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Abstract

:

Southwestern China is a critical biodiversity hotspot area, and many large hydroelectric projects have been established in the valleys in the region. Tree growth in the valleys will be affected by both regional climate and reservoir impoundment. However, it remains unknown whether the radial growth of trees in the valleys has a common response pattern to the regional climate, and it is also unclear whether the response of radial growth to reservoir impoundment can be detected. In this study, we developed tree-ring width chronologies of Pinus yunnanensis Franch. collected at 11 sites with vertical and horizontal gradients to three hydroelectric reservoirs in three riverine valleys in southwestern China. We analyzed the radial growth responses to the regional climate from 1986 to 2017 by correlation with instrumental meteorological data. Tree growth responses to reservoir impoundment were investigated through spatial and temporal comparisons using the change in the Euclidean distance and difference test. We also distinguished their responses at tree-ring sites without influenced by reservoir impoundment including two sites in the valleys and seven sites at high elevations. The results showed that the climate conditions in May and the dry season before the growth season significantly limit the radial growth in the valleys, which is different to that at high-elevation areas in southwestern China. Growth variations in the valleys are related to elevations and the trees in similar slopes positions exhibit similar responses. For trees in the low slope positions, both variance and mean values of radial growth are affected by reservoir impoundment. Trees at relatively low sites (i.e., sites M2, R2, L2), rather than the trees close to the reservoirs (i.e., sites M1, R1, L1), respond more sensitively to reservoir impoundment.
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1. Introduction


The vegetation–climate relationship controls the exchange of matter and energy of earth system [1]. The variations in vegetation growth record environmental changes in the earth system through ecological and physiological processes [2]. Anthropogenic disturbances with multiple sources increase the complexity of this response. With the large demands for clean and renewable energy, hydropower development, along with reservoir impoundment, is occurring rapidly [3]. Hydropower development also influences vegetation growth by altering surrounding hydroclimate. The tree-ring is a useful tool to detect the growth–climate relationship due to its accurate dating of radial growth and ability to reflect climate change [4]. The response varies with locations [5], which is more sensitive and complex in some places, such as southwestern China, in which the ecosystem is vulnerable [6] and hydropower development are more intensive [7]. However, it remains unknown whether the radial growth of trees has a common response pattern to the regional climate in the valleys in southwestern China. It is also unclear whether the response of radial growth to reservoir impoundment can be detected.



Many studies have investigated the responses of the radial growth of trees to climate in southwestern China. Increased mean or lowest air temperature in previous winters or pre-monsoon before growth season can promote radial growth [8,9,10,11,12,13,14,15,16,17,18]. Reduced rainfall in growing season is another beneficial factor [17,19,20,21,22,23,24,25]. The higher the elevation at which a tree is located, the more significant the response pattern [26]. Sampling sites in relatively low positions of the high-elevation areas illustrate the fact that radial growth can also be suppressed by decreased moisture availability in spring before the growing season [26,27,28]. However, the existing research focused on the growth at high elevations above 2500 m a.s.l.; the growth–climate relationship below 2500 m a.s.l. has seldom been studied. Sun et al. [29] established five chronologies of tree-ring width using Pinus yunnanensis Franch. in a dry–warm valley in the lower part of the Yalong River. This research found that radial growth is limited by moisture availability in dry season and May, which is distinctly different from the response pattern at the high elevations. Shen et al. [30] found a similar response pattern at a dry–hot valley and the Yunnan–Guizhou Plateau below 2500 m a.s.l. However, it remains unknown whether the growth response pattern is common across all the areas in low elevations. Compared to the high-elevation regions, the climate in the low-elevation areas varies more. The valleys include four categories i.e., dry–hot, dry–warm, dry–temperate, and non-dry valleys [31]. In addition, most human activities, for instance industrial and agricultural productions and hydropower development, occur in the low elevations or in the valleys [32]. They will increase the complexity of environmental disturbances. The radial growth response in the areas below 2500 m a.s.l should also be given attention, as these areas occupy nearly 30% of the Hengduan Mountains region. Further exploration is required of the response rules of radial growth–climate in the low elevations in southwestern China.



Previous research has identified tree growth response to reservoir impoundment or lake with fluctuating water levels resembling a reservoir. Some studies applied tree-ring width to detect radial growth and plant phenology responding to changes in precipitation, temperature, and drought induced by reservoir impoundment [33,34,35]. Through a spatial comparison between coastal and inland trees in the vicinity of aquatic lakes, the response patterns of radial growth were found to be similar to those seen in reservoir impoundment [36]. However, in some cases, the ring width was regarded as a non-sensitive indicator. When anomalous rings such as frost, light, and compression rings were counted, the occurrence frequencies of such anomalous rings increase after reservoir impounding [37]. Due to the increase in water withdrawal from a lake in the Mediterranean region, the water level fluctuation resembled the regulation process of a hydroelectric reservoir. In this case, the groundwater table and soil water content became critically limiting factors of the radial growth [38]. Therefore, the response pattern tree growth differs in different regions, species, processes of reservoir regulation, and growth indicators. Generally, research on the radial growth response to reservoir impoundment is among the least investigated in dendrochronological studies. More cases should be presented to elucidate general rules of response. Certain questions are also yet to be answered, for instance the spatial extension of response and whether the response has an elevation effect.



