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Abstract

:

Ice storms greatly affect the structure, dynamics, and functioning of forest ecosystems. Studies on the impact of such disasters, as well as the post-disaster recovery of forests, are important contents in forest biology, ecology, and geography. Remote-sensing technology provides data and methods that can support the study of disasters at the large-to-medium scale and over long time periods. This study took Chebaling National Nature Reserve in Guangdong Province, China, as the study area. First, field-survey data and remote-sensing data were comprehensively analyzed to demonstrate the feasibility of replacing the forest stock volume with the mean annual value of the Enhanced Vegetation Index (EVI), to study forest growth and change. We then used the EVI from 2007 to 2017, together with a variety of other remote-sensing and forest sub-compartment data, to analyze the impact of the 2008 ice storm and the subsequent post-disaster recovery of the forest. Finally, we drew the following conclusions: (1) Topography had a considerable effect on disaster impact and forest recovery in Chebaling. The forest at high altitudes (700–1000 m) and on steep slopes (25–40°) was seriously affected by this disaster but had a stronger post-disaster recovery ability. Meanwhile, the hardest-hit area for coniferous forest was higher and steeper than that for broad-leaved forest. (2) In the same terrain conditions, coniferous forests were less affected by the disaster than broad-leaved forests and showed less variation during the post-disaster recovery process. Nevertheless, broad-leaved forests had faster recovery rates and higher recovery degrees; (3) Under the influence of human activities, the recovery and fluctuation degree for planted forest in the post-disaster recovery process was significantly higher than that for natural forest. The study suggests that forest has high disaster resistance and self-recovery ability after the ice storm, and this ability has a strong correlation with the type of forest and the topographic factors such as elevation and slope. At the same time, human intervention can speed up the recovery of forests after disasters.
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1. Introduction


Natural disasters, such as snowstorms, ice storms, earthquakes, landslides, tornadoes, volcanoes, hurricanes, and other types of disasters, affect natural ecosystems in complex and profound ways [1,2,3,4]. Forest ecosystems are particularly disturbed by such disasters, with the effects including the decline in tree density, loss of forest cover, and the change of biodiversity [5,6]. However, forests demonstrate a remarkable capacity to naturally recover from such disturbances over time [7,8,9]. The evaluation of the impact of disasters on forest ecosystems and of post-disaster recovery have been important areas of research in forestry and ecology [10,11,12].



Most areas of Southern China were severely affected by ice storm between 11 January and 5 February 2008. In total, 19 provinces, autonomous regions, or municipalities with a population of over 100 million were affected [13]. The snow, ice, and sleet not only caused extensive social disruption and economic losses but also severe environmental damage, destroying 1.98 × 107 ha, or nearly 13%, of China’s forests [14]. Guangdong, Jiangxi, Hunan, Hubei, and Guizhou were particularly badly affected. The freezing weather and sleet, which lasted more than 20 days, caused the greatest disaster in one hundred years in Southern China. In most of the affected areas, parts of the tree trunks and branches were broken, and this created gaps in the canopy. A few trees were completely destroyed in some hardest-hit areas. After the disaster, many studies on ice-storm assessment were published. Some of these studies used MODIS remote-sensing data, DEM data, and forest-resource-distribution maps to analyze the impact of the disaster on different types of forests on a large scale [14,15,16]. Comparative analysis of the degree of damage done to different kinds of forests by using forest-resource-investigation data has also been a common research topic [17,18]. At present, most relevant studies have focused on the destruction of forests caused by this ice storm; few have looked at forest recovery.



Studies on disaster disturbance and recovery heterogeneity, spatial distribution, and causes can be differentiated into two main types [19]: site-specific studies and regional remote-sensing approaches. Site-specific studies use field assessments of either a limited number of sites or plots within an affected area or of a random selection of trees covering the entire study area [20]. Sample-plot configurations have included transects [21], as well as square [6,8] or circular plots [22,23]. These contain a variety of forest species and complex terrain [17,24]. For example, Ge et al. [17] took advantage of the pre- and post-ice storm surveys of a permanent plot in the Shennongjia region to make an assessment of the recovery from the 2008 ice storm based on forest dynamics. Wang et al. [24] established four plots in the Shierdushui Nature Reserve, to examine the degree of damage to dominant species and the measured diameters at breast height (DBHs), as well as to examine the sprout response (indicated by the number of sprouts per stem) of the evergreen broad-leaved forest to the severe winter storm.



Remote-sensing satellite images are used to examine impact and recovery on a regional scale. Compared with site-specific field surveys, remote sensing is a more economical tool for monitoring large-scale forest recovery after disasters [25]. Jiao et al. [10] used multitemporal Landsat images focused on a mountainous region that had the most severe forest destruction caused by the Wenchuan earthquake and selected the NDVI-SMA method (which couples the NDVI with spectral mixture analysis), to extract forest cover information. They then quantitatively estimated spatiotemporal variations in forest recovery for the entire mountainous disaster area after the earthquake. Hislop et al. [26] examined the utility of eight spectral indices for characterizing fire disturbance to sclerophyll forests and subsequent recovery in the eastern half of Victoria, Australia, in order to determine their relative merits in the context of Landsat time-series. Wilson and Norman [27] analyzed spatial and temporal trends in vegetation greenness and soil moisture by applying the normalized difference vegetation index (NDVI) and normalized difference infrared index (NDII) to one Landsat path/row for the dry summer season from 1984 to 2016 in the Cienega San Bernardino wetland.



Both site-specific studies and remote-sensing regional approaches have their advantages and disadvantages. Site-specific studies can obtain accurate and detailed data, which is conducive to targeted research. However, it is difficult to obtain large-scale and spatiotemporally continuous data using this method. Remote-sensing regional approaches can solve this problem; however, due to the lack of long time-series of field survey data, the accuracy of most studies needs to be verified. In addition, the inversion accuracy of remote-sensing parameters still needs to be improved. Therefore, this study intends to verify the reliability of remote-sensing forest-assessment parameters, using field-survey data, and to use field-survey data to supplement remote-sensing data for disaster research.



In this study, we sought to evaluate the impact of the ice storm, as well as the naturally occurring post-disaster forest recovery. We focused on the Chebaling National Nature Reserve, an important area of protected subtropical forest in China which supports numerous rare wild animals and plants. Our main objective was to investigate spatial and temporal variations in forest damage and recovery after the ice storm. First of all, spatial correction between the forest stock volume given by the sub-compartment data and the remotely sensed EVI (Enhanced vegetation index) was carried out to verify the feasibility of replacing the forest stock volume with remotely sensed EVI data. Then, in terms of disaster impact and post-disaster recovery, we analyzed the impact of elevation, slope, and forest types on EVI change from 2007 to 2017. Finally, in this paper, we summarized the characteristics of the impact of the disaster on the forest in Chebaling, as well as the characteristics of the post-disaster recovery, and preliminarily discussed the causes of the phenomenon. This study has important implications for the evaluation of disaster impacts and for medium-scale studies of long-term natural recovery processes following natural disasters.




