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Introduction: To investigate the differences in the response of radial growth of larch (Larix gmelinii) at varying altitude gradients to climatic factors, this study established tree-ring width chronologies of Larix gmelinii at altitudes of 900 m, 1,120 m and 1,300 m based dendroclimatology.

Methods: We also employed R packages including “dplR,” “static” and “moving” to determine the correlation between larch at different altitudes and climatic factors and to explore the sensitivity and stability between radial growth and the climate of larch at different altitudes in the northern part of the Greater Khingan Mountains Range in Northeast China.

Results: The results revealed the radial growth of larch in high altitude areas to exhibit a downward trend due to climate warming, while the growth of trees in intermediate and low altitude areas showed an upward trend. The growth–climate relationship exhibited a significant negative correlation between radial growth in low altitude larch (900 m) and temperatures in the current winter (February and March) and growing season (July, October of the current year, and October of the previous year) (p < 0.05). Moreover, high altitude larch (1,300 m) showed a significant negative correlation with temperature in January, March, and October of the current year (p < 0.05). However, in intermediate altitude areas (1,120 m), the radial growth of trees was significantly positively correlated with the temperature of the growing season (May, June and August). Precipitation in April was observed to promote the radial growth of low-altitude larch. Moving correlation analysis revealed that the inhibitory effect of low temperatures in winter and high temperatures in the growing season on the radial growth of larch at three altitudes gradually strengthened, transitioning from significant negative/positive correlations to significant positive/negative correlations along the altitudinal gradient.

Discussion: Larch trees in high and low altitudes exhibited an increased sensitivity to winter and spring precipitation, while in the intermediate region, the inhibitory effect of growing season precipitation on larch radial growth continued to intensify. The results of the study have an important reference value for the in-depth understanding of the growth dynamics of Larix gmelinii natural forests in the northern part of the Greater Khingan Mountains under climate change.
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1 Introduction

Climate warming is a prominent global environmental issue that poses a significant threat to people’s lives and the quality of the ecological environment, and has led to substantial changes in global terrestrial ecosystems (Tollefson, 2018). The Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment Report has emphasized that high-latitude regions are particularly sensitive to this climate change (IPCC, 2021). Forest ecosystems, being a vital component of terrestrial ecosystems, provide energy and ecological services that are also severely disrupted by climate change. To adapt to global climate warming, the growth distribution of numerous plants is currently undergoing alterations in terms of altitude or latitude (Kueppers et al., 2017), and the suitability for the long-established survival of numerous species is continuously changing. Climate warming has not only resulted in an increased occurrence of extreme weather events worldwide, such as severe droughts, heatwaves, heavy snowfalls, and frost damage (Kitudom et al., 2022), but it has also prompted trees to migrate to higher altitudes and latitudes (Morgan et al., 2014), thereby greatly impacting tree growth in high-latitude forest areas. Previous research has indicated that rises in temperatures have induced changes in species distribution and land cover types in high-latitude forest regions (Ustin and Xiao, 2001; Tchebakova et al., 2010). More specifically, the increase in temperature has led to a northward or uphill shift of forest lines and a reduction in tree species seed production, ultimately affecting forest composition and structure (Soja et al., 2007; Kharuk et al., 2009). In fact, numerous studies, both at the regional and global scale, have demonstrated the influence of global warming on woody plants (Park Williams et al., 2013). Tree rings can be employed as a precise tool to accurately record the annual impact of climatic factors on tree growth, revealing the impact of past and recent climate change on trees, as well as the response trends of forests to future climate change (Tessier et al., 1997). Therefore, tree rings can be used as a historical tool to reveal long-term change trends in forest ecosystems, further assess the impact of climate warming on tree growth and its dynamic changes, and predict potential alterations in forests through feedback mechanisms with climate elements under future global changes (Fritts, 2012).

The study of tree rings at different altitudes is of great significance for understanding the impact of climate change, ecosystem evolution and the resource management of tree radial growth (Chhin et al., 2008). The relationship between radial growth and climate in the Douglas fir (Pseudotsuga menziesii) mountain areas (Zhang and Hebda, 2004), revealing that precipitation during the growing season influenced growth in both high and low-altitude regions, while temperature played varying roles at different altitudes. The study pointed out that the role of tree-ring studies in revealing a distinct “threshold” in the temperature response in alpine regions (Wilmking et al., 2004). In particular, the tree-ring width of white spruce along the Alaska Mountain alpine forest line has been reported to exhibit a positive correlation with temperature within a certain temperature range, however, beyond a specific “threshold,” this correlation becomes negative. Studies based in the Alpine Alps also reveal an increased sensitivity of Norway spruce (Picea abies) to precipitation during the 20th century, while its sensitivity to temperature is observed to decrease. Taking Mont Saint-M, France, as the study area, Vila et al. (2008) showed that different tree species exhibited contrasting responses to temperature increases. More specifically, Aleppo pine (Pinus halepensis) and Scots pine (Pinus sylvestris) displayed divergent reactions to elevated temperatures, while higher temperatures promoted radial growth in Aleppo pine across various elevations. In addition, Scots pine in higher altitudes showed a decelerated trend in radial growth in response to warming temperatures. For each specific tree species, the distribution of limiting factors along the altitudinal gradient has undergone changes, shifting from moisture stress in lower altitudes to cold limitations in higher altitudes (Salzer et al., 2009), particularly in temperate and northern forest regions.