Global warming and intensive engineering construction in southwestern China are exerting significant pressure on vegetation growth [39]. This region is located in the southeastern rim of the Qinghai–Tibetan Plateau, and has a regional warming rate of four times the mean level of the Northern Hemisphere since the 1980s [40]. The characteristics of natural geography in southwestern China decrease the ability of vegetation to resist global warming. This area consists of parallel mountain ranges and riverine valleys oriented in north–south direction [8], including the Hengduan Mountains region, which is a critical biodiversity hotspot area [41]. The valleys are usually very deep with a relative difference of elevation of approximately 1000~3000 m, and many of them are dry valleys whose ecosystems are particularly vulnerable [42]. Furthermore, intensive hydropower development exerts another pressure on the vulnerable nature. Southwestern China has the largest hydropower resources in China [7]. More than 40 large hydroelectric stations have been constructed. Some of them rank in the top ten in terms of dam heights (for instance, the Jinping-I dam, with height of 305 m, is the highest arch dam in the world [43]) or installed capacities (for instance, the Three Gorges hydropower station is the largest hydroelectric project in the world [44]). More hydroelectric stations are being established and more hydropower generation will be established in the future according to national plans [45,46]. After a hydropower station launches turbines, a hydroelectric reservoir will be generated by impounding previous river channels. Therefore, along with its sensitive response to global warming and intensified hydropower development, the regime of tree growth in southwestern China is complex when considering the number of hydroelectric reservoirs generated.



In this study, we used tree-ring width data sampled from 11 sites around three artificial reservoirs in the valleys in southwestern China to explore the responses of radial growth of Pinus yunnanensis to climate and reservoir impoundment from 1986 and 2017. We first hypothesized that the radial growth in the low elevations in southwestern China would have universal response patterns to climate, which would be different from the results of previous research conducted much at high elevations in this area. We also assumed that the tree growth at certain sites around the reservoir will be influenced by reservoir impoundment, which can be detected by certain statistics. To verify our hypotheses, we designed methods to distinguish the growth responses to climate and reservoir impoundment. Finally, the elevation effect of responses and the influence of reservoir impoundment were discussed based on comparisons with previous research and further analysis. This research will enrich study cases of dendroclimatology, especially for the low elevation areas in mountainous regions. Tthis work will provide a reference for debating the balance between hydropower development and environmental protection in areas with vulnerable environments and intensive human activities [47].




2. Materials and Methods


2.1. Overviews of Tree-Ring Sites and Hydroelectric Reservoirs


Tree rings from 11 sites in three riverine valleys in southwestern China were collected during 2016–2022. The sites were on three slopes closed to three artificial reservoirs and the sites in a slope spread with elevation gradient (Figure 1). Sites M1–M3 were located near the Manwan reservoir or the previous channel of the Lancang river; sites R1–R4 were located near the Ertan reservoir or the previous channel of the Yalong river; and sites L1–L4 were located near the Longkaikou reservoir or the previous channel of the Jinsha river. For each reservoir or slope, we named sites M1, R1, and L1 “the lowest sites”; sites M2, R2, and L2 “the relatively low sites”; sites M3, R3, and L3 “the relatively high sites”; and sites R4, and L4 “the highest sites”. The vertical distances of the sites to the reservoirs spanned from 52 to 902 m, and horizontal distances were between 120 and 3911 m (Table 1). As the valleys are deep, most of the tree-ring sites were located in the bottom parts of valleys up to half distances from the water to the top of mountains, except site R4, which was closed to the top.



The three artificial reservoirs differed in terms of locations, meteorological conditions, and engineering configurations (Table 2). The Manwan reservoir was impounded earliest (March 1993). The Ertan hydropower station had the largest installed capacity that China ever established in the 20th century, and it is the largest among the three reservoirs. The Longkaikou impounded lastly (November 2012) and was the smallest. The three reservoirs impounded on previous rivers (i.e., the Jinsha, Yalong, and Lancang rivers) with large annual flows (>1200 m3/s). Ertan and Longkaikou are located in dry–warm and dry–hot valleys respectively, and Manwan is in a non-dry valley. Southwestern China including the three valleys has typical dry and wet seasons.




