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[bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: _GoBack]Abstract: The relationships among species diversity, functional diversity, functional redundancy, and community stability are central to community and ecosystem ecology. This paper examines plant communities at different stages of vegetation restoration in the Guizhou karst plateau to study the relationship among functional diversity, functional redundancy, and stability of plant communities. The most important results include the following. (1) Species diversity (SD), functional redundancy (FR), and stability (STB) gradually increased with restoration, and there were significant differences among the different stages; functional diversity (FD) increased at first and then decreased, and reached the highest level at the tree irrigation stage. (2) Plant height (PLH) and specific leaf area (SLA) were functional traits that affected the diversity and stability of the plant community, and PLH was positively correlated with plant community diversity and stability, while SLA was negatively correlated with plant community diversity and stability. (3) During the community recovery, FD and FR interacted to maintain stability. In the early and late stages of recovery, the effect of functional redundancy on stability was greater than that of functional diversity, but it was the opposite in the middle stages. (4) The tree irrigation stage is the likely point at which the species diversity of plant communities in karst areas reached saturation, and the growth rate of functional redundancy after species diversity saturation was greater than that before saturation.   
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1	Introduction
With the acceleration of global species extinctions (Butchart, et al., 2010), the correlation between species diversity and ecosystem stability has become an important scientific issue (MacArthur, 1955; Elton, 2000; Mougi, et al., 2012; Zhang, et al., 2016). Species diversity is an important part of biodiversity (Li Kaihui, et al., 2005), which is reflected in the provision of materials, energy, and stability for an ecosystem (Huang, 2007; Yan, et al., 2007). It directly affects the structure and function of the community (Zhao, et al., 2015; Gong, et al., 2017). At present, there is no unified understanding of the relationship between diversity and stability across ecosystems (Elton, 1958; McCann, 2000; Ives, et al., 2007; Maestre, et al., 2012; Li, et al., 2013).
One way species diversity can be quantified is based on functional diversity and functional redundancy (de Bello, et al., 2007; Diaz, et al., 2007), such that species diversity (SD) = functional diversity (FD) + functional redundancy (FR). Functional diversity is a key factor linking species diversity and ecosystem function (Jiang, et al., 2010), and plays an important role in the relationship between environmental change, community composition, and ecosystems (Wang, et al., 2017). When functional diversity shows an asymptotic pattern with the increase of species diversity; it indicates the existence of functional redundancy (Petchey, et al., 2007; Sasaki, et al., 2009; Pillar, et al., 2013). Functional redundancy represents species in ecosystems performing similar functions (Pillar, et al., 2013), where species loss would not substantially affect ecosystem function (Rosenfeld, 2002). The existence of functional redundancy can facilitate the recovery of a system following disturbance (Walker, 1992; Walker, 1995). Therefore, when assessing the stability of plant communities, redundancy theory may be a more reliable metric than diversity (Dang, et al., 1999).
Quantitative functional redundancy (de Bello, et al., 2007) research focuses on plant communities. For example, Ricotta et al. (2016, 2018, 2020) revealed functional redundancy of systems based on α-diversity and β-diversity. However, few reports focus on the stability of different recovery stages based on functional diversity and functional redundancy. Karst forests are fragile ecosystems (Yu, et al., 2002), and their distribution pattern is the product of multiple ecological processes (Song, et al., 2015). This study provides a deeper understanding of the relationship between plant community diversity and stability and a theoretical basis to guide vegetation restoration and protection in karst areas.  

2. Materials and methods  
2.1 General situation of the study area
The study area was a typical karst plateau in central Guizhou, which is located in Zhenning County, Anshun City, Guizhou Province (Figure 1). There are plant communities in different restoration stages (This is a recovery process after a perceived disturbance) in this area (Liu, et al., 2020). Zhenning County is located at 105°35 '-106°01' east longitude and 25°25 '-26°11' north latitude. Its topography is high in the north and low in the south, and the slope varies greatly (altitude of 447–2177 m). The region has a subtropical humid monsoon climate, with an annual average temperature of 16.2 ℃, the coldest month (January) with an average temperature of 6.5 ℃, and the hottest month (July) with an average temperature of 23.7 ℃. The annual frost-free period is 297–345 days, the annual sunshine duration is 1142 hours, and the annual average precipitation is 1277 mm.  
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Fig. 1 Geographic location and sampling sites of the study area