2. Materials and Methods


2.1. Study Area


Our study area was located in the Chebaling National Nature Reserve (24°40′–24°46′N, 114°07′–114°16′E), Guangdong Province, China (Figure 1). Chebaling is considered important for protecting typical subtropical evergreen broadleaf forests and rare flora and fauna [28,29]. It was established in 1981 and upgraded to a national nature reserve in 1989. Chebaling encompasses an area of 7545 ha, and there are 1928 plant species and 1558 animal species present within the reserve [28]. The climate of Chebaling is classed as moist, moderate subtropical monsoon; the topography in the region is complex, with an elevation range of 318–1219 m above sea level. The landform is characterized by mountainous areas that are typical of the South China fold system. The average annual temperature is 19.6 °C, and annual precipitation is 1467 mm. Chebaling is located in the transition zone from the southern subtropical area to the middle subtropical area and is dominated by primary evergreen broad-leaved forest. Planted forest, cultivated land, and villages are limited to the flat central area. The ice storm in 2008 had a serious impact on the forest in Chebaling. In the past ten years, the forest has gradually been restored, and the natural forest has been largely unaffected by human disturbance during the restoration period. The modest area and complex topography of Chebaling enable us to analyze the characteristics of natural forest recovery and how these vary according to the vertical zone.




2.2. Data


2.2.1. Remote-Sensing Data


The most important remote-sensing parameter used in this study was the Enhanced Vegetation Index (EVI). Vegetation indices are often used to assess vegetation status and forest recovery. In the various vegetation indices, the EVI and Normalized Difference Vegetation Index (NDVI) are the most commonly used in forest ecology studies. The study area was located in the subtropical zone, so, in order to avoid saturation of the vegetation index in this area of lush vegetation [30], we chose the EVI as the main vegetation index to be used. The EVI is a common vegetation index that was developed to improve sensitivity in high biomass regions and to improve vegetation monitoring through a de-coupling of the canopy background signal and atmospheric influences [31,32]. In this study, we took one calendar year as the basic time unit, and annual composites of the EVI data were made. We intended to focus on the average and best state of the forest for each year, and so we calculated the annual mean EVI and annual maximum EVI for the forest in Chebaling. Annual EVI data were derived from Landsat TM, ETM+, and OLI composites (path 122, row 43; UTM zone 49 N). We obtained data by using the Climate Engine (https://clim-engine.appspot.com/). These remote-sensing data have been processed in the Climate Engine, including radiometrically and atmospherically corrected. Then, the annual EVI data were made by using all the available cloud-free Landsat data for the selected calendar years. The years from 2007 to 2011 relied on Landsat 5 TM data, whereas 2012 relied on Landsat 7 ETM+ data; more recent observations used Landsat 8 OLI data. A few pixels (<2% each year) were of poor quality and were excluded from the analysis.



In addition, digital elevation model (DEM) data, GF-1 satellite data, and 9 cloud-free Landsat scenes acquired at specific times were also used in this study. DEM data were used to extract elevation and slope factors, while GF-1 and cloud-free Landsat images were used for classification. The DEM data were derived from ASTER GDEM data provided by NASA and had a spatial resolution of 30 m. The GF-1 multispectral satellite images had a resolution of 2 m and were acquired on 15 February 2017. The cloud-free Landsat data were acquired from the United States Geological Survey (https://espa.cr.usgs.gov) and the Landsat satellite program [33,34]. The data acquisition times were concentrated in the dry season, i.e., from October to December of each year, from 2008 to 2017, with the exception of 2010 (26 March), 2011 (20 August), and 2012 (no data). Further information about the cloud-free Landsat data is shown in Table 1.




2.2.2. Forestry Sub-Compartment Data


The sub-compartment is the basic unit of forest resource statistics and management. The forestry and biological characteristics of forests in the same sub-compartment are basically the same. After the 2008 ice storm, the management department of Chebaling conducted annual field surveys of the forest in the reserve, using forestry sub-compartments as the basic unit. We acquired these data (covering 2009 to 2016) and used them to verify and supplement the satellite data. Chebaling is divided into 451 sub-compartments, among which 423 sub-compartments are covered by different tree species. The forest stock volume and main forest types in each sub-compartment were the main parameters used in this study: these are the most important factors for the investigation of forest stands [35] and the main indicators used to evaluate forests. Figure 2a shows the spatial distribution of forest stock volume for 2016. Forest stock volume is one of the best predictors of biomass at the stand level [36]. Moreover, as an important tool in the understanding of forest dynamics, it can be used to predict whether a forest will act as a CO2 emission source or sink [37]. Therefore, the state of regional forests can be reliably described by using the forest stock volume, and the forest stock volume can also be used as the ground verification data for remote-sensing parameters. In the sub-compartment data, the forest in Chebaling was divided into 10 main types (Figure 2b): tea (T), moso bamboo (MB), woody fruit crops (WFC), Pinus massoniana (PM), Chinese fir (CF), coniferous and broad-leaved mixed forest (CABM), coniferous mixed forest (CM), broad-leaved mixed forest (BM), other softwood broadleaved forests (OSB), and other hardwood broadleaved forests (OHB). In addition, there was a NF (non-forest) class. The forest sub-compartment data thus included a large number of forest types and were highly accurate; the data were used to supplement the remote-sensing data in the research.





2.3. Method


In this section, data analysis and data-processing methods were used to verify the feasibility of replacing the actual state of forest with the remote-sensing vegetation index and to extract 3 important factors (forest types, elevation zones, and slope zones) from multisource data for subsequent study.



2.3.1. Correlation Analysis


By studying the correlation between various remote-sensing vegetation indices and measured forestry data, scholars have evaluated the feasibility of using remote-sensing data to study forest changes, as well as the applicability of various remote-sensing indices [38,39,40]. Macedo et al. [41] used forest inventory data (24 plots) and forest indices (NDVI, EVI, SR, and SAVI) derived from high-spatial-resolution satellite images, to estimate and map the aboveground biomass of Mediterranean Quercus rotundifolia in Southern Portugal. Correlation analysis, variance analysis, and linear regression were used in their study; the simple ratio (SR) median value was considered to be the best predictor (R2 = 75.3) of the aboveground biomass. Bolton et al. [42] used samples of ALS data and Landsat time-series metrics to produce estimates of the top height, basal area, and net stem volume for two timber-supply areas near Kamloops, British Columbia, Canada, using an imputation approach. Their results showed that Landsat-imputed attributes correlated strongly with ALS-based estimates in these blocks (R2 = 0.62 and relative RMSE = 13.1% for top height, R2 = 0.75 and relative RMSE = 17.8% for basal area, and R2 = 0.67 and relative RMSE = 26.5% for net stem volume) and that remote sensing data could be used to produce wall-to-wall estimates of key inventory attributes. On the basis of the results of previous studies, we analyzed the correlation between EVI (annual mean EVI and annual maximum EVI) and forest stock volume in Chebaling in terms of both spatial correlation and temporal correlation.



A linear regression analysis was conducted to identify the relationship between the forest stock volume at the sub-compartment scale and the maximum and mean values of EVI within each sub-compartment. The linear regression model used was as follows:


SV = a1 + a2·EVI



(1)




where SV is the forest stock volume, EVI is the maximum or mean value of the EVI within each sub-compartment, and a1 and a2 are regression coefficients.



	
Spatial Correlation






Figure 3a,b respectively show the relationship between the forest stock volume and the maximum value of the EVI and the mean value of the EVI at the sub-compartment scale in 2016. R2, which represents the goodness of the fit between the maximum EVI value and the forest stock volume, varies from 0.62 to 0.71. The mean value of R2 for these 8 years is 0.6721. R2 for the correlation between the mean value of the EVI and the forest stock volume varies from 0.63 to 0.70, with a mean value of 0.6737. These significant correlations indicate that the spatial relationship between the forest stock volume and the mean value of the EVI is similar to that between the stock volume and the maximum value of the EVI.