2.2. Tree-Ring Sampling and Measurements


Field and laboratory work was conducted according to standard dendrochronological procedures. At each site, we selected 10~20 healthy trees with less fire damage, fewer insect infestations, straight trunks, and which were located away from agricultural activities. Two tree-ring cores were collected from each tree using an increment borer with diameter of 0.5 cm at 1.3 m above the ground. One core was collected parallel to the slope orientation and the other perpendicular to slope orientation. To reduce disturbance caused by differences in the tree species, all of the sampled trees were Pinus yunnanensis Franch., or Yunnan pine, a conifer commonly spread in southwestern China, especially founded at elevations below 2500 m a.s.l. [48]. Then, the cores were mounted, dried, and sanded in the laboratory. Next, the tree-ring width was measured using a microscope with LINTAB system. The width data were dated with the program COFECHA (version XP2007, the Tree-Ring Lab, Columbia University, and the Tree Ring Unit, University of Cambridge, NY, USA and Cambridge, UK) to determine correct years of the rings. For each tree, two width values for each year were averaged, which resulted in a raw tree-ring width chronology. Then fundamental statistics can be determined such as average sensitivity, auto-regression, and master correlation coefficients.



Climate signals were extracted based on the framework proposed by Cook (1987). The raw width i.e., the original measured values of the tree-ring width, is composed of five sources: age-dependent width, climate-related width, endogenous disturbance, exogenous disturbance, and largely unexplained interannual variability. Endogenous disturbance will not influence all individual across both time and space. Unexplained interannual variability influences the estimation of age-dependent width and is related to soil type, moisture, and measurement errors. As the heterogeneity among trees is small when the trees are close to each other within a site, the influences of unexplained interannual variability can be neglected. Additionally, the endogenous disturbance and unexplained interannual can be largely reduced by averaging all of the samples within a population. We reduced the exogenous disturbance by selecting population with less fire damage and insect infestations. The climate-related width can be obtained by detrending the age-dependent width from raw width by residual method. Our time span was short, which might produce ratio bias problems if we use ratio method for detrending. Thus, the residual method (raw ring width minus age-dependent width), rather than the ratio method (raw ring width divided by age-dependent width), was applied to avoid ratio bias problems. The age-dependent width was modelled with negative exponential or linear function to depict fast growth in juvenile stage and slower growth later. As our time spans were not long, we also used initial power transformation to avoid ratio bias problems. Finally, after using a biweighted method, a dimensionless tree-ring width index (TWI) series was generated to represent climate-related tree-ring width master chronology for each site. The detrending and calculating procedures mentioned above were carried out in program SigFree (version 45, the Tree-Ring Lab, Columbia University, and the Tree Ring Unit, University of Cambridge, NY, USA and Cambridge, UK). Express population signal (EPS) indicates signal and noise between and within individual trees in a community [49]. A time span with an EPS of greater than 0.7 was reserved to capture stable signals.




2.3. Meteorological Data and the Responses of Tree Growth to the Regional Climate


We used instrumental meteorological data for low elevations and other tree-ring width data at high elevations. Four meteorological stations Miyi, Huaping, Jingdong, and Nanjian were the sources of instrumental meteorological data. The stations are all in the bottom of valleys and close to the reservoirs. Similarly, the data during years of 1986 and 2017 were restricted to when the growth–climate relationship was analyzed. To compare the response patterns at high elevations above 2500 m a.s.l, we also utilized tree-ring width data collected by other researchers in the Hengduan Mountains. Only coniferous trees were finally selected to reduce uncertainty from difference in species. Therefore, a total of nine chronologies of tree-ring width were applied for comparison, i.e., chronologies with site codes CHIN025~CHIN028, CHIN037, CHIN038, CHIN076, CHIN077, and CHIN087. Sites CHIN076 and CHIN077 were also denoted as sites C1 and C2, which were also established by us and are located in dry valleys that are not influenced by reservoir impoundment [34]. These nine chronologies can be obtained from the National Centers for Environmental Information (NCEI)—Paleoclimatology Data (https://www.ncei.noaa.gov/maps/paleo/ (accessed on 10 March 2024)).



To detect the responses of tree growth to the regional climate, we first analyzed the growth relationship between tree-ring chronologies. To check the consistency of tree-growth, we conducted a Pearson’s correlation and then made two types of comparisons—a comparison within each group of a reservoir and a comparison between different groups. To further explore the relationship, a hierarchical cluster analysis was conducted to check whether the spatial pattern of the chronologies is related to valleys, reservoirs, and elevations.