2.2 Plot set-up and community investigation
The sampling of plots was completed from May to June in 2019 and from October to November in 2020 using a “space substitution for time” approach. In the study area, sample plots with similar and representative site conditions, such as elevation, slope, and aspect, were selected. Selection of community plot area based on "species-area curve" (Feng, et al., 2011)The sample plots of 20 × 20 m, 20 × 20 m, 10 × 10 m, 10 × 10 m, and 5 × 5 m were set up in the tree stage (TR), tree irrigation stage (TS), shrub stage (SH), grass irrigation stage (HS), and herbaceous stage (HE), respectively, and three replicate plots were set up for each stage. 
A sub-plot was surveyed for trees, shrubs, and herbs, among which, the area of the tree sample plot was 10 × 10 m, the shrub sample plot was 4 ×4 m, and the herb sample plot was 1×1 m (4). The latitude and longitude of each sample were recorded. The identity of trees, plant height, diameter at breast height, crown width, and height under branches were recorded; the identity of shrubs, plant height, and ground diameter and the identity of herbs, number of plants, average height, and areal cover were recorded.
2.3 Selection and determination of functional traits
Eight qualitative and quantitative traits were chosen, including the life, growth form, plant height (PLH), leaf thickness (LT), chlorophyll content (CHL), leaf dry matter content (LDMC), leaf area (LA), and specific leaf area (SLA). These were assessed following the Manual of Standardized Measurement of Global Plant Functional Traits (Perezharguindeguy, et al., 2013). Ten to twenty healthy leaves (from different locations on the plants) were selected for each sample, and the leaf thickness was measured with an electronic Vernier caliper (Brand: Deli; Model: DL91150; Production country: China). The leaf length and leaf area were calculated using a scanner and Photoshop software (Brand: HP; Model: HPScanJetN92120; Production country: China), and the chlorophyll content of leaves was determined by a chlorophyll meter (Brand: Linde; Model: LD-YD; Production country: China).
2.4 Data calculation and statistical analysis
2.4 1 Functional redundancy calculation
The calculation of functional redundancy is based on the algorithm proposed by de Bello et al. (de Bello, et al., 2007):



In the formula, SD is the Simpson diversity index (Markpin, 1994), FD is Rao’s coefficient (Rosenfeld, 2002), and S is the number of species in the sample. N represents the total number of individuals of all species and Ni represents the number of individuals of the ith species; pi and pj are the relative densities of the i and j species in the sample; and dij is the Euclidean distance, 0 ≤ dij ≤ 1, indicating the difference of species i and j in a set of character spaces (Yao, et al., 2016)
2.4.2 Calculation of community stability
Community stability is expressed by the reciprocal ICV of the variation of species population density:

In the formula, μ is the average density of each species in the sample and σ is the standard deviation of the density of each species. The higher the STB value, the higher the community stability, because the variability of each species density was smaller than the average density variability among species (Lehman, et al., 2000). The improved Godron stability method was used to determine community stability (Lv, et al., 2007).
2.4.3 Statistical analysis  
Excel 2019, SPSS 22.0, Origin 9.1, and Matlab 7.0 software were used for statistical and computational analysis. One-way ANOVA was used to perform the exponential ANOVA with F-test for significance. A binary regression analysis was conducted with community stability as the dependent variable and functional diversity and functional redundancy as independent variables, and the degree of influence was determined by standardized partial regression coefficients. Intersection coordinates were calculated using Origin 9.1, area calculations were performed using Matlab 7.0, and data were visualized using R4.0.3 as well as Excel 2019.








3 Results 
3.1 Characteristics of diversity and stability in different restoration stages
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Fig. 2 Changes in diversity and stability at different recovery stages
Note: The vertical coordinate represents the index and the horizontal coordinate represents the different recovery stages. SD-species diversity; FD- functional diversity; FR- functional redundancy; STB- stability; ***: P < 0.001，The difference was highly significant; **: P < 0.005，The Significant difference; NS: The difference was not significant. TR-in the tree stage , TS-tree irrigation stage , SH-shrub stage , HS-grass irrigation stage , HE-herbaceous stage .

