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A rare study on the quantitative relationship between the energetic impact of debris flows on the intensity and duration of growth disturbances of tree rings was carried out, partly due to a lack of feasible approaches and detailed field evidence. In this study, we first used a dendrogeomorphic technique to determine the age of a recent debris flow derived from historic landslide deposits at Qingyang Mountain (QYM) on the northeastern Tibet plateau. We acquired the quantitative data on the annual widths of tree rings in history and confirmed the influence of the debris flow rather than other factors (e.g., climatic events and inset outbreaking) in disturbing the growth of tree rings in a specific year. Using this approach, we determined that the age of the debris flow at QYM occurred in 1982, which was speculated to be triggered by the high monthly precipitation registered during July 1982. Subsequently, based on the boundaries of historic debris flow identified on remote sensing images before and after 1982 and the depth-integrated continuum model, we reconstructed the process of the 1982 debris flow and obtained the kinematic energy of the debris flow impacting the sampled trees. Based on the study, we observed that two growth disturbance patterns of tree rings influenced by the reconstructed 1982 debris flow were revealed, including growth suppression and asymmetric growth. We obtained a raw logarithm relationship between duration (i.e., lasting time for the disturbed tree rings to recover the initial width) and intensity of growth disturbances (i.e., growth suppression ratio of disturbed tree rings). We concluded that there is a negative exponential relationship between the simulated kinematic energy of debris flow impacting the disturbed trees and the time to recover the initial width of corresponding tree rings.
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1 INTRODUCTION
Different kinematic energy of debris flow impacting trees can lead to different failure characteristics and growth disturbances (Wistuba et al., 2013). Previous studies mostly focused on the relationships of kinematic energy of rockfall with morphological characteristics of trees (e.g., diameter at breast height and stand density) (Perret et al., 2004; Dorren and Berger, 2006; Woltjer et al., 2008). A rare study on the quantitative relationship between the impact of debris flows and the intensity and duration of growth disturbances in tree rings was carried out. For such a study, first, large amounts of tree ring samples disturbed by the same debris flow event are needed, but it is difficult for many trees to remain well preserved on-site for a long period. Second, the criterion to quantify the growth suppression or other disturbed characteristics in tree rings of different tree species influenced by debris flow is still limited for clarifying such a relationship. The last and most difficult factor is how to monitor or acquire the kinematic energy of debris flow impacting different disturbed trees. Recent studies that focus on dynamic process and kinematic energy of landslides and debris flow have been carried out with the help of the development of simulation approaches (Ouyang et al., 2019a; Ouyang et al., 2019b; Wu and ping-Hsuan Hsieh, 2021; Bao et al., 2023a; Bao et al., 2023b). For example, Ouyang et al. (2019a) adopted a depth-integrated continuum method to analyze the dynamic process of two large sequential landslides that occurred in Baige village along the Jinsha River. The authors concluded that the evaluation of potentially landslide-prone areas simulated by the method is feasible. Wu and Ping-Hsuan Hsieh (2021) applied three-dimensional (3D) numerical modeling code 3DEC to numerically model the debris movement and deposition of the Chiu-fen-erh-shan landslide under the impact of the Chi-Chi earthquake, showing that post-failure configuration generated by the 3DEC simulations is similar to that observed in the field. Focusing on the same Baige village landslide, Bao et al., 2023a; Bao et al., 2023b) used a three-dimensional model based on the finite-discrete element method-smoothed particle hydrodynamics (FDEM-SPH) coupling approach to reconstruct the dynamic process of the landslide. The results of the landslide deposit area and the impulse wave-affected area were consistent with the results of field investigations. In this study, considering the characteristics of debris observed in the field and others simulated by previous studies (Ouyang et al., 2019a; Sun et al., 2021; Bao et al., 2023a), kinematic energy of debris flow was simulated through the numerical approach of mass flow that was used for debris flow dynamic propagation process modeling (Ouyang et al., 2013).
