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Abstract

:

The aim of this study was to explore the effect of gap environmental factors on the plant population regeneration pattern in the Castanopsis kawakamii natural forest. We used the detrended canonical correspondence analysis (DCCA) method to study coupling relationships between species distribution in the regeneration layer and environmental factors. The results showed that: (1) The main environmental factors that influenced species distribution in the forest gaps and non-gaps were different, and the highest explanation rate of environmental factors was the soil temperature below the surface 10 cm (ST10); (2) The relationships between species distribution in the regeneration layer of the forest gaps and non-gaps were mainly restricted by environmental factors, given the environmental factors complied with the ecological niche hypothesis; and (3) For the endangered C. kawakamii population, there were positive and negative relationships between the environmental factors and the various species in the forest gaps and non-gaps, whilst the effects of such relationships were varied. Some management operations, including the creation of artificial gaps and adequate fertilization in the non-gaps, could more effectively promote the growth and regeneration of the C. kawakamii population.
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1. Introduction


Forest gaps are an important interference to forests [1], where gap disturbance influences species coexistence in the forest community and biodiversity maintenance, which is an important process of forest regeneration and succession [2]. Gap disturbance promotes variations in micro-environmental conditions, including solar radiation, air temperature, relative humidity, soil temperature, and soil physical and chemical properties, which makes it a mechanism for determining species distribution patterns [3,4]. After gap formation, microenvironment heterogeneity plays a role in the selection of plant composition, seed germination, and seedlings recruitment [3,4,5]. This can be recognized as an essential driving factor for the dynamic balance in long-term forest succession [6], i.e., gap age, edaphic factors, environmental factors, and gap border trees could directly or indirectly affect the species density and adaptability [7,8,9]. However, the quantitative relationship between plants and environmental factors is not revealed in these studies; therefore, the maintenance mechanism between species coexistence and the environment is still not clear and requires further study.



Quantitative classification could objectively explain the relationships between plant distribution patterns and communities in relation to environmental factors [10]. The analysis and study of the relationship between plants and the environment involves the explanation of vegetation type by climate, which is important to the development of theory and practice [11]. Additionally, a detrended canonical correspondence analysis (DCCA) can potentially avoid the arch effect and connect plants and sample sorting plots with the role of multiple factors to make the relationship between vegetation characteristics and factors more obvious in a sequence diagram [12]. The method has become a popular method of vegetation gradient analysis and environmental interpretation, and it has gained wide application in the northern rangelands of the Isfahan Province (Iran) [13], the tropical and subtropical forests in the Gobind Sagar Reservoir in India [14], the orchard community in China [10], and the karst woody vegetation in China [15]. However, the related studies have not explicitly focused on the contribution of environmental factors to community composition. Therefore, the key to studying the maintenance mechanism between vegetation and the environment is understanding how to quantify the relationship between environmental factors and community composition.



Castanopsis kawakamii Hayata is an endemic evergreen broad-leaved endangered tree species of Fagaceae found in the subtropical southern area of China, and this forest has been the subject of several prior works [3,4,16,17,18,19]. Interference patterns, species diversity, and edge effects of forest gaps were studied in the C. kawakamii natural forest [16,17]. In addition, the regeneration process, including the heterogeneity of environmental factors, species competition, the regeneration niche, and community stability in the forest gaps, was also studied [3,17,18]. These prior studies revealed that forest gaps developed heterogeneity in environmental factors, promoted seedlings regeneration and settlement, and improved seedling competition intensity and niche width in forest gaps. However, we still do not understand how environmental factors affect the species distribution pattern in forest gap regeneration, which limits the practical measures in the conservation action of C. kawakamii seedlings in the C. kawakamii natural forest.



The study of the coupling relationship between forest gap regeneration layer communities and environmental factors in the C. kawakamii natural forest was aimed at answering three questions: (1) Which factors (e.g., light intensity, air temperature and humidity, soil temperature, and soil properties, etc.) affect the distribution patterns of community regeneration layers, and how do we select them? (2) How do we quantitatively analyze the factors that influence the distribution pattern of the regeneration layer species? (3) How do we explain plant regeneration under conditions of changing environmental factors in forest gaps and non-gaps? In doing so, some specific measures could provide to protect the C. kawakamii species, with the aim of strengthening the scientific management and reasonable protection of the C. kawakamii natural forest.




