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Abstract

:

Forest degradation has been considered as one of the main causes of climate change in recent years. The knowledge of estimating degraded forest areas without the application of remote sensing tools can be useful in finding solutions to resolve degradation problems through appropriate restoration methods. Using the existing knowledge through literature review and field-based primary information, we generated new knowledge by combining the information obtained from multi-criteria decision analyses with an analytic hierarchy process, and this was then used to estimate degraded forest area. Estimation involves determining forest degradation index (FDI) and degradation threshold. Continuous inventory data of permanent sample plots collected from degraded forests, consisting of various forest types divided by dominant tree species in the Guangdong province and Tibet autonomous region of China, were used for the purposes. We identified four different forest degradation levels through the determination and comprehensive evaluation of FDI. The degraded forest area with broad-leaved species as dominant tree species in the Guangdong province was estimated to be 83.3% of a total forest area of 24,037 km2. In the same province, the degraded forest area with eucalyptus as a dominant tree species was 59.5% of a total forest area of 18,665 km2. In the Tibet autonomous region, the degraded forest area with spruce as a dominant tree species was 99.1% of a total forest area of 17,614 km2, and with fir as a dominant tree species, the degraded area was 98.4% of a forest area of 12,103 km2. A sampling accuracy of forest areas with national forest inventory was about 95% in both provinces. Our study concludes that the FDI method used has a certain scientific rationality in estimating degraded forest area. The forest provides a variety of tangible and intangible goods and services for humans. Therefore, forest management should focus on the improvement of its overall productivity, which is only possible with improving forest site quality. One of the important steps to improve the quality of a forest site is to resolve its degradation issues. The presented method in this article will be useful in finding the solutions to forest degradation problems. This method, which does not need any remote sensing tool, is simple and can be easily applied for estimating any degraded forest area and developing effective forest restoration plans.
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1. Introduction


Forests and their associated biodiversity provide people with a wide range of products and services [1]. The State of the World’s Forests 2020 confirmed that deforestation and forest degradation continued to occur rapidly, which greatly led to the continuous loss of biodiversity [2]. Carbon emission from forest degradation is currently considered as one of the main causes of climate change, and therefore deforestation and forest degradation have been becoming much more burning issues among international communities [3]. Reducing emissions from deforestation and forest degradation (REDD+), enhancing forest carbon stocks, conservation and the sustainable management of forests in developing countries are the key components of the United Nations Framework Convention on Climate Change [4]. To carry out the REDD+ project, it is necessary to have a scientific understanding of the definition, connotation, monitoring and evaluation of forest degradation, and analyze the status quo and development trend of forest degradation in China [5]. However, only few studies exist so far in China, which intend to assess forest degradation from the perspective of forest ecosystem productivity.



Assessing forest degradation is a very complex issue, as none of the universally accepted standard definitions of forest degradation exist, and definition are always based on the objectives of intended research and the functionalities of forests in questions [6]. The International Union of Forest Research Organizations [7] states that forest degradation is the damage of soil quality and potential productivity of forests caused by improper land uses or management practices. The Convention on Biological Diversity argues that degraded forests could maintain only a limited biodiversity and ecosystem functioning [8]. The Food and Agriculture Organization of the United Nations [9] and the International Tropical Timber Organization [10] regard forest degradation as a decline in the ability of forests to produce forest products and provide ecosystem services. The Intergovernmental Panel on Climate Change [11] considers forest degradation as a long-term loss of the forest carbon stocks caused by anthropogenic activities. Chinese researchers have also put forward the definition of forest degradation—for example, Ma et al. [12] defined forest degradation as a destruction of forest structures and functions under anthropogenic and natural interference.



As mentioned above, the definition of forest degradation could largely vary, and therefore methods of assessing forest degradation may be based on the objectives of an intended study. For example, sustainable forest management (SFM) requires the methods and approaches that recognize numerous parameters and conflicting objectives and constraints or multiple criteria. The SFM requires decision-making approaches that examine the trade-offs between competing and conflicting managing objectives (e.g., timber harvesting, biodiversity conservation, recreation, watershed protection, wildlife conservation), according to the economic, environmental, and social dimension of sustainability. The multi-criteria decision analysis (MCDA) enables decision-makers to evaluate alternatives by explicitly considering the multiple criteria. The methods and procedures of MCDA have been widely used to address forest resource management issues [13] and continue to be used in the work of some studies in natural resource management [14,15]. The analytic hierarchy process (AHP) can solve decision-making problems by obtaining the weight of relative alternatives according to the appropriate hierarchy [16,17]. Since its first application [18], AHP has been widely used in forest planning and management. The AHP uses the pairwise comparison matrix (PCM) to obtain measurement scales of the tangible and intangible factors effectively, overcoming the human difficulty in simultaneously evaluating the importance of all the factors involved [19]. In this article, the forest degradation index (FDI) proposed by Modica et al. [19] to judge the degree of forest degradation was selected for evaluation. The FDI is a stand level index and is calculated using the multi-criteria decision analysis with analytic hierarchy process (AHP–MCDA) approach.



According to the existing definition, this study puts forward the definition of forest degradation according to the situation in China. From the perspective of databases and practical applications, the evaluation indicators suitable for evaluating forest degradation are selected, and the method for calculating the area of degraded forest in China is determined. Taking two forest types divided by dominant tree species in two provinces of China as examples, respectively, the degraded forest area is calculated, which provides a reference for evaluating forest degradation research in the future.