Although new geochronological methods increase the number of dated geohazards (e.g., landslides and debris flows), absolute dating methods (e.g., cosmic ray exposure, optically stimulated luminescence, thermoluminescence, and uranium-series (234U/230Th) dating) are still less developed for geohazards occurred on the centennial or millennial timescales (Crosta and Clague, 2009; Pánek, 2015). The dendrogeomorphic technique (tree ring-based) has been developed to constrain the ages of geohazards that were recorded as growth disturbances in tree rings on a centennial or millennial scale (Butler et al., 1986; Stoffel et al., 2005; Stoffel, 2006; Šilhán et al., 2016; Noguchi et al., 2021). Frequent geohazards impact local trees, leading to growth disturbances in tree rings (e.g., wider or narrower rings, and missing rings), which are used to determine the time and frequency of geohazards (Stoffel et al., 2005; Schneuwly and Stoffel, 2008; Lopez Saez et al., 2012; Šilhán, 2017; Zhang et al., 2019; Šilhán, 2021). However, there are also some other factors, such as earthquakes, temperature, precipitation, and inset outbreaking, that lead to growth disturbances in tree rings, which hinder the identification of landslide events (Carrara and O’Neill, 2003; Ciervo et al., 2017; Zhang et al., 2019). Meanwhile, random events around a tree, such as single block hitting and water flowing around tree roots, could also disturb the growth of a tree. Until now, studies of specific characteristics and index values of growth disturbances in tree rings of different tree species influenced by geohazards, especially debris flows, are still limited, impeding the timing of debris flows by dendrogeomorphic techniques.
With the development of remote sensing, images and the Digital Elevation Model (DEM) obtained by satellite methods, unmanned aerial vehicles (UAV), and terrestrial lidar systems were used to identify debris flows and to analyze the geometric characteristics of debris flows (Loye et al., 2009; Ma et al., 2019; Wang et al., 2021). Regional spatial distribution of geohazards has been widely mapped using the images obtained by satellite methods (Qi et al., 2010; Wang et al., 2021). One of the obvious merits of satellite methods is that satellite images provide clear visible evidence of debris flows that occurred in a location during a period. However, because of their strict application conditions for acquiring images (e.g., available satellite, suitable weather conditions, and acritical data acquiring setting), time series of past global satellite images rarely continue yearly or monthly focusing on an area, limiting the application of satellite images for reconstructing the evolution process of geohazards.
In a previous study, Zhang et al. (2019) reconstructed the centennial-scale process activity of landslides at QYM using dendrogeomorphic techniques. They mainly focused on an approach to determine the time series of landslides. Here, we further explore an approach to determine the age of a landslide by combining the dendrogeomorphic technique with remote sensing because the evidence to define the occurrence of a landslide or debris flows solely by dendrogeomorphic technique is not sufficient due to uncertain complex factors. More importantly, after determining the age, we studied the specific characteristics and index values of growth disturbance in tree rings (e.g., growth suppression ratio and lasting time for tree rings to recover their normal width) in the year of the debris flow. Furthermore, to reveal the kinematic energy of debris flows impacting the disturbed trees at QYM and their rarely studied relationship, we attempted to use numerical simulation of a depth-integrated continuum model and remote sensing images to reconstruct the evolution process, including spatial distribution of kinematic energy of the dated debris flow.
2 MATERIALS AND METHODS
2.1 Study area and field investigation
Qingyang Mountain (QYM) is located in the northeastern Qilian Shan range. Because of tectonic faults and long-term weathering, landslides and rockfalls occurred frequently with widely distributed landslide deposits on the mountains (Figure 1). There were small landslides that occurred in the middle section of QYM before 1970 (Zhang et al., 2019). The landslides were located at elevations ranging from 3,375 to 3,450 m a.s.l. (Figure 1B). Through fieldwork, we observed that historical landslide deposits were transformed as the initiation zone of typical debris flow, followed by the channel of propagation (with a channel depth of ∼1.9 m) and accumulation zone (Figure 1). After the debris flow, recent smaller debris flows have been occurring on-site since 2012 (Figure 1A), which partly verifies the dynamic evolution of historic debris flows in the study area. The grain size of the deposits mostly ranges from 0.001 to 0.04 m³, which falls into the small rock blocks class according to the International Society for Rock Mechanics (ISRM, 1979). Based on topographic analysis and field investigation, it was estimated that the total volume of the deposits of the accumulation zone is 4.9×104 m3, with an average depth of 5.5 m.