	2.

	
Temporal Correlation







The mean and maximum values of the EVI in Chebaling for the years 2009–2016, combined with the forest stock volume for each year, were used to analyze the temporal correlation between the variables. Because of the low quality of the Landsat-7 data from 2012 and the fluctuations in EVI caused by there being insufficient data after cloud removal in 2016, the correlation was recalculated after removing these two years (Figure 4). R2 between the mean value of the EVI and the forest stock volume is 0.7613, indicating a strong correlation between them. However, there is no correlation between the maximum value of the EVI and the forest stock volume (R2 = 0.036).



Based on the above correlation analysis results, it can be seen that the mean EVI value has a strong correlation with the forest stock volume, both temporally and spatially, and can, therefore, be used to represent the forest stock volume. The mean value of the EVI was thus used for subsequent disaster impact and post-disaster recovery analysis.




2.3.2. Classification


The classification of forest types based on remote-sensing data is the key and also the most difficult point in the application of remote-sensing technology to forestry. At present, there are many studies on identifying vegetation and forest types by using medium- and low-resolution remote-sensing data [43,44,45]; in contrast, there is a lack of forest-type classification based on high-resolution remote-sensing data [46,47], and related theories and methods are still at the initial stage because of unsatisfactory classification results. However, remote-sensing classification is able to distinguish between forest and non-forest (NF) categories well.



Information about the main forest types in each sub-compartment can be obtained through field surveys, which are more accurate and detailed than that obtained via the remote-sensing method. However, the accuracy of forest boundary information derived from forestry sub-compartment data is poor, and the update frequency cannot meet practical and research needs. By comprehensively utilizing remote-sensing classification results and sub-compartment forest types information, it is possible to refine the boundaries of different forest types; this is beneficial to studies of the difference in recovery between different forest types after ice storm.



Using remote sensing image process software ENVI5.3, we preprocessed (atmospherically and radiometrically corrected) 9 cloud-free Landsat scenes—one from each year from 2008 to 2017 with the exception of 2012—and used the maximum likelihood classification method [48] to classify the processed data. As these are medium-resolution remote-sensing data, only four classification categories were used: forest, water, cultivated land and buildings, and bare land. The proportions of each category are shown in Table 2. According to the classification results, the distribution and proportion of land-use types in Chebaling varied little from 2009 to 2017. Therefore, it was possible to use the 2017 forest boundary to represent the Chebaling forest boundary for the ten-year period studied.



The image used for the 2017 classification was acquired by the GF-1 remote-sensing satellite. Geometric registration, radiometric correction, orthophoto correction, and band fusion were carried out by ENVI5.3, to obtain the standard image. The classification method we used was the object-based random forest method, which is one of the most accurate and widely used algorithms [49,50,51,52,53] for remote-sensing image classification. The classification software used was eCognition, a professional remote-sensing image-classification software. Based on the results of several experiments, the final classification parameter settings were determined. The parameters for the segmentation process were (1) scale parameter: 50; (2) composition of homogeneity criterion: shape: 0.2, compactness: 0.5. The parameters for the classification characteristics included spectral characteristics (mean value and standard deviation of each band, NDVI), geometric characteristics (border index, shape index), and texture characteristics (GLCM Entropy, GLCM Mean, GLCM Standard Deviation, and GLCM Correlation), giving a total of 15 parameters. The overall accuracy of the classification results obtained was 96.5478%, and the kappa coefficient was 0.9544. The classification map is shown in Figure 5a. Based on the classification results, and in combination with the forest types and boundary information derived from the forestry sub-compartment data, the final forest-types distribution map for Chebaling was generated (Figure 5b), and the areas of different forest types were shown in Table 3.




2.3.3. Grading Methods for Elevation and Slope


Based on the DEM data and actual situation of terrain, Chebaling was divided into 9 elevation zones with 100 m intervals and 9 slope zones with 5-degree intervals. The forest area and percentage coverage in each elevation and slope zone are shown in Table 4. However, only changes in the forest were considered in this study, so the non-forest area was not included in the subsequent analysis. Figure 6 shows the spatial distribution of the elevation and slope zones.






3. Results


In the previous section, the feasibility of using the annual mean value of the EVI (referred to simply as the EVI from now on) to represent the forest stock volume was demonstrated. Therefore, the EVI was used to represent the status of the forest for the study of disaster impact and post-disaster recovery from 2007 to 2017. EVI of 2012 and 2016 were not used in our study, and the reasons were discussed in the analysis in Section 2.3.1. Therefore, we used the EVI of the remaining nine years of the period 2007–2017 for disaster study. In this section, the difference of disaster impact and post-disaster recovery in different elevation zones, slope zones, and for different forest types are analyzed from two aspects of single factor and multiple factor respectively.



3.1. Single-Factor Analysis


3.1.1. Disaster Analysis in Different Elevation Zones


The broken-line graph (Figure 7) shows the change in EVI in different elevation zones from 2007 to 2017. First, in terms of the impact of disasters, the EVI of forests in all elevation zones were greatly reduced due to the ice storm from 2007–2008. However, the EVI decreased more in middle- and high-elevation zones (green, blue, and purple) than in low-elevation zones (red, orange, and yellow). Second, in terms of post-disaster recovery, although in some years (2008–2011) the EVI fluctuated slightly, the overall trend was that there was a rise in EVI in all zones, meaning that the lowest value occurred in 2008 and the highest value in 2017. From 2008 to 2011, the EVI in the 400–600 m zones was the highest in Chebaling. However, after 2013, the EVI in the higher altitude areas, particularly in 600–1000 m zones, gradually exceeded that in the 400–600 m zones. During this period, there was a continuous gentle rise in EVI at elevations above 600 m. In contrast, below 600 m, the EVI fluctuated greatly.



Table 5 gives the results of a comprehensive analysis of the disaster impact and the recovery after the disaster. The first thing to explain here is the calculation method of fluctuation degree in Table 5 and following several tables, taking the fluctuation degree of elevation zones in Table 5 as an example. First, the standard deviation of annual EVI growth value from 2008 to 2017 in each elevation zone was calculated. Second, the initial classification of fluctuation degree was calculated. If there was no significant difference between the standard deviation of EVI growth value in each elevation zone, the fluctuation degree of all elevation zones would be set as L. If there was a significant difference between the standard deviation in each elevation zone, the two or three highest values would be set as H, the two or three lowest values would be set as L, and the others would be set as M. Third, the final classification of fluctuation degree was calculated. According to the broken-line graph of EVI changes from 2007 to 2017 in different elevation zones, if the EVI change trend of one elevation zone was different from that of most other elevation zones, or the fluctuation amplitude of several years were significantly higher than that of other elevation zones, the fluctuation degree of this elevation zone would increase by one level (L increases to M, M increases to H, H remains unchanged). Otherwise, the fluctuation degree would remain unchanged.



As shown in Table 5, the forest in the 700–1000 m elevation zones (the three red rows) had a high EVI value before the disaster. Although the impact of the disaster was relatively severe in these zones, the post-disaster recovery rate and increase value of EVI were also the highest, and the recovery process was quite smooth and without any big fluctuations. Conversely, the EVI in the 300–600 m elevation zones (the three blue rows) was relatively low before the disaster and decreased little after the disaster; however, the recovery rate was slow and the EVI fluctuated greatly. This indicates that the forest in the high-altitude area of Chebaling was seriously affected by the disaster but also showed a stronger post-disaster recovery ability.