As can be seen from Figure 2, SD increased gradually with the progress of recovery and showed significant differences between stage. FD increased and then decreased with the restoration, and reached the highest level at the irrigation stage. FR and STB increased similar to SD and there were significant differences in each stage. SD and STB increased through the recovery period, with the highest increase observed for STB after the irrigation stage. FR also increased substantially after irrigation. FD reached the maximum in the irrigation stage and then decreased.  
3.2 Correlation of functional traits with diversity and stability
As shown in Figure 3, SD was negatively correlated with LA and SLA, SD and STB were significantly positively correlated with PLH, and STB was significantly negatively correlated with SLA. FD was negatively correlated with SLA and positively correlated with PLH. FR showed a highly significant negative correlation with SLA and a highly significant positive correlation with PLH. STB showed a positive correlation with FD, FR, and SD, and the degree of correlation indicated that FR > SD >FD.
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Fig. 3 Correlation diagram of functional traits with diversity and stability
Note: ***: p < 0.001, Highly significant correlation; **: p < 0.005，Significant correlation; *: p < 0.01，correlation. Red indicates positive correlation, blue indicates negative correlation. SD-species diversity; FD- functional diversity; FR- functional redundancy; STB- stability. PLH-plant height, LT-leaf thickness, CHL-chlorophyll content, LDMC-leaf dry matter content , LA-leaf area;SLA- specific leaf area.
3.3 Functional diversity, functional redundancy, and stability relationships in different recovery phases
The results of stepwise regression analysis (Table 3) showed that the value of the coefficient of determination R2 explained 73.2–96.9% of the variation in community stability. The corresponding data for the standardized bias regression coefficients for functional diversity and functional redundancy during community restoration in the herbaceous, herbaceous-irrigated, shrub, tree-irrigated, and tree stages were as follows: (1.003, 1.058), (0.869, 0.834), (0.934, 0.800), (0.982, 0.779), and (0.284, 0.415). The support of functional redundancy for stability was greater than that of functional diversity for stability at the beginning and end of recovery (HE, TR), and the opposite result was found during community recovery (HS, SH, TS).

Table 1 Stepwise regression analysis of the effects of functional diversity (X1) and functional redundancy (X2) on community stability (y) at different restoration stages
	Community
	Regression equations
	R2
	P

	HE
	y=0.048+1.003x1+1.058x2
	0.776
	0.011

	HS
	y=0.067+0.869x1+0.834x2
	0.938
	0

	SH
	y=0.013+0.934x1+0.800x2
	0.969
	0

	TS
	y=0.026+0.982x1+0.779x2
	0.732
	0.019

	TR
	y=0.890+0.284x1+0.415x2
	0.909
	0.001



3.4 Characteristics of functional diversity and functional redundancy with species diversity
By fitting the scatter plot in Excel and using Origin 9.1 as well as matlab 7.0, the hypothetical species diversity can reach a maximum value of 1. The results are shown in Figure 4.The intersection coordinates in Figure 4 are: a (0.35), b (0.77), c (0.66), and d (0.34).   
    (i) When SD ＜ 0.35, the increase in functional redundancy is faster than that of functional diversity.
(ii) When SD ∈ (0.35, 0.77), the increase in functional diversity is faster than that of functional redundancy.
(iii) When SD > 0.77, the increase in functional redundancy is faster than that of functional diversity.
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Fig. 4 Curves of functional diversity and functional redundancy with species diversity.
The blue line is the change in functional diversity with species diversity (FD; the orange line is the change in functional redundancy with species diversity (FR); the red line is when the species diversity index is 1.

Regression analysis showed that both the FD-SD and FR-SD relationships fit quadratic functions with expressions y = -1.04x2 + 1.67x - 0.28 and y = 1.04x2 - 0.67x + 0.28, respectively, explaining at least 85% of the variability. The first-order derivative of the above function shows that FD will not continue to increase when the species diversity is above 0.80, and functional redundancy starts to increase when the species diversity is 0.32. The maximum values of FD and FR appear when the species diversity is 0.8 and 1, respectively, and the maximum values obtained after substituting the quadratic function are 0.38 and 0.66, respectively Therefore, we define point b as the functional diversity saturation point, the reason for this is because as species diversity increases functional redundancy grows larger than functional diversity, and the result is irreversible. The area enclosed by the FD-SD and FR-SD curves was integrated to obtain S1 = 0.0244 and S2 = 0.0364; where S1 represents the increase in functional diversity before functional diversity saturation and S2 represents the increase in functional redundancy with functional diversity saturation.




