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Abstract:



The objective of this research was to study the relation between species richness and topography in the middle sub-tropical area of Eastern China. A species richness survey was conducted along altitude in Kaihua County, Zhejiang Province, Eastern China. Topographic variables, such as altitude, slope, aspect, terrain roughness, relief degree and the topographical wetness index, were extracted from the digital elevation model. The Generalized Additive Model (GAM), the linear model and the quadratic model were used to fit response curves of species richness to topographic variables. The results indicated that altitude and the topographical wetness index have a significant relation to species richness. Species richness has a unimodal response to altitude and a linear response to the topographical wetness index. However, no significant correlations were observed between slope, aspect and species richness. The predicted species richness by GAM is significantly correlated with the observed species richness, whereas the prediction error tends to increase with the increment of species richness. This study furthered insights into the relationship between topography and plants’ diversity in the middle sub-tropical area of Eastern China.
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1. Introduction


Species richness is one of the important biodiversity measures [1]. The relation between species richness and the influencing factors has always been one of the focuses in biodiversity and ecology research [1,2]. Topography was regarded as the important factor for governing the biodiversity pattern at landscape and regional scales [3,4,5]. Topographic variables, such as altitude, slope and aspect, were often used as predictors to analyze the biodiversity-topography association [6,7,8,9,10]. In recent years, instead of incorporating topographic metrics as predictors to analyze the relationship between species richness and topography, geodiversity was used as a comprehensive indicator to represent environmental heterogeneity [11,12,13]. Although geodiversity was considered as an important correlate of biodiversity at regional and landscape scales [11,12,14] and contributed more than topographic variables accounting for species richness [13], the limitation of data availability influenced the widespread application of geodiversity in biodiversity and ecology research. Topographic variables still possess great value in biodiversity pattern analysis [11].



Numerous research works were conducted to study the relation between species richness and topography at the regional scale. However, there still exist conflicting views on the relations between species richness and topographic variables. For example, at least three patterns of species richness along altitude were reported: negative [6,15], positive [16,17] and hump-shaped [7,8,9,10,18]. Recently, some research works provided quantitative proof to underpin positive Environmental Heterogeneity (EH) -species richness relationships across EH subject areas, habitat types, taxonomic groups and spatial scales [19,20]. Some research works presented explanations of the negative and humped EH-species richness relationships. They considered that fragmentation might be the driver of negative and humped EH-species richness relationships [21,22]. Given the complexity and context dependence of the EH-species richness relationship, more attention should be paid to assess the influences of the spatial grain and spatial extent on the EH-species richness relationship in further studies [19], and more comparative studies should be performed across more habitats, particularly in tropical and arid regions, to analyze the influences of EH on species richness [19,23]. Furthermore, non-linear statistical approaches are required to better understand EH-species richness relationships [19].



The evergreen broad-leaf forest of the sub-tropical area is a regional vegetation of China. It is one of the most important biodiversity centers of the globe. However, due to the long-term human disturbance, the area of evergreen broad-leaf forest in China dropped greatly in the past decades [24]. Species diversity conservation of evergreen broad-leaf forest has become among the crucial actions of biodiversity conservation and maintenance in the sub-tropical area of China. Kaihua County lies in the west of Zhejiang Province, Eastern China. There still exist a large area and well-protected evergreen broad-leaf forest in this county, especially evergreen broad-leaf forest dominated by Castanopsis eyrei. In recent years, Kaihua County was selected as the experimental area of ecological function conservation by Zhejiang Province and the Ministry of Environmental Protection, China. Furthermore, Kaihua County was approved as an experimental county of national park construction by the National Development and Reform Commission, China. Therefore, the conservation of ecology and biodiversity has become the most important issue for Kaihua County. In this research, based on the generalized additive model, and the digital elevation model, we studied the relation between the species richness and the topographic variables of evergreen broad-leaf forest in Kaihua County and predicted the spatial distribution of species richness. This will help us to explore the characteristics of the evergreen broad-leaf forest in the middle sub-tropical area of Eastern China. This research will also help us to make a scientific assessment of the evergreen broad-leaf forest and provide a theoretical basis for the effective and sustainable management of vegetation and biodiversity in the middle sub-tropical area of Eastern China.




