1998, an area of 2.5 hectares of the A. mangium monoculture was selected, then, approximately 50% of the A. mangium trees were randomly cut down, and subsequently, one- or two-year-old seedlings of 56 native species were randomly planted in the interspaces (see Table S1 for the list of the native species).



A permanent quadrat (hereafter referred to as a permanent plot) with an area of 400 m2 (20 × 20 m) in the A. mangium monoculture was set up simultaneously in 1984 when the experiment was set up (Figure 1B). The objective of establishing the permanent plot was to monitor the dynamics of tree community structure and soil nutrients over time in the A. mangium monoculture. Another six separate plots were established in 1998. Each plot had an area of 400 m2 (20 × 20 m) and the plots were separated from each other by at least 50 m. Three of the separated plots were established as A. mangium monoculture (hereafter referred to as the monoculture plots) and the other three plots were established as mixed-species plantations of A. mangium with native species (hereafter referred to as the mixed-species plantation plots). The objectives of establishing six plots were to study the differences in tree community structure, soil physiochemical properties, and soil microbial community structure between A. mangium monoculture andmixed-species plantation of A. mangium. Meanwhile, a meteorological station located just outside of the plantation area was established to record daily rainfall and temperature from 1985 to 2015.




2.2.2. Soil and Leaf Sample Collections


Soil and leaf samples that had been collected from the permanent plot of A. mangium monoculture over 31 years were used to estimate the roles of A. mangium monoculture in recovering the degenerated area. To avoid disturbing soils of the permanent plot during the inventory, soil samples were collected at a location close to the permanent plot. The possible differences in soil properties between the permanent plot and the location close to the permanent plot should have been neglectable, as the A. mangium monoculture was established at the same time (1984).



Soil sampling in the permanent plot was conducted in 1986, 1990, 1994, 2002, 2005, 2010, and 2015 to study the dynamics of soil nutrient properties (i.e., SOC, total nitrogen (TN), and available phosphorus (AP) and the ratios of SOC to TN, SOC to total phosphorus (TP), and TN to TP) in the A. mangium monoculture during 31 years of planting (Table S2). All soil samples were collected from 0 to 20 cm depths using an auger (Φ = 35 mm). Four independently collected soil cores from the same topography were mixed to form one composite sample, and four composite samples were collected each time. All soil samples were sieved through 2 mm mesh to remove roots, litter, and stones. Rhodomyrtus tomentosa is a shrub and Dicranopteris dichotoma is a fern; both R. tomentosa and D. dichotoma grew in the understory of the A. mangium monoculture. Leaf samples of A. mangium as well as leaf samples of R. tomentosa and D. dichotoma were collected from individuals in the permanent plot which corresponded to the soil sampling in 2005, 2010, and 2015. Fresh, well-developed, and fully expanded leaves of each species were harvested. Leaf samples were collected from 3 to 5 individuals to form one composite sample, and four composite samples were collected each time. All leaf samples were dried to a constant mass at 65 °C, and then, ground to powder for the leaf N and P contents analysis.



Soil samples from the three monoculture plots and three mixed-species plots were collected in August 2011 and 2017 to study the differences in soil microbial community structure and soil physiochemical properties (i.e., dissolved organic carbon (DOC), TN, NO3−-N, NH4+-N, TP, and pH) between A. mangium monoculture and A. mangium mixed-species plantation with native trees. Soil samples were collected in the same way as those in the permanent plot of A. mangium monoculture. At each sampling time, the soil samples collected from the six plots were divided into three subsamples for further analysis: The first subsample was air-dried and stored at room temperature for the measurement of soil physiochemical properties (SOC, DOC, TN, TP, pH); the second subsample was stored at 4 °C for soil inorganic N (NH4+-N and NO3−-N) analyses; the third subsample was stored at −20 °C after freezing-drying for phospholipid fatty acids (PLFAs) analysis.




2.2.3. Soil and Leaf Sample Property Analyses


The concentration of SOC was determined by following the potassium dichromate oxidation method described by [33]. Soil TN concentration was assayed by semi-micro Kjeldahl digestion [34]. The soil AP concentration was determined by following the ”Bray-1” available P method [35]. Soil AP was extracted with a solution of 0.03 M ammonium fluoride and 0.025 M hydrochloric acid and measured using the colorimetric method [34]. Soil TP concentration was determined by the concentrated sulfuric acid and perchloric acid digestion method [36]. Fresh soil samples were filtered with 2 M KCl, and all of the filtered extracts were analyzed for NH4+-N and NO3−-N with a flow injection autoanalyzer (FIA, Lachat Instruments, Loveland, CO, USA). The soil DOC concentration was extracted with 0.5 M K2SO4, and the extracts were analyzed using a TOC analyzer (TOC-5000, Shimadzu, Kyoto, Japan). Soil pH was measured in a 1:2.5 mixture suspension of soil/water using a pH meter (Horiba F-71S, Horiba, Kyoto, Japan). The soil C to N ratio (C:N), C to P ratio (C:P), and N to P ratio (N:P) were calculated with the ratios of SOC to TN concentration, SOC to TP concentration, and TN to TP concentration, respectively.



Phospholipid fatty acids were extracted from the soil samples according to method by Frostegård et al. [37], and the method of analyzing microbial PLFAs was modified from Frostegård and Bååth [38]. Briefly, total lipids were extracted overnight from 8 g of freeze-dried soil in a chloroform/methanol/phosphate buffer mixture (1:2:0.8, v/v/v), and then, the extracted lipids were transferred to a solid-phase silica column (Agilent Technologies, Palo Alto, CA, USA). The phospholipids were separated from neutral lipids, glycolipids, and polar lipids, by alternately using 5 mL of chloroform and 10 mL of acetone or 5 mL of methanol in a silica column. After separation, the polar lipid fraction was transferred into fatty acid methyl eaters by using 1 mL 0.2 M methylated KOH. The fatty acid methyl esters were dissolved in an internal standard-methyl nonadecanoate fatty acid (19:0), and then, they were identified and measured using an Agilent 6890 gas chromatograph mass spectrometer (Agilent Technologies, Palo Alto, CA, USA).



