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Abstract

:

The relationship between biodiversity and ecosystem functioning is an important issue in ecology. Plant functional traits and their diversity are key determinants of ecosystem function in changing environments. Understanding the successional dynamics of functional features in forest ecosystems is a first step to their sustainable management. In this study, we tested the changes in functional community composition with succession in tropical monsoon forests in Xishuangbanna, China. We sampled 33 plots at three successional stages—~40-year-old secondary forests, ~60-year-old secondary forests, and old growth forests—following the abandonment of the shifting cultivation land. Community-level functional traits were calculated based on measurements of nine functional traits for 135 woody plant species. The results show that the community structures and species composition of the old-growth forests were significantly different to those of the secondary stands. The species diversity, including species richness (S), the Shannon–Weaver index (H), and Pielou’s evenness (J), significantly increased during the recovery process after shifting cultivation. The seven studied leaf functional traits (deciduousness, specific leaf area, leaf dry matter content, leaf nitrogen content, leaf phosphorus content, leaf potassium content and leaf carbon content) changed from conservative to acquisitive syndromes during the recovery process, whereas wood density showed the opposite pattern, and seed mass showed no significant change, suggesting that leaf traits are more sensitive to environmental changes than wood or seed traits. The functional richness increased during the recovery process, whereas the functional evenness and divergence had the highest values in the 60-year-old secondary communities. Soil nutrients significantly influenced functional traits, but their effects on functional diversity were less obvious during the secondary succession after shifting cultivation. Our study indicates that the recovery of tropical monsoon forests is rather slow; secondary stands recover far less than the old growth stands in terms of community structure and species and functional diversity, even after about half a century of recovery, highlighting the importance of the conservation of old growth tropical monsoon forest ecosystems.
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1. Introduction


Secondary succession following major disturbance is a process of community reassembly. Community assembly is defined as the interaction of species from a regional pool during colonization to form local communities which are controlled by ecological filers [1,2,3]. Understanding and predicting the ecological filters that control community assembly has been a significant question in ecology. The environmental filters that are directly associated with species distribution and the local dynamics of successional processes in tropical forests mainly include soil nutrients, canopy openness, temperature, seasonality, and rainfall [4,5,6], but these filters show different proportions of importance during succession. Species replacement in tropical forests can be explained by the species’ adaptation to changing environments during secondary succession [4], and their adaptation abilities are mainly determined by plant functional traits. Plant functional traits are considered the phenological, physiological, and morphological characteristics that shape individual plant fitness [7]. Functional analyses of these traits have effectively linked plant physiological, morphological, and life history characteristics in response to environmental variation [8,9].



In previous study, the importance of, and variety in, plant functional traits during the alteration of forest structure during the secondary succession process were reported in tropical humid rainforests (instead of in tropical seasonal forests) [2,10]. Tropical humid forests have abundant water and closed evergreen canopies with high leaf area indexes that provide deep and persistent shade. However, light availability plays a critical role in determining the community assembly and functional composition [11,12]. The functional composition of tropical humid forests usually changes from the dominance of acquisitive strategy species, characterized by functional traits such as high specific leaf area (SLA), small seed mass, and low wood density, in the early stages of succession when light is less limiting, to slower-growing, conservative strategy species with functional traits such as low SLA, large seeds and high wood density, etc., at later successional stages when light is highly limiting [2,13]. Functional diversity has previously received considerable attention, highlighting its importance in maintaining ecosystem function [14]. Primary ecosystem functions provide functional richness that increases with succession, as reported in previous studies of tropical humid forests [14,15]. However, functional redundancy is limited in tropical secondary forests, and functional divergence is relatively higher in mid-successional forests [15].



Some studies have examined functional traits, diversity variation, and their controlling factors during the secondary succession of tropical seasonal monsoon rainforests. Our understanding of functional trait change has been largely drawn from studies of tropical humid forests. Relatively few studies that examined the changes in the diversity of functional traits showed that different selection pressures during succession exist between tropical seasonal and humid forests [11]. Tropical monsoon forests occur in environments with alternating wet and dry seasons that extend for several months and thus experience strong changes in water availability intra-annually. These forests also have lower leaf area indexes that reflect the greater proportion of deciduous species [11]. Compared to tropical humid forests, light is a lesser limiting factor, and water is more limiting for plant growth [11]. During succession in tropical seasonal forests, micro-climatic conditions change from dry and hot to relatively moist and cool [16,17,18]. Accordingly, the forest community composition changes from species that use water conservation strategies during the early stages of succession when water stress is most limiting, to the dominance of species with fewer water conservation strategies in the latter stages of succession when water stress is less severe [11]. Thus, the changes in functional traits and their diversity during succession in tropical seasonal forests likely differs from other forest ecosystems, where drought or excessive light might be the most important stress to plant growth. In tropical seasonal forests, stochastic processes may be especially important during early succession due to the harsh abiotic conditions and restricted chances for suitable seedling recruitment [11,19]. In this study, we predicted that functional traits and their diversity would change from a conservative state to an acquisitive state during the succession of tropical monsoon forests. Functional diversity was expected to significantly increase as succession proceeded in tropical monsoon forests.



The restoration time after disturbance during secondary forest succession is related to many factors, such as seed dispersal and environmental factors. This could be a primary indicator of forest growth, survival, diversity [20], recovery rate, and productivity [21,22]. Thus, we predicted that the functional community structure of forests would vary with the successional processes. To the best of our knowledge, few studies have examined the changes in functional traits and diversity during secondary succession in tropical monsoon forests compared with tropical wet forests. In the present study, we examined the significance of functional traits and diversity during the community reassembly process by linking the shifts in forest structure, species composition, functional traits, and functional diversity, during secondary succession following shifting cultivation in the tropical monsoon forests. The nine chosen traits are related to photosynthesis, growth rates, and reproduction: deciduousness, specific leaf area, leaf dry matter, leaf nitrogen content, leaf phosphorus content, leaf potassium content, leaf carbon content, wood density, and seed mass. The goal of this study was to examine the patterns of functional diversity recovery and their underlying controlling factors during secondary succession in tropical monsoon forests, so that this unique forest ecosystem can be sustainably conserved and managed in the future.