2. Materials and Methods


2.1. Study Site and Stand History


The study site was located in the C. kawakamii Nature Reserve (latitude 26°07′–26°12′ N, longitude 117°24′–117°29′ E) in the middle of the subtropical region of China (Figure 1). The altitude varied between 180 and 604 m. The study site has a subtropical monsoon climate with an average annual temperature of 19.5 °C. The average annual precipitation is about 1500 mm, along with average annual relative humidity and wind speed of 79% and 1.6 m/s, respectively. The soil type in this forest mainly consists of ferric acrisols with abundant humus, which is rich in soil nutrition. The forest type is a subtropical evergreen broad-leaved forest. This forest is dominated by a C. kawakamii population covering an area of 700 hectares, which is known as the World C. kawakamii Forest. The main species consists of C. kawakamii, C. carlesii, Pinus massoniana, and Schima superba in the tree layer, followed by Litsea subcoriacea, Syzygium buxifolium, and Antidesma japonicum in the shrub layer, and Woodwardia japonica, Dicranopteris linearis, and Alpinia oblongifolia in the herb layer [3].




2.2. Community Survey in the Regeneration Layer


Based on a previous survey in 2003 of forest gaps using the sample line method [16], we chose 12 forest gaps and 12 non-gaps to be surveyed again in 2008 and 2013. The forest gaps were generally of an oval or irregular polygon shape. By calculating the area of each forest gap, the average area of the forest gaps was 61.89 m2, with a partial crown rate from 0.5 to 0.8 [18]. We set up three 5 m × 5 m sample plots in each forest gap, and another three 5 m × 5 m sample plots away from the edge of each forest gap for 10 m as the sample plots of non-gaps to investigate the species composition and growth characteristics. The plot areas of the forest gaps and non-gaps that we surveyed were 900 m2 each. We recorded the main biometrical characteristics in the regeneration layer of the tree layer (i.e., tree height above 3 m) and shrub layer (i.e., tree height below 3 m), which included tree species, individual number, height, diameter at breast height, and crown breadth. Based on the biometrical characteristics, we calculated the distribution density, abundance, dominance, and importance values of each species in the forest gaps and non-gaps using quantitative ecology methods as described in Reference [20].




2.3. Study of Microenvironments in the Forest Gaps and Non-Gaps


In the forest gap and non-gap sample plots, we set two sample observation perpendicular lines through the forest gap central point along the south–north and east–west directions, and we marked five observation points in the forest gap center, canopy gap edge, and the expanded gap edge and non-gaps. Subsequently, the climatic factors, including light intensity (LI), air temperature (AT), relative humidity above the surface of 1.5 m (AH), soil surface temperature (ST0), soil temperature below the surface 5 cm (ST5), soil temperature below the surface 10 cm (ST10), and soil water content (SWC) in the four seasons, were measured for 24 to 48 days between 2009 and 2010. These climate factors were measured hourly from 8:00 am to 6:00 pm during sunny days; then we put the average of the forest gap center, canopy gap, and expanded gap data as the values of the forest gap climatic factors, whilst the averaged four directions’ data in non-gaps were used as the values of the non-gap climatic factors. Climatic factors were measured using TES-1360A handheld digital thermo-hygrometers, a 6300 needle soil thermometer, and TZS-IIW soil moisture and temperature measuring instruments. Moreover, three soil layers from the surface to 30 cm of the soil samples were collected by digging the soil profile, where we took 200 cm3 of soil core and soil samples back to the laboratory with three replicates. Meanwhile, non-gap soil samples, which were 10 m away from the edges of forest gaps, were set as the control groups. The physical and chemical properties of the soil samples were measured using the forest soil analysis method described in Reference [21]. We measured the soil’s physical properties, which included soil bulk density (SBD), soil water mass content (SWMC), soil volumetric moisture content (SVMC), maximum moisture capacity (MMC), capillary water capacity (CWC), minimum water-holding capacity (MWC), non-capillary porosity (NCP), capillary porosity (CP), soil total porosity (STP), and soil aeration porosity (SAP). Meanwhile, soil chemical properties were tested, including the pH value (pH), total nitrogen (TN), hydrolysable nitrogen (HN), total phosphorus (TP), available phosphorus (AP), total potassium (TK), available potassium (AK), soil organic matter (SOM), soil organic carbon (SOC), and C/N ratio.