[image: Figure 1]FIGURE 1 | (A) Location of the landslide and debris flow in Qingyang Mountain and (B) topographic profile of I-I′ in Figure 1A.
The trees of Qilian junipers mostly grow on sunny slopes at elevations from 3,000 to 3,600 m a.s.l. at QYM (Zhang et al., 2019). The debris flow destroyed some trees that grew on the slope. Based on the site work, we noticed that more than 20 trees were hit (i.e., disturbed) by the debris on the accumulation zone, which was demonstrated by tree scars, injuries on the stem, and inclined trees on the deposit (Figure 2).
[image: Figure 2]FIGURE 2 | Trees disturbed by debris flow on the accumulation zone in QYM.
2.2 Geospatial data processing and analysis
We collected 1970 satellite images from the KH4B satellite (number DS1108-2184DA088) with a resolution of 1.83 m (Figure 3A), which was the oldest source of imagery with high resolution in the study area. With the most advanced cameras on board, the KH4A and KH4B satellites (imagery resolution of 2.74 and 1.83 m) collected global-scale, high-resolution imagery as one important part of the CORNOA program from 1960 to 1972 (Casana, 2020). The images in 2012 (Figure 3B) and 2019 (Figure 1A) were obtained from Google Earth and UAV. We obtained 476 photographs taken over an area of approximately 10 km2 by UAV in 2019, which was used to create a 0.3-m-resolution DEM with the structure from the motion photogrammetry technique (Johnson et al., 2014). The images and DEM were used to analyze the temporal evolution of landslides in QYM and to simulate the debris flow as basic data by numerical modeling.
[image: Figure 3]FIGURE 3 | (A) Distribution of the landslide and debris flow occurred before 1970 from imagery obtained by the KH4B satellite in 1970; (B) Distribution of the landslide and debris flow that occurred before 2012 from imagery obtained by Google Earth in 2012.
Although the boundaries of landslides and former debris flows occurred before 1970 (i.e., the year of the imagery obtained) on KH4B satellite imagery were difficult to exactly check on-site, we could still roughly verify the identification by comparing the white color boundary on the imagery (Figure 3A) and the exposure of rock mass on-site. In contrast, the clear image from 2012 and the currently well-preserved boundary and characteristics of deposits on-site helped us to easily verify the boundary of recent debris flow (Figure 3B).
2.3 Width measurement of core samples
To collect the core samples of tree rings, we chose the trees with obvious injuries or trees that were inclined on or near the debris flow deposit. A total of two or three increment cores were extracted per tree using increment borers from two directions including the scar direction (i.e., the direction of debris flowing) and the opposite one (Stoffel et al., 2013). If there were no obvious scars on the trees, we collected cores in the supposed direction of the debris flow movement (i.e., upslope and downslope cores) (Stoffel et al., 2005). We sampled all Qilian junipers on the deposit body with diameters at breast height exceeding 20 cm (the highest measured 110 cm) with increment borers. We marked the locations of the core samples on the topographic map created from our 0.3-m-resolution DEM. Ultimately, a total of 52 increment cores were extracted from 23 Qilian juniper trees.
In reference to previous studies (Stokes and Smiley, 1968; Stoffel et al., 2013), we dealt with the collected samples in a lab based on standard dendrogeomorphical techniques. First, the samples were left to air dry, and then we used glue to attach the dried samples to wood grooves. The firmed samples were polished using fine sandpaper to make the cells of increment cores clear to be observed by microscope. Finally, we measured the annual widths of tree rings using a LINTAB™ instrument (Figure 4) whose maximum resolution was 1/1,000 mm (http://www.rinntech.de/content/view/16/47/lang,english/index.html). The measured data were automatically recorded by the TSAP-Win™ software platform for tree ring analyses (http://www.rinntech.de/content/view/17/48/lang,english/index.htm).