2. Materials and Methods


2.1. Study Area


The study was conducted in the tropical monsoon forests of Xishuangbanna in Southern Yunnan Province, Southwest China (21°08′ N–22°36′ N, 99°56′ E–101°50′ E). This climate in this region is classified as tropical monsoon, characterized by distinct dry and wet seasons with a pronounced dry season extending from November to April. The mean annual temperature is 21.7 °C and monthly temperatures range from 12 °C in January to 22.6 °C in June and July. The mean annual precipitation is approximately 1500 mm, and nearly 80% of the rain falls during the wet season from May to October; the amount of rainfall ranges from 18.6 mm in January to 316.6 mm in July. The tropical monsoon forests are located at altitudes ranging from 500 to 900 m, and they can extend to an elevation of about 1100 m along the valleys of south-facing slopes of large mountains, which are dominated by deciduous trees [23].




2.2. Data Collection


2.2.1. Plot Investigation


The field investigation was conducted in tropical monsoon forests (TSMF) at different recovery stages after shifting cultivation. The forests’ recovery ages were (1) 40-year-old forests in the early stage of succession; (2) 60-year-old forests in the middle stage of succession; and (3) old-growth forests. Approximate successional ages were obtained through interviews with landowners. Old-growth forests in this region did not show any evidence of anthropogenic disturbance. At each successional stage, we randomly selected 11 plots, each with an area of 20 × 20 m. Plots were sampled to avoid river edges and large gaps, and the distance between plots was more than 50 m. Species name, diameter at breast high (DBH), and heights of all woody stems, including trees and shrubs >1 cm diameter, were recorded in each plot. All individuals were collected and identified at the species level. Species names were recorded in accordance with the Flora Reipublicae Popularis Sinicae [24].




2.2.2. Soil Data


Soil samples were obtained from four points in each plot. A core of the top 20 cm of soil was removed at each point. Soil was air-dried in the field, then sieved (2 mm) and combined for each 20 × 20 m plot. The soil nutrients, such as soil pH, available nitrogen content (AN, mg·kg−1), available phosphorus content (AP, mg·kg−1), available potassium content (AK, mg·kg−1), total nitrogen content (TN, mg·kg−1), total phosphorus content (TP, mg·kg−1), total potassium content (TK, mg·kg−1), and soil organic matter content (SOM, g·kg−1), were analyzed in the laboratory according to standard methods [25].




2.2.3. Functional Trait Data


High functional traits were chosen, including deciduousness, which was either 0 or 1, where 1 was deciduous and 0 was evergreen; specific leaf area (SLA, cm2·g−1); leaf dry matter content (LDMC, mg·mg−1); leaf nitrogen content (LNC, %); leaf phosphorus content (LPC, %); leaf potassium content (LKC, %); leaf carbon content (LCC, %); wood density (WD, g·cm−3); and seed mass (SMass, g). These traits are closely related to resource-use strategies under varied environmental conditions, and are thought to be important drivers of community assembly along environmental or successional gradients [26]. Leaf SLA and LNC collectively describe the variation in light capture and carbon economy [27], implying the use of acquisitive strategies by species with higher SLA, LNC, LPC, LKC, and lower LDMC and LCC [28,29]. WD is correlated with stem growth rates and tree mortality, with heavy WD being correlated with slow growth and long-lived tree species [30]. Later successional species generally produce heavier SMass to enhance directed dispersal to safe sites via animals.



The leaf traits of all sampled species were measured using at least five intact individuals of a given species. Species with fewer than five individuals were assigned the mean value measured for that species. For each individual, 5–10 intact leaves were collected. The SLA of broadleaved species was calculated as the leaf area divided by the leaf dry mass after oven-drying for 72 h at 70 °C. LDMC was calculated as the oven-dried mass divided by the fresh mass [31,32]. The leaf chemical characteristics, including LNC, LPC, LKC, and LCC, were measured with standardized protocols for plant functional trait measurements [33].



The species wood density in wood cores is linearly correlated with that in the branch (p < 0.0001) [34]. To characterize the WD of each species, we sampled branches (1 cm ≤ diameter ≤ 2 cm) from 1 to 10 individuals of each species across the plots [35]. We removed the pith, phloem, and bark [36], and measured the fresh volume by water displacement [37], and determined the dry mass after oven-drying at 80 °C. When this was not feasilble, we employed the Global wood density database of Chave et al. [30]. In this case, if there were several density measurements for a species, we used their mean. Seeds were collected from at least 10 fruits taken from different individuals of each species. Seed mass (SMass) was obtained after 48 h drying at 80 °C [35]. For some species, which could not be collected in the field, SMass data were obtained from the XTBG (Xishuangbanna Tropical Botanical Garden) Seed Bank, as well as published literature [38], and Internet sources, including the Kew Gardens Seed Information Database (www.rbgkew.org.uk/data/sid/) [39]. In total, we measured the functional traits of 135 woody plant species in the study area.





2.3. Statistical Analysis


2.3.1. Forest Structure and Species Diversity


Firstly, we visualized these plot differences using a multidimensional scaling analysis (MDS). Multidimensional Scaling is a multivariate statistical technique first used in geography. The main goal is to plot multivariate data points in two dimensions, thus revealing the structure of the dataset by visualizing the relative distance of the observations. We then compared the community characteristics among the three different forest successional stages, including the total number of individuals (stem abundance) and the total number of species (species richness). To identify the indicator species that distinguish the three forest ages, indicator species values [40] were calculated for each of the three different forest recovery stages (40-year-old, 60-year-old, and old-growth forests). Significant associations with any recovery stage were tested using the probabilities of obtaining the highest indicator value.



We also used an analysis of similarities (ANOSIM) to test whether the species composition for all tree sizes differed among the different forest recovery stages. We then split the census data into three tree size classes: saplings (1 cm ≤ dbh < 5 cm), treelets (5 cm ≤ dbh < 10 cm), and adult trees (dbh ≥ 10 cm). Then we constructed rarefaction species accumulation curves to evaluate the differences in species richness across the different forest successional stages.



We defined species diversity by species richness (S), the Shannon–Weaver index (H), and Pielou’s evenness (J). We tested the species diversity whether it differed between restoration times. We used one-way ANOVAs, followed by Tukey’s HSD comparison tests.