The Greater Khingan Mountains in China is one of the most intact subarctic forests globally, as well as the largest larch nature reserve and the most extensive continuous habitat in China. As a consequence, current research regarding the relationship between Dahurian larch growth and climate predominantly focuses on this region and high-altitude areas (Serre, 1978). The Dahurian larch stands as a pivotal species within the forest ecosystems of Northeast Asia, with its southernmost distribution extending to the Greater Khingan Mountains region in northern China. The presence of larch in China consistently hugs the southeastern fringes of the Eurasian continent. As temperature decreases gradually with ascending altitude, the Dahurian larch has expanded toward the high-altitude regions in Northeastern China (Leng et al., 2008). However, in the context of global warming, the ecological system of the Dahurian larch is threatened by permafrost degradation, leading to a northward shift of its southern boundary (Wei et al., 2011). Zhang et al. (2016) utilized a network of larch tree-ring width chronologies from various regions within the northeastern permafrost area to investigate the impact of rapid warming on tree growth, and discovered that increasing the depth of permafrost thaw benefits the growth of trees in high-latitude permafrost regions. Li et al. (2021) conducted a study on the spatial heterogeneity of tree growth across the Daxing’anling region of Inner Mongolia in response to climate warming. The authors found a significant positive correlation between Dahurian larch and spring temperatures, while a significant negative correlation was observed with summer temperatures, and the larch showed strong resilience to drought. Chen et al. (2023) investigated the response of Dahurian larch trees at different altitudes and under varying competitive intensities in the Greater Kingan Mountains to climate. The results revealed key climatic and environmental variables influencing Dahurian larch growth in this region, and the models predicted a gradual reduction in larch growth with future increases in temperature. The aforementioned studies provide valuable insights into the response patterns of northern forest ecosystems, highlighting the intricate roles of temperature and precipitation in shaping these ecosystems. Thus, it is crucial to understand the role of the altitudinal effect as a key geographical feature in growth–climate response patterns and future species distributions. Based on this, we can utilize variations along altitudinal gradients to indicate the evolution of climate change over specific time periods (Change, 2013).

In this study, we set up three tree-ring width chronologies at altitudes of 900, 1,120 and 1,300 m, and conducted dendroclimatic analysis on Larix gmelinii in the northern region of the Greater Khingan Mountains in China. Based on the research question “divergent climate responses in radial growth of Larix gmelinii along different altitudinal gradients in Northeastern China,” we aim to: (1) investigate the growth trends of L. gmelinii on the northwestern slope of the Greater Khingan Mountains under climate warming; (2) explore the distinct growth patterns of L. gmelinii at different altitudes under the influence of climate gradients, and identify the primary climatic constraints affecting growth at various elevations; and (3) analyze the dynamic variations in the radial growth of L. gmelinii at different elevations. The findings of this study provide valuable references into the future dynamics and development trends of forest growth, as well as the distribution ranges of forest tree species in the context of global warming.



2 Materials and methods


2.1 Study area

The study area is located on the northwestern slope of the Greater Khingan Mountains in northeast China (Figure 1) (51° 51′ 02″-52° 30′ 52” N, 121° 05′ 44″-122° 47′ 05″ E). The sampling sites are situated within the Beian Forest Farm on the northern bank of Mangui Town, Hulunbuir City, Inner Mongolia Autonomous Region. The area is characterized by a middle-low mountains terrain, with altitudes ranging from 509 to 1,409 m above sea level, a high latitude, and permafrost that gradually transitions from the discontinuous permafrost zone in the northwest of the Greater Khingan Mountains to the continuous permafrost zone in the southeast (Guo et al., 2015). The study area is mainly influenced by the cold temperate continental monsoon climate, with simultaneous rainy and warm periods, and a generally low temperature and humid climate. From 1960 to 2020, the mean annual temperature was −4.7°C, with the highest temperature occurring in July (24.0°C) and the lowest in January (−36.9°C). The mean annual temperature in this area has exhibited a constantly increasing trend (Figure 2). The mean annual precipitation within the study area is 438 mm, with the concentration primarily in June, July, and August, totaling 289 mm, and the maximum mean precipitation in July, accounting for 26.5% of the total annual precipitation (Figure 2). The forest coverage in this area stands at an impressive 95.84%, with natural forests constituting over 95%. The predominant soil type is brown coniferous forest soil, and the existing tree species are mainly Larix gmelinii, Pinus sylvestris var. mogolica, Betula platyphylla and Picea koraiensis.
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FIGURE 1
 Distribution of sample sites. Inset map shows the location of the study area (shaded in purple) within China.