[image: Figure 4]FIGURE 4 | (A) The LINTAB™-6 instrument used for measuring the annual width of the tree rings; (B) The image of increment core observed with LINTAB™-6.
After measuring the annual widths of tree rings, we used a previously built reference chronology in the same area for precise cross-dating and age corrections of the core samples disturbed by the debris flow using COFECHA (Cook and Kairiukstis, 1990; Zhang et al., 2019). The verification of cross-dating accuracy was based on the value of the correlation coefficient between the measured annual width of tree rings and reference chronology larger than 0.4 (Grissino-Mayer, 2001).
2.4 Numerical simulation of debris flow
The mass flow was based on the depth-integrated continuum model, transforming the 3D description of the dynamic process of debris flow into a simple 2D problem by integrating the Navier–Stokes equations in the depth direction (Iverson and Ouyang, 2015). Under the depth integral condition, Leibniz’s law and dynamic boundary conditions were used to simplify the mass and momentum conservation equations as follows (Ouyang et al., 2019a; Sun et al., 2021):
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where [image: image] is the mass density; h is the flow height; [image: image] is the time; β is the momentum distribution coefficient; [image: image] and [image: image] represent the components of the velocity vector on the x and y-axes, respectively; [image: image], [image: image], and [image: image] represent the components of the acceleration of gravity on the x, y, and z-axes, respectively; and kap is the lateral Earth pressure coefficient. The calculation expression of kap is presented in Eq. 4, dominantly controlled by the strain rate of the moving material; here, ([image: image] and [image: image] are the basal resistance components.
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where φ and δ represent the internal friction angle and basal friction angle of the moving material, respectively.
The basal friction stress of debris flow was assumed to obey the Coulomb failure criterion (Eq. 5). For the Coulomb friction model available in mass flow, three dominant parameters were needed for simulation, namely, cohesion, friction angle, and pore water pressure parameters. Usually, it is difficult or even impossible in some cases to carry out field tests to obtain the values of parameters used for debris flow simulation. Hence, the parameters used in mass flow simulation are commonly obtained from back analysis of historic events (Ouyang et al., 2013; Sun et al., 2021). Luckily, the historic debris flow event in QYM provided us with a good chance to back analyze the parameters by optimizing the simulated debris flow characteristics to fit the occurred ones (e.g., the farthest range and depth of the debris flow deposit).
[image: image]
where c and ψ are the cohesion and friction angle of the mass, respectively.
Based on the 1970 satellite image, we plotted the boundary of the debris flow that occurred once or more times before 1970 (Figure 3A), which was used as the comparable characteristics with the simulated ones for back analysis. To simulate the dynamic propagation process of debris flow by mass flow, the source area and its thickness should be calculated first, including three dominant steps as follows:
(1) Build the current DEM of the calculation area. We clipped the specific area of DEM for calculation from the whole DEM of QYM, which was obtained before.
(2) Reconstruct the pre-slide topographic lines of the calculation area. Based on the field investigation and the 1970 satellite image, we adjusted the current topographic lines according to the contour lines of the surrounding terrain to build the approximately original topographic lines before the debris flow in ArcMAP.
(3) Create the area and thickness files of the debris flow source area. Using the two DEMs of the original and current ones, we created the source area using the tool of grid subtraction in ArcMAP. Hence the area and thickness of the source area could be extracted directly.
Using the source area data and given parameters, we simulated debris flow in the mass flow platform.