2. Materials and Methods


2.1. Study Sites


The study sites are located in the Guangdong province and Tibet autonomous region in China (Figure 1). The Guangdong province has a land area of 179,725 km2. It is located in the southernmost part of mainland China and belongs to the East Asian monsoon region. From north to south, three climatic zones—central subtropical zone, south subtropical zone and tropical zone—are present. The province’s average annual precipitation is 1771 mm. It is rich in sun light, heat, and water resources. Its main forest types divided by dominant species are broad-leaved mixed forest (including Liquidambar formosana and Cinnamomum camphora and other species) and eucalyptus forest (website: http://www.gd.gov.cn/, April 2020).



The Tibet autonomous region has a land area of 1,228,400 km2. The region is located in the southwest border of China, with a climate varying from southeast to northwest successively including: tropical zone, subtropical zone, plateau temperate zone, plateau sub-fridge zone, plateau fridge zone and others. The annual precipitation is between 66.3–894.5 mm. Territory is sparsely populated and has abundant resources. Its main forest types divided by dominant species are spruce forest and fir forest (website: http://www.xizang.gov.cn/, April 2020).




2.2. Data


Since the late 1970s, China has conducted a systematic national forest inventory almost every five years [20]. The data used in this study were obtained from the seventh, eighth and ninth surveys of national forest inventory. The survey years in the Guangdong province are 2007 (seventh), 2012 (eighth) and 2017 (nineth), while those in Tibet autonomous region are 2006 (seventh), 2011 (eighth) and 2016 (nineth). The permanent sample plots (hereafter termed as sample plots) were established throughout the Guangdong province and Tibet autonomous region. Each sample plot with an area of 0.0667 ha was measured for various forest attributes, which were then used to compute different stand indices—namely, forest stand volume, number of living standing trees, number of recruitment trees [21,22], number of tree species, stand canopy, and forest disaster level. We only considered the sample plots, which satisfied the following conditions for estimating degraded forest area: (1) arboreal forest lands; (2) latest survey data not showing zero as a forest accumulation. A total of 731 sample plots in the Guangdong province and 405 sample plots in the Tibet autonomous region were eventually used and two forest types divided by dominant species in each region were used for estimating the degraded forest area. In the national forest inventory, the dominant tree species in the sample plots are the tree species which account for more than 65% of the forest volume in the sample plots. The sample plots of the same dominant tree species in the same province were calculated as a forest type. The forest types considered in Guangdong province were broad-leaved mixed forest and eucalyptus forest, while those in the Tibet autonomous region were spruce forest and fir forest.




2.3. New Definition of Degraded Forest


Combined with the definitions of forest degradation at home and abroad in the introduction and current forest conditions in China, this study defined degraded forest as a “forest that is affected by man-made or natural factors, resulting in forest productivity or ecological service function that is continuously lower than the average level of similar stands at the same stage of development under the same forest sites, and it is difficult to recover itself to natural stage in a short term”. According to this definition, there would be some forest degradation indicators that can be easily measurable, repeatable and ecologically meaningful, and can provide quantitative information. A comprehensive index, FDI is needed to integrate the above-mentioned indicators to evaluate forest degradation [6,23,24,25].




2.4. Forest Degradation Index (FDI)


In order to determine the FDI, we selected five indicators where each indicator can evaluate the status of forest degradation based on national forest inventory data. The approach of the AHP–MCDA was applied to obtain the weight of each indicator and their combination with the normalized values were used to determine FDI.




2.5. Indicators


2.5.1. Forest Accumulation Growth Rate (FAGR)


It is necessary to have the quantitative information of the growing stock, which helps in understanding the ecological dynamics and productive capacity of forests and managing forests within the context of sustainable production. The estimation of the loss or gain (increment) in the growing stock over time can be used as a quantitative indicator of forest degradation. Decline in the growing stock indicates forest degradation, but long-term monitoring is required [26].



The FAGR [24] refers to the 10-year standing net growth rate of each sample plot. We used the following formula to compute this indicator:


   p 1  =    V 2  −  V 1     V 1     



(1)




where    p 1    is the 10-year FAGR of a sample plot,    V 1    is the forest stand volume (m3 ha−1) of the seventh survey of the permanent sample plots, and    V 2    is the forest stand volume (m3 ha−1) of the ninth survey of the permanent sample plots.




2.5.2. Forest Recruitment Rate (FRR)


Recruitment is usually quantified by the number of trees or saplings reaching or exceeding a certain threshold size (e.g., 1.3 m height, 5 cm DBH over bark, etc.) in a certain period of time [21,22]. The stand recruitment process plays an important role in the study of forest volume at multiple levels. If we do not consider the stand recruitment process, it is impossible to accurately predict future stand growth and harvest [27].



The FRR [28] refers to the ratio of the number of recruitment trees to the number of living standing trees in the sample plot during the 10-year survey period of the national forest inventory. We used the following formula to calculate this indicator:


   p 2  =    n 1    n 2    



(2)




where    p 2    is FRR of forests during the 10-year period of the permanent plots of national forest inventory,    n 1    is the number of trees (number of plants per 0.0667 ha) in the threshold value within the 10-year period compared with the seventh survey of the national forest inventory, an    n 2    is the seventh survey number of the live trees in a permanent sample plot (number of plants per 0.0667 ha).