[image: Figure 2]

FIGURE 2
 Mean values in monthly and meteorological factors from 1960 to 2020 in the study area. T, mean temperature; Tmax, mean maximum temperature; Tmin, mean minimum temperature; P, precipitation.




2.2 Tree-ring sample collection and chronology establishment

Based on the principles of dendrochronology (Stokes and Smiley, 1968), and considering the elevation, topography, and distribution characteristics of L. gmelinii in the study area, sampling was conducted in July 2022. Three sampling sites were established at elevations of 1,300, 1,120 and 900 m. Due to the relatively small response of dominant trees to non-climatic factors and their better signal-to-noise ratio, we selected healthy dominant trees with larger breast diameters in undisturbed areas within each sampling site. Using an increment borer, we extracted two coarse cores (with an inner diameter of 10.00 mm) from each selected tree at breast height (1.3 m above the ground) along two different directions (perpendicular and parallel to the slope). One fine core (with an inner diameter of 5.00 mm) was then collected in at a random direction and numbered. A minimum of 20 larch trees were collected from each sampling site. Table 1 presents details of the site information.



TABLE 1 Information for the sampling sites of Larix gmelinii at tree elevations in the northern Greater Khingan Mountains.
[image: Table1]

The prepared, dried, fixed, sanded, and polished tree core samples were cross-dated under a microscope and measured using a LINTAB6 tree-ring width measuring system (Rinntech, Heidelberg, Germany) with a 0.01 mm accuracy. The cross-dating of the measured tree-ring width data was conducted using PAST5. This was followed by a quality check of the measurement sequences and dating results using COFECHA (Holmes, 1983). Samples with low correlation coefficients were re-examined, and poor-quality sequences were removed to ensure the reliability of the dating results. Finally, the negative exponential function in the ARSTAN chronology development program (Cook, 1985) was employed to simulate growth trends, and the standard chronology (STD), residual chronology (RES) and autoregressive chronology (ARS) of three larch tree-ring widths at different altitudes were established. We calculated the average sensitivity (MS), signal-to-noise ratio (SNR), sample population explanatory amount (EPS) and first-order autocorrelation coefficient, among other parameters, revealing the STD to contain high-quality high-frequency information. Therefore, it was adopted from the subsequent analysis.



2.3 Meteorological data

The growth season for L. gmelinii typically lasts around 165 days (Hoff et al., 2015), from early May to mid-to-late October. The growth of trees is not only influenced by the climate of the current year but also by that of the previous year, that is, climate has a “lag effect” on tree growth (Cabral-Alemán et al., 2022). Therefore, climate factors from September of the previous year to October of the current year for the period ranging from 1960 to 2020 were selected for this study. Meteorological data were obtained from the Royal Netherlands Meteorological Institute (http://climexp.knmi.nl). Climate grid data of 0.5° × 0.5° CRU (4.05) within the ranges of 52.00°-52.50° N and 121.00°-121.50° E were employed as the background of climate change in this study area. The CRU database consists of the difference of regional weather stations. In the areas with a small number of weather stations, the CRU data are non-uniform. Therefore, the accuracy of CRU climate data is verified by using the observation data of Genhe (50.47° N, 121.31° E), Mohe (52.58° N, 122.31° E) and Huzhong (52.02° N, 123.34° E) weather stations and the correlation between the average observation data of the three stations and CRU climate data. The results showed that there was a significant correlation between CRU grid data and climate station data (p < 0.01). The width of tree rings formed during the growth process is influenced by a combination of climate factors from both the current year and the pre-growing season, particularly temperature and precipitation, and consequently play a crucial role in shaping tree growth and ring structure (He et al., 2017). Therefore, climate factors from 1960 to 2020, including monthly mean temperature (T), monthly mean maximum temperature (Tmax), monthly mean minimum temperature (Tmin), and precipitation (P), were selected for the subsequent analysis.