The responses of radial growth to the regional climate were investigated using general method in dendroclimatology. A Pearson’s correlation was performed between TWI chronology and monthly climatic factors. Climatic factors included mean air temperature, precipitation amount, and relative humidity. The standardized precipitation evapotranspiration index (SPEI) with a time scale of six months was also considered to identify the impacts of climatic drought [50]. Climate conditions in the months from May in previous year to October in current year were selected for the correlations. Many valleys have a typical dry season (from November in the previous year to May in the current year) and wet seasons (from June to October in the current year), so the climate conditions in these two seasons were also aggregated. To reduce the uncertainty from sample size, we analyzed the growth–climate relationship during a common stable period when all of the EPS of the chronologies are larger than 0.7, i.e., the years between 1986 and 2017.




2.4. Influences of Reservoir Impoundment on Tree Growth


To uncover the influence of reservoir impounding on tree growth, we made two kinds of comparisons, i.e., spatial and temporal comparisons, based on further processing data from TWI chronologies. The spatial comparison was paired t-test for the Change in the Euclidean Distance (CED) between chronologies from different sites. For a certain period, the CED was tested between two kinds of reservoirs: (1) an experimental reservoir that was impounded during a period, (2) a reservoir that was not impounded during the period and was utilized as a reference reservoir. The details of spatial comparison between chronologies can be referred to in the Supplementary Materials (Text S1).



The temporal comparison was conducted by difference test based on time series data of “filtered TWI”. The “filtered TWI” represents the TWI that is processed and will then be used for a difference test, rather than that TWI that is applied directly for a difference test. A filter was defined as a certain tree-ring site which contains more signals of regional climate change. Thus, the chronologies of C1, C2, and R4 were selected, as these sites were located far away from the reservoirs (i.e., sites C1 and C2) or were not affected by reservoir impounding (i.e., site R4), according to previous research [34]. A chronology will be subtracted by the filters, which will yield a new data series or a “filtered chronology”. We divided a filtered chronology into two sections: a pre-impounding section and a post-impounding section. Then, the two sections are compared by difference test to check the changes of variance and mean value. Similarly, we made another kind of subtraction between chronologies referred as a “differential chronology”. The chronologies in the valleys might be affected by impounding, and their response patterns are unclear. Therefore, we used all of the differential chronologies around the reservoir to find out the specific change in radial growth caused by reservoir impounding.



Comparatively, directly making analysis using chronology, such as trend analysis or difference test, cannot remove the disturbance caused by regional climate change. Tree growth is influenced largely by natural climate change, which is characterized by periodicity including middle- and long-term variations. Thus, the results of directly temporal comparison using TWI data cannot reveal whether the trends or differences are induced by the periodicity of climate change or by reservoir impoundment.





3. Results


3.1. Characteristics of Tree Rings


Figure 2 shows the time series of tree-ring width index (TWI) or tree-ring width chronology. The interannual variations in these chronologies resemble each other especially after the year of 2001. For the sites R1 and R2 near the Ertan reservoir and sites L1–L4 near the Longkaikou reservoir, TWI increases quickly for 1~3 years after the reservoir impoundment, and then it falls to a normal level. This phenomenon is not obvious for the high site near the Ertan reservoir and all of the sites near the Manwan reservoir. Whether the sudden increase is affected by hydropower development will be discussed in the discussion section.



Here, we define the trees around same reservoir as a group. Firstly, for the total of 55 correlation coefficients between chronologies (Figure 3), most reach significance level (p < 0.05, 51 results), which means that annual changes in tree growth are generally same and that our sampling and dating are correct. Thus, they can be used in the subsequent analysis. Secondly, consistencies within group are better than that between groups, as insignificant correlations (p ≥ 0.05, 3 results) are the chronologies mainly from different reservoirs. This is consistent with our expectation that radial growth from different tree individuals near same reservoir resemble each other. Lastly, specific sites exhibit several features. In terms of correlations within a group, the relatively low sites (i.e., R2, L2, and M2) perform better in correlations within their own group. The relatively low sites result in higher correlation coefficients with their adjacent sites. In terms of sites between groups, site M1 near the Manwan reservoir correlates well with all sites in Ertan reservoir (p < 0.001). Sites R2 near the Ertan reservoir have similar performance with sites in Longkaikou reservoir (p < 0.01). However, although the Longkaikou and Manwan reservoirs are close to each other, none of the sites between these reservoirs correlates better than the others.




3.2. Radial Growth Responses to the Regional Climate


The climate conditions in May and dry season before the growth season limit the radial growth of trees in valleys. Regardless of which meteorological station was selected, the amount of precipitation in May significantly promotes tree growth and the air temperature in May significantly limits growth (p < 0.01) (Figure 4 and Figure S1). The amount of precipitation and air temperature in the dry season are also critical to growth (p < 0.05). In addition to temperature and precipitation, relative humidity is another key factor showing limitations in more months. Similar to precipitation, humidity in the current May and the dry season significantly and positively correlates with tree growth (p < 0.01). In addition, humidity in the previous May and the previous November also exhibits positive correlation (p < 0.05 for most sampling sites). Here, all of the climate conditions influencing radial growth are before the growth season, rather than during growth season since June in current year. The good correlation with SPEI shows that the radial growth is largely dependent on the moisture availability (Figure 4d).