4 Discussion
4.1 Effect of species diversity on stability at different restoration stages
Numerous studies have shown that species diversity has a positive effect on community stability (Tilman, 1999; Cottingham, et al., 2001; Valone, et al., 2003; Tilman, et al., 2006; Isbell, et al., 2009; Yang, et al., 2012). The species diversity of plant communities in this study (Fig. 2) increased with the process of restoration (This is a recovery process after a perceived disturbance), which is consistent with the findings of Yu Li-Fei, et al. (1998). The main reason for this is that as recovery proceeds, the ecological environment is more favorable for other species to colonize (Liu, et al., 2011; Wan, et al., 2018). As the community becomes richer in species and more complex in structure, its stability may increase (Yan, et al., 2011; Zhang, et al., 2016). The present study (see Fig. 3) showed a highly significant positive correlation between SD and STB, indicating that species diversity and stability of degraded karst plant communities are closely related in the recovery period.
4.2 Impact of functional diversity and functional redundancy on stability in different recovery phases 
Species diversity is the basis for generating functional diversity and functional redundancy, with functional diversity acting as a complementary effect and functional redundancy as an insurance effect (Tilman, 1999). Plant functional traits can help identify the adaptive responses and resource allocation strategies of plants (Guittar, et al., 2016); therefore, exploring functional traits, functional diversity, and functional redundancy can elucidate system stability, community structuring mechanisms, and community productivity (He, et al., 2018). It has been shown that plants generally exhibit low specific leaf area and high leaf dry matter content to adapt to habitats, such as shallow karst soils with high soil water seepage (Xi, et al., 2011; Liu, et al., 2015; Jiang, et al., 2016; Liu, et al., 2020). Lower specific leaf area indicates higher plant access and utilization of resources, such as light, water and is closely related to plant survival strategies (Garnier, et al., 2001; Wang, et al., 2016; Cheng, et al., 2019; Pang, et al.,2019) The results of this study showed (Figure 2, Figure 3) that PLH and SLA were significantly correlated to FD, FR, and STB, and both showed a positive correlation to PLH and a negative correlation to SLA. This indicates that as the recovery proceeds, the plant community’s access to resources and photosynthetic capture capacity increases, promoting the increase of FD, FR, and STB.
Only herbaceous plants entered at the early stage of restoration (HE), where species diversity was relatively low, plants were characterized by high growth rates and organic matter accumulation, and there was little overlap of functions between species, thus creating low functional redundancy to maintain stability at this stage. This is consistent with the conclusion in a previous study that the stability of plant communities is determined by functional redundancy (Pillar, et al., 2013). Species diversity gradually increased in the middle stage of recovery (HS, SH, TS). The complementary effect of functional diversity at this stage increased and became the main factor in maintaining stability. In other words, the complementary effect among species was greater than the insurance effect, which is consistent with the findings of Yao et al. (2016) and Wang et al. (2017). At the end of recovery (TR), species diversity continued to increase, but functional diversity decreased (Figure 2). At this stage, the growth rate is lower compared to previous stages. Plants in this stage compete for soil water and nutrients and are more stable overall. In the final stage ,although species diversity increases, the functions supported (or functional overlap) between species decreases, increasing the response of redundant functions (Dalerum, et al., 2012).
4.3 Relationship between functional diversity and functional redundancy with species diversity  
As can be seen from Figure 4, from the coordinates of the intersection points a and b, we can find the interval of the growth rate of functional diversity and functional redundancy. The derivation of FD-SD and FR-SD functions shows that FR will start to rise when SD > 0.32 and FD will start to fall when SD > 0.80. From Figure 2, we can see that SD ∈ (0.336,0.892), so when the plant community enters the restoration stage, it has already produced The intersection of FD-SD and FR-SD, b, indicates the saturation point of functional diversity, which corresponds to the restoration stage, between shrubs and trees and shrubs is the stage where the functional diversity reaches the saturation point, and the functional diversity decreases after the trees and shrubs stage, which corroborates with the results of Figure 2 in this study. According to Table 1, the regression equations for the shrub and tree irrigation stages were calculated to be 0.678 and 0.701, which are closer to those of the tree irrigation stage (0.693). Therefore, it can be approximated that the tree and irrigation stage is the critical stage for the saturation point of functional diversity.
To further explore the patterns after saturation of functional diversity, we obtain the FD and FR values taken at the final stage of recovery, which are the vertical coordinates of points c and d. The value of FR/FD is 1.70, and the obtained FR/FD value is the ratio at the final stage of recovery when functional diversity reaches saturation (FD = FR and FR/FD = 1). When FR/FD∈(1, 1.7), the growth of functional redundancy will be greater than functional diversity; the opposite occurs when FR/FD∈(0, 1). Based on the stability regression of the tree stage, the stability was calculated to be 1.26 when the species diversity reached 1, indicating the stability gradually increased with the increase of species diversity. S1 and S2 were obtained by integrating the two functions with species diversity. S1 represents the difference between the growth of functional diversity and functional redundancy before species diversity saturation, representing the net growth of functional diversity, and S2 represents the net growth of functional redundancy. Where S2 > S1, It is conjectured that after the saturation of species diversity, plant communities will rely on the growth of functional redundancy for maintaining stability, and the rate of maintaining stability is higher than the stage before the saturation of functional diversity.
5 Conclusion
    This study further made an analysis of the causes of stability and the relationship between species diversity and functional diversity and functional redundancy. During the restoration process, community stability increased with species diversity, and functional diversity and functional redundancy together maintained stability. The tree and irrigation stage is most likely the stage of saturation of functional diversity of plant communities in karst areas.
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