2.4 Data analysis

The R (R Core Team) packages “dplR” and “treeclim,” and the functions “TRADER,” “dcc,” “static” and “moving” were employed to compute the correlations and moving correlation coefficients between the standardized tree ring width chronologies and climate factors for September of the previous year to October of the current year from 1960 to 2020. A sliding window of 31 years was determined using Dendroclim 2002, and graphical representations were generated using the “graphics” and “ggplot2” R packages. We also used the univariate linear regression function in the software SPSS25 to calculate the growth trend of larch at different altitudes over the past 30 years. Mapping was performed in Arcmap 10.8 (Esri).




3 Results


3.1 Chronology characteristics

For the standard chronology of larch at the three different elevations, the time span ranged from 121 to 277 years (Table 2; Figure 3), the common interval was 1905–2022, and the intermediate altitude sample plot had the longest chronology time span of 277 years (1745–2022). As the main objective of this study is to investigate the impact of altitude gradients on radial growth and the response of radial growth to climate, we used an approximate 60-year chronology, spanning from 1960 to 2020, matching the length of climate records (Figure 4). The minimum replication threshold of the chronology was determined using sub-sample signal strength (SSS). In this study, tree-ring width chronologies with SSS > 0.85 were selected as reliable intervals to ensure both sequence reliability and maximum length. The standard deviation (SD) indicates the magnitude of climate signals contained in the tree-ring width chronologies. Compared to the middle and lower altitude regions, higher altitude areas exhibit a reduced amount of climate information, yet tree growth demonstrates a higher average sensitivity (MS) and preserves a higher level of climate information (SNR). The first-order autocorrelation coefficient (1st AC) reveals that the growth of L. gmelinii at all three altitudes is greatly influenced by the previous year’s climate. The mean within-tree correlation coefficient indicates a high degree of consistency in inter-annual growth variations among different trees, with all values of EPS exceeding 0.85 (Table 2). This indicates high-quality chronologies that effectively represent the overall characteristics of L. gmelinii growth at various altitudes within the study area. In the three distinct altitude-based L. gmelinii tree-ring chronologies, high-altitude growth has exhibited a declining trend with a negative growth slope over the past three decades, while intermediate and low-altitude growth has shown an upward trend. Note that these growth trends are not statistically significant (Figure 4).



TABLE 2 Statistics of tree-ring chronologies of Larix gmelinii from different altitude heights.
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FIGURE 3
 Standardized chronology of the tree-ring width of Larix gmelinii at three altitudes in the northern Greater Khingan Mountains. (A), High altitude: 1300 m; (B), Intermediate altitude: 1120 m; (C), Low altitude: 900 m.
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FIGURE 4
 Chronologies of Larix gmelinii at three altitudes from 1960 to 2020. Red line denotes the growth trend during the latest 30 years. (A), High altitude: 1300 m; (B), Intermediate altitude: 1120 m; (C), Low altitude: 900 m.




3.2 Correlation between radial growth and climate factors at different altitudes

During 1960–2020, the response of Larix gmelinii tree-ring width variations to climate factors exhibited both similarities and differences across the three distinct altitudes. Comparative analysis revealed temperature to be the primary climatic factor influencing radial growth in the region. Moreover, all three altitudes of Larix gmelinii were positively correlated with precipitation (Figure 5). Notably, only low-altitude Larix gmelinii had a significant positive correlation with precipitation in April of the current year (r = 0.252, p < 0.05). The correlation analysis with temperature factors (mean, mean maximum and mean minimum temperature) (Figure 5) indicated the radial growth of Larix gmelinii at different altitudes to exhibit varying responses to temperature. Among them, the response of low-altitude Larix gmelinii to temperature showed an overall negative correlation, with significant negative correlations (p < 0.05) with the monthly mean temperatures of February, March, July, and October of the current year (r = −0.291, r = −0.335, r = −0.293 and r = −0.467, respectively), as well as with October (r = −0.397) of the previous year. Furthermore, significant negative correlations and above (p < 0.05 for February, March, and October; p < 0.01 for July) were observed with the mean maximum temperatures in February, March, and October of the current year, as well as with that of October of the previous year (r = −0.276, r = −0.289, r = −0.393 and r = −0.363, respectively). In addition, highly significant negative correlations (p < 0.01) were observed with the mean minimum temperature of October for both the previous and current year (r = −0.482 and r = −0.336, respectively), and significant negative correlations (p < 0.05) with those of February, March, June and July (r = −0.287, r = −0.289, r = −0.263 and r = −0.289, respectively) for the current year. For the intermediate altitude Larix gmelinii, the overall response to temperature was positive. In particular, highly significant positive correlations (p < 0.01) were observed with the mean temperatures of May and August (r = 0.421 and r = 0.335, respectively), the mean maximum temperature in May (r = 0.354), and the mean minimum temperature in June (r = 0.406 and r = 0.464, respectively), all of which in the current year. Moreover, the Larix gmelinii at this altitude exhibited significant positive correlations (p < 0.05) with the mean temperature in June (r = 0.288) and mean minimum temperature in August (r = 0.320) of the current year. In contrast, high-altitude Larix gmelinii demonstrated an overall negative response to temperature. More specifically, significant negative correlations (p < 0.05) were observed with the mean temperatures (r = −0.251, r = −0.270 and r = −0.283, respectively), mean maximum temperatures (r = −0.260, r = −0.262 and r = −0.266, respectively), and mean minimum temperatures (r = −0.235, r = −0.275 and r = −0.259, respectively) of January, March, and October in the current year.
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FIGURE 5
 Correlation between the standardized chronology of tree-ring width and the monthly climate factors of Larix gmelinii at three elevations in the northern part of the Great Khingan Mountains. (A–D) represent precipitation, mean temperature, mean maximum temperature and mean minimum temperature, respectively, as do (E–L). Red, green and blue charts denote high-, intermediate and low altitude Larix gmelinii, respectively. Light tones for p < 0.05 and dark tones for p < 0.01. Capital letters indicate previous year months; lowercase: current year months. The analysis was performed with a sample size of n = 61.