2.5.3. Tree Species Reduction Rate (TSRR)


Biodiversity can also be used to determine the amount of forest degradation. Biodiversity provides the important ecosystem services. For example, complex species composition can improve forest resilience and reduce the origin and spreading of diseases. The loss of biodiversity reduces the ecosystem functions and services [29,30].



The species reduction rate [28] refers to the ratio of the number of tree species reduced in the sample plots to the total number of tree species at the beginning of the survey during the 10-year survey period of the national forest inventory. We used the following formula to calculate this indicator:


   p 3  =   Δ S  S   



(3)




where    p 3    is the rate of TSR in the permanent plots of national forest inventory,  S  is the number of tree species in the preliminary survey (seventh survey) of the permanent sample plots of national forest inventory, and   Δ S   is the number of tree species reduced within 10 years of the permanent plots of national forest inventory (number of tree species in the seventh survey minus number of tree species in the ninth survey).




2.5.4. Forest Canopy Cover Reduction Rate (FCCRR)


Forest canopy cover is defined as a proportion of the forest floor covered by the vertical projection of the canopy. Canopy is one of the main factors determining forest microhabitats. It affects the growth and survival of plants, thus determining the nature of vegetation and the habitat of wildlife [31]. In this study, the canopy projection method is the main method available for measuring canopy closure degree. This is an accurate method to investigate canopy density [32].



The FCCRR [28] refers to the ratio of the amount of canopy reduction in the sample plots during the 10-year survey period of national forest inventory to the canopy closure degree of the sample plots in the initial survey period. We used the following formula to calculate this indicator:


   p 4  =   Δ L  L   



(4)




where    p 4    is the reduction rate of forest canopy closure in permanent sample plot of national forest inventory,  L  is the forest canopy closure degree in the previous survey (seventh survey) of the permanent sample plots, and   Δ L   is the reduction of stand density in a permanent plot in 10 years (stand canopy of the seventh survey minus stand canopy of the ninth survey).




2.5.5. Forest Disaster Level (FDL)


A variety of the native and exotic insects and diseases affect the forest ecosystem [33]. The occurrence of forest disasters would lead to the destruction of forest ecological environment. If the disasters continue to occur and show an increasing trend, the damage of forest ecological environment could worsen or even become increasingly serious ecological problems, which in turn pose a serious threat to the survival of human beings.



The FDL [28] refers to the severity of forests that are subject to pests, diseases, fires, and other natural disasters. Based on the percentage of trees on the damaged site as a percentage of the total number of plants, the national forest inventory divided disaster levels into four—free, minor, moderate, and severe—which are represented by 0–3, and the expression is as follows:


   p 5  =  {    0         Disaster - free      1         Minor   disaster        2         Moderate   disaster      3         Severe   disaster       



(5)









2.6. Normalizing the Indicators


In order to avoid numerical difficulties in the process of calculation, the normalization method is adopted [34,35]. A common method, min–max normalization, was used in this research [36]. We normalized each of the above-mentioned indicators using certain rules. The distribution of the minimum and maximum values for the indicators keeps the original distribution of fractions other than the scaling factor, and distributed between [0, 1] [19].



2.6.1. Normalizing the FAGR and FRR


We normalized the FAGR using the following formula:


   s  1 i   =    p  1 i   − min  {   p 1   }    max  {   p 1   }  − min  {   p 1   }     



(6)




where    S  1 i     is the normalized FAGR of the ith permanent plot,    p  1 i     is the FAGR of the ith permanent sample plot, and   max  {   p 1   }    is the maximum value of the FAGR in all sample plots of a certain type of unit (different dominant species), and   min  {   p 1   }    is the minimum FAGR in all plots of a certain type of unit (different dominant species). The method used for normalizing the FRR    p 2    was the same as for normalizing the FAGR.




2.6.2. Normalizing the TSRR, FCCRR, and FDL


We used the following formula to normalize the TSRR:


   s  3 i   =  1 −     p  3 i   − min  {   p 3   }    max  {   p 3   }  − min  {   p 3   }     



(7)




where    s  3 i     is the normalized value of TSRR in the   i  th permanent sample plot,    p  3 i     is the TSRR of the   i  th permanent sample plot, and   max  {   p 3   }    is the maximum reduction rate of tree species in all plots of a certain type of unit (different dominant species),   min  {   p 3   }    is the minimum reduction rate of tree species in all plots of a certain type of unit (different dominant species). The methods of normalization of the reduction rate of stand closure degree    p 4    and FDL    p 5    were used in the same way as for normalization of the reduction rate of tree species.





2.7. Weighting the Indicators


Following these steps, we used the AHP to weigh the indicators [16,17]. In the process of AHP, the decision-making problem was taken as the overall goal, and the problem was decomposed into different sub-criteria, and finally reached the lowest level of hierarchy (the scheme for decision-making).



2.7.1. Building the Hierarchy Model


A decision tree is provided in Figure 2 to show the process of decomposing FDI into different hierarchies. The AHP was used to aggregate the five indicators of FDI, and four forest types in the two provinces were distinguished.