2. Study Area


Kaihua County (28°54′–29°30′ N; 118°01′–118°37′ E) is located in the west of Zhejiang Province, Eastern China (Figure 1). It is the source area of the Qiantang River. It was recognized as one of nine important ecological function regions in the Qiantang River basin by Zhejiang Province, China.


Figure 1. Location of the study area and the distribution of the surveyed plots.
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There exists the primary evergreen broad-leaf forest of the middle sub-tropical area in Kaihua County. The forest has the characteristics of complex structure, old origin, species richness and unique flora. It is the important ecological function region of the hilly area in the west of Zhejiang Province and the ecological barrier for Eastern China. It also provides important ecological services, such as biodiversity maintenance, ecological protection, soil and water conservation.




3. Method


3.1. Plant Species Investigation


In this research, we selected four survey regions in Kaihua County to implement the investigation of plant species richness: Qianjianyuan National Forest Park, Gutian Mountain, Nanhua Mountain and Zhongcun Mountain. Figure 1 shows the location of Kaihua County in China and the location of the four survey regions in Kaihua County.



The plant species investigation was performed from July to October 2015. In each survey region, investigation sites were set along the altitude gradient. At each site, three to four plots (10 × 10 m) were set to make the species richness investigation. The species name and the number of plants were recorded in each plot. A total of 125 plots were investigated, and 423 species, 238 genera and 111 families were recorded. Among these 125 plots, 90 plots were randomly selected to fit the Generalized Additive Model (GAM) to portray relations between species richness and topographic variables, the remaining 35 plots were used to validate the fitted GAM.




3.2. Topographic Data


The ASTER GDEM at 30 m spatial resolution [25] (Advanced Spaceborne Thermal Emission and Reflection Radiometer, Global Digital Elevation Model, released by Japanese Ministry of Economy, Trade, and Industry and the American National Aeronautics and Space Administration) of the study area was used to calculate altitude, slope, aspect, relief degree and terrain roughness by ArcGIS software. We transformed the aspect into continuous variables (ranging from 0° to 180°) according to the approach of Wang (1997) [26]: the north slope was set as 0°, and the south slope was set as 180°, both the east and west slope were set as 90°; with the change of the aspect from north to south, the degree of aspect increased from 0° to 180°, and when the aspect changed from south to north, the degree decreased from 180° to 0°.



The Topographical Wetness Index (TWI) could provide information of the soil properties and quantify the drainage of water and air masses [27]. Therefore, TWI was selected as the predictor to explain the spatial pattern of species richness. TWI was calculated according to the following algorithm [28].
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where [image: there is no content] is the topographic wetness index, [image: there is no content] is the area of flow accumulation and [image: there is no content] is the slope (°).




3.3. Data Analysis


3.3.1. Correlation Analysis between Topographic Variables


In order to reduce the impacts of high correlations between pairs of topographic variables on the fitting of GAM, we set 0.7 as the maximum correlation coefficient allowed between topographic variables [29]. From Table 1, we can see that correlation coefficients between slope and relief degree, slope and terrain roughness, relief degree and terrain roughness are higher than 0.7. Therefore, the relief degree and terrain roughness were omitted in the analysis. Altitude, slope, aspect and TWI were used to perform the analysis on the relations between species richness and topographic variables.



Table 1. Correlation coefficients between pairs of topographic variables.