2.4. Coupling Analysis Method


DCCA can illustrate the relationship between vegetation patterns and environmental factors more intuitively in the ordination diagram [22,23] by connecting the plant species or sample orders with the function of the environmental variables. Previously, the selection of the main factors to analyze the qualitative and quantitative relationships between the main species and impact factors was an issue. Therefore, the Monte Carlo test was applied to demonstrate the single factor explanation rate and its significant test result. According the simple effects option of the Canoco 5.0 software, the interpretation of each single environmental factor was calculated, and then the conditional effects option was used to analyze the increasing explanation rate after continuously adding environmental factors according to the orders of the explanation rate; finally, the main factors were selected as described in Reference [24]. We used DCCA to analyze the relationship between plant species or sample plots and the environmental factors after selection of some high explanation rates for these factors. Meanwhile, the length of each factor and the angle between the factors and species were recorded. After taking the length of the factors multiplied by the cosine of the angle, the values of the coupling relationships between the main species and the environmental factors were calculated, and then analyzed the effect of environmental factors on the plant species distribution pattern. All statistical tests were conducted in Excel 2010 and Canoco 5.0 as in Reference [25].





3. Results


3.1. Community Characteristics of the Regeneration Layer in Different Habitats


The numbers of species in the regeneration layer of forest gaps and non-gaps were 88 and 79, respectively (Table 1 and Table 2). The species of Ardisia punctata, Castanopsis kawakamii, Diplospora dubia, Litsea subcoriacea, Machilus grijsii, and Symplocos lancifolia were the dominant species in 12 gaps. Moreover, the species of L. subcoriacea was the constructive species in these gaps, whilst the importance values (IVs) of the Calamus thysanolepis species were the highest in gap 1, 5, and 6 (Table 1). Meanwhile, the IVs of Ardisia punctata species were the highest in the non-gap 1, 2, 3, and 8 and the IVs of Calamus thysanolepis species were the highest in the non-gap 5, 6, 7, and 12. In the non-gap 9, the IVs of Litsea subcoriacea species were the highest (Table 2). Microenvironment heterogeneity in the forest gaps determined the distribution and composition of plant species. According to the importance values of each species and the species competition intensity with C. kawakamii in the forest gaps and non-gaps [18], the main species were chosen to analyze the relationship between the species regeneration pattern and the environmental factors. By selecting the main species that had relatively high importance values and strong competition with C. kawakamii, the species of C. kawakamii, Diplospora dubia, Symplocos lancifolia, Litsea subcoriacea, and Machilus grijsii were distributed in each sample plot of the forest gaps, while Sarcandra glabra, C. kawakamii, D. dubia, L. subcoriacea, and Antidesma japonicum were distributed in each sample plot of the non-gaps.




3.2. Screening of Environmental Factors in Different Habitats


By calculating the interpretation of the restricted sequence analysis for each environmental factor, the explanation rates of each were varied (Table 3). The highest explanation rate of a factor in the forest gaps and non-gaps was the ST10, which accounted for 16.2% and 33.6%, respectively. The other explanation rates of factors were gradually decreasing in the forest gaps and non-gaps, while the explanation rates and precision of the first eleven single factors in the non-gaps were relatively higher than those in the forest gaps. The explanation rate of soil chemical properties factors was higher than those of soil physical properties in the non-gaps, while there was not obvious difference in the forest gaps.




3.3. The Coupling Relationship Between Plant Species and the Microenvironment


The optimal combination of explanatory variables in the environmental factors is shown in Table 4, by gradually adding each explanatory variable from high to low. The best combinations of explanatory variables in the environmental factors of forest gaps and non-gaps were different. We added every factor from high to low in order to select the main factors that influence the composition of the regeneration layer. The ST10 was the highest explanation rate among those factors in the forest gaps and non-gaps. Moreover, the explanation rate of ST10 of non-gaps was 33.7%, indicated that ST10 may be the critical factor deciding the species distribution of non-gaps. The explanatory variables that forest gaps and non-gaps both had in common were the variables: ST10, ST5, HN, C/N, and MWC. The differentiating explanatory variables in the forest gaps were LI, SAP, TP, AH, and NCP, whilst in the non-gaps the variables were AT, TN, AK, AP, and SOC.