2.3.2. Functional Traits and Functional Diversity


Functional diversity is defined as the value, range, and distribution of functional traits in a given ecosystem [41]. It may be a good indicator of ecosystem dynamics, stability, and productivity [41,42], and is found to be more important for ecosystem functioning than taxonomic diversity [43]. Functional diversity is often characterized in terms of the following three descriptors, though there are many more, as outlined by Mouchet et al. [3]: (1) richness—the range of functional values present in a particular plant community; (2) evenness—the functional regularity in the distribution of species abundances; and (3) divergence—the difference in mean functional values across abundant species in communities. Communities with strong habitat filtering have low functional divergence, whereas those with strong species interactions have high divergence.



To improve the normality, we log-transformed the nine functional traits, and then tested whether they differed across plot ages using community-weighted means based on the basal area of the species in each plot [44]. We also measured the functional diversity in each plot, and tested whether it differed between restoration times. We used one-way ANOVAs, followed by Tukey’s HSD comparison tests. All statistical analyses were performed with R version 3.1.2.0 [45].




2.3.3. Environmental Effects


To assess the changes in environmental factors during succession, one-way ANOVAs were applied and Tukey’s-HSD tests were used for post hoc comparisons. Then, multiple linear regressions were used to determine the relative importance of environmental factors affecting functional traits, species diversity, and functional diversity using the model selection procedure in SAM 4.0 (Spatial Analysis in Macroecology) software [46]. The dependent variables were the high functional traits (including deciduousness, SLA, LDMC, LNC, LPC, LCC, WD, and SMass), species diversity (species richness, Shannon–Weaver index, and Pielou’s evenness), and functional diversity (including richness, evenness, and divergence). We applied dependent variables in each model, and then used nine environmental factors (restored time, soil pH, SOM, TN, TP, TK, ANC, APC, and AK) as independent variables. Data related to the dependent and independent variables were log-transformed to improve the normality in each model. The model selection process in SAM computed all possible combinations of independent variables and ranked the resulting models according to the Akaike information criterion (AIC) values [20]. We then determined the importance of the explanatory variables for each dependent variable.






3. Results


3.1. Changes in Forest Structure and Species Diversity during Succession


In total, 2856 stems belonging to 135 species were inventoried in the plots. There were large differences of species composition among the three stages of forest succession in a non-metric multidimensional scaling analysis (Figure 1). Stem density was higher in the 60-year recovery forests compared to the 40-year and old-growth forests (Table 1). The species richness for all tree size classes significantly increased with time since disturbance (Table 1, Figure 2, ANOSIM test; p < 0.001 in all cases), especially for adult trees, which was significantly higher in old-growth forests than in 40- and 60-year recovery forests (Figure 2C,F,J).



Significant differences were observed in species composition for all tree size classes among forest recovery stages, especially for adult trees in 40- and 60-year and old-growth forests (ANOSIM test, p < 0.001 in all cases; Figure 2). Significant differences in preference for forest recovery stage across tree sizes were mostly due to differences in the composition of the dominant species (see attachment). Seven species dominated the 40- and 60-year forests—Castanopsis echinocarpa Miq., Aporusa yunnanensis (Pax & K. Hoffm.) F.P. Metcalf., Pittosporopsis kerrii Craib., Machilus tenuipilis H.W.Li., Garcinia yunnanensis Hu., Ardisia thyrsiflora D.Don., and Phoebe lanceolata (Nees) Nees —which had a combined relative abundance of 65.82% in the 40-year recovery forests and 65.48% in the 60-year recovery forests (Appendix A). Species with high preference in the 40-year recovery forests were C. echinocarpa and A. yunnanensis, with a combined relative abundance of 45.26% (Appendix A). These forests also included some pioneer species, such as Cratoxylum cochinchinense (Lour.) Blume and Quercus macrocalyx Hickel & A. Camus. The 60-year recovery forests were mainly composed of P. kerrii, M. tenuipilis, G. yunnanensis, A. thyrsiflora and P. lanceolata, which had a combined relative abundance of 43.40%. The old-growth forests were mainly composed of P. kerrii (13.61%) and many exceptional species such as Saprosma ternata Hook.f., Baccaurea ramiflora Lour., Polyalthia simiarum subsp. cheliensis (Hu) Bân., Parashorea chinensis H. Wang., Aidia yunnanensis (Hutch.) T. Yamaz., and Gironniera subaequalis Planch., which had a combined relative abundance of 33.9% (Appendix A).



The species diversity in the tropical monsoon forests, including the species richness (S), Shannon–Weaver index (H), and Pielou’s evenness (J), significantly increased with succession stage (Figure 3A–C; S: F = 36.49, p < 0.001; H: F = 23.21, p < 0.001; J: F = 4.828, p < 0.01).




3.2. Changes in Functional Traits and Functional Diversity during Succession


The number of deciduous species significantly decreased as restoration time elapsed (Figure 4; deciduous trees: F = 42.05, p < 0.001). Leaf SLA, LNC, LPC, LKC, and WD were significantly lower in the 40-year and 60-year secondary forests than in the old-growth forests, whereas LDMC and LCC demonstrated an opposite pattern (Figure 4; SLA: F = 120.6, p < 0.001; LNC: F = 63.41, p < 0.001; LPC: F = 61.17, p < 0.001; LKC: F = 32.75, p < 0.001; WD: F = 5.389, p < 0.01; LDMC: F = 44.42, p < 0.001; LCC: F = 45.54, p < 0.001). These results show that leaf functional traits changed from conservative to acquisitive strategies during the succession of tropical monsoon forests, but wood density changed from acquisitive to conservative strategies, and seed mass did not significantly change with elapsed restoration time.



The functional richness (FRic) significantly increased with restored time during succession (Figure 5D FRic: F = 11.73, p < 0.001). Functional evenness (FEve) was highest in the 60-year forests, followed by the 40-year forests, and was lowest in old-growth forests (Figure 5E; FEve: F = 3.801, p = 0.0338 < 0.05). Functional divergence (FDiv) showed no significant changes with restored time but was higher in the 60-year forests than in 40-year and old-growth forests (Figure 5F; FDiv: F = 3.093, p = 0.0601).