3.1.2. Disaster Analysis in Different Slope Zones


The change trend of the EVI in each slope zone from 2007 to 2017 is shown in Figure 8. From 2007 to 2008, EVI in all slope zones decreased significantly, and the decrease value in high slope zones were slightly higher than that in low slope zones. From 2008 to 2017, the change trends in EVI in different slope zones are similar. Before 2011, the EVI increased or decreased by about the same amount in each slope zone every year, and so the differences between the absolute values of the EVI remained constant. However, the differences between the absolute values of the EVI in different slope zones decreased significantly after 2011, especially from 2013 to 2015, as the degree of recovery in the different slope zones started to vary. Overall, the forest recovery in the areas with steeper slopes was better than that in the less-steep areas between 2008 and 2017.



The results of the analysis of the disaster impact and disaster recovery for all of the slope zones are summarized in Table 6. Before the ice storm, the EVI values in the zones with slopes between 5° and 25° were the highest. However, the impact of the disaster on the forest in Chebaling increased gradually as the slope increased. As a result, in 2008, areas of forest on steeper slopes had lower EVI values. During the post-disaster recovery process from 2008 to 2017, the change trends in EVI in all of the slope zones were basically the same, and the amount of fluctuation was small. There was a positive correlation between the degree of disaster recovery and the degree of disaster impact. Therefore, the ranking of slopes zones by EVI value in 2017 was same as that in 2007.




3.1.3. Disaster Analysis for Different Forest Types


Figure 9 shows the trends in EVI for different forest types from 2007 to 2018. Following the disaster, EVI for BM and OHB decreased the most; however, EVI for WFC decreased the least. In terms of post-disaster recovery, the EVI trends for the planted forest types (T and WFC) were significantly different from those for the other eight forest types. The T and WFC EVI values fluctuated a lot, with the EVI for T always being lower than that for WFC. The EVI for T and WFC reached the peak in 2015, showing that the planted forest can recover to a high EVI level faster. The EVI trends for PM, CABM, and CF were basically the same, with the EVI rising steadily and showing little fluctuation. Moreover, the EVI for these three forest types were higher than those for the other types (except CM and BM) most of the time. The EVI trends for CM and BM were similar and CM had the highest EVI value in most years. Although the EVI for BM was lower than EVI for the CM, CF, PM, and CABM in 2008, it increased rapidly after that and was one of the highest values in 2017. In contrast, the EVI for CM and BM fluctuated slightly more than for the CF, PM, and CABM. The MB EVI was moderately high in 2008, but its growth rate was low from 2008 to 2017, which lead to this value being low in 2017. The EVI for OHB was low in 2008 and changed in a similar way to the BM and CM; however, it was always 0.02 to 0.03 lower than the BM EVI. The EVI for OSB did not rise as quickly as the EVI for the other forest types. This EVI was the lowest in most years; in addition, its value fluctuated more than all the other EVI values, except those for the two planted forest types (T and WFC).



The results of the analysis of the disaster impact and post-disaster recovery for the different forest types are shown in Table 7. The damage caused by the disaster was less in the areas covered by planted forest (T and WFC) than in the areas of natural forest. In addition, the EVI for the planted forest areas fluctuated greatly during the post-disaster recovery process. Before the disaster, the EVI for the coniferous forest (CF, PM, and CM areas) and CABM were higher than for most of the other forest types. These four forest types were less affected by the disaster than the broad-leaved forest, and the EVI in these areas showed a relatively steady rise during the post-disaster recovery. BM and OHB were seriously affected by the disaster but recovered quickly—the EVI here fluctuated slightly more than for the coniferous forests. OSB had a low degree of disaster impact and post-disaster recovery, which can be attributed to its low EVI value before the disaster. MB was moderately affected by the disaster, and its EVI value increased the least after the disaster.





3.2. Multifactor Comprehensive Analysis


We have analyzed the relationship between EVI change and single factor (elevation, slope, and forest type) from 2007 to 2017. However, the spatial distribution of 10 forest types were different from each other; for example, the forest-types distributed in the 400–500 m zone were different from those in the 900–1000 m zone, and WFC and PM grew in regions with different elevation and slope. Therefore, disaster analysis for different forest types needs to be further studied. Multifactor analysis was carried out for this section. We combined forest types with elevation zones and slope zones, respectively, for a comprehensive analysis and used control variable method to improve the accuracy of analysis results.



We calculated the distribution proportion for 10 forest types in different elevation and slope zones and found that the numbers for forest types distributed in the four elevation zones (400–800 m) and four slope zones (10–30°) were bigger than in other elevation and slope zones. Moreover, the area of these elevation and slope zones was larger than that of other elevation and slope zones (Table 4). Therefore, we selected these elevation and slope zones for multifactor analysis. Similarly, the areas for six forest types (PM, CF, CM, CABM, BM, and OHB) were larger than other forest types (Table 3), and these six forest types had wider ranges of elevations and slopes. As a result, these six forest types were selected for multifactor analysis.



3.2.1. Disaster Analysis for Different Forest Types in Four Elevation Zones


According to the EVI trend for different forest types in the four elevation zones (Figure 10), combined with the statistical table of disaster analysis (Table 8 and Table 9), we comprehensively analyzed the relationship between EVI change and elevation for 10 forest types from three aspects: disaster impact, post-disaster recovery, and fluctuation degree in the recovery process. First, as shown in Figure 10 and Table 8, EVI for all forest types decreased more in higher elevation zones than in lower elevation zones from 2007 to 2008. EVI for OSB decreased the least, while EVI for BM and OHB decreased the most among all forest types. Second, the EVI change trend for most forest types from 2008 to 2017 fluctuated larger in the 400–500 m elevation zone than in other elevation zones above 500 m (Figure 10). Moreover, as the elevation increased, the values in the post-disaster recovery columns (Table 9) for most forest types increased, and the absolute value of EVI difference between coniferous forests (PM, CF, and CM) and broad-leaved forests (BM, OHB, and OSB) increased significantly. Third, T and WFC were only distributed in 400–500 m elevation zone. In the 400–500 m elevation zone, EVI for T decreased more than it did for the eight other forest types (except OSB), which indicated that T was highly affected by the disaster. In the post-disaster recovery process, the fluctuation degree and increased value of EVI for T and WFC were the highest among 10 forest types. Finally, among the eight forest types (not including WFC and T) distributed in the four elevation zones, the disaster impact and post-disaster recovery degree for BM and OHB were both higher than other forest types in the same elevation zone.




3.2.2. Disaster Analysis for Different Forest Types in Four Slope Zones


Statistics and an analysis were also conducted on four typical slope zones. Based on the information in Figure 11 and Table 10 and Table 11, we can draw the following conclusions. First, in the slope range of 10–30°, with the increase of slope, the disaster-impact degree for most forest types gradually increased. However, the increase of the disaster-impact degree caused by the rise of slope zones was obviously slighter than that caused by the rise of elevation zones. This indicates that elevation is more decisive than slope in disaster impact. Second, in the post-disaster recovery process, the fluctuation degree for each forest type was similar in different slope zones. However, the absolute value of EVI difference for different forest types gradually increased with the increase of slope. The EVI of coniferous forests (PM, CF, and CM) were significantly higher than that of broad-leaved forests (BM, OHB, and OSB) in high slope zones. Third, since T and WFC were only distributed in the 400–500 m elevation zone, compared with other forest types in the same slope zone, they were less affected by the disaster and had the highest fluctuation degree. Finally, in the comparison with different forest types in each slope zone, BM was most vulnerable to the disaster but also had the highest post-disaster recovery and fluctuation degree, followed by OHB.




