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Abstract

:

The changing climate is worsening the threats to forests, such as insect outbreaks, fires, and drought, especially old-growth forest, which is more susceptible to disturbance. Therefore, it is important to detect the disturbance areas, identify the disturbance agents, and evaluate the disturbance intensity in old-growth forest. We tried to derive the forest disturbance information based on multiple remote sensing datasets (Global Forest Change, MODIS, and ERA5-Land) from 2000 to 2021 in Changbai Mountain, Northeast China, and explored their relationship with climate factors. The results showed that (1) wind damage and insect outbreaks are two main forest disturbance agents, (2) the increasing temperature during overwintering periods and the decreasing precipitation during activity periods increase the risk of insect outbreaks, and (3) disturbances lead to significant changes in forest structure and functional indices, which can be well captured by the remote sensing data. In the study, we creatively combined low-frequency remote sensing images and high-frequency meteorological data to determine the specific time of wind damage. The final results suggested that the vulnerability of old-growth forest to climate change may be mainly reflected through indirect implications, such as the increased risk of strong winds and insect disturbances.
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1. Introduction


Forests are among the most important ecosystems on earth, covering about 31% of the global land area [1]. Forest disturbance affects many ecological functions, including carbon storage, habitat value, and hydrological function. In the context of global changing, forest ecosystems have suffered serious disturbances that are driven prominently by warming [2]. Some disturbances, such as large-scale deforestation [3] and forest fires [4], which change dramatically and have clear boundaries, can easily be quantitatively assessed. However, some disturbances, such as wind damage and insect outbreaks, which are spatially discontinuous, are difficult to quantify and sometimes cannot even be recognized after being disturbed.



Climate change, especially warming, will expose forests to more risks. The rising temperatures will increase evaporation, which will increase the frequency of extreme precipitation events [5] and change storm systems [6]. Additionally, warming has increased the frequency of insect outbreaks. On the one hand, warming has led to an increase in continuous drought, which makes trees more vulnerable to pests and diseases; on the other hand, warming in winter increases the survival of overwintering insects, leading to frequent insect outbreaks. For example, warming showed a remarkable link with outbreaks, leading to higher insect outbreaks of five defoliating species in Center Europe [7]. In North American forests, climate change facilitated the mountain pine beetle’s expansion into previously unsuitable habits [8]. Increasing dryness and active temperature promoted Siberian silk moth (Dendrolimus sibiricus Tschetv.) outbreaks, and shifted the outbreaks boundary about 370 m uphill since 1950 [9]. A warming climate may improve food quality, provide better growth conditions for larval development [10], and increase the population growth and metabolic rates of insects [11], thus promoting more intense and frequent insect outbreaks.



Warming increases the frequency and intensity of extreme weather, especially extreme storms. Strong wind causes substantial defoliation, widespread snapping of trees, and even tree mortality. Intensified storm systems have brought more natural disasters to forests [12,13,14,15,16], as shown in studies focusing on satellite passive optical remote sensing of wind-induced forest damage, in which vegetation indices and algorithms are adopted to detect wind damage area and severity [15]. Compared with detection algorithms, proper selection of vegetation indices is more critical for obtaining satisfactory results [17]. The widely used indices consist of the normalized difference vegetation index (NDVI) [12,14], normalized difference infrared index (NDII) [13], enhanced vegetation index (EVI) [14,18], leaf area index (LAI), and fraction of photosynthetically active radiation (FPAR) [19]. After being disturbed by a strong wind, forests were damaged [14], all forest structure and functional indices, such as evapotranspiration (ET) declined [19], soil temperatures down to −50 cm increased [18], and the senescence in autumn accelerated, leading to a shorter growing season [16].



Old-growth forests are more sensitive to climate change, as well as other disturbances derived from climate change. Old-growth forest commonly has the characteristics of high tree species richness, old stand age, and vertical heterogeneity [20]. The capacity of old-growth forest to provide ecosystem services may be far more important to society than their use as a source of raw materials [21]. However, no old-growth stand will persist indefinitely. Old-growth forest degradation threatens biodiversity and the survival of species. Therefore, it is worth paying more attention to the disturbance processes of old-growth forest.