The results of the hierarchical cluster analysis show that the characteristics of tree growth in the valleys is related to elevation. Tree-ring chronologies in valleys and high-elevation areas are in two different clusters without any overlapping distinctly (Figure 5b). This suggests that the radial growth is obviously different for trees in the valleys and at the high-elevation areas. In terms of the chronologies in the valleys at similar slope positions, although they are from different valleys, they exhibit similar responses. In terms of all the sites in the valleys, most of the high sites (M3, R3, L4) are in one cluster, and the low sites (including the relatively low sites and the lowest sites) are in the other cluster (Figure 5a). Here, we did not include the highest site R4, as its response is different to other sites in the valley. Within a cluster, the Euclidean distance between sites in same positions from different valleys tends to be closer than sites from a same slope. In some cases, their Euclidean distances even rank to the closest ones. For example, for the lowest site M1 in Manwan, the lowest sites L1 in Longkaikou have the closest Euclidean distance. For the relatively low site M2, the relatively low site L2 ranks as the closest. For the lowest site R1 in Ertan, L1 ranks to the second closest, closely following site L3.




3.3. Changes in Tree-Ring Width Index after Reservoir Impounding


A paired t-test conducted on the change in the Euclidean distance of TWI (Table 3) reveals that tree growth in the valleys is affected by reservoir impounding, especially for trees at the low slope positions or close to the reservoir. After the Manwan reservoir was impounded, the change in the Euclidean distance of TWI is significant (p < 0.1) when compared with that of the Longkaikou reservoir during the same period. For the impounding of Longkaikou reservoir, the change is more significant (p < 0.05) when compared with that of the Ertan reservoir. For the impounding of Ertan reservoir, the change in the tree growth at low sites can be observed (p < 0.1) compared with that at the sites near the Manwan reservoir (p < 0.1), yet it exhibits a weak significance (p = 0.11) compared with the Longkaikou reservoir. In addition, for all of the reservoirs, the inclusion of the sites at low positions in the t-test usually leads to smaller p-values compared to thoset when all of the sites were used. This suggests that the tree growth at low slope positions or close to the reservoirs might respond more sensitively to the reservoir impounding.



A difference test on TWI with filters implies that both variance and mean value of tree growth are altered by reservoir impounding, and the relatively low sites (M2, R2, L2) respond more sensitively (Table 4). After being filtered by C1, C2, or R4, more local signals will be retained and then they can reflect reservoir impounding by difference test. The variance test shows that M2, R2, and R3 are changed significantly by some filters (p < 0.05). The mean values in sites M2 and L2 change significantly (p < 0.05), while the values of the other sites only changed slightly. For the sites filtered by the corresponding lower sites in the valleys, more changes can be observed. Half of the results of mean value testing show significant different after impounding of reservoirs (Table S1), of which M3 filtered by M2, and L4 by L2 change much more than others (p < 0.001), and R3 filtered by R2 responds sensitively (p < 0.05). Compared to the changes of mean values, only two results of variance test show significant changes. Consequently, if a site is filtered by relatively low site (M2, R2, L2), the changes of TWI will be significant.





4. Discussion


4.1. Elevation Effect of Responses to the Regional Climate


The radial growth correlation with climate data indicates that trees in the valleys is significantly limited by water availability before growth season, especially in May and the dry season. Southwestern China has distinct dry and wet seasons caused by the influence of the Asian monsoon [51]. The drought regime with less precipitation and high temperature is more obvious in the valleys due to the Foehn effect related to the mountainous topography with enormous elevation difference [52], which contributes to the deficit in the water availability. The climate condition will enhance plant respiration and reduce carbohydrate reserves [13]. Subsequently, the radial increase in following growth season will be suppressed because of the time-lagged effect [26]. The climate condition in May is more critical to the radial growth, as May is a transitional month between the dry and wet season. In many locations in the dry valley, the air temperature in early May ranks as the highest in a year while the precipitation is still lower. This climate condition quickly shifts to wet in late May. Therefore, the water availability before the growth season is critical to bud and leaf expansion [8]. This response pattern in the valleys is distinctly different with that in adjacent high-elevation areas. Usually, the radial growth at high elevation above 2500 m a.s.l. will benefit from the high air temperature in winter or spring, and the quantity of precipitation before growth season might be a sensitive factor (see paragraph two in the Section 1). The discrepancy in the response pattern between high and low elevations has been also observed in the southern rim of the Qinghai–Tibet Plateau [30] and the northeastern Qinghai–Tibet Plateau [53].