3.2.3. Disaster Analysis for Six Forest Types


After disaster analysis in typical elevation and slope zones, we then analyzed the disaster impact and post-disaster recovery for six typical forest types. First, we studied the influence of elevation. In terms of disaster impact, according to the statistics in Table 12, the areas that were least affected by the disaster were distributed in lowest elevation zones for five forest types (not including CF); moreover, as the elevation increased, the degree of disaster impact gradually increased, or first rose and then fell. On the contrary, the degree of disaster impact first fell and then rose as the elevation increased for CF. The hardest-hit area of CABM and coniferous forests (CM and PM) were in higher elevation zones than that of broad-leaved forest (BM and OHB).



During the 10 years after the disaster, as shown in Figure 12, EVI for coniferous forests (PM, CM, and CF) in middle- and high-elevation zones were mostly higher than that in low-elevation zones. On the contrary, EVI for CABM and broad-leaved forests (BM and OHB) in middle- and low-elevation zones were higher than that in high-elevation zones. According to Table 13, the highest value in post-disaster recovery columns for coniferous forests (PM and CM) were in higher elevation zones than for broad-leaved forests (BM and OHB), but they were all in the 600–1000 m elevation zones. The fluctuation degree for the six forest types in the low-elevation zones was the highest. However, the fluctuation degree for broad-leaved forests (BM and OHB) decreased gradually with the elevation increases, but the fluctuation degree for coniferous forests (PM and CM) in high-elevation zones was higher than in middle-elevation zones. Overall, CABM fluctuated little in all elevation zones, and its recovery process was relatively stable than the other five forest types.



In terms of slope study, we made a comprehensive analysis according to Figure 13 and Table 14 and Table 15, and compared it with the analysis of elevation. As shown in Figure 13, from 2007 to 2008, the decreased value of EVI in different slope zones showed a significant difference for CF and CM, but showed little difference for BM, OHB, PM, and CABM. Among six forest types (Table 14), as the increase of slope, the values in the disaster impact columns for CM showed a trend of first decrease and then increase, with the lowest value in 15–20° slope zone. These values for CF and CABM kept increasing as the slope increased. However, these values for the other three forest types (BM, OHB, and PM) showed a trend of first increase and then decrease as the slope increased. In general, the slope zones above 20° were the hardest-hit areas for all forest types. By comparing the difference of disaster-impact degree on different elevation and slope zones for six forest types, we can see that the influence of slope was greater than that of elevation on CF; the influence of elevation was greater than that of slope on PM, CABM, BM, and OHB; elevation and slope all had strong influence on CM.



In the post-disaster recovery process from 2008 to 2017, as shown in Figure 13, for three coniferous forests (PM, CF, and CM), EVI in middle- and high-slope zones were higher than that in low-slope zones; for two broad-leaved forests (BM and OHB), EVI in middle- and low-slope zones were always higher than that in high-slope zones. In addition, it can be seen from Table 14 and Table 15 that the increased value of EVI in the post-disaster recovery process for six forest types was positively correlated with the decreased value of EVI after the disaster. The slope zones that were seriously affected by the disaster also had higher recovery degree. Moreover, The EVI trend for six forest types were rising steadily in all slope zones, without any significant fluctuation.






4. Discussion


The results of quantitative analysis by remote sensing showed the difference of forest EVI change trend in a variety of topographic conditions after the ice storm. First, from the single-factor-analysis results, there were obvious differences in disaster impact and post-disaster recovery for different elevation and slope zones in the forest. Areas at an altitude of 700–1000 m and a slope of 25–40 degrees were most affected by the disaster but also had the highest post-disaster recovery degree. Next most affected were the highest-altitude areas above 1000 m and with the steepest slopes greater than 40 degrees. While the areas below 700 m and with slopes of 25 degrees or less were least affected by the disaster and had the lowest post-disaster recovery degree, but the fluctuation degree were high during the recovery process. Except for areas below 500 m, EVI for forest in other elevation and slope zones increased rapidly in the first three years (2009–2011) following the disaster, and the growth rate gradually slowed down in the later period. In addition, from the results of multifactor analysis, we find that the areas that were most affected by the disaster and had the highest recovery degree for coniferous forests had a higher altitude and steeper slope than broad-leaved forest.



Based on the theoretical analysis and field investigation, we believe that the following were the most important factors behind this result. (1) Freezing rain, strong winds, and ice have a greater impact on regions at higher elevations and steeper slopes, which resulted in greater losses in these regions, as has similarly been demonstrated by other studies [6,54,55]. (2) Villages, farmland, and planted forests were distributed in the areas at a lower altitude and with a gentler slope. Therefore, these areas were greatly affected by human activities, leading to the highest level of EVI fluctuation during the disaster-recovery process. Areas with elevations of 700–1000 meters and slopes of 25–40 degrees were mainly covered by natural forest. The EVI in these areas was higher than in other areas before the disaster. Although these areas were seriously impacted by the disaster, and so the EVI here decreased more, the biological characteristics of natural forests enable them to recover quickly after disasters. Therefore, in the decade after the disaster, the EVI of the forest in this region increased the most. The forest density, average height, and diameter at breast height (DBH) are all affected by the topography, climate, and other factors, and so were lower in areas above 1000 m and slopes above 40 degrees in Chebaling. As a result, the EVI in this region was lower than in other regions. Although the disaster had a great impact on the forest in these areas, the EVI here decreased less in 2008, and the increase in value in the following 10 years was also less than in the middle-altitude and moderate-slope areas. (3) In the areas above 700 m and above 25 degree, as the elevation and slope increased, EVI for broad-leaved forest decreased significantly, while EVI for coniferous forest changed little or increased slightly. Therefore, the hardest-hit areas for coniferous forest were higher and steeper than for broad-leaved forest.



The study of the disaster impact and the post-disaster recovery for different forest types revealed two interesting phenomena. (1) There was a great difference between natural and planted forests in terms of the change in EVI from 2007 to 2017. Natural forests had a rich variety of species and high level of biodiversity, while planted forests were more homogenous, thus planted forests had a lower ability to withstand the disaster than natural forests [56,57,58]. Therefore, in the same elevation zones, planted forests were more severely affected by the ice storm than natural forests. However, human activities changed the natural recovery process. This resulted in the planted forests recovered fast but also produced large fluctuations in the EVI during the process of post-disaster recovery. (2) In the comparative analysis of different forest types in the same elevation zone and slope zone, we found that coniferous forests suffered less EVI decline than broad-leaved forests. This suggests that coniferous forests are more resilient to ice and snow than broad-leaved forests, which might result from broad-leaved forests having broad, flat crowns that expose a large surface area of branches and, therefore, make them more susceptible to extensive damage. In contrast, coniferous trees expose a smaller proportion of their lateral branches to ice accumulation [59,60], resulting in less physical damage than in broad-leaved forests. However, due to their characteristics and the hot, humid climate in Chebaling, broad-leaved forests can photosynthesize faster and thus have a higher rate of recovery.