The National Natural Reserve of Changbai Mountain (NNR-CBM) was established in 1960, and it is one of the earliest nature reserves in China. No artificial damage is allowed in NNR-CBM; however, we observed forest biomass loss over the past 20 years. Thus, the objectives of this study were (I) to identify the forest disturbance area and agents in NNR-CBM, (II) to determine the influence of different forest disturbance agents through multiple indicators, and (III) to provide some suggestions for forest management and conservation.




2. Materials and Methods


2.1. Study Area


Our study area was located in the NNR-CBM in Jilin Province, Northeast China (Figure 1). The average annual temperature and precipitation of the whole area over the past 20 years were 4.7 °C and 686.6 mm, respectively. NNR-CBM is an old-growth mixed forest system, rich in tree species Korean pine (Pinus koraiensis Siebold et Zuccarini), Larix olgensis (Larix olgensis Henry), Picea jezoen (Picea jezoensis Carr. var. microsperma (Lindl.) Cheng et L. K. Fu), etc. This area has a typical vertical forest gradient, including broad-leaved Korean pine mixed forest, spruce–fir forest, subalpine birch forest, and alpine tundra from low altitude to high altitude.




2.2. Data Source


Global Forest Change (GFC) v1.9 includes tree canopy cover for the year 2000 and forest loss from 2000 to 2021 at a spatial resolution of 30 m, which is based on Landsat 7 Enhanced Thematic Mapper Plus (ETM+) data [22]. The dataset quantifies global forest change using decision tree methodology. Comparable map and reference disturbance and gain results were achieved at the global and climate domain scales.



The Moderate Resolution Imaging Spectroradiometer (MODIS) instrument is operated on both Terra and Aqua spacecraft. Many data products derived from MODIS describe the biophysical features of the land (PTC: percentage tree cover, PNV: percentage nontree vegetation, NV: percentage non-vegetated, GPP: gross primary productivity, and LST: land surface temperature), which can be used for the studies of processes and trends on global scales (Table 1).



The land component of the fifth generation of European Reanalysis (ERA5-Land) is a reanalysis dataset describing the water and energy cycles with a grid spacing of 9 km and hourly temporal frequency [23]. The main meteorological variables include 2 m air temperature, wind speed, and total precipitation.



Google Earth Engine (GEE) combines a multi-petabyte catalog of satellite imagery and geospatial datasets. All the data mentioned above were processed and extracted using GEE.



Google Earth Pro (v7.3.6.9345, Google LLC., Milpitas, CA, USA) is a geospatial tool that provides historical imagery with high spatial resolution. Although the timelapse of the historical imagery is not fixed, these imageries can still provide some references for the change of the land.




2.3. Data Processing and Analysis


The procedure of the main method is illustrated in Figure 2. The first step was to identify the forest disturbance area and agents. The forest change of NNR was detected using the GFC dataset. Forest disturbance and the year of disturbance can be obtained from GFC. After the delineation of the forest disturbance area, through high-resolution images, field investigations, and a literature review, we determined the characteristics of forest disturbance agents.



The second step was to explore the condition of agents. The wind speed characteristics in the wind damage area (WDA) and the climate characteristics in the insect outbreak area (IOA) were considered. These data were obtained from ERA5-Land. Wind speeds include both daily and hourly scales. High-temporal-resolution wind speed can help to determine the specific time of wind damage. Monthly air temperature and total precipitation can be better compared on an interannual scale.



The third step was to determine the influence of agents. Biophysical features were compared according to the agents of forest disturbance (WDA: wind damage area; IOA: insect outbreaks area). To better distinguish the effects of forest disturbance, we also compared the features of undisturbance areas (WDCA: wind damage control area; IOCA: insect outbreak control area) (Figure 3). These control areas were randomly selected from the area closed to corresponding agents.



Although the derived products of MODIS are composites, these products still have outliers. Double moving average (DMA) was used to help smooth out these data by creating constantly updated average data. The time window of DMA was 48 days. After DMA, the biophysical features could be better compared pre and post forest disturbance.