The highest site around the reservoir and close to the top of mountain exhibits different cluster analysis results, and it can function as a bridge between sites at low elevation here in the valleys and sites at high elevations other research investigated. Firstly, the cluster analysis and previous research justified this. Chronology R4 has the farthest Euclidean distance to other chronologies in the valleys, which contributes to that R4 is categorized into a single cluster (Figure 5a). When all the chronologies including both the sites in the valleys and the sites at high elevations are clustered, R4 is still in a single cluster. Tree growth in the valleys might be affected by both regional climate and reservoir impounding. However, previous research on sites near the Ertan reservoir uncovered that tree growth in a slope has elevation effect and R3 is not affected by hydropower development [34]. Thus, we are confident that tree growth at site R4 is rarely affected by reservoir impounding as its position is higher than that of site R3. Secondly, the topographic characteristic of a site explains that the tree growth has been more strongly influenced by the regional climate at site R4. Site R4 is close to the top of mountains, thus it can be selected as a tree-ring site reflecting regional climate according to the sampling standards of dendroclimatology. Comparatively, although site L4 is higher than site R4, it is at the middle position of its slope. Thus, regional climate could not significantly influence tree growth. Therefore, site R4 can be viewed as a transitional site between sites in the valleys below 2500 m a.s.l. and sites at high positions above 2500 m a.s.l.




4.2. The Responses of Radial Growth to Reservoir Impoundment


The comparison of the chronologies suggests that the relatively low positions (i.e., M2, R2, L2) are the position where tree growth responds more sensitively to reservoir impounding. The chronologies at sites M2, R2, and L2 show significant changes according to both the spatial and temporal comparisons. Comparatively, spatial and temporal comparison are not significant for sites the lowest positions close to the reservoirs (i.e., M1, R1, L1). This suggests that the tree radial growth responds to reservoir impounding more sensitively in vertical distances of between 202 and 302 m from the reservoir, or in horizontal distances of between 494 and 692 m from the reservoir. Previous research on tree growth near the Ertan reservoir uncovered that radial growth at site R2 suddenly increases after impounding, and the change is more significant than that at sites R1 and R3 [34]. The phenomenon of a sudden increase in radial growth and then falling to a normal level may contribute to the significant increase in variance after impounding.



The sensitive response at certain slope position could be related to the geological conditions and hydro-meteorological changes due to reservoir impoundment. On the one hand, the valleys in southwestern China are in a region with numerous mountains and enormous elevation difference, and most of the rock stratums are impermeable. Thus, the elevated groundwater levels cannot reach the roots of our sampling trees [29]. On the other hand, the significant change in hydrometeorology above the reservoir occurs in certain spatial range. The daily temperature decreasing and humidity increasing may be more significant above the water surface within an interval of 52–525 m. The vertical distance varies with the reservoir, e.g., the lower bound is 52 m for the Longkaikou reservoir and the upper bound is 525 for the Ertan reservoir.




4.3. Study Limitations and Future Work


Although we distinguished the changes in tree growth responses to reservoir impoundment, uncertainties in mechanism of response and method of identification limit our analysis. The method of paired t-test to determine the change in the Euclidean distance relies on the object of comparison or the reservoir. The testing results may not be accurate enough, as they differ when we use different reservoir as comparison. Nevertheless, we believe that the uncertainty would be larger if we directly make comparison between chronologies such as analysis of variance (ANOVA) and a paired t-test for TWI (rather than for the change in the Euclidean distance). The results show that these methods cannot identify the influence of reservoir impounding, and in some cases the testing results are not consistent with the real situation. For example, paired t-test on the TWIs during the years of 1993 and 1998 showed that the TWIs of the Ertan and the Longkaikou were significantly different (p < 0.05), which fails to address our question since Ertan and Longkaikou were not impounded during the period. The ANOVA analysis yielded similar results. These contradictions may be related to the complex joint influence of the regional and local climate change on tree growth, wherein the direct comparison fails to detrend the disturbance on the local climate from regional climate.