According to the fatty acid nomenclature described by Frostegård and Bååth [38], the sum of a14:0, 14:0, i15:0, a15:0, 15:0, i16:0, 16:0, i17:0, cy17:0, 17:0, 16 1ω7c, 18:1ω7c, 18:0, and cy19:0ω8c was considered to be an indicator of the bacterial group [39,40]. The sum of saturated unsubstituted fatty acids i14:0, i15:0, a15:0, i16:0, i17:0, and a17:0 represented Gram-positive bacteria [41], while the sum of monounsaturated fatty acid, 16:1ω7c, cy17:0, 18:1ω7c, and cy19:0ω8c indicated Gram-negative bacteria [42,43]. Four fatty acids (16:1ω5c, 18:1ω9c, 18:2ω6, 9c, and 18:3w6,9c) were chosen to represent the fungi group, and one fatty acid (i.e., 16:1ω5c) was considered to be arbuscular mycorrhizal fungi (AMF) [44]. The PLFAs 10Me 16:0, 10Me 17:0, and 10Me 18:0 were considered to be representative of actinomycetes [45]. In addition, all of the PLFAs mentioned above and other PLFAs were summed as the total PLFAs of the soil microbial community. All the PLFAs were calculated as nanomoles per gram of dry soil as the absolute abundance of lipids. The relative abundance of individual lipids was expressed in relative mol%, calculated with moles of a particular PLFA divided by the total amount of PLFAs (moles) in a sample. The sum of the individual relative abundance represented the relative abundance of particular microbial groups (e.g., bacterial, Gram-positive bacteria, Gram-negative bacteria, fungi, and actinomycetes).



The foliar total nitrogen (N) and total phosphorus (P) concentrations of A. mangium, R. tomentosa, and D. dichotoma were analyzed. The foliar total N concentration was determined by using a CHNS/O analyzer (PerkinElmer II2400, Perkin Elmer Inc., Waltham, MA, USA). The foliar total P concentration was determined by following the concentrated sulfuric acid and perchloric acid digestion method [46]. Different tree species biomass was calculated by allometric equations (Table S3).





2.3. Statistical Analyses


All data passed the test of normality. A one-way ANOVA analysis with Tukey’s HSD test was performed to determine the effects of the A. mangium planting year on the concentrations of SOC, soil TN, and soil AP; the ratios of soil C:N, C:P, and N:P; and the concentrations of foliar TN and foliar TP in the permanent plot. Linear regressions were performed to test the relationships of SOC concentration, soil TN concentration, soil C:P ratio, and soil N:P ratio with the planting year in the permanent plot of A. mangium monoculture. A two-way ANOVA analysis with Tukey’s HSD test was used to determine the effects of the planting year, plantation type (monoculture and mixed-species plantation), and their interactions on soil physiochemical properties and microbial community structure (based on the PLFA results of different microbial groups) in the monoculture plots and mixed-species plantation plots. A redundancy analysis (RDA) was used to test the relationships between soil physiochemical properties and the relative abundances of soil microbial groups. The RDA was performed using the CANOCO software for Windows 5.0 (Ithaca, NY, USA). SPSS 19 (SPSS, Inc., Chicago, IL, USA) was used for all statistical analyses. The statistical significance was determined at the 0.05 level.





3. Results


3.1. Tree Community Composition, Vegetation Biomass, and Soil and Foliar Properties in the A. mangium Monoculture


The number of regenerated tree species in the A. mangium monoculture decreased in 2000 compared to the number recorded in 1995 and in 1997, showing the lowest value during the 31 years of observation (Figure 2B). However, the number of regenerated tree species increased in 2012 compared with that in 2003. The understory shrub and herb species richness were less than seven after 31 years of A. mangium planting (Table S1).



The mean DBH of the A. mangium trees generally increased with the increment of the planting year (Figure 2C). In addition, there was a decrease in the density and biomass of A. mangium trees from 2000 to 2003 and an increase in both parameters from 2003 to 2007.



The soil organic carbon and TN concentrations significantly increased over the 31 years of observation (Figure 3A,B); the SOC concentration increased by 2.5-fold compared with the beginning of A. mangium planting and the soil TN concentration increased by 3-fold. Moreover, the linear regression analysis showed that the SOC (r2 = 0.91, p = 0.000) and soil TN (r2 = 0.91 and p = 0.000) concentrations were positively related to the increment of A. mangium planting year. The soil AP concentration significantly increased from 0.32 mg kg−1 (in 1986) to 2.53 mg kg−1 (in 2015) (p = 0.003, Figure 3C). In addition, the linear regression analysis showed that soil C:P ratios were positively related to the A. mangium planting year (r2 = 0.72, p = 0.008, Figure 3E). The ratio of soil N:P showed a slightly increased trend with the increment of A. mangium planting year (r2 = 0.48, p = 0.056, Figure 3F).



The foliar N concentrations of A. mangium, R. tomentosa, and D. dichotoma significantly increased from 2005 to 2010 (i.e., from 21 to 31 years after planting A. mangium) (Figure 4A). The foliar P concentrations of A. mangium and R. tomentosa were significantly lower in 2010 and in 2015 than those in 2005, while that of D. dichotoma showed a contrary trend (Figure 4B).




3.2. Comparison between the A. mangium Monoculture and the A. mangium Mixed-Species Plantation


A total of 30 among the 56 planted native species together with 8 naturally regenerated species survived in the mixed-species plantation plots in 2017 (Table 1). The understory shrub and herb species richness was higher in the mixed-species plantation plots than in the monoculture plots. The mean DBH of A. mangium trees increased by 55.6% from 2011 to 2017 in the mixed-species plantation plots, and the increase was higher than that in the monoculture plots (23.6%). Moreover, the mean DBH and height of the introduced native species and newly recruited species also increased (except the mean height of newly recruited species) in the mixed-species plantation plots, but not in the monoculture plots. The total vegetation biomass in the mixed-species plantation plots increased by 106% from 2011 to 2017, while the total vegetation biomass in the monoculture plots slightly declined during this period. In 2017, the biomass of A. mangium trees and the biomass of newly regenerated species and introduced native species in the mixed-species plantation plots contributed to 44.6% and 55.4% of the total vegetation biomass, respectively. In contrast, in the monoculture plots, the biomass of newly regenerated species was negligible compared to the biomass of A. mangium trees in 2017.



In 2011, the concentrations of SOC, soil DOC, and soil TN; the soil pH; and the soil C:P ratio were significantly lower in the mixed-species plantation plots than those in the monoculture plots (Figure 5A–C,F,G), while the soil TP concentration was significantly higher in the mixed-species plantation plots than that in the monoculture plots. In 2017, the concentrations of soil DOC, NO3−-N, NH4+-N, and TP were comparable between the mixed-species plantation plots and the monoculture plots (Figure 5B,D–F). In addition, the interaction of the planting year (2011 and 2017) and plantation type (monoculture and mixed-species plantation) had significant effects on soil TN and NH4+-N concentrations and the soil C:N ratio (Table S4).