	

	
Altitude

	
Aspect

	
Relief Degree

	
Terrain Roughness

	
Slope

	
TWI






	
Altitude

	
1

	
−0.04

	
−0.25 *

	
−0.26 *

	
−0.20 *

	
0.17




	
Aspect

	
−0.04

	
1

	
0.28 **

	
0.24 *

	
0.35 **

	
−0.27 **




	
Relief Degree

	
−0.25 *

	
0.28 **

	
1

	
0.94 **

	
0.95 **

	
−0.35 **




	
Terrain Roughness

	
−0.26 *

	
0.24 *

	
0.94 **

	
1

	
0.94 **

	
−0.30 **




	
Slope

	
−0.23 *

	
0.35 **

	
0.95 **

	
0.94 **

	
1

	
−0.35 **




	
TWI

	
0.17

	
−0.27 **

	
−0.35 **

	
−0.30 **

	
−0.35 **

	
1








* Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level (2-tailed). TWI is the Topographical Wetness Index.









3.3.2. Analysis between Species Richness and Topographic Variables Based on Generalized Additive Model


GAM is a generalization of the classical least square regression. The link function is used to build the relation between the expected value of the response variable and the predictive variable. The mathematical formula is described as follows:
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where [image: there is no content] is the link function, [image: there is no content] is the intercept and [image: there is no content] is the non-parametric function, which is used to describe the relation between [image: there is no content] and the ith predictive variable. In this research, the smoothing spline method was selected to smooth the predictive variables. The link function is log, and the family of responsible variable is a Poisson distribution. Deviance explained (D2) and adjusted R2 were used to test the fitness of GAM:
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where ND is the null deviance, RD is the residual deviance that cannot be explained by the model and ND − RD is the explained deviance. A D2 value of 1 indicates that there is no residual deviance and that the deviance could be explained completely by the model.



In GAM, the degree of freedom of the smooth function has important influence on the parameter estimation and model stability. Therefore, the key step in model fitting is the determination of the degree of freedom of the smooth function. In this research, the deviance of generalized cross-validation was used to determine the degree of freedom and then to select the best GAM for species richness estimation. This approach is the simplification of the least mean square error.



Multi-factor GAM was fitted to describe the relationship between species richness and topographic variables. We also fitted the relation between species richness and each topographic variable by using the linear model and the quadratic model. This aims to verify the result of the fitted GAM.




3.3.3. Prediction of Species Richness Based on Generalized Additive Model


Based on the fitted multi-factor GAM, we predicted the spatial distribution of species richness in the study area. The Pearson correlation coefficient and RMSE (Root Mean Square Error) between the observed and predicted species richness were calculated to estimate the predictive ability of fitted GAM.



We also performed an analysis of the relation between the prediction error and observed species richness based on linear regression. This aimed to evaluate the performance of GAM on different areas with varied biodiversity.






4. Results


4.1. GAM Analysis on Species Richness-Topography


Table 2 and Table 3 present the parameters of fitted GAM. These parameters were divided into two groups: one was the hypothesis test on the intercept (Table 2), and the other one was the hypothesis test on the smooth function (Table 3).



Table 2. Parameters of Intercept of the fitted Generalized Additive Model (GAM) between species richness and topographic variables.







	

	
Estimate

	
Standard Error

	
t-value

	
Pr (>|z|)






	
Intercept

	
3.40

	
0.02

	
179.2

	
<2 × 10−16










Table 3. Approximate significance of smooth terms.







	
Smooth Terms

	
Edf

	
Ref.df

	
F

	
p-Value






	
s(altitude)

	
1.96

	
2.00

	
9.16

	
0.00033




	
s(aspect)

	
3.61

	
4.46

	
1.61

	
0.16




	
s(slope)

	
1.00

	
1.00

	
1.64

	
0.20




	
s(TWI)

	
1.00

	
1.00

	
6.67

	
0.01








Edf, Ref.df and TWI are respectively the Estimated degree of freedom, the Reference degree of freedom and the Topographical Wetness Index; “s” in “s(altitude)” is the symbol of spline smoothing curve.