3.3. Changes in Environmental Factors and Effects on Functional Features during Succession


Soil TN, TP, and AN were higher in old-growth forests than in 40-year forests (Figure 6; TP: F = 87.21, p < 0.001; TN: F = 9.669, p < 0.001; AN: F = 24.08, p < 0.001), whereas TP was unchanged between secondary forests, and TN and AN were unchanged between the 60-year and old-growth forests. TK significantly increased with restoration time, and AK showed an increasing trend (Figure 6; TK: F = 26.05, p < 0.001; AK: F = 2.462, p > 0.05). Soil pH, SOM, and AP were significantly higher in the 60-year forests than in the 40-year and old-growth forests (Figure 6; pH: F = 4.209, p = 0.0245 < 0.05; SOM: F = 11.14, p < 0.001; AP: F = 39.47, p < 0.001).



Restoration time was significantly correlated with most of the leaf traits, and was also related to species richness, Shannon–Weaver diversity, and functional richness (Table 2). Soil nutrients were also largely related to most of the leaf traits, especially LNC, LPC, and LKC, but weakly related to WD, SMass, and species and functional diversity.





4. Discussion


4.1. Recovery of Forest Structure and Species Diversity in Tropical Monsoon Forests


The study of forest structure and effect of environmental factors during the secondary succession of tropical forests has been reported previously [4,17,48]. The recovery of forest structure after disturbance displays a widespread pattern of dynamic forest processes [49], and stem density is relatively high at intermediate disturbance times during succession [50]. Structure recovery is generally quite rapid, but species composition recovery is quite difficult and highly dependent on the pre-disturbance history [49,51]. Our study demonstrated that fallows from shifting cultivation existed at different stages of recovery, and species composition and diversity remained distinct for all tree sizes (Table 1 and Figure 1, Figure 2 and Figure 3), especially for adult trees in 40-year, 60-year, and old-growth communities. The 40-year and 60-year forests in the current study were mainly dominated by seven species, which had combined relative abundances of 65.82% and 65.48%, respectively. The old-growth forests were mainly dominated by exclusive species, such as S. ternata, B. ramiflora, P. simiarum subsp. cheliensis, P. chinensis, A. yunnanensis, and G. subaequalis, which had a combined relative abundance of 33.9%. The species diversity in the tropical monsoon forests, including species richness (S), the Shannon–Weaver index (H), and Pielou’s evenness (J), significantly increased with succession stage.



The lower resilience of species composition could be explained by three factors. Firstly, harsh environmental conditions existed in the tropical monsoon forests, particularly in the 40-year forests (Figure 6). The present study show that the restoration time and soil nutrients may play significant roles in influencing the species composition of 40-year and 60-year forests based on the effectiveness of pioneer species composition. Secondly, several circles of shifting cultivation may have altered local environment factors, such as the micro-climate and soil nutrients, with potential damage to the remnant trees (seed sources), species pools, and seed dispersal [52]. Thus, early colonization of these abandoned forests by new species was hindered, resulting in lower species diversity across tree size class in the 40-year and 60-year recovery forests, especially for adult trees. Thirdly, some biotic factors, such as proximity to nearby populations [51] and seed dispersal from pioneer species, may play major roles in the early phases of succession which may increase the abundance of pioneer species [53]. Large disturbances that occurred many years ago may have also determined the tree species distribution with different life history strategies [54]. In our study, P. kerrii, M. tenuipilis, and G. yunnanensis were widespread throughout the tropical monsoon forests, though they were most abundant in the 60-year secondary forests. The abundance of these species across all plots could be an indicator of historical disturbance.




4.2. Recovery Patterns of Community Level Functional Traits in Tropical Monsoon Forests


Changes in species composition and forest structure may be influenced by shifting plant functional traits. Previous studies on synchronized leaf and stem approaches included the investigation of a high woody density, low SLA, and LNC per mass [12,55]. Species with particular mixtures of traits may change with the succession stage [56]. In our study, during succession, the leaf strategies changed from conservation to acquisition, supporting our hypothesis. However, different from our hypotheses, wood density was significantly higher in old-growth forests, showing an increasing change from acquisitive to conservative strategies, and seed mass showed no significant change with succession.



Restoration time, which was significantly correlated with most leaf traits in our study, could play a vital limiting factor in shaping most of the leaf trait strategies and in forming the community assembly during succession in tropical monsoon forests. Additionally, many previous studies have revealed that restoration time is significantly related to biotic and abiotic variables that restrict species to different functional trait responses and to certain environment factors, such as soil water stress, species pool, and availability of nutrients [1,2]. We also assume that water stress plays a vital role in the overall trait recovery patterns during succession in tropical monsoon forests, as reported by Lohbeck [11]. Lohbeck suggested that water stress could be the most important filter at the early successional stage in tropical seasonal dry forests. Some studies have also shown that micro-climatic conditions change from dry and hot to relatively moist and cool with increasing recovery [11,17,18,57]. Most species during early successional stresses are deciduous, possibly leading to lower leaf life spans [11,40]. In our study, the species in the 40-year-successional stage used conservative strategies such as higher deciduousness, lower SLA, and higher LDMC, probably to reduce transpiration and water loss during high temperature and drought conditions where micro-climates lead to a low water availability. Previous studies in the tropical monsoon forests of Xishuangbanna also showed that the species are susceptible to water variability and have lower canopy photosynthesis, slower stand growth, and higher mortality rates during the dry season throughout severe drought years [58], which is associated with conservative traits, such as lower LAI [59]. The presence of species in old-growth forests may be affected by high light interception and water use in combination with acquisitive strategies such as evergreen, higher SLA, and lower LDMC, which have also been reported in several studies of tropical dry forests [11,12,40], though these results vary from the studies in tropical humid forests during succession [60,61].