The relative abundance of soil microbial PLFAs was insignificantly different between the monoculture plots and the mixed-species plantation plots (Figure 5H–N and Table S5), but was significantly increased by planting year (from 2011 to 2017) in both the monoculture plots and mixed-species plantation plots. In addition, the RDA results showed that soil physiochemical properties (i.e., pH, NO3−-N:NH4+-N ratio, and the concentrations of TN, DOC, TP, and SOC) could explain 60.4% of the total variation in the relative abundance of soil microbial PLFAs, including 50.6% at axis 1 and 9.8% at axis 2 (Figure 6). Among them, the soil pH, soil NO3−-N:NH4+-N ratio, and soil TN and DOC concentrations significantly contributed to the total variance (p < 0.016), while the concentrations of soil TP and SOC showed insignificant contributions (p > 0.116). Furthermore, there were negative correlations among the soil pH and the Gram-negative bacteria, AMF, and actinomycetes and among the soil DOC concentration and the Gram-negative bacteria, AMF, and actinomycetes. However, there were positive correlations among the soil TN concentration and AMF, fungi, and Gram-negative bacteria and among the ratio of soil NO3−-N:NH4+-N and AMF, fungi, and Gram-negative bacteria.





4. Discussion


4.1. Dynamics of the Tree Community Composition, Vegetation Biomass, and Soil and Leaf Properties in the A. mangium Monoculture


In the current study, the mean diameter and biomass of the A. mangium trees continuously increased from 1995 to 2000, while unexpected decreases in the A. mangium tree density and biomass in the 19th year of planting (i.e., 2003) were recorded (Figure 2B,C). A simultaneous declines in the tree density and biomass of A. mangium were most likely related to trees falling, breaking, and even dying due to typhoons and rainstorm events [47]. The meteorological bureau reported that an exceptionally strong typhoon, namely “Dujuan” (with national number 0313 in 2003), occurred on 2 September 2003 with severe damage to the A. mangium plantations, and as a consequence, tree density and biomass were decreased. Interestingly, in the following four years (2003–2007) after the unexpected reduction in 2003, the A. mangium tree density increased by 1.3-fold (1433 individuals per hectare, Figure 2B), and the species richness also increased (Table S1). On the one hand, the released growth space may have facilitated the germination of A. mangium seeds and growth of its seedlings, resulting in an increase in A. mangium tree density. On the other hand, canopy gaps formed as a consequence of trees falling, breaking, and dying would have promoted the recruitment of new species (e.g., eleven species of naturally regenerated trees have been found in 2003, Table S1), thus, increasing the species richness.



In this study, the concentrations of SOC and soil TN significantly increased during the 31 years after planting A. mangium (Figure 3A,B). Thus, our first hypothesis about the changes in SOC and other soil nutrients under A. mangium monoculture can be accepted. The results are consistent with previous studies on the roles of A. mangium in recovering degraded land [16,48,49]. This phenomenon may be related to the acceleration of nutrient cycling [16] and the increase in vegetation biomass [48,49]. As a N-fixing species, A. mangium roots can fix atmospheric N with the support of the symbiotic Rhizobium [50]. For example, one study pointed out that a rate of 86 kg N ha−1 year−1 was fixed in an A. mearnsii monoculture, resulting in an increase in soil TN concentration [51]. Not only N fixation by roots, but also C- and N-containing compounds in root exudates and litter biomass can contribute to the increment of SOC and TN concentrations [52,53]. Moreover, the foliar N concentrations of R. tomentosa and D. tomentosa increased in the period from 2005 to 2015 (i.e., from 21 to 31 years after A. mangium planting, Figure 4A), indicating that improved soil TN concentration facilitated N uptake by understory non-leguminous shrubs and herbs. The foliar N concentrations of non-leguminous plants increased by the leguminous trees were also found in other studies [14,31,49], which, in turn, might alleviate N competition between non-leguminous plants and leguminous trees [13]. Thus, A. mangium monoculture improves soil N nutrient condition, which in return promotes N absorption by A. mangium and other species (i.e., R. tomentosa and D. tomentosa) in the understory.



In this study, the soil AP concentration increased after 31 years of A. mangium planting (Figure 3C), implying that planting N-fixing species positively influenced soil P availability. Unexpectedly, the foliar P concentrations of A. mangium and R. tomentosa decreased with the increment of stand age from 21 to 31 years (Figure 4B), findings which were consistent with studies in subtropical forests [54,55]. On the one hand, subtropical forests are generally limited by P [54]. According to the stoichiometric theory [56], a decrease in foliar P concentration strongly suggested an exacerbating P limitation in this study of subtropical forest. On the other hand, to cope with P limitation, many plants develop special mechanisms to promote soil P availability (e.g., increased acid phosphatase produced by plant roots and soil microorganisms) [57]. Although our results provide limited information from the production of phosphatase enzymes, the relative abundance of AMF was significantly increased with the increment of stand age of A. mangium monoculture (Figure 5L). It has been documented that organic acids secreted by arbuscular mycorrhizal fungi (AMF) enhance P availability [58]. Thus, the increased soil AP concentration might relate to the increase in AMF biomass. Overall, the response and adaptation of plants to P limitation can explain the opposite trend between soil AP and foliar P concentrations with the increment of stand age of A. mangium monoculture.




4.2. Effects of Mixed-Species Plantation on Forest Stand Development


4.2.1. Changes in Tree Community Composition and Vegetation Biomass


In 2017, eight new trees were successfully recruited under the canopy of the mixed-species plantation of A. mangium with native trees (Table 1). For example, shade-tolerant and mildly acidic soil-adapted species, such as Litsea cubeba, Melicope pteleifolia, Litsea rotundifolia, and fruit tree species (e.g., Dimocarpus longan and Prunus salicina) have been found (Table S1). Meanwhile, compared to the A. mangium monoculture, the number of new tree regenerations in the mixed-species plantation was higher in 2011 and in 2017 (Table 1). These results support part of our second hypothesis focusing on tree regeneration under mixed-species plantation, suggesting that the introduction of native trees into A. mangium plantations is a practical approach for facilitating species regeneration [59,60], because the broadly diversified canopies and heterogeneous habitats in mixed-species plantations can recruit more seed dispersers (e.g., perching and roosting birds), which most likely promote the greater level of seed dissemination and seedling growth of native trees and understory species [61,62].



In the current study, the vegetation biomass was lower in the mixed-species plantation of A. mangium with native trees than that in the A. mangium monoculture in 2011 and in 2017 (Table 1), which was contrary to the second hypothesis about the comparison of vegetation biomass between monoculture and mixed-species plantation. This result could be explained by an artificial decrease in the biomass of the trees, since we cut down half of the A. mangium trees before establishing the mixed-species plantation. However, the vegetation biomass in the mixed-species plantation largely increased (by 106%) from 2011 to 2017 because of the overall increment of A. mangium trees biomass (increased 21.33 t ha−1), native tree biomass (increased 29.23 t ha−1), and new regenerated plant biomass (increased 1.96 t ha−1), although the vegetation biomass in the monoculture slightly declined during this period (Table 1). This result was similar to that of a previous study which reported that mixed-species plantations were generally more productive than the mean of the monocultures [63]. Altogether, the introduction of native species into A. mangium plantation can be a promising approach to increase vegetation biomass accumulation.