3.3 Dynamics of radial growth and climate factors at different altitudes

The moving correlation analysis reveals variations in the responses of Larix gmelinii at different altitudes to radial growth and climatic factors (Figure 6). As the climate warms, there is a general upward trend in the sensitivity of tree-ring width to hydrothermal factors, resulting in periods where correlation coefficients convert between positive and negative values. In terms of precipitation, distinct variations in response to precipitation factors are observed among Larix gmelinii at different altitudes. For low-altitude Larix gmelinii, correlations with precipitation were significantly negative (p < 0.05) only during July in the years from 1961 to 1992, gradually transitioning from a negative to positive response. Intermediate altitude Larix gmelinii exhibited a significant positive correlation with precipitation in June of the current year, which diminished over time, eventually turning into a negative response. High-altitude Larix gmelinii displayed a significant negative correlation with December precipitation of the previous year that gradually weakened with time, while unstable correlations were observed with June and August of the current year. These findings illustrate the varying and complex responses of Larix gmelinii at different altitudes to precipitation, with numerous shifts from negative to positive correlations as well as weakening responses over time.

[image: Figure 6]

FIGURE 6
 Moving correlation analysis between the standardized chronology of tree-ring width and monthly climate factors of Larix gmelinii at three elevations in the northern part of Greater Khingan Mountains. (A–C), Precipitation; (D–F), Mean temperature; (G–I), Mean maximum temperature; (J–L), Mean minimum temperature. The first, second and third columns indicate high, intermediate and low altitude, respectively. p < 0.05. Capital letters: previous year months; lowercase: current year months.


Figure 6 reveals both similarities and differences in the response of the three Larix gmelinii chronologies at different altitudes to temperature variations during the period from 1960 to 2020. At low altitude, the sensitivity to temperature, including the previous year’s October, the current year’s February, March, and October mean temperatures, as well as mean maximum and minimum temperatures, progressively increased to a significant level. In addition, a significant negative correlation with the average temperature in July and the average minimum temperatures in June and July of the current year emerged in 1974, and subsequently gradually diminished. The intermediate altitude Larix gmelinii exhibit a significantly weakened positive correlation with the average temperature, mean maximum temperature, and mean minimum temperature for the months of December of the previous year and February, August, and October of the current year. Notably, a significant negative response emerged gradually with temperature of February in the current year, while a significant positive response was observed gradually with the mean and mean maximum temperatures of May in the current year. Furthermore, there was a consistently significant positive relationship with the average minimum temperature in June that remained stable throughout the study period. In contrast, high-altitude Larix gmelinii radial growth exhibited a gradual transition from a non-significant negative correlation to a significant negative correlation (p < 0.05) with average temperatures in the current year for February, July, and October. Similarly, the mean maximum and minimum temperatures presented significant negative correlations in February and October of the current year. However, a gradually shift to a significant positive correlation (p < 0.01) was observed for the mean minimum temperature in May.




4 Discussion


4.1 Radial growth characteristics of larch at different altitudes

Extensive surveys and data analysis reveal that tree-ring width in high-altitude forests is often limited by temperature during the cold season, while growth during the warm season faces fewer restrictions. Simultaneously, the growth of low-altitude trees depends on the facilitation of water availability, resulting in a gradually increasing connection between tree-ring width and precipitation (Harsch et al., 2009). However, due to the complex and variable climate patterns in the study area, as well as local environmental disturbances, differences in tree growth among different altitudes are common (Sidor et al., 2015; Matías et al., 2017). In extremely cold regions, temperature is considered the primary factor limiting tree growth, and temperature fluctuations are directly reflected in variations in annual ring width (Hartl-Meier et al., 2014). The geographical distribution of forests is shifting toward higher altitudes as the climate warms, particularly for trees at the southern boundaries of boreal forests, making them more susceptible to drought stress induced by climate warming. As altitude increases, changes in temperature and adjustments in precipitation patterns will impact the growth rate and tree-ring width of these trees (Moritz and Agudo, 2013).