In addition, multiple influencing factors may disturb the signals of reservoir impoundment in the tree-ring data. Although the disturbance of non-reservoir-impounding factors have been decreased by selecting the same tree species, many other factors may still influence the testing of the hypothesis, for example discrepancies in micromorphology such as aspects and slope, and differences in engineering configurations, such as water depth and regulation processes. The micromorphology influences the stand condition of individual, and engineering configuration and water regulation process generate the original sources of environmental changes in atmosphere and hydrology. However, the status of the environment and process of disturbance are unclear. These issues may partially contribute to the fact that not all the sites show a significant change in the Euclidean distances of TWI. Therefore, more research is needed to uncover the response mechanisms on the ecological chains from generating disturbances, environment changes, and a physiological response to ecological indicators. This requires other methods in addition to collecting tree-rings, such as in-site monitoring, remote sensing, or ecological modelling. Despite the uncertainties, our methods based on spatial and temporal comparison have removed the disturbances caused by non-reservoir-impounding factors by setting a reference reservoir or a filtering chronology. This is an initial advancement for identifying weak signals contained in ecological data. Additionally, more types of tree growth indicators, such as tree-ring density and the stable isotopes ratio, still need to be explored to determine more precise characteristics of changes from reservoir impounding on tree growth.





5. Conclusions


Eleven age-dependent chronologies of tree-ring width index (TWI) were developed around three hydroelectric reservoirs in the riverine valleys in southwestern China. The interannual changes of these chronologies resemble each other, especially for sites from same reservoirs. The lower the amount of precipitation and high air temperature in May and the dry season before the growth season significantly limit the radial growth of trees in the valleys. A high relative humidity in the previous May and the previous November can also benefit radial growth. The good relationship between TWI and drought indicator SPEI implies that radial growth is largely dependent on the moisture availability in the valleys. These findings suggest that the response pattern in the valleys is distinctly different from that at high-elevation areas. Therefore, the radial growth responses to regional climate in the valleys in southwestern China are distinctly different from that at high elevations above 2500 m a.s.l. Tree growth in the valleys is influenced by reservoir impounding, especially for trees at the low slope positions or close to the reservoir. Similar slope positions exhibit similar responses to impoundment, even in trees from different valleys. Both the changes of variance and mean value of tree growth can be observed following reservoir impounding for the relatively low sites (i.e., sites M2, R2, L2) rather than at the lowest positions close to reservoirs.
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Figure 1. Location of the tree-ring sites, hydropower stations, dry valleys, and meteorological stations. The tree-ring sites for comparison denote tree-ring width sites established by others from NCEI (https://www.ncei.noaa.gov/maps/paleo/ (accessed on 10 March 2024)). Here, we only show the hydropower stations on rivers Lancang, Jinsha, Yalong, and Dadu. Numbers 1–4 represent the meteorological stations Miyi, Huaping, Nanjian, and Jingdong. Panels (b–d) zoom in the details around reservoirs Ertan, Longkiakou, and Manwan in panel (a). The locations of the dry valleys were referred to the Integrated Scientific Expeditional Team to the Qinghai–Tibet Plateau [31]. 
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Figure 2. Tree-ring width index (TWI) for sampling sites near reservoirs. Here, we show the period when all TWIs met EPS > 0.7, i.e., the years of 1986–2017. Sites M1–M3, or the three dashed lines, were on a slope near Manwan reservoir, sites R1–R4, or the three solid lines, were on a slope near Ertan reservoir, sites L1–L4, or the double lines, were on a slope near Longkaikou reservoir. The blue, brown, orange, and green lines indicate that the sites were the lowest, relatively low, relatively high, and the highest ones in terms of elevations in the slopes. The three vertical red lines denote the impounding time of reservoirs. 
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Figure 3. Correlation coefficients between TWI chronologies. The green, blue, and red fonts represent significance levels of 0.05, 0.01, and 0.001, respectively. 
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Figure 4. The correlation coefficients between TWI chronology and climate data. Here, the results by the meteorological station Nanjian are shown, and results by other stations can be seen in the Supplementary Materials. The horizontal and vertical labels in each panels mean the tree-ring sites and months, respectively. “p”, “c”, “wet”, and “dry” refer to previous year, current year, wet season, and dry season, respectively. (a−d) indicate that the tree-ring chronology was correlated with precipitation amount, mean air temperature, relative humidity, and SPEI with timescale of 6 months, respectively. The green, blue, and red frames represent significance levels of 0.05, 0.01, and 0.001, respectively. 
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Figure 5. Clusters for TWI chronologies. A color represents a cluster. Chronologies at the high-elevation areas are denoted as “CHIN”. (a) Three clusters for chronologies in the valleys, (b) two clusters for chronologies in valleys and high-elevation areas. 
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Table 1. Information regarding the tree-ring sampling sites and tree-ring width. The slope position refers to the site located from the foot slope (0%) to the ridge (100%) of a slope. The two distances denote the vertical and horizontal distance to the reservoir, respectively.
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	M1
	M2
	M3
	R1
	R2
	R3
	R4
	L1
	L2
	L3
	L4





	Elevation (m a.s.l.)
	1172
	1232
	1290
	1256
	1502
	1725
	2036
	1350
	1500
	1700
	2200