The DCCA ordination axis cumulative contribution rate was calculated between the environmental factors and the plant species in the regeneration layer of the forest gaps and non-gaps using selected environmental factors. The factors included ST10, LI, ST5, HN, SAP, C/N, TP, AH, NCP, and MWC in the forest gaps, and ST10, AT, TN, HN, AK, AP, ST5, MWC, C/N, and SOC in the non-gaps (Table 4).



The correlation coefficients between the first and second axis of the plant species in the regeneration layer and the environmental factors in the forest gaps and non-gaps were relatively high (Table 5). This indicated the reliability of using the DCCA method in the interpretation of the relationship between the main species of regeneration in the forest gaps, non-gaps and the environment. The explanation rate of factors that were chosen in the forest gaps was 57.31%, with the first axis and second axis accounting for 40.39% and 16.92%, respectively. The precision of the interpretation was 0.02, which showed a significant difference. Meanwhile, the explanation rate of factors that were chose in the non-gaps was 62.4%, with the first axis and second axis accounting for 45.32% and 17.08%, respectively . The precision of the interpretation was 0.012, which showed a significant difference and had a credible analysis.



The coupling relationship values between the main species in the regeneration layer and the environmental factors in the forest gaps and non-gaps were calculated. These relationship values were measured by the length of the factors multiplied by the cosine of the angle between the species and factors as shown in Figure 2 and Figure 3. Then the extent of the environmental factors’ impact on the main species could be measured (Table 6 and Table 7). In the forest gaps, the environmental factors LI, ST5, ST10, AH, and SAP had strong impacts on each species, whilst the influence of other factors was not obvious. Meanwhile, the strong impacts of the factors C/N, AP, ST5, AT, ST10, and SOC on each species were detected. For each factor, there was a positive or negative effect on each species in the forest gaps and non-gaps.





4. Discussion


4.1. The Dominant Species in the Regeneration Layer of the Forest Gaps and Non-Gaps


There was a high proportion of individual species and densities that occupied the dominance position in the forest, and this suggested better regeneration [26]. Importance values could be calculated after measurement of the density, diameter at breast height (DBH), and the number of individual species. The importance value of the L. subcoriacea species was the highest in the forest gaps and non-gaps, which indicated that L. subcoriacea had taken full advantage of the environmental factors and it had better adaptation ability. Therefore, the species will play an important role in forest regeneration. Microenvironment heterogeneity in the forest gaps promoted tree growth and regeneration [3]. The importance values of C. kawakamii, S. lancifolia, and Calamus thysanolepis in the forest gaps were relatively higher than those in the non-gaps. Meanwhile, the forest gap limited the biomass allocation and regeneration of shade tolerant species [27], including Itea chinensis var oblonga, C. octopetala, and C. thysanolepis in the forest gaps.



Species competition and forest cover are important factors in determining forest regeneration [28]. The main species that we selected were species that had relative high competition intensities with C. kawakamii [4,18]. Meanwhile, these species occupied a high position in the community of this natural forest [18]. The competition ability of C. kawakamii in the forest gaps was higher than that in the non-gaps [4]. Moreover, the regeneration niche width of C. kawakamii was higher than that in the non-gaps [5]. Therefore, C. kawakamii seedlings in the forest gaps had a better regeneration situation, thereby promoting the sprout regeneration of dominant tree species in the forest gaps [29].




4.2. The Impact of Environmental Factors to the Species Coexistence in the Forest Gaps and Non-Gaps


The forest gap is a complicated interaction between stand structure, soil, and microclimatic interactions [30]. The microenvironment heterogeneity of forest gaps determines the explanation rate of environmental factors, with no obvious difference in the term of each explanation rate. The different explanation rates for environmental factors in the forest gaps illustrated the environmental heterogeneity [1,6,31]. However, some factors, like forest stand, terrain, climatic, and soil properties, have been the main factors in the determination of species distribution [15]. Thus, the explanation rates of some environmental factors in the non-gaps played a decisive role with a relatively high explanation rate, whilst the explanation rates of other factors were relatively low. Tree species, through adaptation to environmental conditions and mutual competition, could achieve coexistence and ensure species diversity in the non-gaps [32].