3 RESULTS
3.1 Age of debris flow
Using the satellite images from 1970 to 2012, we obtained in ArcGIS the different boundaries of the debris flows at different stages. The boundary in 1970 was small, indicating that a small debris flow of approximately 6.1×103 m3 occurred at that time or before (Figure 3A). The length and width of the debris flow presented in the image from 2012 were approximately 288 and 31 m (Figure 3B), both of which were about twice the measurement of the 1970 debris flow. Hence, a large debris flow occurred during the period from 1970 to 2012. The geometric features of the debris flow after 2012 do not have significant differences (e.g., from the debris flow image from 2019 in Figure 1A), indicating a relatively stable state of the debris flow body on the whole in the last 10 years (i.e., from 2013 to 2022).
Considering the possibility that the debris flow occurred between 1970 and 2012 and disturbed the annual width of tree rings, we analyzed the variation of annual widths of sampled tree rings (Figure 5). From the trees collected on the debris flow deposit, we observed 19 trees with synchronous growth disturbance in tree rings occurring in 1982. The growth disturbance included two patterns. One pattern was the growth suppression of width in tree rings in 1982, which was demonstrated by 13 trees (Figure 5A). Another pattern was the asymmetric growth of rings in 1982, as demonstrated by 6 trees (Figure 5B). For the second pattern, two core samples collected on opposite sides grew almost equally before a sudden disturbance. After the disturbance, one side grew faster or slower, while the other side did not grow synchronously. Hence, the difference in widths on the two opposite sides became larger and was influenced by the disturbance in the second pattern.
[image: Figure 5]FIGURE 5 | Tree-ring annual widths of sampled Qilian junipers demonstrating growth suppression (A) and asymmetric growth (B) in 1982 as a result of debris flow (red dotted box).
Two patterns of growth disturbance in tree rings, namely, growth suppression and asymmetric growth, could be observed not only from 19 trees, as occurring in 1982, but also from growth disturbances in the history of a single tree. For example, the annual widths of tree rings in samples QYG2314A and QYG2314B revealed several significant growth disturbance events (e.g., rockfall or landslide) in 1710 (i.e., asymmetric growth), 1860 (i.e., growth suppression), and 1982 (i.e., growth suppression) (Figure 10A). Meanwhile, the annual widths of tree rings of samples QYG2324A and QYG2324B revealed growth disturbance events in different years: 1742 (i.e., asymmetric growth) and 1810 (i.e., growth suppression) besides the same year of the 1982landslide (i.e., growth suppression) (Figure 10B). Hence, besides the synchronous growth disturbance in tree rings by the same large debris flow event, there were also some random growth disturbances of different trees. Meanwhile, there were random growth disturbances in some specific tree rings rather than in all of them, as seen in Figure 5 (e.g., reduction in 2007 of QYG2303B and increment in 2000 of QYG2707A). The missing width data of some tree rings (e.g., QYG 2322A after the year 1996, QYG2324A after the year 2000, and QYG2324A after the year 2003) is due to artificial causes destroying the core samples. We did not note the obvious effect of the positions of samples on the patterns of growth disturbance.
Hence, considering the same debris flow event disturbing the growth of trees at the same time, we attributed the synchronous disturbance in 1982 of the width of 32 tree rings to a large debris flow. Combining the visible evidence, provided by satellite images, that a debris flow occurred between 1970 and 2012 with the data revealed by the synchronous growth disturbance in 1982 in tree rings, we determined the age of the debris flow in QYM as having occurred in 1982.
3.2 Index values of growth disturbance in tree rings by the 1982 debris flow
By comparing the annual widths of tree rings in 1981 and 1982, we calculated the index of growth suppression ratio to be equal to the width of the disturbed tree rings in a year (i.e., 1982) divided by the width of undisturbed tree rings on the year before (i.e., 1981) using the data with obvious growth suppression pattern in our study (Figure 5A and Figure 6). Meanwhile, previous studies proposed that if the width of a tree ring in year t is reduced by more than 40% or 50% (i.e., growth suppression ratio in our study) of the width in year t-1, and the reduction of width lasts more than 5 years, year t is defined as the year of debris flow (Carrara and O’Neill, 2003; Zhang et al., 2019). Similarly, in our study, the maximum growth suppression ratio was 91% (QYG2323B), while the minimum was 51% (QYG2303B), with an average value of 73% (σ=0.16). The lasting time of growth suppression is an important index to reveal the influence of debris flow on the growth of tree rings (Van Den Eeckhaut et al., 2009). Based on our data, the lasting time for the disturbed tree rings to recover the initial width by the 1982 debris flow in QYM ranges from 5 to 26 years, with an average of 12 (σ=0.46) years. We observed that the larger the growth suppression ratio influenced by debris flow, the longer the lasting time for tree rings to recover, which is consistent with previous studies (Carrara and O’Neill, 2003; Van Den Eeckhaut et al., 2009). Meanwhile, a raw logarithm relationship between lasting time (y) (i.e., time to recover the initial width) and growth suppression ratio (x) (y=17.56ln(x)-63.34,σ=0.32) was obtained in our study (Figure 6).