Soil nutrients were also important for forest growth and succession, and nutrient limitations may potentially alter forest growth, recovery rate, diversity, and productivity [21,62]. When the soil factors change from infertile sites to more fertile sites, species leaf traits often change from a resource-retaining strategy to resource-acquiring strategies [63]. Species and individuals with smaller leaves are preferred under infertile soil conditions, which leads to slow vegetation growth. Species with a higher SLA and tissue turnover may require high levels of soil nutrients during the rapid construction of foliar tissue [64]. In our study, soil TN, TP, and AN were higher in old-growth forests than in 40-year forests (Figure 6; TP: F = 87.21, p < 0.001; TN: F = 9.669, p < 0.001; AN: F = 24.08, p < 0.001), TK significantly increased with restoration time, and AK showed an increasing trend (Figure 6; TK: F = 26.05, p < 0.001; AK: F = 2.462, p > 0.05). Soil nutrients were also largely correlated with most of the leaf traits, especially LNC, LPC, and LKC. These results can explain the change in leaf trait strategy from conservative to acquisitive during succession.



Interestingly, the results show that wood density was significantly higher in old-growth forests, thus showing a strategy change from acquisition to conservation during succession. Wood density is a property [65], defined as oven dry mass divided by green volume. It has been recognized as key factor to determine native growth performance [65,66,67], and is often used for characterizing tree functionality due to its relevance to specific conductivity, water storage, efficiency and safety of hydraulic transport, growth rate, architecture and mechanical support [30,68]. Wood diversified over millions of years in response to environmental change that has manifested into physiological and biomechanical changes [69], which also makes it relate to morphology, mechanics, physiology and ecology of the species [30].



Wood density is indeed a result of a certain combinations of hydraulic and mechanic traits [65]. Firstly, wood density is often negatively correlated with specific conductivity [70] and capacitance [71], and positively with hydraulic efficiency [72], which may result from the void volume that is potentially available for water. Species with low density tend to have highly conductive sapwood and store considerable water in their stems, while high wood density tends to be more resistant to xylem cavitation [73]. When water availability is high, wider vessels with high hydraulic efficiency and thinner cell walls are usually produced, while xylem embolism resistance is decreased [74]. However, leaf phenology can modify this relationship [75]. Tropical drought-deciduous tree species produce large vessels with high hydraulic efficiencies by shedding their leaves in dry season, while evergreen species produces very narrow vessels, resulting in low hydraulic efficiency, high wood density and resistance to cavitation, i.e., these wood can compensate more negative leaf water potentials [76]. Therefore, in our study the deciduous species dominant in the secondary forests had lower wood density than those evergreen species in old-growth forests.



Secondarily, wood density is also positively correlated with resistance to drought-induced embolism [55] and many mechanical properties such as stiffness and strength [77], which result from the co-evolution of safety factors against hydraulic failure and mechanical failure [78,79]. Tropical tree species with high wood density are more cavitation resistant and structurally better enforced stem material than species with low wood density [80]. The species with high wood density probably produce narrower vessels to attain more resistant to vessel implosion [36,81], and they invest more biomass on the stem to facilitate mechanical support to achieve higher survival rates [30]. While the species with low wood density can grow fast, probably because of their low cost in stem construction, and their high assimilation rates that come along with their conductive stem tissues [82]. In our study, the higher wood density in old-growth forests showed their stronger drought tolerance and better mechanical support than those in secondary forests [30]. The result supports previous results observed in tropical humid forest succession [11,57,83], and some previous studies in tropical dry forests [83,84], but differs from the study of Lohbeck et al. [11].



Different from our assumptions, seed mass also revealed no significant changes with succession. Seed mass is a good indicator of reproductive output per unit [85]. Small-seeded, wind-dispersed species are preferred in open (recently abandoned) sites during the early stages of succession [86], whereas large-seed species are more commonly animal-dispersed, enhancing directed dispersal to safe sites [87]. Some studies have found that the acquisitive–conservative continuum for seed mass changes from many small seeds to few large seeds in tropical dry forests [30,83,84]. In the present study, seed mass showed no significant changes with succession. The reason for this observation might be due to biological factors hindering seed dispersal, such as a lack of dispersal animal agents.




4.3. Recovery of Functional Diversity in Tropical Monsoon Forests


Our results demonstrate that functional richness significantly increased with succession—functional evenness was highest in 60-year-old forests, followed by 40-year-old forests, and lowest in old-growth forests. Functional divergence showed no significant changes.



Functional richness represents the variation in functional space dimensionality caused by community structure [3]. Functional richness was mostly affected by the addition or removal of species with unique biological trait categories, with lower functional richness values reflecting assembly via habitat filtering and tended to monotonically change with species richness. In the 40-year-old forests, the lower functional richness caused by local environmental factors following a shift in cultivation (e.g., water stress, available soil nutrients, limited dispersal, and post-dispersal environmental filtering) allowed most pioneer and deciduous species to survive [88]. Resulting species were found with similar traits due to habit filtering which reduced the trait dimensionality. With increasing forest succession, the power of environmental filtering decreased, and competitive exclusion became more important for community assembly, gradually reducing the dominant species in the 40-year and 60-year forests. Shade-tolerant species became dominant in old-growth forests due to their high moisture and soil nutrient content [11]. Functional richness was enhanced due to the addition of shade-tolerant and rare species into the community. These new recruits might occupy the species functional space, thus offsetting the lost functional space by pioneer species. For example, pioneer species, such as C. echinocarpa and A. yunnanensis, which were dominant in the 40-year and 60-year forests, were gradually eliminated and mainly replaced by S. ternate, B. ramiflora, P. simiarum subsp. cheliensis, P. chinensis, A. yunnanensis, and G. subaequalis in the old-growth forests.



Functional evenness is represented by the regularity of distribution. The measure of functional evenness might be a method to assess trait values and abundances, but higher values are observed for community assembly via competitive exclusion [89]. Functional divergence is represented by the divergence in the distribution of species traits within the trait volume occupied, and is highly influenced by the functional dissimilarities among numerically-dominant species. Additionally, our study shows that the functional evenness and functional divergence increased in 60-year compared to 40-year-old forests. From 60-year-old to old-growth forests, functional evenness significantly decreased, and functional divergence showed a decreasing tendency. The increase from 40- to 60-year-old forests could be attributed to the loss in pioneer species, such as C. echinocarpa and A. yunnanensis, and the recruitment of evergreen and exclusive species, causing the functional strategies to not correspond to the strategies now present with the progression of succession [14]. The decrease in functional evenness and divergence from the 60-year-old to old-growth forests might be caused by the loss of pioneer and deciduous species, such as C. echinocarpa and A. yunnanensis, which dominated in secondary forests. These results suggest that species replacement is associated with functional traits, and functional niche spaces in the tropical monsoon forests are potentially evenly distributed across a range of old-growth forests. However, the pattern of niche differentiation might be modified by human activities like shifting cultivation.