Altitude and TWI were found to have a significant relation with species richness (Table 3) (p < 0.05), whereas there was no significant correlation between aspect, slope and species richness (p > 0.05) (Table 3). Variations of the estimated degree of freedom showed that the relation between species richness and altitude and the TWI are quite different (Table 3, Figure 2). The degree of freedom of the altitude was higher than one (Table 3, Figure 2). This indicated that there existed a non-linear relationship between species richness and altitude. The degree of freedom for TWI was one (Table 3). This means that species richness was linearly correlated with TWI (Figure 2).


Figure 2. Estimated response curves by GAM, which portrays relations between species richness and topographic variables. Vertical axes are log scaled, based on partial residual and indicate the relative influence of the topographic variable on the estimation of species richness; s is the symbol of the spline smoothing curve; numbers in brackets are the estimated degree of freedom; the dashed line indicates two times the point-wise standard errors for each curve; TWI is the Topographical Wetness Index.
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The parametric coefficients of the intercept indicated that the intercept had significant influence on fitted GAM (p < 0.001) (Table 2). The Generalized Cross-Validation (GCV) indicated that the performance of the fitted GAM reached its optimum at 0.04 (Table 4). Adjusted R2 and D2 showed that part of the deviances were not explained by the fitted GAM (Table 4).



Table 4. Performance parameters of the fitted GAM between species richness and topographic variables.







	

	
N

	
Adjusted R2

	
D2

	
GCV






	
Model Performance

	
90

	
0.24

	
0.31

	
0.04








N is the number of samples used to fit the Generalized Additive Model; D2 is the deviance explained; GCV is the deviance of generalized cross-validation. Adjusted R2 is the proportion of the variation in the dependent variable accounted by the explanatory variables.









4.2. Regression Analysis Based on Linear and Quadratic Models


Figure 3 presents the relation between species richness and each topographic variable estimated by the linear model. Species richness is significantly positively related to TWI (p = 0.012). However, there are no significant relations detected between species richness and altitude, nor aspect and slope (p > 0.1).


Figure 3. Estimated response lines of species richness (sr) to altitude (alt), aspect (asp), slope (slp) and the Topographical Wetness Index (TWI) based on the linear model.
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Figure 4 is the curves estimated by the quadratic model. We can see that species richness had a significant unimodal response to altitude (p = 0.01) and a significant positive relation with TWI (p = 0.036). However, the correlation between species richness and slope, as well as aspect is not significant (p > 0.1).


Figure 4. Estimated response curves of species richness (sr) to altitude (alt), aspect (asp), slope (slp) and the Topographical Wetness Index (TWI) based on the quadratic model.
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4.3. Spatial Prediction of Species Richness Based on Generalized Additive Model


Based on the fitted multiple-factor GAM, we made a spatial prediction of the species richness in Kaihua County (Figure 5). The Pearson correlation coefficient between the observed and predicted species richness was 0.72 (RMSE = 7.1, p = 0.000, Figure 6). This indicated that the predicted species richness was significantly correlated with the observed species richness.


Figure 5. Spatial distribution map of predicted species richness in the study area (the pixel size is 240 m × 240 m).
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Figure 6. Relation between the observed species richness and the predicted species richness.
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From Figure 7, we can see that the prediction error is positively linearly related to the observed species richness. This indicates that the prediction error increased with the increment of the observed species richness.


Figure 7. Relation between the observed species richness and the prediction error.
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5. Discussion