[image: Figure 6]FIGURE 6 | The relationship between lasting time and growth suppression ratio of tree rings disturbed by the 1982 debris flow.
3.3 Effect of precipitation in triggering the 1982 debris flow
Precipitation is important in triggering geohazards, especially debris flows (Ouyang et al., 2013; Ouyang et al., 2019a; Zhang et al., 2019). To analyze the effect of precipitation on the 1982 debris flow in QYM, we obtained monthly precipitation data from 1957 to 1982. We observed that the precipitation in July was the highest in the whole year averaged by the data of the last 25 years (Figure 7A), while the value in July 1982 (i.e., 1,299 mm) was 1.34 times that of the average value (i.e., 972 mm). Meanwhile, the monthly precipitation in July 1982 was the third highest of the previous 26 years, followed by that of 1981 (i.e., 1,374 mm) (Figure 7B). However, we also know that debris flows are commonly triggered by intense short-term precipitation events, sometimes preceded by high antecedent moisture conditions. Hence, because of a lack of more acute hourly precipitation in QYM, we just speculated that the high monthly precipitation observed in July 1982 played an important role in the evolution of the 1982 debris flow.
[image: Figure 7]FIGURE 7 | (A) Average monthly precipitation from 1957 to 1981 and monthly data in 1982 for the QYM region. (B) Monthly precipitation of July from 1957 to 1981 for the QYM region.
3.4 Kinematic energy of debris flow impacting the sampled trees
3.4.1 Parameters obtained by back analysis of the debris flow before 1970
To calibrate the parameters, we simulated the debris flow that occurred before 1970 for a series of scenarios with different values of coefficient, friction angle, and pore water pressure coefficients. Meanwhile, we collected parameters by back analysis from previous similar studies so that our results were more accurate (Ouyang et al., 2013; Ouyang et al., 2019b; Sun et al., 2021). Based on post-debris flow and reconstructed pre-debris flow 1x1 m topography DTMs, ∼6,130 m3 of mass was estimated as being detached from the source area (i.e., pre-occurred landslide) before 1970. The results obtained using the cohesion of 8 kPa, the friction coefficient of 0.43, and the pore water pressure coefficient of 0.3 showed relatively good consistency with the farthest range of the real debris flow deposit in 1970 (Figure 8).
[image: Figure 8]FIGURE 8 | The evolution of debris flow depositing occurred before 1970, as calculated by numerical simulation.
The deposit thickness contours of the debris flow before 1970 at times t = 2, 4, 6, and 8 s are shown in Figure 8. Based on the simulated results, we observed that the debris flow moved fast forward from the source area from the beginning to the fourth second. The debris flow material deposited more in the back and front areas than in the middle area, forming a long-strip shape deposit. From the fourth to the eighth second, the debris flow extended further and finished moving during this second period, controlled by the reduction of material supplied from the source area and the frictional resistance of the deposited material. Eventually, the debris flow deposited as presented in the simulation map (Figure 9). As seen in the image, the farthest range is consistent with the real range observed in the satellite image from 1970, considering the effect of the resolution of the satellite image (Figure 3A).