5. Conclusions


The study results show that stem density was relatively high in the 60-year-old recovery forests, but the species composition of different tree size classes was significantly lower in secondary than in old-growth forests, especially for adult trees. Species richness (S), the Shannon–Weaver index (H) and Pielou’s evenness (J) significantly increased with succession stage. Overall, the study results show a slow recovery rate during secondary succession in tropical monsoon forests.



Our findings also show that leaf trait strategies changed from conservation to acquisition during succession in tropical monsoon forests, which supported some previous studies of tropical dry forests [11,12,40], but the responses were different to those observed in tropical humid forests [60,61]. Wood density changed from acquisitive to conservative strategies which is similar to some reports focused on tropical humid forest succession [11,57,83], and seed mass showed no significant changes. Functional richness significantly increased with succession. Functional evenness was highest in the 60-year-old forests, followed by the 40-year-old forests, and was lowest in the old-growth forests. Functional divergence showed no significant changes but had a higher tendency in 60-year-old forests.



Restoration time was a key variable that determined the changes in forest structure, species composition, leaf trait strategies, and species and functional diversity during succession that acted on plant functional traits to constrain species to a particular set of environment conditions, such as the species pool, soil water stress, and nutrient availability [2]. We presume that water stress plays an important role in the overall trait recovery patterns during the succession of tropical monsoon forests. Lohbeck [11] reported that water stress was the most important filter during the early successional stage in tropical seasonal dry forests. Most species that can successfully survive the early successional stresses would have deciduous leaves, possibly leading to lower leaf life spans [11,40]. These results are different from those observed in tropical humid forest succession [60,61], where light plays a critical role in determining the community assembly and functional composition.



Soil nutrient availability also plays a significant role in tropical forest growth, especially under conditions of limited nutrients [2], which potentially determines the forest growth, recovery rate, diversity, and productivity [21,62]. The results also show that soil nutrients were largely correlated with most of the leaf traits, especially LNC, LPC, and LKC, but weakly related to wood and seed traits, and species and functional diversity.



Our study indicates that the recovery of tropical monsoon forests is rather slow—secondary stands were less community structured and had less species and functional diversity than the old-growth stands, even after about half a century of recovery, highlighting the importance of conservation for old growth tropical monsoon forest ecosystems. We suggest restoration time was a key variable that determined the changes in forest structure, species composition, functional traits, and diversity, which was related to water stress and available soil nutrients.
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Table A1. Tree species composition for three recovery forests (p < 0.05): 40-year-old forests (40-year), 60-year-old forests (60-year) and old-growth forest (old). The number of observed stems for each species and the indicator species value were shown. Significant associations with each of the different restored forests were tested using the probabilities of obtaining as great an indicator value as observed over 1000 iterations (p). Parameters and abbreviation: 40-year-old forests (40y), 60-year-old forests (60y), old-growth forests (OG).
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	Species
	40y
	60y
	OG
	Preferred Time
	Indicator Value
	p