4.2.2. Changes in Soil Physiochemical Properties and Microbial Community Structure


In the current study, the concentration of SOC and soil TN were significantly lower in the mixed-species plantation of A. mangium with native trees compared to the A. mangium monoculture in 2011 and in 2017 (Figure 5A,C). The results are different from many previous findings [14,16]. The differences might be related to the different vegetation biomasses between the mixed-species plantation and the monoculture in our study (Table 1). In general, the concentrations of SOC and soil TN were positively correlated with the vegetation biomass, because litter input mediated by vegetation biomass strongly contributed to the accumulation of SOC and soil TN [14,16,29]. As discussed above, the vegetation biomass was lower in the mixed-species plantations than in the A. mangium monocultures, leading to decreased input of C and N into the soil, thus, reducing SOC and soil TN accumulation.



The application of a PLFA analysis can provide a simple and fast procedure to estimate the microbial community composition [64,65]. The relative abundance of different microbial groups is identified, and thus, the microbial community composition can be roughly classified [64,65]. The relative abundance of all microbial groups (bacteria, fungi, actinomycetes, AMF, Gram-positive bacteria, and Gram-negative bacteria) in the A. mangium monoculture was comparable to the mixed-species plantation of A. mangium, leading to partial rejection of the second hypothesis relating to changes in microbial community structure under mixed-species plantation. Nonetheless, the ratio of fungi PLFA to bacteria PLFA in the mixed-species plantation is lower than that in the A. mangium monoculture (Figure 5J). This result may be related to the decreased soil TN concentration (Figure 5C), as the redundancy analysis shows that the relative abundance of fungi is positively correlated with soil TN concentration (Figure 6). This result was also proven in a previous study [66], which showed N additions significantly increased relative abundance of fungal PLFAs in an old-growth monsoon evergreen broadleaf forest in a subtropical region. Moreover, the difference of actinomycetes and AMF relative abundances between A. mangium monoculture and mixed-species plantation of A. mangium tended to increase with the increment of the planting year. Finally, we recommend that more long-term studies are required to deeply understand the dynamics of the soil microbial community in A. mangium monoculture and A. mangium mixed-species plantation.






5. Conclusions


Our findings highlight that A. mangium plantation is an appropriate option for degenerated land restoration with respect to soil rehabilitation, since it efficiently improves soil nutrient conditions within 33 years of planting. Our results showed that the improved soil N nutrient condition promoted N absorption by understory non-leguminous shrubs and herbs. Meanwhile, the increased soil AP concentration indicated that the planted N-fixing species positively influenced soil P availability. However, A. mangium monoculture has disadvantages for new species regeneration and vegetation biomass increment, which could be compensated for by introducing native species into plantations. Interestingly, SOC and TN concentrations are lower in the mixed-species plantation of A. mangium with native trees than those in the A. mangium monoculture, while the soil microbial abundance is only slightly different between the mixed-species plantation and A. mangium monoculture after 19 years of the mixture. Finally, in order to further understand the effect of mixed-species plantation of A. mangium with native trees, many more longer term inventories are required.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/f14050968/s1, Table S1: List of the tree, shrub, and grass species in the plots of A. mangium monoculture and mixed-species plantation of A. mangium, Table S2: The sampling time, sampling plot, measured variable, and their objectives in this study, Table S3: Allometric equations for different species [67], Table S4: Two-way ANOVA analysis of planting year, plantation type, and their interaction on soil physiochemical properties, Table S5: Two-way ANOVA analysis of planting year, plantation type, and their interaction on relative abundance of soil microbial phospholipid fatty acids (PLFAs) (relative mol%).





Author Contributions


Conceptualization, W.S., X.C. and Y.L.; methodology, S.O., L.W., X.R., D.S. and S.L.; software, S.O., L.W., X.R., D.S. and S.L.; validation, W.S., X.C. and Y.L.; formal analysis, S.O. and L.W.; investigation, S.O., L.W., X.R., D.S. and S.L.; data curation, S.O., L.W., X.R., D.S. and S.L.; writing—original draft preparation, S.O.; writing—review and editing, A.G., A.K.B., L.T., V.V., W.S. and Q.Y.; visualization, S.O.; supervision, A.G. and W.S.; project administration, W.S., L.T. and S.O.; funding acquisition, W.S., L.T. and S.O. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (31425005), the Natural Science Project of Guizhou University (2022-27 and 2022-31), and the Guizhou Provincial Science and Technology Projects (ZK[2022]YIBAN101, ZK[2023]YIBAN110).




Data Availability Statement


The data in this study are available from the authors upon request.




Acknowledgments


We would like to acknowledge the assistance from the staff of the Heshan National Field Observation and Research Station of Forest Ecosystem in China. We also gratefully thank Lixin Lyv and Abu Hanif for their valuable suggestions for improving the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



FAO. The State of World’s Forests: Forests, Biodiversity and People; FAO: Rome, Italy, 2020. [Google Scholar]

	



Payn, T.; Carnus, J.M.; Freer-Smith, P.; Kimberley, M.; Kollert, W.; Liu, S.; Orazio, C.; Rodriguez, L.; Silva, L.N.; Wingfield, M.J. Changes in planted forests and future global implications. For. Ecol. Manag. 2015, 352, 57–67. [Google Scholar] [CrossRef]

	



Zhang, J.; Fu, B.-J.; Stafford Smith, M.; Wang, S. Improve forest restoration initiatives to meet Sustainable Development Goal 15. Nat. Ecol. Evol. 2020, 5, 10–13. [Google Scholar] [CrossRef]

	



Bauhus, J.; Forrester, D.I.; Pretzsch, H. From observations to evidence about effects of mixed-species stands. In Mixed-Species Forests; Springer: Berlin/Heidelberg, Germany, 2017; pp. 27–71. [Google Scholar]

	



Messier, C.; Bauhus, J.; Sousa-Silva, R.; Auge, H.; Baeten, L.; Barsoum, N.; Bruelheide, H.; Caldwell, B.; Cavender-Bares, J.; Dhiedt, E. For the sake of resilience and multifunctionality, let’s diversify planted forests! Conserv. Lett. 2022, 15, e12829. [Google Scholar] [CrossRef]

	