5.1. Relation between Species Richness and Altitude


The altitude of the surveyed area ranges from 260 m to 1200 m. This provides multiple habitats for plant species. In the lower area (altitude ranging from 260 m to 500 m), Cyclobalanopsis glauca forest, Michelia skinneriana-Castanopsis tibetana forest and Daphniphyllum oldhamii-Castanopsis eyrei forest are predominant community types. These habitats are characterized by a thin soil layer and medium humidity. Exposed rocks can be often found in these habitats. Species recorded ranges from 24 to 30 in one surveyed plot. In the higher area (altitude ranging from 450 m to 650 m), Quercus phillyraeoides-Cyclobalanopsis glauca forest often occurs on the hillside. This habitat is characterized by a thin soil layer and low humidity. Exposed rocks and gravel can be observed everywhere. Around 30 plant species were recorded in one surveyed plot. Castanopsis fargesii forest is located in a ravine with altitude ranging from 500–600 m. This habitat is characterized by a deep soil layer and high humidity. Exposed rocks and gravel can seldom be found in this habitat. The habitat quality is better than that of the Quercus phillyraeoides-Cyclobalanopsis glauca forest, and the number of species is higher than that of the Quercus phillyraeoides-Cyclobalanopsis glauca forest. In regions with an altitude ranging from 500 m to 850 m, Castanopsis eyrie forest is the most important community, which can often be observed on the hillside. This habitat is characterized by a deep soil layer and a steep slope. Species richness is high, and more than 30 species were recorded in one surveyed plot. In areas with an altitude higher than 900 m, Pinus taiwanensis forest is the main community type that occurs on the top area of the mountain. There are around 26 species recorded in one plot. The habitat of Pinus taiwanensis forest is characterized by a deep soil layer and low humidity.



Based on these discussions, we can see that dominant species and species composition change with the increment of altitude. Additionally, species richness reaches the maximum at an altitude around 800 m and then falls gradually with the increase of altitude. Therefore, we concluded that species richness had a unimodal response to altitude in this study area. This conclusion is consistent with the result of the GAM (Figure 2). The unimodal response of species richness to altitude in this study was well portrayed by the fitted GAM.




5.2. Topographical Wetness Index


Moeslund et al. (2013) [23] performed a review of research works on the topography-biodiversity relationship, and they suggested that more functional topographic variables should be used to study the association of topography and species richness, instead of simple topographic measures. The topographical wetness index, derived from the digital elevation model, is a functional topographic variable that could be used to simulate the status of soil moisture [30]. Soil moisture is an important factor that has great influence on species richness [31]. Soil moisture not only has direct impacts on the survival of plants, but also has an influence on soil pH, nitrogen mineralization, uptake and utilization [32]. This could affect the adoption of available nutrients and then impact the growth and distribution of plants [33]. Our research found that the topographical wetness index has a significant relation with species richness (p < 0.05). This proved the practicality of the topographical wetness index in studying the response of species richness to the environment.




5.3. Performance of Generalized Additive Model


In this research, through the approach of GAM, altitude and TWI were found to have a significant relation with species richness, and predicted species richness was significantly correlated with observed species richness. These indicated that GAM is an effective tool for estimating the response of species richness to topographic variables. However, we need to realize that part of the deviance was not explained by the fitted GAM (Table 4), and there exists an obvious gap between predicted species richness and observed species richness (Figure 6). The unexplained deviance and prediction error might be due to the following reasons: (1) The limited data amount used for model-fitting: Only 90 plots were used to calibrate the GAM. We believe that the increment of the data amount could reduce the data noise and improve the model performance. (2) The topographic variables employed cannot represent all of the abiotic factors related to the species richness pattern. More factors, such as solar energy, soil and wind, should be included to study the relation between species richness and environment. (3) Biotic factors, such as biological evolution, community succession and biological interactions, were not included in the analysis. These factors might have great impacts on the pattern of species richness [34,35].



In this research, the prediction error was found to have a positive relation with observed species richness (Figure 7). One reason might be sampling bias. For accessibility, more plots might be set in a relatively flat area with low species richness. Therefore, GAM performed better on the low richness area than on the high richness area. Another reason is that stronger interspecific and intraspecific competitions might exist in communities with high species richness [36]. Biotic factors play an important role in shaping the species richness pattern in high richness areas. Therefore, the interpretability of topographic variables decreased, and the prediction error increased with the increment of species richness.





6. Conclusions


Altitude and the topographical wetness index were found to have a significant relation with species richness, whereas the relations between species richness and slope and aspect were not significant. Species richness had a unimodal response to altitude and a positive linear response to the topographical wetness index. The predicted species richness was significantly correlated with the observed species richness. However, the prediction error tended to increase with the increment of species richness.
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