	Castanopsis echinocarpa Miq.
	259
	201
	0
	40y
	56.3
	0.0022



	Aporosa yunnanensis (Pax & K.Hoffm.) F.P.Metcalf
	113
	65
	1
	40y
	63.1
	0.0004



	Cyclobalanopsis fleuryi (Hickel & A.Camus) W.T.Chun
	61
	0
	0
	40y
	72.7
	0.0002



	Castanopsis hystrix Miq.
	37
	15
	1
	40y
	57.1
	0.0018



	Castanopsis mekongensis A.Camus
	31
	14
	1
	40y
	55.1
	0.0036



	Adenanthera pavonina L.
	18
	1
	0
	40y
	68.9
	0.0002



	Ternstroemia gymnanthera (Wight & Arn.) Sprague
	7
	0
	0
	40y
	36.4
	0.0252



	Winchia calophylla A.DC.
	6
	1
	0
	40y
	39
	0.0272



	Machilus austroguizhouensis S.K. Lee & F.N. Wei
	89
	143
	11
	60y
	58.8
	0.0006



	Ardisia tenera Mez
	22
	63
	21
	60y
	48.6
	0.0376



	Garcinia yunnanensis Hu
	20
	125
	17
	60y
	77.2
	0.0002



	Pittosporopsis kerrii Craib
	19
	155
	112
	60y
	54.2
	0.0056



	Engelhardtia spicata Lechen ex Blume
	6
	19
	1
	60y
	39.9
	0.0442



	Metadina trichotoma (Zoll. & Moritzi) Bakh.f.
	5
	12
	1
	60y
	42.4
	0.0326



	Memecylon polyanthum H.L. Li
	2
	19
	0
	60y
	57.6
	0.001



	Syzygium forrestii Merr. & L.M.Perry
	2
	10
	0
	60y
	45.5
	0.0108



	Litchi chinensis Sonn.
	0
	26
	10
	60y
	52.5
	0.0072



	Artocarpus heterophyllus Lam
	0
	33
	6
	60y
	61.5
	0.0006



	Elae spp.
	0
	30
	3
	60y
	49.6
	0.0062



	Alchornea tiliifolia (Benth.) Müll.Arg.
	0
	25
	1
	60y
	69.9
	0.0002



	Cryptocarya densiflora Blume
	0
	11
	0
	60y
	45.5
	0.0048



	Schefflera octophylla (Lour.) Harms
	0
	10
	0
	60y
	54.5
	0.0012



	Barringtonia racemosa (L.) Spreng.
	0
	9
	0
	60y
	54.5
	0.0016



	Xanthophyllum siamense Comm.
	4
	0
	12
	Old
	40.9
	0.0068



	Macropanax oreophilus Miq.
	3
	1
	15
	Old
	43.1
	0.021



	Saprosma ternatum (Wall.) Hook.f.
	0
	0
	71
	Old
	63.6
	0.0004



	Baccaurea ramiflora Lour.
	0
	1
	44
	Old
	97.8
	0.0002



	Polyalthia cheliensis Hu
	0
	0
	42
	Old
	63.6
	0.0008



	Parashorea chinensis Hsie Wang
	0
	0
	39
	Old
	63.6
	0.0002



	Aidia yunnanensis (Hutch.) T.Yamaz.
	0
	0
	29
	Old
	63.6
	0.0002



	Gironniera subaequalis Planch.
	0
	2
	28
	Old
	67.9
	0.0002



	Diospyros xishuangbannaensis C.Y.Wu & H.Chu
	0
	0
	28
	Old
	63.6
	0.0002



	Drypetes indica (Müll.Arg.) Pax & K.Hoffm.
	0
	6
	20
	Old
	62.9
	0.0006



	Diospyros atrotricha H.W.Li
	0
	1
	13
	Old
	42.2
	0.008



	Chisocheton siamensis Craib
	0
	0
	13
	Old
	45.5
	0.0046



	Diospyros nigrocortex C.Y.Wu
	0
	0
	13
	Old
	36.4
	0.025



	Knema linifolia (Roxb.) Warb.
	0
	8
	12
	Old
	49.1
	0.0076



	Ficus langkokensis Drake
	0
	0
	11
	Old
	63.6
	0.0002



	Cinnamomum bejolghota (Buch.-Ham.) Sweet
	0
	0
	11
	Old
	45.5
	0.0056



	Dysoxylum excelsum Blume
	0
	0
	10
	Old
	54.5
	0.0022



	Antidesma montanum Blume
	0
	0
	9
	Old
	63.6
	0.0008



	Dichapetalum gelonioides (Roxb.) Engl.
	0
	0
	8
	Old
	63.6
	0.0006



	Pometia tomentosa (Blume) Teijsm. & Binn.
	0
	0
	7
	Old
	54.5
	0.0018



	Eurya acromonodontus W.R.Barker
	0
	0
	6
	Old
	36.4
	0.022



	Garcinia lancilimba C.Y.Wu ex Y.H.Li
	0
	0
	5
	Old
	45.5
	0.0048



	Dysoxylum binectariferum (Roxb.) Hook.f. ex Bedd.
	0
	0
	5
	Old
	36.4
	0.0308



	Cryptocarya yunnanensis H.W.Li
	0
	0
	4
	Old
	36.4
	0.0238
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Figure 1. The multidimensional scaling (MDS) ordination plots of species abundance in tropical monsoon forests at different stages: the plots for 40-year forests were represented by the marks from S4001 to S4011; the plots for 60-year forests were represented by the marks from S6001 to S6011, and the plots for old-grown forests were represented by the marks from OG01 to OG11. 
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Figure 2. The species–area accumulation curves (A–C), species–individual accumulation curves (D–F), and species rank–abundance diagrams (G–I) for saplings, treelets, and adult trees among the different recovery ages (40-year forests, 60-year forests, and old-growth forests) in the tropical monsoon forests. Saplings, 1 cm ≤ DBH < 5 cm; treelets, 5 cm ≤ DBH < 10 cm, and adult trees DBH ≥ 10 cm. DBH, diameter at breast height. Grey dashed lines represented 40-year forests, black dotted lines represented 60-year forests, and black solid lines represented old-growth forests. 
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Figure 3. The changes in species diversity (mean ± SD) with secondary succession of monsoon forests. Subfigures (A–C) respectively showed the changes of species richness (S), Shannon -Weaver index (H) and Pielu’s evenn. The successional stages were 40-year-old forests (40y), 60-year-old forests (60y) and old-growth forests (OG). Different letters (a, b, c) demonstrated significant different at p < 0.05. 
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Figure 4. The changes in nine functional traits (mean ± SD) with the secondary succession of monsoon forests. Subfigures (A–I) respectively showed the changes of deciduousness (Deciduous), specific leaf area (SLA), leaf dry matter content (LDMC), leaf nitrogen content (LNC), leaf phosphorus content (LPC,), leaf potassium content (LKC), leaf carbon content (LCC), wood density (WD) and mass (SMass, g). The nine functional traits using community-weighted means were computed based on tree basal area, and all traits were log-transformed. The successional stages were 40-year-old forests (40y), 60-year-old forests (60y), old-growth forests (OG). Different letters (a, b, c) demonstrated significant different at p < 0.05. 
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Figure 5. The changes in functional diversity (mean ± SD) with secondary succession of monsoon forests. Subfigures (A–C) respectively showed the changes of functional richness (FRic), functional Evenness (FEven), functional divergence (FDiv). Functional diversity was computed based on the tree basal area and all traits were log-transformed. The successional stages were 40-year-old forests (40y), 60-year-old forests (60y) and old-growth forests (OG). Different letters (a, b, c) demonstrated significant different at p < 0.05. 
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Figure 6. Comparison of soil nutrient factors (mean ± SD) during succession in tropical monsoon forests. Subfigures (A–H) respectively showed the changes of soil pH (pH), soil organic matter content (SOM), total nitrogen content (TN), total phosphorus content (TP), total potassium content (TK), available nitrogen content (AN), available phosphorus content (AP), available potassium content (AK). The successional stages were 40-year-old forests (40y), 60-year-old forests (60y) and old-growth forests (OG). Different letters (a, b, c) demonstrated significant different at p < 0.05. 
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Table 1. Number of stems, species, and species showing a significant preference for different tree sizes.
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Tree Size

	
No. of Stems

	
No. of Species

	
No. Species Showing Preference




	
40y

	
60y

	
OG

	
Total

	
40y

	
60y

	
OG

	
Total

	
40y

	
60y

	
OG

	
Total






	
Saplings

	
235

	
482

	
308

	
1025

	
29

	
47

	
61

	
97

	
4

	
11

	
9

	
24




	
Treelets

	
312

	
427

	
251

	
990

	
34

	
48

	
61

	
101

	
6

	
9

	
8

	
23




	
Adult trees

	
275

	
296

	
270

	
841

	
23

	
34

	
68

	
94

	
3

	
2

	
12

	
17




	
Total

	
822

	
1205

	
829

	
2856

	
44

	
65

	
102

	
135

	
8

	
15

	
24

	
47








Note: Preference for forest recovery stage was analyzed using an indicator species value [47]. Significant associations with each of the restored forests were tested using the probabilities of obtaining as great an indicator value as that observed over 1000 iterations. Parameters and abbreviation 40-year-old forests (40y), 60-year-old forests (60y), old-growth forests (OG).