	Slope (°)
	18
	10
	20
	31
	38
	41
	5
	22
	10
	8
	8



	Aspect
	NE
	SW
	N
	N
	N
	NE
	N
	E
	E
	E
	E



	Slope position (%)
	12
	15
	19
	6
	30
	52
	83
	3
	12
	24
	54



	Vertical distance (m)
	178
	238
	296
	56
	302
	525
	836
	52
	202
	402
	902



	Horizontal distance (m)
	362
	692
	1010
	161
	674
	1900
	2210
	120
	494
	783
	3911



	Nr. of detrended trees
	15
	13
	10
	14
	15
	12
	15
	18
	13
	18
	12



	Average sensitivity
	0.446
	0.33
	0.369
	0.288
	0.324
	0.258
	0.269
	0.38
	0.505
	0.36
	0.375



	Master correlation
	0.658
	0.494
	0.682
	0.481
	0.659
	0.63
	0.510
	0.501
	0.358
	0.449
	0.527



	Time span
	1984–2020
	1983–2020
	1967–2020
	1956–2021
	1976–2021
	1942–2021
	1970–2017
	1958–2017
	1940–2017
	1945–2017
	1944–2017



	Time span of EPS > 0.70
	1986–2020
	1986–2020
	1982–2020
	1960–2021
	1976–2021
	1955–2021
	1980–2017
	1964–2017
	1983–2017
	1951–2017
	1950–2017










 





Table 2. Information for the hydroelectric reservoirs.
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	Normal

Water Level (m)
	Total Storage

(108 m3)
	Water Area (km2)
	Dam Height (m)
	Installed Capacity

(104 kW)
	Annual Flow

(m3/s)
	Impounding Time
	Name of Impounded River





	Manwan
	994
	10.6
	24
	132
	155
	1230
	March 1993
	Lancang



	Ertan
	1200
	58.0
	101
	240
	330
	1670
	May 1998
	Yalong



	Longkaikou
	1298
	5.1
	20
	116
	180
	1780
	November 2012
	Jinsha










 





Table 3. Results of the paired t-test for the change in the Euclidean distance of TWI between pre- and post-impounding of reservoir. Experimental reservoir means that the impoundment occurred during selected time span, and reference reservoir represents no impounding occurred during the same time span. “Sites at low positions” represent the relatively low sites (M2, R2, L2) and the lowest sites (M1, R1, L1). * Denotes the value is less than 0.05.
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Experimental

Reservoir

	
Reference

Reservoir

	
All Sites Engaged

	
Sites at Low Positions Engaged




	
t Statistic

	
DF

	
Prob > |t|

	
t Statistic

	
DF

	
Prob > |t|






	
Manwan

	
Ertan

	
−1.08

	
11

	
0.30

	
−0.48

	
3

	
0.67




	
Longkaikou

	
−1.86

	
11

	
0.09

	
−3.03

	
3

	
0.06




	
Ertan

	
Manwan

	
−0.39

	
11

	
0.70

	
−2.69

	
3

	
0.07




	
Longkaikou

	
1.38

	
11

	
0.19

	
2.26

	
3

	
0.11




	
Longkaikou

	
Manwan

	
−1.04

	
11

	
0.32

	
−1.90

	
3

	
0.15




	
Ertan

	
−2.65

	
11

	
0.02 *

	
−4.54

	
3

	
0.02 *











 





Table 4. P-values of the difference tests for filtered chronologies between pre- and post-impounding of reservoir. * Denotes the value is less than 0.05.
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Filtered Chronology

	
Variance Test for Chronology Filtered by

	
Mean Value Test for Chronology Filtered by




	
C1

	
C2

	
R4

	
C1

	
C2

	
R4






	
M1

	
0.86

	
0.81

	
0.14

	
0.24

	
0.62

	
0.17




	
M2

	
0.02 *

	
0.45

	
0.24

	
0.05 *

	
0.49

	
0.02 *




	
M3

	
0.53

	
0.10

	
0.52

	
0.39

	
0.71

	
0.12




	
R1

	
0.07

	
0.33

	
0.28

	
0.97

	
0.56

	
0.52




	
R2

	
0.47

	
0.60

	
0.03 *

	
0.90

	
0.44

	
0.17




	
R3

	
0.10

	
0.34

	
0.75

	
0.16

	
0.29

	
0.67




	
R4

	
0.57

	
0.78

	
\

	
0.45

	
0.79

	
\




	
L1

	
0.73

	
0.13

	
0.46

	
0.29

	
0.86

	
0.55




	
L2

	
0.87

	
0.17

	
0.29

	
0.02 *

	
0.21

	
0.00 *




	
L3

	
0.33

	
0.83

	
0.32

	
0.28

	
0.94

	
0.21




	
L4

	
0.47

	
0.21

	
0.74

	
0.13

	
0.81

	
0.10
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