5. Conclusions


In this study, we used multisource, long-time series remote-sensing data and field-survey data to evaluate the spatial and temporal variations in forest damage and recovery after the 2008 ice storm in Chebaling National Nature Reserve. Firstly, by analyzing the relationship between remotely sensed EVI data and field survey data in Chebaling, we concluded that the annual mean EVI can be used to represent the forest stock volume because of the strong correlation between them and can reflect the status of regional forests and also changes in status. Secondly, the effects of topography and forest types on disaster impact and post-disaster recovery were analyzed from two aspects of single factor and multiple factor, respectively. Our results indicate that topography had a considerable effect on disaster impact and forest recovery, and elevation was more decisive than slope in disaster impact. The disaster impact and recovery degree for all forest types in high-altitude and steep-slope areas were higher than those in low-altitude and gentle-slope areas, especially in the 700–1000 m elevation zones and 25–40° slope zones. However, coniferous forests in the high-elevation zones and steep-slope zones grew better than broad-leaved forests, so the hardest-hit areas for coniferous forests were higher and steeper than that of broad-leaved forests. The disaster analysis for different forest types showed that broad-leaved forests were more affected by the ice storm than coniferous forests but had faster recovery rate and a higher degree of recovery. Although planted forests were more severely affected by the ice storm than natural forests in the areas with similar topographical conditions, the recovery rate for planted forests was faster than that for natural forests because of human intervention. But the recovery process fluctuated greatly. Compared with the areas with monospecific tree species, the recovery process of coniferous and broad-leaved mixed forest is more stable. This study focuses on analyzing the characteristics and laws of disaster impact and post-disaster recovery. In the future, the driving force of forest recovery will be further studied and more experiments will be conducted in bigger scale and more regions to analyze the universality of the characteristics and laws summarized in the study.
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Figure 1. The map above represents the location and high-resolution remote-sensing image of Chebaling (the red star represents the central point of Chebaling; the GF-1 remote-sensing image had a resolution of 2 m and was acquired on 15 February 2017); the map below shows the DEM of Chebaling. 
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Figure 2. (a) Spatial distribution of forest stock volume; (b) spatial distribution of forest types. These maps were derived from forestry sub-compartment data in 2016. 
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Figure 3. Spatial correlation analysis. (a) Spatial correlation between maximum value of EVI and forest stock volume in 2016; (b) spatial correlation between mean value of EVI and forest stock volume in 2016. 
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Figure 4. Temporal correlation analysis (2009–2015, excluding 2012). (a) Temporal correlation between maximum value of EVI and forest stock volume; (b) temporal correlation between mean value of EVI and forest stock volume. 
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Figure 5. (a) Land-use classification map based on GF-1 data; (b) forest-types distribution map derived from forestry sub-compartment data and the land-use classification map. 
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Figure 6. (a) Spatial distribution of different elevation zones in Chebaling; (b) spatial distribution of different slope zones in Chebaling. 
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Figure 7. Broken-line graph showing EVI changes from 2007 to 2017 in different elevation zones. 






Figure 7. Broken-line graph showing EVI changes from 2007 to 2017 in different elevation zones.



[image: Remotesensing 12 00164 g007]







[image: Remotesensing 12 00164 g008 550] 





Figure 8. Broken-line graph showing EVI changes from 2007 to 2017 in different slope zones. 
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Figure 9. Broken-line graph showing EVI changes from 2007 to 2017 for different forest types. 
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Figure 10. Broken-line graph showing EVI changes for 10 forest types, from 2007 to 2017, in four elevation zones: (a) 400–500 m; (b) 500–600 m; (c) 600–700 m; and (d) 700–800 m. 






Figure 10. Broken-line graph showing EVI changes for 10 forest types, from 2007 to 2017, in four elevation zones: (a) 400–500 m; (b) 500–600 m; (c) 600–700 m; and (d) 700–800 m.
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Figure 11. Broken-line graph showing EVI changes for 10 forest types, from 2007 to 2017, in typical slope zones: (a) 10–15°; (b) 15–20°; (c) 20–25°; and (d) 25–30°. 
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Figure 12. Broken-line graph showing EVI changes from 2007 to 2017, in all elevation zones, for six forest types: (a) CF; (b) PM; (c) CM; (d) CABM; (e) BM; and (f) OHB. 
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Figure 13. Broken-line graph showing EVI changes from 2007 to 2017, in all slope zones, for six forest types: (a) CF; (b) PM; (c) CM; (d) CABM; (e) BM; and (f) OHB. 
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Table 1. Cloud-free Landsat data details.






Table 1. Cloud-free Landsat data details.





	Year
	Satellite
	Data Acquisition Time





	2008
	Landsat-5
	17 December 2008



	2009
	Landsat-5
	4 December 2009



	2010
	Landsat-5
	26 March 2010



	2011
	Landsat-5
	20 August 2011



	2013
	Landsat-8
	29 November 2013



	2014
	Landsat-8
	18 December 2014



	2015
	Landsat-8
	18 October 2015



	2016
	Landsat-8
	7 December 2016



	2017
	Landsat-8
	26 December 2017
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Table 2. Landsat land-use classification results (2008–2017).






Table 2. Landsat land-use classification results (2008–2017).





	Year
	Bare Land
	Cultivated Land and Buildings
	Water
	Forest





	2008
	0.68%
	1.84%
	0%
	97.48%



	2009
	0.68%
	1.89%
	0%
	97.43%



	2010
	0.70%
	2.01%
	0.03%
	97.26%



	2011
	0.58%
	2.11%
	0.03%
	97.28%



	2013
	0.55%
	2.07%
	0.03%
	97.35%



	2014
	0.46%
	2.06%
	0.03%
	97.45%



	2015
	0.52%
	2.13%
	0.03%
	97.32%



	2016
	0.81%
	2.04%
	0.03%
	97.12%



	2017
	0.61%
	2.18%
	0.03%
	97.18%
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Table 3. Areas of different forest types in Chebaling.






Table 3. Areas of different forest types in Chebaling.





	Forest Types
	T
	MB
	WFC
	PM
	CF
	CABM
	CM
	BM
	OSB
	OHB





	Area (ha)
	5
	61
	5
	892
	445
	2386
	131
	770
	39
	2243
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Table 4. Details of the elevation and slope zones.






Table 4. Details of the elevation and slope zones.





	Elevation (m)
	Forest Area (ha)
	Land Area (ha)
	Forest Proportion
	Slope (°)
	Forest Area (ha)
	Land Area (ha)
	Forest Proportion





	300–400
	93
	116
	79.99%
	0–5
	173
	242
	71.60%



	400–500
	993
	1133
	87.62%
	5–10
	686
	788
	87.04%



	500–600
	1654
	1771
	93.37%
	10–15
	1268
	1346
	94.24%



	600–700
	1711
	1728
	99.03%
	15–20
	1609
	1658
	97.05%



	700–800
	1317
	1338
	98.36%
	20–25
	1546
	1581
	97.80%



	800–900
	716
	731
	97.89%
	25–30
	1133
	1159
	97.81%



	900–1000
	414
	432
	95.74%
	30–35
	553
	569
	97.11%



	1000–1100
	223
	240
	92.91%
	35–40
	167
	172
	97.03%



	1100–1200
	58
	68
	84.46%
	>40
	44
	46
	95.49%
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Table 5. Details of the disaster impact and post-disaster recovery in different elevation zones. In the property row of the table, disaster impact refers to the absolute value of EVI difference between 2008 and 2007; post-disaster recovery refers to the absolute value of EVI difference between 2017 and 2008; fluctuation degree represents the fluctuation of EVI from 2008 to 2017; H, M, and L in fluctuation-degree column represent high, medium, and low, respectively.