[image: Figure 9]FIGURE 9 | (A) The evolution of debris flow depositing and (B) kinematic energy of debris flow occurred in 1982 as calculated by numerical simulation. The locations of monitoring points for kinematic energy of debris flow impacting the sampled trees (C) are presented in (B).
3.4.2 Kinematic energy of the 1982 debris flow impacting the sampled trees
We simulated the evolution of the 1982 debris flow by mass flow, obtaining the spatial distribution and kinematic energy of the debris flow deposit (Figure 9). Because of large amounts of materials detached from the source area, the debris flow was transported farther than those before 1970. The debris flow arrived at the top of the current dominant deposit area at the 10th second (Figure 9A). From the 10th to the 14th second, the material started to spread to a wider range and reached the area of the disturbed trees. From the 14th to the 18th second, the blocks involved in the debris hit the trees (Figure 9B), causing them to become injured, fall, and be destroyed. Lastly, the material was deposited with a final depth of 2–6 m in the front area.
In addition to the deposit depth varying spatially, the impacts were responsible for decreasing the kinematic energy of the debris flow. To analyze the energy variation after impacting the disturbed trees, three monitoring points (Figure 8 and Figure 9B) were set up along the debris flow transport direction during the simulation. The result shows that the kinematic energy was reduced from more than 630.3 KJ (P1) to ∼503.4 KJ (P2) before hitting the trees on the debris flow deposit. After hitting the sampled trees, the mass kinematic energy reduced spatially along the runout path, with the largest monitored value of 495.3 KJ located at QYG2323 and the smallest value of 9.1 KJ located at QYG2316.
4 DISCUSSION
4.1 Relationship between impact energy and recovery time of disturbed tree rings
It is very important to quantitatively obtain the dynamic growth process of trees (i.e., tree rings) disturbed by debris flows. Based on the relationship, we could predict the possible disturbance degree of trees by potential debris flows, which provides a reference for designing and maintaining bioengineering in debris flow-prone areas (Brang, 2001). Second, building the relationship provides us an additional approach to back analyze the evolution process and kinematic energy of historically occurred debris flows using the measurable growth disturbance in tree rings. Hence, based on the data, we attempted to build a relationship between the impact kinematic energy of debris flows and the time to recover the initial width in tree rings.
Although there was a lack of a real record of the debris flow process impacting the sampled trees in QYM, we used numerical simulation to reconstruct the evolution process including the kinematic energy of the 1982 debris flow. We observed a raw negative exponential function (R2=0.46) between the recovery time of disturbed tree rings (y, yr) and kinematic energy of debris flow (x, KJ) larger than 50 KJ in QYM (Figure 10A). This means that higher impact kinematic energy of debris flow leads to a larger growth suppression ratio and a longer recovery time. Meanwhile, we also noted that the growth suppression ratio almost remained constant with increasing kinematic energy after reaching the threshold value of ∼300 KJ (Figure 10B), which was the value inferred to the trees that were completely destroyed, with no more records of tree rings after that energy value.
[image: Figure 10]FIGURE 10 | The relationship between the recovery time of disturbed tree rings (A) and the growth suppression ratio (B) and kinematic energy of debris flow (KJ) impacting the disturbed trees.
4.2 Uncertainty analysis
It is normal for tree rings to have one random growth disturbance pattern (growth suppression or asymmetric growth) influenced by water flow destroying the root systems or even local inset outbreaking (Figure 5 and Figure 11), rather than synchronous two patterns of growth disturbance as those influenced by the 1982 debris flow (Carrara and O’Neill, 2003; Ciervo et al., 2017; Zhang et al., 2019). Meanwhile, the influence of climatic events on the growth disturbance in tree rings should cover all the local trees rather than only the trees on the debris flow path. Hence, combined with satellite images, the growth disturbance in trees on the debris flow deposit from 1970 to 2012 was used to identify the debris flow that occurred in 1982.
[image: Figure 11]FIGURE 11 | Tree-ring annual widths of sampled Qilian junipers QYG2314 (A) and QYG2324 (B). Red arrows point to the segments with abnormal growth (growth suppression and asymmetric growth) as a result of landslides, single block hitting, or some other factor.