Pörtner, H.O.; Scholes, R.J.; Agard, J.; Archer, E.; Arneth, A.; Bai, X.; Barnes, D.; Burrows, M.; Chan, L.; Cheung, W.L.W.; et al. Scientific Outcome of the IPBES-IPCC Co-Sponsored Workshop on Biodiversity and Climate Change; Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES): Bonn, Germany, 2021. [Google Scholar]

	



Forrester, D.I.; Bauhus, J.; Khanna, P.K. Growth dynamics in a mixed-species plantation of Eucalyptus globulus and Acacia mearnsii. For. Ecol. Manag. 2004, 193, 81–95. [Google Scholar] [CrossRef]

	



Pretzsch, H.; Forrester, D.I.; Bauhus, J. Mixed-species forests. In Ecology and management; Springer: Berlin, Germany, 2017. [Google Scholar]

	



Erskine, P.D.; Lamb, D.; Bristow, M. Tree species diversity and ecosystem function: Can tropical multi-species plantations generate greater productivity? For. Ecol. Manag. 2006, 233, 205–210. [Google Scholar] [CrossRef]

	



Hanewinkel, M.; Cullmann, D.A.; Schelhaas, M.-J.; Nabuurs, G.-J.; Zimmermann, N.E. Climate change may cause severe loss in the economic value of European forest land. Nat. Clim. Chang. 2013, 3, 203–207. [Google Scholar] [CrossRef]

	



Forrester, D.I. The spatial and temporal dynamics of species interactions in mixed-species forests: From pattern to process. For. Ecol. Manag. 2014, 312, 282–292. [Google Scholar] [CrossRef]

	



Mayer, M.; Prescott, C.E.; Abaker, W.E.A.; Augusto, L.; Cécillon, L.; Ferreira, G.W.D.; James, J.; Jandl, R.; Katzensteiner, K.; Laclau, J.-P.; et al. Tamm Review: Influence of forest management activities on soil organic carbon stocks: A knowledge synthesis. For. Ecol. Manag. 2020, 466, 118127. [Google Scholar] [CrossRef]

	



Bouillet, J.-P.; Laclau, J.-P.; Gonçalves, J.L.d.M.; Voigtlaender, M.; Gava, J.L.; Leite, F.P.; Hakamada, R.; Mareschal, L.; Mabiala, A.; Tardy, F.; et al. Eucalyptus and Acacia tree growth over entire rotation in single- and mixed-species plantations across five sites in Brazil and Congo. For. Ecol. Manag. 2013, 301, 89–101. [Google Scholar] [CrossRef]

	



Forrester, D.I.; Bauhus, J.; Cowie, A.L.; Vanclay, J.K. Mixed-species plantations of Eucalyptus with nitrogen-fixing trees: A review. For. Ecol. Manag. 2006, 233, 211–230. [Google Scholar] [CrossRef]

	



Forrester, D.I.; Bauhus, J.; Cowie, A.L. On the success and failure of mixed-species tree plantations: Lessons learned from a model system of Eucalyptus globulus and Acacia mearnsii. For. Ecol. Manag. 2005, 209, 147–155. [Google Scholar] [CrossRef]

	



Voigtlaender, M.; Laclau, J.-P.; de Moraes Goncalves, J.L.; Piccolo, M.d.C.; Moreira, M.Z.; Nouvellon, Y.; Ranger, J.; Bouillet, J.-P. Introducing Acacia mangium trees in Eucalyptus grandis plantations: Consequences for soil organic matter stocks and nitrogen mineralization. Plant Soil 2012, 352, 99–111. [Google Scholar] [CrossRef]

	



Kelty, M.J. The role of species mixtures in plantation forestry. For. Ecol. Manag. 2006, 233, 195–204. [Google Scholar] [CrossRef]

	



Richards, A.E.; Forrester, D.I.; Bauhus, J.; Scherer-Lorenzen, M. The influence of mixed tree plantations on the nutrition of individual species: A review. Tree Physiol. 2010, 30, 1192–1208. [Google Scholar] [CrossRef] [PubMed]

	



Amazonas, N.T.; Forrester, D.I.; Silva, C.C.; Almeida, D.R.A.; Rodrigues, R.R.; Brancalion, P.H.S. High diversity mixed plantations of Eucalyptus and native trees: An interface between production and restoration for the tropics. For. Ecol. Manag. 2018, 417, 247–256. [Google Scholar] [CrossRef]

	



Manson, D.G.; Schmidt, S.; Bristow, M.; Erskine, P.D.; Vanclay, J.K. Species-site matching in mixed species plantations of native trees in tropical Australia. Agrofor. Syst. 2012, 87, 233–250. [Google Scholar] [CrossRef]

	



Amazonas, N.T.; Forrester, D.I.; Silva, C.C.; de Almeida, D.R.A.; Oliveira, R.S.; Rodrigues, R.R.; Brancalion, P.H.S. Light- and nutrient-related relationships in mixed plantations of Eucalyptus and a high diversity of native tree species. New For. 2021, 52, 807–828. [Google Scholar] [CrossRef]

	



Yu, Z.; Peng, S. The artificial and natural restoration of tropical and subtropical forest. Acta Ecol. Sin. 1995, 15 (Suppl. A), 1–17. [Google Scholar]

	



Zhou, G.; Morris, J.; Yan, J.; Yu, Z.; Peng, S. Hydrological impacts of reafforestation with eucalypts and indigenous species: A case study in southern China. For. Ecol. Manag. 2002, 167, 209–222. [Google Scholar] [CrossRef]

	



Peng, S.L. Study and Application of Restoration Ecology in Tropical and Subtropical China; Science Press: Beijing, China, 2003. [Google Scholar]

	



Ren, H.; Shen, W.J.; Lu, H.F.; Wen, X.Y.; Jian, S.G. Degraded ecosystems in China: Status, causes, and restoration efforts. Landsc. Ecol. Eng. 2007, 3, 1–13. [Google Scholar] [CrossRef]

	



Duan, W.; Ren, H.; Fu, S.; Wang, J.; Zhang, J.; Yang, L.; Huang, C. Community Comparison and Determinant Analysis of Understory Vegetation in Six Plantations in South China. Restor. Ecol. 2010, 18, 206–214. [Google Scholar] [CrossRef]

	



Wang, J.; Zou, C.; Ren, H.; Duan, W. Absence of tree seeds impedes shrubland succession in southern China. J. Trop. For. Sci. 2009, 21, 210–217. [Google Scholar]

	



Peng, S.L.; Liu, J.; Lu, H.F. Characteristics and role of Acacia auriculiformis on vegetation restoration in lower subtropics of China. J. Trop. For. Sci. 2005, 17, 508–525. [Google Scholar]

	