Table 5. Details of the disaster impact and post-disaster recovery in different elevation zones. In the property row of the table, disaster impact refers to the absolute value of EVI difference between 2008 and 2007; post-disaster recovery refers to the absolute value of EVI difference between 2017 and 2008; fluctuation degree represents the fluctuation of EVI from 2008 to 2017; H, M, and L in fluctuation-degree column represent high, medium, and low, respectively.





	Elevation (m)
	EVI (2007)
	EVI (2008)
	EVI (2017)
	Disaster Impact
	Post-Disaster Recovery
	Fluctuation Degree





	300–400
	0.394
	0.338
	0.472
	0.055
	0.134
	H



	400–500
	0.406
	0.361
	0.478
	0.045
	0.117
	H



	500–600
	0.414
	0.364
	0.478
	0.050
	0.114
	H



	600–700
	0.416
	0.344
	0.487
	0.071
	0.143
	M



	700–800
	0.415
	0.324
	0.488
	0.091
	0.165
	M



	800–900
	0.418
	0.324
	0.488
	0.094
	0.164
	M



	900–1000
	0.422
	0.329
	0.485
	0.093
	0.156
	L



	1000–1100
	0.414
	0.327
	0.472
	0.087
	0.144
	L



	1100–1200
	0.394
	0.306
	0.446
	0.088
	0.141
	L
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Table 6. Details of the disaster impact and post-disaster recovery in different slope zones.






Table 6. Details of the disaster impact and post-disaster recovery in different slope zones.





	Slope (°)
	EVI (2007)
	EVI (2008)
	EVI (2017)
	Disaster Impact
	Post-Disaster Recovery
	Fluctuation Degree





	0–5
	0.412
	0.357
	0.480
	0.055
	0.122
	L



	5–10
	0.415
	0.357
	0.482
	0.058
	0.125
	L



	10–15
	0.419
	0.354
	0.488
	0.064
	0.134
	L



	15–20
	0.416
	0.351
	0.488
	0.066
	0.137
	L



	20–25
	0.413
	0.341
	0.482
	0.072
	0.141
	L



	25–30
	0.412
	0.331
	0.480
	0.081
	0.148
	L



	30–35
	0.406
	0.322
	0.473
	0.084
	0.152
	L



	35–40
	0.398
	0.317
	0.469
	0.081
	0.152
	L



	>40
	0.397
	0.317
	0.464
	0.080
	0.148
	L
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Table 7. Details of the disaster impact and post-disaster recovery for different forest types.






Table 7. Details of the disaster impact and post-disaster recovery for different forest types.





	Forest Types
	EVI (2007)
	EVI (2008)
	EVI (2017)
	Disaster Impact
	Post-Disaster Recovery
	Fluctuation Degree





	T
	0.381
	0.329
	0.462
	0.052
	0.133
	H



	MB
	0.411
	0.356
	0.460
	0.055
	0.105
	M



	WFC
	0.386
	0.350
	0.508
	0.036
	0.158
	H



	PM
	0.426
	0.370
	0.505
	0.056
	0.135
	L



	CF
	0.423
	0.379
	0.486
	0.043
	0.107
	L



	CABM
	0.425
	0.356
	0.496
	0.068
	0.139
	L



	CM
	0.433
	0.369
	0.515
	0.065
	0.147
	M



	BM
	0.424
	0.331
	0.489
	0.093
	0.158
	M



	OSB
	0.361
	0.321
	0.440
	0.040
	0.119
	M



	OHB
	0.392
	0.314
	0.458
	0.078
	0.144
	M
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Table 8. Disaster-impact-analysis results for different forest types in four elevation zones.






Table 8. Disaster-impact-analysis results for different forest types in four elevation zones.





	
Forest Types

	
Disaster Impact

	
Average Value of Disaster-Impact Ranking




	
400 m–500 m

	
500 m–600 m

	
600 m–700 m

	
700 m–800 m






	
T

	
0.052

	
-

	
-

	
-

	
-




	
MB

	
0.041

	
0.060

	
0.045

	
0.068

	
5




	
WFC

	
0.036

	
-

	
-

	
-

	
-




	
PM

	
0.030

	
0.038

	
0.048

	
0.068

	
6.25




	
CF

	
0.042

	
0.034

	
0.061

	
0.069

	
5




	
CABM

	
0.031

	
0.042

	
0.066

	
0.084

	
4.75




	
CM

	
0.020

	
0.029

	
0.076

	
0.099

	
5.75




	
BM

	
0.038

	
0.068

	
0.099

	
0.115

	
2




	
OSB

	
0.003

	
0.037

	
0.045

	
0.048

	
7.75




	
OHB

	
0.056

	
0.065

	
0.080

	
0.106

	
1.75
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Table 9. Post-disaster recovery and fluctuation degree analysis results for different forest types in four elevation zones.






Table 9. Post-disaster recovery and fluctuation degree analysis results for different forest types in four elevation zones.





	
Forest Types

	
Post-Disaster Recovery/Fluctuation Degree

	
Average Value of

Post-Disaster Recovery Ranking




	
400 m–500 m

	
500 m–600 m

	
600 m–700 m

	
700 m–800 m






	
T

	
0.132/H

	
-

	
-

	
-

	
-




	
MB

	
0.066/M

	
0.060/M

	
0.045/M

	
0.068/H

	
5




	
WFC

	
0.161/H

	
-

	
-

	
-

	
-




	
PM

	
0.116/M

	
0.038/M

	
0.048/L

	
0.068/L

	
6.25




	
CF

	
0.119/L

	
0.034/L

	
0.061/M

	
0.069/M

	
5




	
CABM

	
0.109/L

	
0.042/L

	
0.066/L

	
0.084/L

	
4.75




	
CM

	
0.091/M

	
0.029/M

	
0.076/L

	
0.099/M

	
5.75




	
BM

	
0.126/M

	
0.068/H

	
0.099/H

	
0.115/H

	
2




	
OSB

	
0.082/M

	
0.037/M

	
0.045/M

	
0.048/M

	
7.75




	
OHB

	
0.122/L

	
0.065/H

	
0.080/H

	
0.106/M

	
1.75
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Table 10. Disaster-impact-analysis results for different forest types in four slope zones.






Table 10. Disaster-impact-analysis results for different forest types in four slope zones.





	
Forest Types

	
Disaster Impact

	
Average Value of Disaster-Impact Ranking




	
10–15°

	
15–20°

	
20–25°

	
25–30°






	
T

	
0.042

	
0.053

	
0.051

	
0.064

	
7.25




	
MB

	
0.057

	
0.057

	
0.060

	
0.049

	
5.25




	
WFC

	
0.043

	
0.030

	
0.052

	
-

	
8




	
PM

	
0.054

	
0.056

	
0.058

	
0.062

	
5.75




	
CF

	
0.038

	
0.046

	
0.052

	
0.067

	
7




	
CABM

	
0.066

	
0.062

	
0.065

	
0.076

	
3.25




	
CM

	
0.067

	
0.042

	
0.044

	
0.067

	
6.5




	
BM

	
0.091

	
0.094

	
0.096

	
0.097

	
1




	
OSB

	
0.046

	
0.048

	
0.049

	
0.038

	
8




	
OHB

	
0.073

	
0.073

	
0.079

	
0.087

	
2
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Table 11. Post-disaster recovery and fluctuation-degree analysis results for different forest types in four slope zones.