2.7.2. Establishing Pairwise Comparison Matrix (PCM)


We asked 22 experts in forestry from Chinese Academy of Forestry in Beijing to grade the expert rating scale, which we found very helpful to obtain the relative importance of the different indicators for determining FDI. According to the indicator reference table (Table 1), each expert was asked to fill in an assigned scoring table (Table 2), and a PCM was obtained by Equation (8), which is represented by the letter A [37].


  A =  [       a  11        a  12      …     a  n 1          a  21        a  22      …     a  n 2        ⋮   ⋮   ⋱   ⋮       a  n 1        a  n 2      …     a  n n        ]   



(8)




where  A  is the PCM and    a  i j     is the ratio of the importance of element i to element j.




2.7.3. Calculating Weight of Each Indicator


We used the eigenvalue method to calculate the weight of each indicator [17]. The maximum eigenvalue of each matrix and its corresponding eigenvector were calculated. Each element of the eigenvector gives the experts the corresponding weight of five indicators.


  A w =  λ  max   w  



(9)




where    λ  max     is the largest characteristic root of A and   w =   (  w 1  ,  w 2  ,  w 3  ,  w 4  ,  w 5  )  T    is the corresponding feature vector.




2.7.4. Consistency Test


We used the following steps to make the consistency test, which checked the consistency of each expert’s judgment, eliminated the inconsistent matrices, and did not participate for the indicator to be used for weight calculation.




	a.

	
Calculating the consistency index (CI):









The CI can measure the deviation degree of judging PCM consistency [17].


  C I =    λ  max   − n   n − 1    



(10)




where    λ  max     is the maximum eigenvalue of the reciprocal matrix A of the expert scoring table, and n = 5 is the dimension of the matrix.




	b.

	
Finding the corresponding random index (RI)









The consistency of AHP depends on the calculation of RI [38].


  R I =      λ ¯    max   − n   n − 1    



(11)







Satty [39] conducted 500 simulation experiments and obtained the following results (Table 3), which we used as a basis for obtaining the consistency ratio (CR).




	c.

	
Calculating the consistency ratio (CR)









The CR allows us to evaluate the overall consistency of all paired comparison judgments provided by the experts [38].


  C R =   C I   R I    



(12)








	d.

	
If the CR value was <0.10, the expert’s judgment was assumed to be consistent, otherwise it was an invalid value [39].










2.7.5. Aggregating by Means of Geometric Mean


Following the aggregating individual judgment approach [40], we calculated the geometric mean of all the valid indicators weights    w i  =   (  w  i 1   ,  w  i 2   ,  w  i 3   ,  w  i 4   ,  w  i 5   )  T    (i = 1, 2, …, n, n is the number of valid experts):


   w ˜  =    w 1  ⊗  w 2  ⊗ … ⊗  w n   n  =   (   w ˜  1  ,   w ˜  2  ,   w ˜  3  ,   w ˜  4  ,   w ˜  5  )  T   



(13)








2.7.6. Standardization of Indicator Weights


We standardized the five elements in the weight vector    w ˜  =   (   w ˜  1  ,   w ˜  2  ,   w ˜  3  ,   w ˜  4  ,   w ˜  5  )  T    to make a sum of 1, and we got    w →  =   (   w →  1  ,   w →  2  ,   w →  3  ,   w →  4  ,   w →  5  )  T   . Each element in   w →   is the final weight of FAGR, FRR, TSRR, FCCRR, and FDL.



Take     w ˜  1    as an example:


    w →  1  =   w ˜  1  / (   w ˜  1  +   w ˜  2  +   w ˜  3  +   w ˜  4  +   w ˜  5  )  



(14)




where     w ˜  1    is the weight of FAGR;     w ˜  2    is the weight of FRR;     w ˜  3    is the weight of TSRR;     w ˜  4    is the weight of FCCRR;     w ˜  5    is the weight of FDL; and     w →  1    is the weight of FAGR after standardization.





2.8. Data Aggregation


We constructed the evaluation grades of forest degradation using FAGR (   S 1   ), FRR (   S 2   ), TSRR (   S 3   ), FCCRR (   S 4   ), FDL (   S 5   ), and corresponding indicator weights    w →  =   (   w →  1  ,   w →  2  ,   w →  3  ,   w →  4  ,   w →  5  )  T    as comprehensive indicators:


  F D  I i  = 10   ∑  j = 1  5     w ⇀  j  ×  s  i j      



(15)




where FDI is the forest degradation index of the   i  th sample plot, 10 is a correction factor in order to obtain the [0, 10] range of FDI, 5 is the number of input variables (i.e., five indicators of degraded forest),    S  i j     is the   j  th indicator of the   i  th sample plot, and j = 1, 2, 3, 4, 5 represents cumulative periodic net growth rate, FRR, TSRR, FCCRR, and FDL;     w ⇀  j    is the weight corresponding to the   j  th indicator.




2.9. Grading Forest Degradation


We divided the value of FDI [0, 10] into four intervals, which are represented by FDI-I, FDI-II, FDI-III, and FDI-IV, each representing a different condition of ecological function, as below:


FDI-I: (7–10);










FDI-II: (5–7);










FDI-III: (3–5);










FDI-IV: (0–3).








where FDI-I forests were categorized as “non-degraded” and they were considered to have promising ecological functions; FDI-II forests were categorized “lightly degraded”; FDI-III forests were categorized as “moderately degraded”; FDI-IV forests were categorized as “severely degraded”.