Forrester, D.I.; Pares, A.; O’Hara, C.; Khanna, P.K.; Bauhus, J. Soil Organic Carbon is Increased in Mixed-Species Plantations of Eucalyptus and Nitrogen-Fixing Acacia. Ecosystems 2013, 16, 123–132. [Google Scholar] [CrossRef]

	



Kaye, J.P.; Resh, S.C.; Kaye, M.W.; Chimner, R.A. Nutrient and Carbon Dynamics in a Replacement Series of Eucalyptus and Albizia Trees. Ecology 2000, 81, 3267–3273. [Google Scholar] [CrossRef]

	



Forrester, D.I.; Pretzsch, H. Tamm Review: On the strength of evidence when comparing ecosystem functions of mixtures with monocultures. For. Ecol. Manag. 2015, 356, 41–53. [Google Scholar] [CrossRef]

	



World Reference Base for Soil Resources. International Soil Classification System for Naming Soils and Creating Legends for Soil Maps; World Soil Resources Reports 2014, Update 2015; FAO: Rome, Italy, 2015. [Google Scholar]

	



Kalembasa, S.J.; Jenkinson, D.S. A comparative study of titrimetric and gravimetric methods for the determination of organic carbon in soil. J. Sci. Food Agric. 1973, 24, 1085–1090. [Google Scholar] [CrossRef]

	



Liu, G.; Jiang, N.; Zhang, L.; Liu, Z. Soil Physical and Chemical Analysis and Description of Soil Profiles; China Standard Methods Press: Beijing, China, 1996. [Google Scholar]

	



Bray, R.H.; Kurtz, L.T. Determination of total, organic, and available forms of phosphorus in soils. Soil Sci. 1945, 59, 39–46. [Google Scholar] [CrossRef]

	



Li, Z.; Peng, S. Nutrient structure of several man-made forests in tropical and subtropical of China. Chin. J. Ecol. 2001, 20, 1–4. [Google Scholar]

	



Frostegård, Å.; Tunlid, A.; Bååth, E. Microbial biomass measured as total lipid phosphate in soils of different organic content. J. Microbiol. Methods 1991, 14, 151–163. [Google Scholar] [CrossRef]

	



Frostegård, A.; Bååth, E. The use of phospholipid fatty acid analysis to estimate bacterial and fungal biomass in soil. Biol. Fertil. Soils 1996, 22, 59–65. [Google Scholar] [CrossRef]

	



Johansen, A.; Olsson, S. Using Phospholipid Fatty Acid Technique to Study Short-Term Effects of the Biological Control Agent Pseudomonas fluorescens DR54 on the Microbial Microbiota in Barley Rhizosphere. Microb. Ecol. 2005, 49, 272–281. [Google Scholar] [CrossRef]

	



Yang, Y.; Geng, Y.; Zhou, H.; Zhao, G.; Wang, L. Effects of gaps in the forest canopy on soil microbial communities and enzyme activity in a Chinese pine forest. Pedobiologia 2017, 61, 51–60. [Google Scholar] [CrossRef]

	



Brockett, B.F.; Prescott, C.E.; Grayston, S.J. Soil moisture is the major factor influencing microbial community structure and enzyme activities across seven biogeoclimatic zones in western Canada. Soil Biol. Biochem. 2012, 44, 9–20. [Google Scholar] [CrossRef]

	



Buckeridge, K.M.; Banerjee, S.; Siciliano, S.D.; Grogan, P. The seasonal pattern of soil microbial community structure in mesic low arctic tundra. Soil Biol. Biochem. 2013, 65, 338–347. [Google Scholar] [CrossRef]

	



Kourtev, P.S.; Ehrenfeld, J.G.; Häggblom, M. Experimental analysis of the effect of exotic and native plant species on the structure and function of soil microbial communities. Soil Biol. Biochem. 2003, 35, 895–905. [Google Scholar] [CrossRef]

	



Kulmatiski, A.; Beard, K.H. Long-term plant growth legacies overwhelm short-term plant growth effects on soil microbial community structure. Soil Biol. Biochem. 2011, 43, 823–830. [Google Scholar] [CrossRef]

	



McIntosh, A.C.S.; Macdonald, S.E.; Quideau, S.A. Linkages between the forest floor microbial community and resource heterogeneity within mature lodgepole pine forests. Soil Biol. Biochem. 2013, 63, 61–72. [Google Scholar] [CrossRef]

	



Li, Z.A.; Peng, S.L.; Rae, D.J.; Zhou, G.Y. Litter decomposition and nitrogen mineralization of soils in subtropical plantation forests of southern China, with special attention to comparisons between legumes and non-legumes. Plant Soil 2001, 229, 105–116. [Google Scholar] [CrossRef]

	



Zhou, G.; Wei, X.; Wu, Y.; Liu, S.; Huang, Y.; Yan, J.; Zhang, D.; Zhang, Q.; Liu, J.; Meng, Z.; et al. Quantifying the hydrological responses to climate change in an intact forested small watershed in Southern China. Glob. Chang. Biol. 2011, 17, 3736–3746. [Google Scholar] [CrossRef]

	



Laclau, J.P.; Bouillet, J.P.; Gonçalves, J.L.M.; Silva, E.V.; Jourdan, C.; Cunha, M.C.S.; Moreira, M.R.; Saint-André, L.; Maquère, V.; Nouvellon, Y.; et al. Mixed-species plantations of Acacia mangium and Eucalyptus grandis in Brazil. For. Ecol. Manag. 2008, 255, 3905–3917. [Google Scholar] [CrossRef]

	



Santos, F.M.; Chaer, G.M.; Diniz, A.R.; Balieiro, F.d.C. Nutrient cycling over five years of mixed-species plantations of Eucalyptus and Acacia on a sandy tropical soil. For. Ecol. Manag. 2017, 384, 110–121. [Google Scholar] [CrossRef]

	



Binkley, D.; Giardina, C. Management of soil, nutrients and water in tropical plantation forests. In Nitrogen Fixation in Tropical Forest Plantations; Nambiar, E.K.S., Brown, A.G., Eds.; Australian Centre for International Agricultural Research: Canberra, Australia, 1997; pp. 297–337. [Google Scholar]

	



Forrester, D.I.; Schortemeyer, M.; Stock, W.D.; Bauhus, J.; Khanna, P.K.; Cowie, A.L. Assessing nitrogen fixation in mixed- and single-species plantations of Eucalyptus globulus and Acacia mearnsii. Tree Physiol. 2007, 27, 1319–1328. [Google Scholar] [CrossRef]

	



Cotrufo, M.F.; Soong, J.L.; Horton, A.J.; Campbell, E.E.; Haddix, M.L.; Wall, D.H.; Parton, W.J. Formation of soil organic matter via biochemical and physical pathways of litter mass loss. Nat. Geosci. 2015, 8, 776–779. [Google Scholar] [CrossRef]