Table 11. Post-disaster recovery and fluctuation-degree analysis results for different forest types in four slope zones.





	
Forest Types

	
Post-Disaster Recovery/Fluctuation Degree

	
Average Value of Post-Disaster Recovery Ranking




	
10–15°

	
15–20°

	
20–25°

	
25–30°






	
T

	
0.146/H

	
0.133/H

	
0.141/H

	
0.127/H

	
4.75




	
MB

	
0.113/L

	
0.111/M

	
0.097/M

	
0.112/H

	
9.25




	
WFC

	
0.136/H

	
0.119/H

	
0.145/H

	
-

	
5




	
PM

	
0.132/M

	
0.138/L

	
0.134/L

	
0.141/M

	
5.75




	
CF

	
0.101/L

	
0.114/L

	
0.125/L

	
0.135/L

	
8.5




	
CABM

	
0.136/L

	
0.133/L

	
0.136/L

	
0.149/L

	
4.75




	
CM

	
0.147/M

	
0.119/M

	
0.130/M

	
0.142/M

	
5.25




	
BM

	
0.158/M

	
0.162/M

	
0.162/M

	
0.158/M

	
1




	
OSB

	
0.138/M

	
0.154/M

	
0.132/M

	
0.099/M

	
5.75




	
OHB

	
0.141/M

	
0.141/M

	
0.144/M

	
0.150/M

	
3
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Table 12. Disaster-impact-analysis results for six forest types in different elevation zones.






Table 12. Disaster-impact-analysis results for six forest types in different elevation zones.





	
Elevation (m)

	
Disaster Impact




	
BM

	
OHB

	
CABM

	
CM

	
CF

	
PM






	
300–400

	
0.048

	
0.061

	
0.038

	
-

	
0.054

	
0.021




	
400–500

	
0.039

	
0.056

	
0.032

	
0.020

	
0.042

	
0.030




	
500–600

	
0.070

	
0.065

	
0.042

	
0.029

	
0.034

	
0.038




	
600–700

	
0.100

	
0.081

	
0.066

	
0.076

	
0.061

	
0.048




	
700–800

	
0.115

	
0.106

	
0.084

	
0.097

	
0.075

	
0.069




	
800–900

	
0.112

	
0.106

	
0.085

	
0.060

	
-

	
0.088




	
900–1000

	
0.112

	
0.100

	
0.083

	
0.134

	
-

	
0.073




	
1000–1100

	
0.086

	
0.095

	
0.091

	
0.082

	
-

	
0.059




	
1100–1200

	
0.077

	
0.077

	
0.101

	
-

	
-

	
0.088
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Table 13. Post-disaster recovery and fluctuation degree analysis results for six forest types in different elevation zones.






Table 13. Post-disaster recovery and fluctuation degree analysis results for six forest types in different elevation zones.





	
Elevation (m)

	
Post-Disaster Recovery/Fluctuation Degree




	
BM

	
OHB

	
CABM

	
CM

	
CF

	
PM






	
300–400

	
0.175/H

	
0.126/M

	
0.178/H

	
-

	
0.159/H

	
0.121/H




	
400–500

	
0.127/H

	
0.122/H

	
0.109/L

	
0.092/H

	
0.118/M

	
0.116/H




	
500–600

	
0.142/M

	
0.129/H

	
0.115/L

	
0.083/M

	
0.077/L

	
0.101/L




	
600–700

	
0.169/M

	
0.151/M

	
0.136/L

	
0.177/M

	
0.141/L

	
0.124/L




	
700–800

	
0.174/M

	
0.173/M

	
0.158/L

	
0.197/L

	
0.175/L

	
0.155/L




	
800–900

	
0.166/M

	
0.166/M

	
0.159/L

	
0.133/L

	
-

	
0.173/L




	
900–1000

	
0.153/L

	
0.165/L

	
0.148/L

	
0.223/M

	
-

	
0.166/L




	
1000–1100

	
0.145/L

	
0.141/L

	
0.147/L

	
0.190/H

	
-

	
0.157/M




	
1100–1200

	
0.134/L

	
0.125/L

	
0.146/L

	
-

	
-

	
0.141/M
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Table 14. Disaster-impact-analysis results for six forest types in different slope zones.






Table 14. Disaster-impact-analysis results for six forest types in different slope zones.





	
Slope (°)

	
Disaster Impact




	
BM

	
OHB

	
CABM

	
CM

	
CF

	
PM






	
0–5

	
0.065

	
0.069

	
0.056

	
0.086

	
0.025

	
0.055




	
5–10

	
0.080

	
0.067

	
0.060

	
0.084

	
0.036

	
0.055




	
10–15

	
0.091

	
0.074

	
0.065

	
0.066

	
0.038

	
0.054




	
15–20

	
0.094

	
0.073

	
0.062

	
0.038

	
0.047

	
0.056




	
20–25

	
0.097

	
0.082

	
0.064

	
0.043

	
0.054

	
0.058




	
25–30

	
0.097

	
0.088

	
0.075

	
0.069

	
0.070

	
0.062




	
30–35

	
0.094

	
0.089

	
0.082

	
0.099

	
0.069

	
0.055




	
35–40

	
0.081

	
0.082

	
0.084

	
0.127

	
0.105

	
0.057




	
>40

	
0.062

	
0.070

	
0.090

	
0.118

	
0.088

	
0.052
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Table 15. Post-disaster recovery and fluctuation-degree-analysis results for six forest types in different slope zones.






Table 15. Post-disaster recovery and fluctuation-degree-analysis results for six forest types in different slope zones.





	
Slope (°)

	
Post-Disaster Recovery/Fluctuation Degree




	
BM

	
OHB

	
CABM

	
CM

	
CF

	
PM






	
0–5

	
0.133/L

	
0.135/L

	
0.130/L

	
0.172/L

	
0.082/L

	
0.130/L




	
5–10

	
0.150/L

	
0.130/L

	
0.130/L

	
0.169/L

	
0.088/L

	
0.128/L




	
10–15

	
0.157/L

	
0.142/L

	
0.136/L

	
0.144/L

	
0.102/L

	
0.133/L




	
15–20

	
0.162/L

	
0.141/L

	
0.133/L

	
0.115/L

	
0.114/L

	
0.137/L




	
20–25

	
0.163/L

	
0.146/L

	
0.135/L

	
0.127/L

	
0.125/L

	
0.135/L




	
25–30

	
0.159/L

	
0.151/L

	
0.147/L

	
0.142/L

	
0.137/L

	
0.143/L




	
30–35

	
0.152/L

	
0.150/L

	
0.154/L

	
0.183/L

	
0.130/L

	
0.140/L




	
35–40

	
0.145/L

	
0.147/L

	
0.157/L

	
0.219/L

	
0.146/L

	
0.139/L




	
>40

	
0.131/L

	
0.134/L

	
0.159/L

	
0.204/L

	
0.164/L

	
0.121/L












© 2020 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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