2.10. Calculating Degraded Forest Area


We used the following formula for calculating the area of regional degraded forest:


   S T  =   ∑  j = 1  3      n j   N  S    



(16)




where    S T    is the degraded forest area of a certain type of unit (different dominant species) in the Guangdong province or Tibet autonomous region,  S  is the total forest area of a certain type of unit (different dominant species) in the Guangdong province or Tibet autonomous region,  N  is the total fixed sample plots calculated by a certain type of unit (different dominant species) in the Guangdong province or Tibet autonomous region, and    n j    is the jth degraded grade (j = 1, 2, 3, representing light, medium and heavy grades). The accuracy requirement of forest area in national forest inventory was about 95% for provinces with forest coverage more than 12% [41]. The forest coverage rate of Guangdong and Tibet has exceeded 12% (website: http://www.forestry.gov.cn/, July 2020), so the sampling accuracy of both provinces has reached about 95%. The FDI method could be used to estimate the degradation forest area of a certain type of unit (different dominant species) in other provinces in China, as a reference for China’s degradation forest area.





3. Results


3.1. Weighted Indicator Values


We evaluated forest degradation for our study sites using the AHP methods described in the materials and methods section. We calculated the experts’ scoring tables and aggregated the weighted indicators,    λ  max    , CI and CR by the aggregating individual judgment approach in valid experts’ scoring tables (Table 4).




3.2. Degraded Forest Area and Classification


With the help of calculated FDI we judged the degree of forest degradation in permanent sample plots in the Guangdong province and Tibet autonomous region that meet the calculation requirements by combining the multi-criteria decision analysis with analytic hierarchy process (AHP-MCDA) methods. Based on this, we could also obtain the degradation level of the arboreal forest lands of two forest types divided by dominant tree species in the Guangdong province and two forest types divided by dominant tree species in the Tibet autonomous region. A total of 731 sample plots in the Guangdong province were included in the calculation and results are presented in Table 5. A total of 405 sample plots in the Tibet autonomous region participated in the calculation, and the results are shown in Table 6.



According to the Table 5, the forest degradation level of two forest types divided by dominant tree species in the Guangdong province was judged. Among them, the forest area with broad-leaved species as the dominant species was 24,037 km2, and that of the degraded forest was 20,013.86 km2, accounting for 83.26% of the forest area. The forest area with eucalyptus as the dominant species was 18,665 km2, and the degraded forest area was 11,098.11 km2, accounting for 59.46% of the forest area.



According to Table 6, the degradation level of two forest types divided by dominant tree species in the Tibet autonomous region was judged. Among them, the forest area in which the dominant species is spruce was 17,614 km2, and that of the degraded forest was 17,453.14 km2, accounting for 99.09% of the forest area. The forest area with fir as the dominant species was 12,103 km2, and the degraded forest area was 11,907.79 km2, accounting for 98.39% of the forest area.



A total of 731 sample plots in the Guangdong province and 405 sample plots in the Tibet autonomous region were included in the calculation, and the grade of degraded forests divided by them was combined with FAGR, as shown in Table 7 and Table 8.



A total of 472 sample plots were selected from the forests with broad-leaved species as the dominant species in the Guangdong province, and the FAGR ranking of 404 sample plots was consistent with the forest degradation degree, accounting for 85.59% of all the sample plots. In total, 259 sample plots were selected from the forests with eucalyptus as the dominant species in the Guangdong province, and the FAGR ranking of 221 sample plots was consistent with the degree of forest degradation, accounting for 85.33% of all sample plots.



In total, 219 sample plots were selected from the forests with spruce as the dominant species in the Tibet autonomous region, and the FAGR ranking of 194 sample plots was consistent with the forest degradation degree, accounting for 88.58% of all sample plots. A total of 186 sample plots was selected from the forests with fir as the dominant species in the Tibet autonomous region, and the FAGR ranking of 119 sample plots was consistent with the degree of forest degradation, accounting for 63.98% of all sample plots.



In order to show the relationship between the FDI value of the sample plot and the five indicators values, the distribution of the five indicators of each sample plot is shown in Figure 3. Figure 3A,B show the sample plot with a large distribution of FDI-I (7–10) and FDI-III (3–5), and the indicators of S5 are mainly distributed at both ends of 1, and S1, S2, S3, and S4 are evenly distributed between (0, 1). Figure 3C,D show that the sample plot has a large distribution of FDI-ΙΙ (5–7) and FDI-III (3–5), and the indicators of S5 are mainly distributed at both ends of 1, and S1, S2, S3, S4 are evenly distributed between (0, 0.5).





4. Discussion


According to the results of the weighted indicators scored by experts (Table 4), the order of weight of each indicator is     w →  5  >   w →  1  >   w →  3  >   w →  2  >   w →  4   , and experts agreed that forest disaster level could be the most important indicator. This result is consistent with the statement by Simula [42], that the main causes of forest degradation in Asia are fire, excessive logging, diseases and insect pests, which are the key common factors.