	



Deng, M.; Liu, L.; Jiang, L.; Liu, W.; Wang, X.; Li, S.; Yang, S.; Wang, B. Ecosystem scale trade-off in nitrogen acquisition pathways. Nat. Ecol. Evol. 2018, 2, 1724–1734. [Google Scholar] [CrossRef] [PubMed]

	



Huang, W.; Liu, J.; Wang, Y.P.; Zhou, G.; Han, T.; Li, Y. Increasing phosphorus limitation along three successional forests in southern China. Plant Soil 2013, 364, 181–191. [Google Scholar] [CrossRef]

	



Liu, Y.; Zhang, G.; Luo, X.; Hou, E.; Zheng, M.; Zhang, L.; He, X.; Shen, W.; Wen, D. Mycorrhizal fungi and phosphatase involvement in rhizosphere phosphorus transformations improves plant nutrition during subtropical forest succession. Soil Biol. Biochem. 2021, 153, 108099. [Google Scholar] [CrossRef]

	



Sardans, J.; Janssens, I.A.; Ciais, P.; Obersteiner, M.; Peñuelas, J. Recent advances and future research in ecological stoichiometry. Perspect. Plant Ecol. Evol. Syst. 2021, 50, 125611. [Google Scholar] [CrossRef]

	



Nannipieri, P.; Giagnoni, L.; Landi, L.; Renella, G. Role of phosphatase enzymes in soil. In Phosphorus in Action; Springer: Berlin/Heidelberg, Germany, 2011; pp. 215–243. [Google Scholar]

	



Zhang, L.; Xu, M.; Liu, Y.; Zhang, F.; Hodge, A.; Feng, G. Carbon and phosphorus exchange may enable cooperation between an arbuscular mycorrhizal fungus and a phosphate-solubilizing bacterium. New Phytol. 2016, 210, 1022–1032. [Google Scholar] [CrossRef]

	



Yang, L.; Liu, N.; Ren, H.; Wang, J. Facilitation by two exotic Acacia: Acacia auriculiformis and Acacia mangium as nurse plants in South China. For. Ecol. Manag. 2009, 257, 1786–1793. [Google Scholar] [CrossRef]

	



Norisada, M.; Hitsuma, G.; Kuroda, K.; Yamanoshita, T.; Masumori, M.; Tange, T.; Yagi, H.; Nuyim, T.; Sasaki, S.; Kojima, K. Acacia mangium, a Nurse Tree Candidate for Reforestation on Degraded Sandy Soils in the Malay Peninsula. For. Sci. 2005, 51, 498–510. [Google Scholar]

	



Jones, E.R.; Wishnie, M.H.; Deago, J.; Sautu, A.; Cerezo, A. Facilitating natural regeneration in Saccharum spontaneum (L.) grasslands within the Panama Canal Watershed: Effects of tree species and tree structure on vegetation recruitment patterns. For. Ecol. Manag. 2004, 191, 171–183. [Google Scholar] [CrossRef]

	



Wang, X.; Hua, F.; Wang, L.; Wilcove, D.S.; Yu, D.W. The biodiversity benefit of native forests and mixed-species plantations over monoculture plantations. Divers. Distrib. 2019, 25, 1721–1735. [Google Scholar] [CrossRef]

	



Feng, Y.; Schmid, B.; Loreau, M.; Forrester, D.I.; Fei, S.; Zhu, J.; Tang, Z.; Zhu, J.; Hong, P.; Ji, C. Multispecies forest plantations outyield monocultures across a broad range of conditions. Science 2022, 376, 865–868. [Google Scholar] [CrossRef] [PubMed]

	



Wallander, H.; Ekblad, A.; Godbold, D.; Johnson, D.; Bahr, A.; Baldrian, P.; Björk, R.; Kieliszewska-Rokicka, B.; Kjøller, R.; Kraigher, H. Evaluation of methods to estimate production, biomass and turnover of ectomycorrhizal mycelium in forests soils–A review. Soil Biol. Biochem. 2013, 57, 1034–1047. [Google Scholar] [CrossRef]

	



Frostegård, Å.; Bååth, E.; Tunlio, A. Shifts in the structure of soil microbial communities in limed forests as revealed by phospholipid fatty acid analysis. Soil Biol. Biochem. 1993, 25, 723–730. [Google Scholar] [CrossRef]

	



Liu, L.; Zhang, T.; Gilliam, F.S.; Gundersen, P.; Zhang, W.; Chen, H.; Mo, J. Interactive effects of nitrogen and phosphorus on soil microbial communities in a tropical forest. PLoS ONE 2013, 8, e61188. [Google Scholar] [CrossRef] [PubMed]

	



Fu, S.L.; Lin, Y.B.; Rao, X.Q.; Liu, S.P. Forest Ecosystem: Heshan Filed Station in Guangdong; Chinese Forestry Press: Beijing, China, 2008. [Google Scholar]








[image: Forests 14 00968 g001 550] 





Figure 1. Schematic graph of the experimental setup: (A) The location of the site; (B) the distribution setup and distribution of the plot within the study site; (C) the time point of planting the A. mangium monoculture in 1984, the introduction of native species into the A. mangium monoculture in 1998, and the inventory of the A. mangium monoculture and the A. mangium mixed-species plantation in 2017. 






Figure 1. Schematic graph of the experimental setup: (A) The location of the site; (B) the distribution setup and distribution of the plot within the study site; (C) the time point of planting the A. mangium monoculture in 1984, the introduction of native species into the A. mangium monoculture in 1998, and the inventory of the A. mangium monoculture and the A. mangium mixed-species plantation in 2017.



[image: Forests 14 00968 g001]







[image: Forests 14 00968 g002 550] 