The disturbance of 19 trees in 1982 was attributed to a relatively large debris flow. Considering several random growth disturbances occurred in specific years (i.e., the years 1710 and 1860 in QYG2314 in contrast to the years 1742 and 1810 in QYG2324) and their similar characteristics with those of 1982 (Figure 4), we suggest that the hitting of small blocks on the trees (or so-called rockfall) probably played an important role in those random disturbances because no large debris flow was observed around the sampled trees from the satellite image from 1970. However, we noted that there were some other random growth disturbances without typically identified characteristics in the sampled trees (e.g., 32 tree rings from 1970 to 2012 in Figure 5 and some unlabeled in Figure 11). We do not have enough confidence to attribute all of the growth disturbance events to rockfalls or landslides, instead of the fact possibly demonstrating that complex factors control the growth disturbance of tree rings in natural slopes (Carrara and O’Neill, 2003; Ciervo et al., 2017; Zhang et al., 2019). Research on the characteristics of growth disturbance controlled by different factors (e.g., geohazard, climatic forcing, or insect outbreaks) is a worthwhile future endeavor.
Our main objective in the study of the relationship between time to recover the initial width of disturbed tree rings and kinematic energy was to reveal the possible pattern of the relationship. Possible errors in the relationship dominate uncertainties in our numerical simulation of debris flow because we lacked precise topography data before 1982, which significantly controls the simulation results of debris flow. We tried to reduce the uncertainty by checking the 1970 satellite images and adjusting the current high-resolution DEM data from the surrounding terrains based on our previous experience (Sun et al., 2021). In addition, the errors due to uncertainties in debris flow simulation likely have more influence on the specific exponent value than the relationship pattern of the negative power function (Figure 11A). Accordingly, the degree of uncertainty in the numerical simulation of debris flow does not alter our conclusions about the possible coupling pattern of growth disturbance in tree rings and the kinematic energy of debris flow. Furthermore, because it is difficult to obtain sufficient data on disturbed tree rings to build a more convincing relationship, the negative power function obtained in this study is raw. This means that the relationship is full of so-called epistemic uncertainty compared with the real one (Wang et al., 2014).
5 CONCLUSION
In this study, we applied an approach for dating debris flow by a dendrogeomorphic technique and evidence of occurrence on remote sensing images, which was applied to identify the debris flow in QYM that occurred in 1982 in northeastern Tibet. Using clear boundaries of debris flow on remote sensing images before and after 1982 and a depth-integrated continuum model, we reconstructed the process of the 1982 debris flow and obtained the kinematic energy of the debris flow.
1. We observed two growth disturbance patterns in tree rings influenced by the 1982 debris flow, including growth suppression and asymmetric growth. By quantitative measurement of annual widths of tree rings in 1981 and 1982 from Qilian junipers, the maximum growth suppression ratio of tree rings influenced by the 1982 debris flow was 91%, while the minimum was 51%, with an average value of 73% (σ=0.16). The lasting time for disturbed tree rings by the 1982 debris flow to recover their initial width was from 5 to 26 years, with an average of 12 (σ=0.46) years.
2. Using simulated kinematic energy of the 1982 debris flow impacting the sampled trees, we obtained a raw negative exponential relationship between the kinematic energy of debris flow and time to recover the initial width of disturbed tree rings. The negative exponential relationship could be used to roughly estimate the time for specific trees to recover their initial state after an energy-calculated debris flow hazard.
By combining numerical simulation and remote sensing, the present study allows us to clarify the relationship between time to recover the initial width of disturbed tree rings and the kinematic energy of debris flows. However, field tests of how debris flow impacts trees and long-term monitoring of growth disturbance in tree rings are needed to build a more reliable relationship and revise the conclusion in our study in the future. Meanwhile, the monthly and annual resolution of precipitation data does not allow for a satisfactory explanation of the debris flow triggering conditions. More precise data on precipitation are needed to explore the effect of precipitation on the debris flow in QYM.
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