Guangdong and Tibet have slightly different forest degradation patterns, with Guangdong having more sample plots of FDI-III (moderate degradation) and FDI-I (no degradation) and Tibet more FDI-II (light degradation) and FDI-III (moderate degradation) (Table 5 and Table 6). This indicates that the overall forest degradation in the Guangdong province is somehow lower than that in the Tibet autonomous region with the two major forest types in each region taken into consideration (broad-leaved mixed forest and eucalyptus forest in Guangdong, and spruce and fir forests in Tibet). The problem of forest degradation in the Guangdong province could be mainly due to the massive level of forest destruction, which includes long-term massive deforestation, expansion of agricultural lands, and forest fires [43]. However, due to the influence of national policy of reducing the environmental degradation and timber shortages caused by forest destruction, the Guangdong province has been making great efforts to restore the degraded forest areas since 1985, and has achieved a great success in reducing forest degradation [44,45,46,47]. Whereas Tibet, as the main body of the Qinghai-Tibet Plateau is more sensitive to the vegetation changes and forest degradation under the influence of climate change and human activities. This may be the reason that this region has become one of the hot spots for global ecological research by virtue of its unique geographical location, ecological environment, and anthropogenic activities [48,49,50,51,52,53]. Global warming may accelerate soil nutrient and moisture loss, which may cause vegetation changes. The combined effects of global warming, rapidly growing human population and urbanization in the region, may lead to forest degradation and vegetation changes [54]. The increase in human population and economic development can increase the output of livestock in the region, and overgrazing may lead to locally increased temperature causing land degradation [55,56]. Teng et al. found the areas that suffer from severe soil erosion in the Hengduan Mountains and the southeastern Himalayas and predicted soil erosion in 2050 would substantially increase [57]. Yue et al. and Wang et al. also got similar results [58,59]. Soil erosion can lead to the reduction in organic matter content, the thinning of soil layers and the deterioration of site conditions. With global warming, the glacial lake breaking debris flow has become one of the main geological disasters in the forest concentrated area of southeast Tibet [60]. Therefore, the above-mentioned factors (e.g., global warming, human activities, etc.) may lead to forest degradation in the Tibet region, which will be a serious problem in the future if the processes are not reversed. Our results indicate this possibility in the region where there are some sample plots with FDI-IV (severe degradation), which are fewer than those in Guangdong, however (Table 5 and Table 6).



It can be seen from Table 7 and Table 8 that the ranking of FAGR values from high to low in sample plots has a high coincidence degree with forest degradation grades from non-degradation to severe degradation. It can also be seen in Figure 3 that the distribution of FAGR values is similar to that of FDI values. This result is consistent with the higher relative weight of FAGR among the five indicators in the AHP method (Table 4). FAGR plays an important role in the evaluation of forest ecosystem function, and is an integral part of many ecological measurement units (carbon fixation and oxygen release function, forest accumulation of nutrients function, etc.) that can represent the ecological complexity of forests, forest dynamics, and potential forest productivity [61,62]. Song calculated the change in ratio of stand volume and area in each province with national forest inventory data, and found that the ratio of stand volume and area in Guangdong had been slightly increasing since the 20th century, whereas there is a downward trend in Tibet. This is also consistent with our finding that forest degradation in Tibet would be more serious than that in the Guangdong province [63]. Our finding, which is also corroborated with that of the previous study, suggests that FAGR can be used as one of the important indicators to evaluate forest degradation. However, a single FAGR value cannot fully reflect the degraded forest grade, because the degraded forest grade is also affected by the other four indicators. Therefore, assessing forest degradation needs a more comprehensive analysis from the perspectives of forest growth, regeneration, diversity, structure and natural disasters [42].



Figure 3 shows that the growth, regeneration, diversity, structure and natural disaster of the severely degraded forest, determined by FDI, are also poor. The growth, regeneration, diversity, structure and natural disasters of non-degraded forest were also better than those of degraded forest. FDI is not determined by a single indicator of forest degradation, but by five indicators to determine the overall quality of the forest by reflecting the comprehensive situation of forest growth, regeneration, diversity, structure and natural disasters. In the sustainable management of forest, it is a main problem to judge the degree of forest degradation. Currently, no widely accepted method is available for evaluating forest degradation accurately [19]. In forest management, MCDA methods have been applied to better meet the many challenges [13,64]. The FDI, by using the approach of the AHP–MCDA, can help evaluate the quality of forest and determine the state of forest, so as to guide the SFM.



Nevertheless, there are still some problems associated with our study that need to be properly resolved in the future. In order to assess the growing changes in forests, a monitoring system that involves duplication requiring consistent measurements is needed. The time span represented by the data used in this study is 15 years (three measurement periods with a 5-year interval), which can reflect the change in the forest status in 15 years. A negative trend, such as severe forest fires, may indicate forest degradation, but long-term monitoring [65] is needed to explain temporary fluctuations. The evaluation indicators selected in this study are based on the feasibility of measurement and reflect the overall situation of the forest. These indicators can be assessed based on the information already collected as a part of a national forest inventory. However, the indicators in this study are still limited [66,67], mainly reflecting the growth of trees in the stand, but not enough to reflect the overall ecological changes. Some indicators (e.g., forest aesthetic values, wildlife risks, etc.), though their measurements are difficult and costly, may still need to be studied in the future [26]. The FAO considers that natural and planted forests may need different sets of indicators [26], as they differently describe the ecological complexities and forest disturbance variabilities. Thus, it is necessary to select suitable indicators according to different forest types for obtaining more precise FDI. Future research on FDI can be further improved with use of additional field data to increase its scope of application.