Figure 2. Meteorological records and forest inventory after the initiation of the A. mangium plantation: (A) The annual mean air temperature, annual precipitation, and heavy rainfall events (daily precipitation > 100 mm) from 1984 to 2015 recorded at the Heshan station in southeastern China; (B,C) the dynamics of tree density, species richness, DBH (diameter at breast height), and tree biomass in the permanent plot of A. mangium monoculture after 31 years of planting (1984 to 2015). Error bars represent the standard deviation of tree species’ DBH in the A. mangium monoculture. 
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Figure 3. (A–C) Dynamics of soil organic carbon, total nitrogen, and available phosphorus concentrations; (D–F) the ratio of soil organic carbon to total nitrogen (C:N), soil organic carbon to total phosphorus (C:P), and soil total nitrogen to total phosphorus (N:P), in the A. mangium monoculture during 31 years of planting. The black dashed lines in the panel indicate the linear regression with plantation age. Error bars represent the standard error (n = 4). Data on soil organic carbon and total nitrogen concentrations in 1998 and 2000 was referred to previous study results [36,46]. Differernt lowercase letters in the figure indicate significant differences between the planting year. 
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Figure 4. Total nitrogen (A) and phosphorus (B) concentrations of A. mangium, R. tomentosa, and D. dichotoma leaves in 2005, 2010, and 2015. The different lowercase letters represent significant differences among the three time points of sampling at p < 0.05. Error bars represent the standard error (n = 4). 
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Figure 5. Soil physiochemical properties and soil microbial phospholipid fatty acids (PLFAs) in the A. mangium monoculture and the A. mangium mixed-species plantation in 2011 and in 2017. SOC, DOC, TN, and TP represent soil organic carbon, dissolved organic carbon, total nitrogen, and total phosphorus, respectively. AMF, G+, and G− represent arbuscular mycorrhizal fungi, Gram-positive bacteria, and Gram-negative bacteria, respectively. The C:N and C:P represent the ratio of soil organic carbon to total nitrogen and soil organic carbon to total phosphorus, respectively. (A–G) represent soil organic carbon, dissolved organic carbon, total nitrogen, NH4+, NO3−, total phosphorus and pH in the A. mangium monoculture and the A. mangium mixed-species plantation in 2011 and in 2017, respectively. (H–N) represent total PLFAs, bacterial PLFA, fungi PLFA, actionmycetes PLFA, arbuscular mycorrhizal fungi PLFA, gram-positive bacteria PLFA and gram-negative bacteria PLFA in the A. mangium monoculture and the A. mangium mixed-species plantation in 2011 and in 2017, respectively. The micro-panel in (C,F,J,N) represent the ratio of soil organic carbon to total nitrogen, soil organic carbon to total phosphorus, fungi PLFA to bacterial PLFA, and gram-positive bacteria PLFA to gram-negative bacteria PLFA in the A. mangium monoculture and the A. mangium mixed-species plantation in 2011 and in 2017, respectively. Different lowercase letters represent significant differences between the two plantation types at p < 0.05 (n = 3). 






Figure 5. Soil physiochemical properties and soil microbial phospholipid fatty acids (PLFAs) in the A. mangium monoculture and the A. mangium mixed-species plantation in 2011 and in 2017. SOC, DOC, TN, and TP represent soil organic carbon, dissolved organic carbon, total nitrogen, and total phosphorus, respectively. AMF, G+, and G− represent arbuscular mycorrhizal fungi, Gram-positive bacteria, and Gram-negative bacteria, respectively. The C:N and C:P represent the ratio of soil organic carbon to total nitrogen and soil organic carbon to total phosphorus, respectively. (A–G) represent soil organic carbon, dissolved organic carbon, total nitrogen, NH4+, NO3−, total phosphorus and pH in the A. mangium monoculture and the A. mangium mixed-species plantation in 2011 and in 2017, respectively. (H–N) represent total PLFAs, bacterial PLFA, fungi PLFA, actionmycetes PLFA, arbuscular mycorrhizal fungi PLFA, gram-positive bacteria PLFA and gram-negative bacteria PLFA in the A. mangium monoculture and the A. mangium mixed-species plantation in 2011 and in 2017, respectively. The micro-panel in (C,F,J,N) represent the ratio of soil organic carbon to total nitrogen, soil organic carbon to total phosphorus, fungi PLFA to bacterial PLFA, and gram-positive bacteria PLFA to gram-negative bacteria PLFA in the A. mangium monoculture and the A. mangium mixed-species plantation in 2011 and in 2017, respectively. Different lowercase letters represent significant differences between the two plantation types at p < 0.05 (n = 3).



[image: Forests 14 00968 g005]







[image: Forests 14 00968 g006 550] 





Figure 6. Redundancy analysis biplots of phosphorus fatty acid (relative mol%) and soil physiochemical properties in the A. mangium monoculture and the A. mangium mixed-species plantation. TP, soil total phosphorus concentration; DOC, soil dissolved organic carbon concentration; SOC, soil organic carbon concentration; TN, soil total nitrogen concentration; AMF, soil arbuscular mycorrhizal fungi; G+, soil Gram-positive bacteria; G−, soil Gram-negative bacteria. 
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Table 1. The stand density, biomass, species richness, mean DBH, mean height, and shrub and herbaceous species richness in A. mangium monoculture and mixed-species plantation of A. mangium, in 2011 and in 2017.






Table 1. The stand density, biomass, species richness, mean DBH, mean height, and shrub and herbaceous species richness in A. mangium monoculture and mixed-species plantation of A. mangium, in 2011 and in 2017.





	
Variables

	
A. mangium Monoculture Plots

	
Mixed-Species Plantation of A. mangium Plots




	
Total

	
A. mangium

	
Regenerated

Species

	
Total

	
A. mangium

	
Planted Native

Species

	
Regenerated

Species




	
2011

	
2017

	
2011

	
2017

	
2011

	
2017

	
2011

	
2017

	
2011

	
2017

	
2011

	
2017

	
2011

	
2017






	
Density

(individual ha−1)

	
833

	
634

	
700

	
467

	
133

	
167

	
1287

	
1233

	
125

	
108

	
775

	
900

	
387

	
225




	
Biomass

(t ha−1)

	
118.87

	
108.69

	
118.76

	
108.58

	
0.10

	
0.10

	
50.06

	
103.17

	
24.73

	
46.04

	
9.06

	
38.29

	
16.81

	
18.77




	
Tree species richness

	
6

	
7

	
1

	
1

	
5

	
6

	
39

	
38

	
1

	
1

	
30

	
30

	
8

	
7




	
Mean tree DBH (cm)

	
14.87 ± 0.89

	
17.54 ± 1.44

	
17.14 ± 0.86

	
21.19 ± 1.39

	
2.98 ± 0.40

	
2.93 ± 0.50

	
7.83 ± 0.64

	
10.00 ± 0.82

	
20.21 ± 2.25

	
31.44 ± 3.35

	
6.66 ± 0.67

	
9.31 ± 0.38

	
2.17 ± 0.24

	
2.45 ± 0.32




	
Mean tree height (m)

	
14.23 ± 0.65

	
12.67 ± 0.79

	
16.39 ± 0.49

	
15.14 ± 0.65

	
2.86 ± 0.30

	
2.81 ± 0.36

	
7.67 ± 0.53

	
8.52 ± 0.46

	
15.40 ± 1.59

	
17.00 ± 0.74

	
7.28 ± 0.65

	
8.67 ± 0.27

	
3.64 ± 0.16

	
3.47 ± 0.33




	
Shrub and herb richness

	
20

	
13

	

	

	

	

	
28

	
21
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