3. Results


3.1. Distribution of Forest Disturbance Areas


According to GFC data analysis, there were remarkable forest loss events from 2000 to 2021, mainly occurring in 2017, 2019, and 2020. These events mainly occurred in the core area (Figure 1). With the management of the Changbai Mountain Protection Development Management Committee, no deforestation and forest fires occurred in NNR-CBM. We inferred that these forest loss events may have been forest disturbances caused by wind damage or insect outbreaks. The corresponding shapes of the disturbance area were narrow linear, planar, or scattered distributions, respectively. We initially classified these disturbances into two major forest disturbances: wind damage and insect outbreaks, according to the shape of disturbance area.



The core area had high tree cover. The occurrence area and time of wind damage and insect outbreaks are shown in Figure 3a. The area of wind damage was 1.05 km2, and the altitude was about 1100 m. The length of the WDA was 5 km, and the width was 0.4 km, in the east–west direction. The IOA in 2019 and 2020 was 57.84 and 18.46 km2, respectively. The corresponding elevation was about 950–1450 m. The IOA showed an expanding tendency from 2019 to 2020.




3.2. Wind Damage


From the GFC dataset, we can know that the narrow area lost its forest in 2017 (Figure 3). We finally identified the narrow area as WDA, according to the shape of the forest disturbance area, historical images (Figure 4), and field investigation.



The changes pre and post WDA were obvious from high-resolution images. The wind damage occurred between 3 May and 15 June 2017. To determine the exact time of occurrence, daily and hourly wind speed data (Figure 5) were taken into account. The wind speed at 7 a.m. on 7 May was maximal (hourly average wind speed, 8.32 m/s), reflecting 2.92 and 3.80 times the average annual wind speed in 2017 and past 20 years, respectively. We inferred that the wind damage occurred at this time.



The percentage tree cover of WDA changed rapidly in 2017 in the study area (Figure 6a), dropping from 67.74% to 41.20%. There was no significant change in the WDCA (Figure 6b). As PTC decreased, PNV increased, and NV did not change in WDA.



The changes in NDVI in WDA and WDCA were similar to the values pre wind damage. After being disturbed, extreme values (maximum and minimum) of NDVI in WDA were much lower than those in WDCA (Figure 7). This condition consistently lasted until the fifth year (2021), for the restoration of vegetation. For LAI and FPAR, their remarkable changes in WDA were that the minimum region was lower than in WDCA. GPP was significantly lower in the wind damage year, and did not recover as NDVI did. The change in LST and ET was very small; the ET and LST trends decreased and increased, respectively.




3.3. Insect Outbreaks


For the other forest disturbance area in Figure 3, considering the shape of the forest loss area, we initially ascribed it to large insect outbreak events. Field investigations and the literature review [24,25] further confirmed our assumption. The insect species is the larch caterpillar (Dendrolimus superans Butler), which is widely distributed in Eurasia [26]. Larix olgensis is regarded as the major host in spruce–fir forest. Their eggs are laid on host needles, and developing larvae feed on host foliage. The larvae overwinter in the soil. In its native habitat region, the larch caterpillar usually takes 1 or 2 years to develop [27]. Mountain and hilly areas are more susceptible to pine caterpillar outbreaks [28]. We split the life history of the larch caterpillar [29] into two parts according to whether the larch caterpillar is in the tree or not, i.e., overwintering periods (October to the following March) and activity periods (April to September).



Comprehensive analysis suggested that the insect outbreaks started in 2019 and expanded in 2020. The PTC decreased rapidly from 63.79% to 53.09% to 44.10%, PVC increased rapidly from 14.97% to 19.90% to 27.90%, and the change in NV was not obvious from 2018 to 2020 in IOA. Meanwhile, in IOA-2020, the change in the three indicators was more extreme than in 2019 (Figure 8). PTC was even lower in IOA, compared to IOCA.



Forest susceptibility to caterpillar outbreaks was regulated by the interaction among topography, climate, soil, and forest type [28]. Some studies demonstrated that climatic warming and drying would increase the risk of larch caterpillar outbreaks, and suggested that increased precipitation had a very strong inhibitory effect on larch caterpillar outbreaks [29]. This is consistent with our results (Figure 9). The monthly maximum temperature, monthly average temperature, and monthly minimum temperatures during the overwintering periods were 2.7, 1.2, and 2.2 °C, respectively. All values were higher than the average in the winter before insect outbreaks, respectively. This provides the change for more larch caterpillars to survive the winter, which are ordinarily harsher and colder. At the same time, the precipitation decreased by 28.9% during activity periods, which allowed more caterpillars to ascend the tree and consume the foliage.