5. Conclusions


We estimated the area of degraded forests consisting of four forest types divided by dominant tree species using survey data from two important regions of China (Guangdong and Tibet). We used commonly used methods of estimating degradation area, such as the multi-criteria decision analysis with analytic hierarchy process (AHP–MCDA) method. By synthesizing the experts’ judgment on the importance of different indicators, we can get the weight of indicators in decision-making. The AHP–MCDA method can combine evaluations and measurements that reflects not only the impact of different indicators on forest degradation, but also whole forests through comprehensive analysis. Our results show that the FDI can estimate the area of degraded forest quickly and easily. Our results are the fundamental basis for estimating degraded forest areas in other forested regions of similar or different types and evaluating the quality of forests in terms of their productivity (goods and services). Our methods and results will serve as an important basis for developing the appropriate forest management strategies.



There are still some problems that need to be studied more in the future. Using long-term data should avoid short-term fluctuations of forest conditions. According to different forest types, we can consider selecting suitable indicators and corresponding weights to evaluate forest degradation. By specifying the problems, our method can be used to estimate the area of degraded forests elsewhere in the world.
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Figure 1. Location of the study area consisting of Guangdong province and Tibet autonomous region and spatial distribution of corresponding permanent sample plots. 






Figure 1. Location of the study area consisting of Guangdong province and Tibet autonomous region and spatial distribution of corresponding permanent sample plots.



[image: Forests 11 00930 g001]







[image: Forests 11 00930 g002 550] 





Figure 2. The forest degradation index (FDI) is divided into two hierarchical structures (Modica et al. [19] after modifications). SX includes Site A (SA), Site B (SB), Site C (SC) and Site D (SD). SA is broad-leaved mixed forest and SB is eucalyptus forest in Guangdong province; SC is spruce forest and SD is fir forest in Tibet autonomous region. 
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Figure 3. Distribution degradation levels of different forest types divided by dominant species in the Guangdong province and Tibet autonomous region; (A) Distribution of broad-leaved mixed forest in the Guangdong province; (B) Distribution of eucalyptus forest in the Guangdong province; (C) Distribution of fir forest in the Tibet autonomous region; (D) Distribution of spruce forest in the Tibet autonomous region. FDI: forest degradation index; S values: methodological description of obtaining these values is provided in a Section 2.6 (Normalizing the indicators) whereby S1: Forest accumulation growth rate after standardization of each sample plot; S2: Forest recruitment rate after standardization of each sample plot; S3: Tree species reduction rate after standardization of each sample plot; S4: Forest canopy cover reduction rate after standardization of each sample plot; S5: Forest disaster level after standardization of each sample plot; The pink points represent the projection of the plots on “S” (X-axis) and “The Value of FDI” (Y-axis); The light green points represent the projection of the plots on “S” (X-axis) and “The Value of S” (Z-axis). The blue points represent the projection of plots on “The Value of FDI” (Y-axis) and “The Value of S” (Z-axis). 






Figure 3. Distribution degradation levels of different forest types divided by dominant species in the Guangdong province and Tibet autonomous region; (A) Distribution of broad-leaved mixed forest in the Guangdong province; (B) Distribution of eucalyptus forest in the Guangdong province; (C) Distribution of fir forest in the Tibet autonomous region; (D) Distribution of spruce forest in the Tibet autonomous region. FDI: forest degradation index; S values: methodological description of obtaining these values is provided in a Section 2.6 (Normalizing the indicators) whereby S1: Forest accumulation growth rate after standardization of each sample plot; S2: Forest recruitment rate after standardization of each sample plot; S3: Tree species reduction rate after standardization of each sample plot; S4: Forest canopy cover reduction rate after standardization of each sample plot; S5: Forest disaster level after standardization of each sample plot; The pink points represent the projection of the plots on “S” (X-axis) and “The Value of FDI” (Y-axis); The light green points represent the projection of the plots on “S” (X-axis) and “The Value of S” (Z-axis). The blue points represent the projection of plots on “The Value of FDI” (Y-axis) and “The Value of S” (Z-axis).



[image: Forests 11 00930 g003]







[image: Table] 





Table 1. Scale reference for indicators.
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	Scale
	Meaning





	1
	Two elements are of equal important.



	3
	Former is more slightly important than the latter compared to other two elements.



	5
	Former is more obviously important than the latter compared to other two elements.



	7
	Former is more strongly important than the latter compared to other two elements.



	9
	Former is extremely more important than the latter compared to other two elements.



	2, 4, 6, 8
	Represent the intermediate value of the above adjacent judgments.