Light intensity was directly increasing after the formation of the forest gap, and it changed the temperature and humidity in the local environment, and it also affected the physicochemical properties of the soil and species distribution in the regeneration layer [3,6]. Microbial metabolic activity was enhanced with the improvement of light intensity and air temperature, which could accelerate the conversion of TP into AP. This would increase the concentration of AP and promote plant absorption of more AP from the soil [33]. However, the limitation of TP restrained the increase of AP, and it became a limiting factor affecting plant growth. With a high metabolism and evaporation rate for pioneer species in the forest gaps, high humidity restricted transpiration. This led to screening environmental factors affecting the plant species in the regeneration layer that were different. Meanwhile, with a relatively low light intensity, air temperature, and microbe metabolism in the non-gaps, the substantial decomposition of various types of animal and plant residues, plant litters, and wastes was difficult, which led to soil organic matter content that was rich, but could not be decomposed quickly into nutrients that plants could utilize directly [34]. Therefore, tree species experienced a decline in growth due to insufficient AP and TK and a difficult to reach canopy layer of the forest.




4.3. The Relationships Between Species Distribution and Micro-Environment in the Forest Gaps and Non-Gaps


The explanation rates of environmental factors to the species distribution in the regeneration layer of the forest gaps and non-gaps were 57.31% and 62.4%, respectively, where both conformed to the theory of ecological niche differentiation, which explains that different species adapt to different habitats and are restricted by various habitat factors. Plant species can coexistence by inhabiting different resources though space and time. This is described as the theory of ecological niche differentiation and it plays a vital role during the stage of community succession and plant regeneration under changing environmental factors [35,36]. In general, the microclimate changes after the formation of a forest gap, such as improvements in solar radiation, temperature, and humidity, and then it affects nutrient cycling and microbial activity [6]. The relationship between C. kawakamii and other species taking advantage of resources showed an obvious sharing trend as a result of the heterogeneity of the forest gap microenvironment, which promoted species coexistence [3]. However, the niche overlaps of C. kawakamii and S. superba, and O. xylocarpa, and Vaccinium carlesii were relatively high in the regeneration layer of the non-gaps. This demonstrated a strong competition amongst these species pairs; therefore, the community moved towards species diversification in the non-gaps [5], which needed to take some measures to protect C. kawakamii species regeneration.




4.4. Implications for the Regeneration of the C. kawakamii Population


According to the quantitative relationship between the species and the environment, we could provide some specific measures that protect our target species of C. kawakamii by restricting or developing some environmental factors. The light intensity in the forest gaps was higher in comparison to the non-gaps, which directly and indirectly affected other factors [6]. Under natural conditions, LI, ST5, ST10, AH, and SAP are difficult to control. We could implement artificial management operations, including the creation of artificial gaps, adequate fertilization, or other activities that could lead to better regeneration of C. kawakamii species. The medium gap has better environment heterogeneity and soil nutrition release during the process of litter decomposition [6,37]. Therefore, creating an artificial forest gap could improve solar radiation, light intensity, and air temperature, thus improving plant growth in the regeneration layer of the non-gaps. Compared to the environmental factors that influenced species growth in the non-gaps, plant species had a high demand for nutrition, such as AP, SOC, and HN. Proper fertilization could promote absorption in plant nutritional organs, which could be beneficial to species regeneration in the non-gaps. However, additional fertilization is not required in forest gaps.





5. Conclusions


The environmental factors had a varied influence on the distribution patterns of the main species in the regeneration layer of the forest gaps and non-gaps. Species distribution patterns in the forest gaps were determined by the comprehensive function of microenvironment factors due to gap heterogeneity. However, some environmental factors in the non-gaps played a decisive role in the tree species distribution pattern. The relationship between the tree species distribution pattern and the microenvironment factors adjusted to the ecological niche hypothesis. Finally, some specific measures were suggested to protect the C. kawakamii species. This could provide a scientific basis for the regeneration and reconstruction of the endangered C. kawakamii population.
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Figure 1. Shows a map of the sampling locations used in this study. The area of the Castanopsis kawakamii Nature Reserve is above 700 hectares, and the plant species composition is dominated by a mature C. kawakamii population where its age is around 100 years [3]. 
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Figure 2. DCCA ordination of the main species in the regeneration layer of the forest gaps. 
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