This study reveals significant differences in the radial growth trends of Larix distributed at various altitudes within the study areas over the past 30 years: larch trees at high altitudes exhibit a negative growth trend, while that of trees at middle and low altitudes is positive (Figure 3). Terrestrial vegetation responds to changes in weather and climate, and such responses are influenced by physiological, population, and ecosystem functions. The distribution of plant species, growth status, and ecological community evolution are constrained by these functions, and this relationship changes over time (Bonan, 2015). Therefore, changes in climate and weather can directly impact plant phenology (e.g., growth rates, bud development, and flowering) and can also have indirect effects by influencing forest structure and dynamics (Loehle and LeBlanc, 1996). Such growth trends may gradually form the alpine tree line within the study area when temperatures exceed a certain threshold. This phenomenon considered to be primarily influenced by temperature, as temperatures decrease with increasing altitude. When temperatures fall below a certain value, trees cease to grow, forming an alpine forest line (Oberhuber, 2004). However, studies reveals that tree growth in the Daxing’anling region is also influenced by moisture availability, with water scarcity around the tree line affecting tree growth. Even in regions where temperatures and moisture are suitable for tree growth, negative growth trends are observed in trees. This is attributed to the strong competitiveness of other species in the forest line shrub, which occupy the majority of the soil and water resources, resulting in the seed germination of forest tree species (Tranquillini, 2012). It is worth noting that the annual mean temperature varies by approximately 3°C between high and low altitudes. Therefore, this altitude-related temperature difference masks the effects related to latitude in Larix growth (Kosaka and Xie, 2013). Furthermore, the tree line is highly sensitive to environmental changes at forest boundaries, particularly in the study region, where even small fluctuations in temperature and moisture evaporation can affect the growth of trees at the tree line (Billings, 1969). This suggests that temperature constraints dominate over other environmental factors (e.g., topography and biological communities) in the radial growth of Larix, as reflected in the analysis results of Larix’s response to climate. Based on the response of high-altitude tree line trees to climate, combined with climate change and ecological disturbance factors, we can predict the growth trends of forests under temperature changes. The differential response of Larix radial growth to climate reveals distinct growth patterns of trees at different altitudes in the study area. More specifically, high altitudes are subject to low-temperature constraints, which consequently slows down tree growth under cold conditions. Conversely, as altitude decreases, the degree of tree growth response to precipitation changes becomes more pronounced.



4.2 Differences in the climate response of radial growth of larch at different altitudes

This study reveals a positive correlation between radial growth and precipitation in three different altitude Larix species within the study area. This relationship may be attributed to Larix’s preference for light and relative drought tolerance, primarily observed in well-drained and moist but not excessively wet soil environments (Rehfeldt and Jaquish, 2010). With rising temperatures, increased solar radiation and surface evaporation create drier habitats with shallow and nutrient-poor soil conditions, which increases demand for moisture in tree growth (Hirano et al., 2017). Previous research has shown that the growth initiation time and maximum growth rate duration of Pinus densata, a high-altitude pine species in the Baishuijiang Mountains, are also regulated by soil moisture availability (Sun et al., 2021). Our results reveal low-altitude Larix to exhibit a significant positive correlation with precipitation in April of the current year, while no significant relationship is observed between intermediate and high altitude Larix and precipitation. This altitude-based difference in the relationship between Larix radial growth and precipitation may reflect variations in water utilization and tree environmental adaptability in different altitude regions.

For low-altitude Larix in the northern part of the Greater Khingan Mountains, if there is no water stress during the previous year’s growing season, the water reserve from the previous year can support early-season radial growth in the current year, with winter snow providing moisture for the next growing season (Hessburg et al., 2019). April marks the beginning of spring and is typically accompanied by increased precipitation, while rising temperatures induce a hydrothermal phenomenon (Cai et al., 2020). Ground temperatures gradually recover (monthly averages of −11.3°C, −1.1°C and 7.4°C in March, April and May, respectively) and the thawing of permafrost commences, allowing for sufficient soil moisture to stimulate tree growth. During the early part of the growing season, trees exhibit heightened sensitivity to effective water supply due to enhanced physiological activity (Vaganov et al., 1999), and as temperatures rise and daylight hours increase during this period, increased precipitation can provide the necessary moisture for trees, promoting their physiological activity and metabolism leading to a positive growth response. Moreover, in low-altitude areas, permafrost degradation leads to decreased soil moisture and pre-rainy season water shortages. Therefore, radial growth in low-altitude Larix relies more on April precipitation than other months (Kolář et al., 2017).