[image: Table] 





Table 2. The selected models with delta Akaike information criterion (AIC), the importance of each environment parameter, the correlation direction, and residual spatial autocorrelation (RSA) (Moran’s values, p < 0.05, are in bold). The nine functional traits using community-weighted means and functional diversity were computed based on tree basal area. The data of environmental factors and functional richness, were log-transformed. Parameters and abbreviation: deciduousness (Deciduous), specific leaf area (SLA); leaf dry matter content (LDMC); leaf nitrogen content (LNC); leaf phosphorus content (LPC); leaf potassium content (LKC); leaf carbon content (LCC); wood density (WD); and seed mass (SMass, g); species richness (S), Shannon -Weaver index (H), Pielu’s evenness (J), functional richness (FRic), functional Evenness (FEven), functional divergence (FDiv); soil pH (pH), soil organic matter content (SOM), total nitrogen content (TN), total phosphorus content (TP), total potassium content (TK), available nitrogen content (AN), available phosphorus content (AP), available potassium content (AK).
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	Deciduous
	SLA
	LDMC
	LNC
	LPC
	LKC
	LCC
	WD
	Smass
	S
	H
	J
	Log_FRic
	FEve
	FDiv





	Model
	#219
	#484
	#493
	#457
	#107
	#363
	#484
	#255
	#194
	#131
	#1
	#384
	#226
	#481
	#380



	r_adj
	0.799
	0.777
	0.611
	0.806
	0.824
	0.317
	0.672
	0.105
	−0.292
	0.644
	0.415
	−0.197
	0.384
	−0.324
	0.429



	Rtime
	−0.976
	+0.664
	−0.442
	+0.695
	+0.863
	+0.293
	−0.314
	+0.67
	−0.982
	+0.991
	+0.971
	+0.219
	+0.987
	−0.38
	−0.217



	Log_pH
	+0.382
	−0.577
	+0.492
	−0.544
	−0.917
	−0.6
	+0.329
	+0.444
	−0.317
	+0.275
	+0.216
	−0.458
	−0.217
	−0.239
	−0.531



	Log_SOM
	+0.214
	−0.338
	+0.292
	−0.308
	−0.274
	−0.44
	+0.352
	−0.277
	+0.261
	+0.609
	+0.237
	−0.259
	+0.229
	+0.344
	+0.39



	Log_TN
	−0.959
	+0.267
	+0.289
	+0.514
	+0.422
	−0.319
	+0.482
	+0.399
	+0.324
	−0.525
	+0.205
	+0.236
	−0.283
	−0.26
	−0.377



	Log_TP
	−0.247
	+0.94
	−0.887
	+0.783
	+0.706
	+0.751
	−0.924
	+0.425
	+0.238
	+0.265
	+0.218
	+0.274
	−0.569
	−0.486
	+0.428



	Log_TK
	+0.224
	−0.415
	+0.296
	−0.572
	−0.659
	+0.467
	+0.519
	−0.262
	+0.433
	−0.297
	+0.289
	+0.581
	−0.256
	−0.249
	−0.469



	Log_AN
	+0.966
	+0.434
	−0.777
	−0.418
	−0.307
	+0.522
	−0.921
	−0.262
	+0.226
	+0.254
	+0.197
	+0.204
	+0.214
	−0.388
	−0.797



	Log_AP
	−0.212
	+0.51
	−0.32
	+0.667
	−0.55
	+0.388
	−0.393
	−0.396
	+0.261
	+0.251
	+0.245
	−0.243
	+0.532
	+0.437
	+0.802



	Log_AK
	+0.335
	+0.386
	+0.565
	+0.785
	+0.978
	−0.465
	+0.374
	+0.492
	+0.27
	−0.335
	+0.24
	+0.541
	+0.227
	−0.252
	+0.68



	DistCntr
	Moran’s I
	Moran’s I
	Moran’s I
	Moran’s I
	Moran’s I
	Moran’s I
	Moran’s I
	Moran’s I
	Moran’s I
	Moran’s I
	Moran’s I
	Moran’s I
	Moran’s I
	Moran’s I
	Moran’s I



	0.199
	0.023
	−0.187
	−0.156
	−0.169
	−0.189
	−0.105
	−0.207
	0.036
	−0.048
	−0.057
	−0.072
	−0.057
	−0.075
	−0.046
	0.187



	0.601
	−0.165
	−0.113
	−0.031
	−0.117
	−0.077
	−0.138
	0.033
	−0.069
	−0.083
	−0.179
	−0.22
	−0.255
	−0.131
	−0.128
	0.229



	1.132
	0.163
	−0.043
	−0.089
	0.025
	−0.012
	−0.022
	−0.074
	0.238
	−0.005
	0.111
	0.154
	0.091
	0.094
	0.033
	0.042



	1.6
	0.005
	0.259
	0.112
	0.235
	0.18
	0.148
	0.069
	−0.046
	0.058
	0.019
	0.007
	0.036
	−0.074
	−0.154
	−0.115



	1.873
	−0.274
	−0.113
	−0.015
	−0.133
	−0.026
	−0.122
	0.098
	−0.28
	0.207
	−0.169
	−0.164
	−0.114
	−0.14
	0.05
	−0.194



	2.106
	−0.054
	−0.145
	−0.114
	−0.15
	−0.161
	−0.098
	−0.188
	−0.025
	−0.21
	0.005
	0.132
	0.072
	0.139
	0.031
	−0.196



	2.396
	−0.122
	0.176
	0.064
	0.121
	0.099
	0.146
	0.078
	−0.022
	−0.073
	−0.156
	−0.173
	0.014
	−0.24
	−0.025
	−0.244



	2.793
	0.139
	−0.1
	0.007
	−0.096
	−0.069
	−0.089
	−0.026
	−0.099
	−0.059
	0.142
	0.062
	−0.048
	0.148
	0.052
	0.057











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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