The changes in NDVI, LAI, and FPAR in the WDA and WDCA were similar pre insect outbreaks. Extreme values (maximum and minimum) of the WDA were lower than those of the WDCA (Figure 10). GPP was significantly lower in the insect outbreak year. The change in LST and ET was very small; the maximum ET and LST tended to decrease and increase, respectively.



Wind damage and insect outbreaks cause different intensities of forest disturbance and changes in biophysical features. Both led to decreases in PTC, NDVI, LAI, FPAR, GPP, and ET decrease, as well as increases in PNV and LST.





4. Discussion


4.1. The Phenology of the Region Changed after Forest Disturbance


As PTC decreased, PNV increased, whereas NV did not change in the WDA after wind damage (Figure 6). This indicates that the WDA was quickly occupied by other nontree vegetation that included communities of shrubs and grasses, similar to the changes in boreal larch forest after severe burn [30]. In a previous study, hurricanes accelerated autumn senescence by inducing an early end of the growing season and a shorter length of the growing season for the year of the storm [16]. This is consistent with our study. NDVI and GPP decreased more quickly in the fall after wind damage (Figure 7). We inferred this as due to the difference in phenology between trees and nontree vegetation.



The insect outbreaks not only caused the disturbance of NDVI, LAI, and FPAR [31], but also shortened the length of the growing season, similarly to wind damage. We inferred that the trees were more susceptible to being attacked by insects in spring than in other seasons. Both wind damage and insect outbreaks led to changes in regional phenology.




4.2. More Attention Should Be Paid to the Increase in Indirect Forest Disturbance Events Related to Climate Change


Studies on forest disturbance mainly focus on the forest disturbance area and the intensity of spatial disturbance caused by certain factors, such as deforestation and forest fires [14,15,28], whereas there is a lack of studies on disturbances with no remarkable space boundary transition, such as insect outbreaks. Our study creatively combined low-frequency remote sensing images and high-frequency meteorological data to determine the specific time of wind damage. This is crucial for forests that lack human management. Forest insect populations are influenced by temperature and other environmental conditions; thus, future changes in climate can be expected to affect forest insect outbreaks. Small-scale wind events are products of mesoscale climatic circumstances and, thus, may be affected by climate changes. These disturbances can create very large patches of damage. Windstorms can cause heavy mortality, produce canopy disruption, reduce tree density and size structure, and change local environmental conditions. The relationship between wind strength and the severity of disturbance is not constant across different forest types. For example, shallow-rooted species and thinned stands may be especially vulnerable to wind events. As a whole, more attention should be paid to the increase in indirect forest disturbance events related to climate change.




4.3. Enlightenment from Forest Disturbance events in Natural Forest Protection


Protection measures for natural forest protection are often extremely rigid, e.g., prohibiting any form of human intervention in the protected area. This measure brings about several achievements in natural forest protection, but may cause several problems as the tree age increases. For example, fuel loading is a key parameter in fire danger rating systems. In older-age forests, more and more fuel loading increases the fire risk. For mountain trees with umbrella-shaped roots, such as in our study area, older-age trees are more likely to fall in windy weather.




4.4. Some Limitations and Some Advice for Future Research


Passive optical remote sensing is one of the main methods for detecting forest disturbance, but it is easily affected by the weather. Few studies use active remote sensing [32] or multisource remote sensing. This is one possible future research direction.



We used remote sensing data to detect the disturbances of an old-growth forest in northeast China, which is a specific and unique region of the world; however, this method can be used more widely in other forest covered regions, for evaluating additional types of disturbances, such as forest fires and deforestation.



The WDA in our study area differs from areas damaged by tropical cyclones, typhoons, or hurricanes, which generally affect coastal areas. In inland China, especially Northeast China, typhoons are typically not a concern. However, the influence of local gusts under the influence of cold air and cyclones on natural forests in Northeast China deserves attention, especially in mountain regions.