For intermediate and high altitude Larix, the environmental water supply and water utilization differ from those in low-altitude areas, and the growth conditions are more severe, for example, low temperature, higher evaporation rates, and soil moisture limitations. In arid conditions under climate warming, enduring a long dry season combined with insufficient spring moisture and reduced humidity can result in a water deficit for trees, limiting their springtime growth (Ren et al., 2018). Under such scenarios, trees rely more on factors such as temperature and soil nutrients to regulate their growth activities, and changes in precipitation may be masked by other factors. For example, the melting of spring snow and permafrost great contributes to the soil moisture content in the upper layers (Zhang et al., 2018), providing additional moisture to the trees. In addition, summer precipitation can lead to soil oversaturation, affecting tree root respiration, and further reducing the correlation between radial growth and precipitation (Yang et al., 2018). Therefore, although increased spring precipitation can provide the necessary moisture for tree growth, it is not the primary influencing factor, and thus the response of intermediate and high altitude Larix to precipitation variations is not as pronounced as in low-altitude areas. In summary, the significant positive correlation between low-altitude Larix and April precipitation in the Greater Khingan Mountains is attributed to the provision of adequate moisture by spring precipitation for tree growth, which consequently promotes growth activities and metabolism, leading to a positive response. While, the absence of a significant relationship between middle and high-altitude Larix and precipitation is a result of interactions with other environmental factors, such as permafrost degradation, distribution patterns, soil moisture, and solar radiation.

The radial growth of low-altitude Larix is negatively correlated with monthly mean temperatures (in February, March, July, and October of the current year and October of the previous year), monthly mean maximum temperatures (in October of the previous and current years), and monthly mean minimum temperatures (in October of the previous year and in February, March, June, July, and October of the current year) (Figure 5). These significant negative correlations principally occur during the winter and growing seasons, with highly significant negative correlations largely observed during the winter months. This indicates that low temperatures during the winter and high temperatures during the growing season inhibit the growth of low-altitude trees. In the study area located in the Greater Xing’an Mountains, cold winter temperatures may induce cold stress in trees, damaging cell membrane structures and protein activities, and harming the woody part of the trees. Low temperatures also cause the freezing of moisture in the soil, preventing root absorption of water and nutrients. Moreover, excessive snowfall can shorten or delay the growing season (Kirdyanov et al., 2003). In recent decades, climate warming has led to rapid and widespread discontinuous permafrost cracking and degradation in low-altitude stands (Bockheim et al., 2013). Changes in water resources caused by the degradation of permafrost have a significant impact on tree growth and available water supply, subjecting forests to unprecedented drought stress and forcing them to adapt to greater environmental changes (Helbig et al., 2016). Along with excessively high temperatures during the growing season, soil moisture evaporation accelerates, increasing water loss. This subsequently induces a marked rise in the evaporation and vapor pressure deficits. Even the occurrence of abundant precipitation cannot prevent the formation of narrow rings in trees. In addition, inadequate precipitation in degraded permafrost areas leads to net losses in forests and restrictions on tree growth (Linares and Tíscar, 2011). Zhang et al. (2008) demonstrated that the response of tree growth to climate exhibits an altitudinal trend, with the negative impact of temperature increasing with decreasing altitude. This is attributed to the drought stress induced by warming, as well as the corresponding reduced net photosynthesis, increased soil moisture evaporation, and plant transpiration, all of which affect carbohydrate synthesis in trees, resulting in slow growth (Huang et al., 2010). Therefore, excessively high temperatures during the growing season are negatively correlated with the radial growth of low-altitude Larix.

Intermediate altitude Larix generally exhibits a positive correlation with temperature, exhibiting significant positive correlations with mean temperatures, mean maximum temperatures, and mean minimum temperatures during the growing season. Previous studies report the most vigorous tree growth to occur during the current-year growing season, and an increase in temperature at the beginning of the growing season benefits trees by extending the duration of their growth season, while enhanced photosynthesis in plants simultaneously promotes radial growth in trees (Akkemik, 2000; Chen et al., 2017). Intermediate altitude Larix is located in the transition zone between discontinuous and continuous permafrost, and warming provides trees with more heat and favorable conditions for photosynthesis (Goodine et al., 2008). The ground temperature is restored, and the winter snow can retain the water content of the topsoil when spring arrives, effectively achieving relative “cold insulation,” “heat preservation” and “nutrient storage,” which can promote the early-season growth of trees (Kirdyanov et al., 2003). Jyske et al. (2014) found that warm winters stimulate tree growth in northern forests, aligning with the overall findings of the radial growth of middle-altitude Larix in the current study.