	Reciprocal
	If the ratio of the importance of element i to element j is aij (aij = ai/aj), the ratio of the importance of element j to element i is aji = 1/aij.
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Table 2. Scoring for forest degradation indicators (only filling in the part above or below the diagonal line).
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	Indicators
	FAGR
	FRR
	TSRR
	FCCRR
	FDL





	FAGR
	1
	
	
	
	



	FRR
	
	1
	
	
	



	TSRR
	
	
	1
	
	



	FCCRR
	
	
	
	1
	



	FDL
	
	
	
	
	1







Note: FAGR: forest accumulation growth rate; FRR: forest recruitment rate; TSRR: tree species reduction rate; FCCRR: forest canopy cover reduction rate; FDL: forest disaster level.
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Table 3. The random index (RI).
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	Matrix Order
	1
	2
	3
	4
	5
	6
	7



	RI
	0
	0
	0.58
	0.90
	1.12
	1.24
	1.32
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Table 4. Weight of each indicator.
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Indicator

	
Weighted Sum Vector

(Equation (9), Equation (13))

	
Normalized Weight

(Equation (14))






	
FAGR

	
0.1584

	
0.1873




	
FRR

	
0.1142

	
0.1350




	
TSRR

	
0.1430

	
0.1691




	
FCCRR

	
0.1109

	
0.1312




	
FDL

	
0.3191

	
0.3774




	
   λ  max     (Equation (9))

	
5.1931




	
CI (Equation (10))

	
0.0339




	
CR (Equation (12))

	
0.0303








Note: FAGR: forest accumulation growth rate; FRR: forest recruitment rate; TSRR: tree species reduction rate; FCCRR: forest canopy cover reduction rate; FDL: forest disaster level;    λ  max    : maximum eigenvalue of the reciprocal matrix of the expert’s judgement scoring table, which is also known as a pairwise comparison matrix (Equation (8)); CI: consistency index, which measures the deviation degree of consistency of pairwise comparison of the judgement; CR: consistency ratio, which allows us to evaluate the overall consistency of all paired comparisons of the judgement provided by the expert, and if CR < 0.1, an expert judgement is assumed to be consistent.
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Table 5. Evaluation results of forest degradation grade of two forest types divided by dominant tree species in the Guangdong province. A total of 731 sample plots of the province were included in the study. FDI: forest degradation index.
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Degradation Level

	
Forest Type




	
Broad-Leaved Mixed Forest

	
Eucalyptus Forest






	
FDI-Ⅰ

	
No. of sample plots

	
79

	
105




	
Proportion

	
16.74%

	
40.54%




	
FDI-Ⅱ

	
No. of sample plots

	
55

	
15




	
Proportion

	
11.65%

	
5.79%




	
FDI-Ⅲ

	
No. of sample plots

	
335

	
128




	
Proportion

	
70.97%

	
49.42%




	
FDI-Ⅳ

	
No. of sample plots

	
3

	
11




	
Proportion

	
0.64%

	
4.25%
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Table 6. Evaluation results of forest degradation grade of two forest types divided by dominant tree species in the Tibet autonomous region. A total of 405 sample plots of the region were included in the study. FDI: forest degradation index.
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Degradation Level

	
Forest Type




	
Spruce Forest

	
Fir Forest






	
FDI-Ⅰ

	
No. of sample plots

	
2

	
3




	
Proportion

	
0.91%

	
1.61%




	
FDI-Ⅱ

	
No. of sample plots

	
143

	
72




	
Proportion

	
65.3%

	
38.71%




	
FDI-Ⅲ

	
No. of sample plots

	
73

	
108




	
Proportion

	
33.33%

	
58.06%




	
FDI-Ⅳ

	
No. of sample plots

	
1

	
3




	
Proportion

	
0.46%

	
1.61%
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Table 7. Relationship between forest degradation level and Forest accumulation growth rate (FAGR) in the Guangdong province (FDI: forest degradation index).
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Degradation Level

	
Broad-Leaved Mixed Forest

	
Eucalyptus Forest




	
No. of Sample Plots

	
No. of Sample Plots with the Same FAGR as the Rank of Degraded Forest

	
Proportion of the Latter Relative to the Former

(%)

	
No. of Sample Plots

	
No. of Sample Plots with the Same FAGR as the Rank of Degraded Forest

	
Proportion of the Latter Relative to the Former

(%)






	
FDI-Ⅰ

	
79

	
79

	
100

	
105

	
104

	
99.05




	
FDI-Ⅱ

	
55

	
23

	
41.82

	
15

	
6

	
40




	
FDI-Ⅲ

	
335

	
302

	
90.15

	
128

	
110

	
85.94




	
FDI-Ⅳ

	
3

	
0

	
0

	
11

	
1

	
9.09




	
All levels

	
472

	
404

	
85.59

	
259

	
221

	
85.33
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Table 8. Relationship between forest degradation level and Forest accumulation growth rate (FAGR) in the Tibet autonomous region (FDI: forest degradation index).






Table 8. Relationship between forest degradation level and Forest accumulation growth rate (FAGR) in the Tibet autonomous region (FDI: forest degradation index).





	
Degradation Level

	
Spruce Forest

	
Fir Forest




	
No. of Sample Plots

	
No. of Sample Plots with the Same FAGR as the Rank of Degraded Forest

	
Proportion of the Latter Relative to the Former

(%)

	
No. of Sample Plots

	
No. of Sample Plots with the Same FAGR as the Rank of Degraded Forest

	
Proportion of the Latter Relative to the Former

(%)






	
FDI-Ⅰ

	
2

	
2

	
100

	
3

	
2

	
66.67




	
FDI-Ⅱ

	
143

	
131

	
91.61

	
72

	
40

	
55.56




	
FDI-Ⅲ

	
73

	
61

	
83.56

	
108

	
77

	
71.30




	
FDI-Ⅳ

	
1

	
0

	
0

	
3

	
0

	
0




	
All levels

	
219

	
194

	
88.58

	
186

	
119

	
63.98
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