5. Conclusions


This study focused on the remote sensing detection of disturbances due to strong wind and insect outbreaks in an old-growth forest in Changbai Mountain, Northeast China. The results suggest that, under the background of global warming, more indirect disturbances may happen in old-growth forests. We could detect these disturbance agents and evaluate the forest restoration processes using multiple methods based on remote sensing data, as well as field investigations. The relevant detections and evaluations can be used as a reference for the study of forest disturbance, thus helping in the scientific management and protection of natural forests.
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Figure 1. Geographical location of the study area in Northeast China. (a) Map of China. (b) Digital elevation model (DEM) shading map of Northeast China. (c) DEM shading map of the National Natural Reserve of Changbai Mountain, Northeast China. The black frame in (c) delineates the study area (459.56 km2). 
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Figure 2. Flowchart describing the identification and influence of wind damage and insect outbreaks. 
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Figure 3. The major forest disturbances occurring in the National Natural Reserve of Changbai Mountain, Northeast China. The core area we defined exhibited drastic forest disturbance in the National Natural Reserve of Changbai Mountain. (a) Map of major forest disturbances and corresponding control area distribution. (b,c) Percentage tree cover (PTC) and percentage nontree vegetation (PNV), respectively. 
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Figure 4. The images of the wind damage area. (a–c) Images acquired directly from Google Earth Pro. (d,e) True color RGB composites from the three bands of Sentinal-2 centered at 665, 560, and 490 nm. The numbers denote the corresponding times of the images (format: year/month/day). 
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Figure 5. The daily (a) and hourly (b) wind speed data (m/s) of wind damage area in 2017. The shaded area denotes the confidence intervals of mean. 
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Figure 6. Percentage tree cover (PTC), percentage nontree vegetation (PNV), and percentage non-vegetated (NV) in wind damage area (WDA) (a); percentage tree cover of WDA and wind damage control area (WDCA) (b). The green dashed line denotes the year (2017) of wind damage. 
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Figure 7. Biophysical features of wind damage area (blue solid line) and wind damage control area (green solid line). (a–f) are NDVI, LAI, FPAR, GPP, ET, and LST, respectively. 
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Figure 8. Percentage tree cover (PTC), percentage nontree vegetation (PNV), and percentage non-vegetated (NV) in insect outbreak area in 2019 (a) and 2020 (b); percentage tree cover in insect outbreak area in 2019 and 2020 (IOA_2019, IOA_2020) and insect outbreak control area (IOCA) (c). The green dashed line denotes the first year (2019) of insect outbreaks. 
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Figure 9. Climatic characteristics of insect outbreak area. The colorful broken line is the temperature during the overwintering periods. From top to bottom, the monthly maximum temperature, monthly average temperature, and monthly minimum temperature are shown; the colorful dashed line is the corresponding mean. The bars show the precipitation during activity periods, and the dashed line is the corresponding mean. 






Figure 9. Climatic characteristics of insect outbreak area. The colorful broken line is the temperature during the overwintering periods. From top to bottom, the monthly maximum temperature, monthly average temperature, and monthly minimum temperature are shown; the colorful dashed line is the corresponding mean. The bars show the precipitation during activity periods, and the dashed line is the corresponding mean.



[image: Forests 14 00368 g009]







[image: Forests 14 00368 g010 550] 





Figure 10. Biophysical features of insect outbreaks area (2019 and 2020) (deep-yellow solid line and pale-yellow solid line) and insect outbreak control area (green solid line). (a–f) are NDVI, LAI, FPAR, GPP, ET, and LST, respectively. 
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Table 1. The specifications of the selected MODIS image products.






Table 1. The specifications of the selected MODIS image products.





	Biophysical Features
	Products
	Periods of Use
	Spatial

Resolution (m)
	Temporal

Resolution (Days)





	PTC, PNV, and NV
	MOD44B
	2000–2020
	250
	365



	NDVI
	MOD13Q1
	2015–2021
	250
	16



	LAI
	MCD15A3H
	2015–2021
	500
	4



	FPAR
	MCD15A3H
	2015–2021
	500
	4



	GPP
	MOD17A2H
	2015–2021
	500
	8



	ET
	MOD16A2
	2015–2021
	500
	8



	LST
	MOD11A2
	2015–2021
	1000
	8
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