On the other hand, high-altitude Larix exhibits a significant negative correlation with the average temperature and average minimum temperatures in January, March, and October, as well as the average maximum temperatures in January and March. This is consistent with the results of Zhao et al. (2019), and suggests that cold winters (freezing or snow cover loss) and high temperature in summer limit the growth of Larix (Case and Peterson, 2007). In high-altitude ecosystems, trees generally have a relatively short growing season and plants growing above the snow cover are exposed to cold winter temperatures, which can be limiting and stressful by low temperatures. Thick snow cover may also damage branches or buds, leading to reduced growth in the following year (Chapin III et al., 2008). The combination of a short and cold growing season is unfavorable for radial growth in trees, resulting in narrower growth rings (Gindl et al., 2000). Furthermore, in the high-altitude regions of the Greater Khingan Mountains, low temperatures during the winter and spring delay the onset of the growing season, putting trees in a dormant state (Lo et al., 2010). During the growing season, high temperatures and drought conditions cause trees to absorb a large amount of nutrients for growth, leading to significant nutrient and organic matter loss during allocation from the crown to the roots. This situation can contribute to the formation of narrow growth rings. In this study, the correlation between radial growth in high-altitude larch and temperature is not highly significant. This is because interannual climate variability and factors at the stand level, such as interspecies competition, stand density, microtopography, soil nutrients, and carbon allocation, collectively influence the radial growth of larch in high-altitude areas. Research has shown that different soil types and nutrient levels can impact a plant’s nutrient uptake and utilization (Havranek and Tranquillini, 1995). In addition, tree species composition and stand density play vital roles in forest growth, determining competitive relationships in various species, photosynthetic efficiency, and the overall structure and function of ecosystems. The negative correlation between radial growth in high-altitude larch and temperature indirectly suggests that larch prefer a moist environment, with its growth primarily influenced by soil moisture content. In October, which coincides with the end of the rainy season, soil moisture content and air humidity are relatively high. During this time, the response to precipitation is not very pronounced, and the average temperature becomes the primary influencing factor. A high average temperature accelerates the evaporation of water from both the soil and the air, which is unfavorable for tree growth activities. In contrast, the temperature in March has a negative impact on radial tree growth. This negative response may be linked to the premature temperature increase in the region, which is not conducive to the subsequent growth of trees.



4.3 Dynamic response of radial growth of larch at different altitudes to climate change

The sliding correlation analysis between the standard tree-ring chronologies of larch at different altitudes and precipitation and temperature (Figure 5) reveals the presence of varying degrees of dynamic response relationships between larch radial growth and climate factors at different altitudes. In low-altitude regions, the response of tree radial growth to temperature maintains a stable negative correlation, particularly during the previous and current winter and early spring months, while the response to precipitation gradually shifts toward a positive correlation. With ongoing climate warming, the increase in winter temperatures may lead to reduced snow cover and shallower soil freezing depths. This reduction in snow cover and frozen soil diminishes the protective insulation around tree roots, exposing them to harsher external conditions. This enhances the low temperature stress experienced by trees during the winter, limiting their physiological activities during this period and consequently resulting in a stable negative correlation during the winter and early spring months. At the same time, the water released by melting snow is similar to rainfall due to the slow and long-lasting melting process and the water supply provided by snowfall has a beneficial effect on the growth of trees. When moisture is insufficient in the late growth period, snowmelt can provide compensatory moisture (Zhang et al., 2019). The correlation between intermediate altitude larch with winter and August temperatures gradually diminishes, while correlations with temperatures in May and June gradually become significantly positive. Moreover, the response of larch at this altitude to precipitation in June shifts from positive to negative. This trend indicates that during spring, when the tree cambium layer becomes active, enhanced photosynthesis occurs, and warmer weather provides the energy and necessary temperature range for growth. However, this positive correlation weakens over time, particularly in February of the same year, possibly due to early warming conditions not being conductive to subsequent tree growth. In the Daxing’anling region, the rainy season can influence water competition among trees and induce soil waterlogging, which can inhibit root respiration (Baltzer et al., 2014). Winter precipitation at high altitudes in the Greater Khingan Mountains represents a dynamic and complex process, the continuous thawing of permafrost over several years ensures adequate soil moisture. Snow cover not only supplies moisture and protection for tree growth but also has the potential to influence the timing of growth events.




5 Conclusion

The growth trends of Larix gmelinii in the northern part of the Greater Khingan Mountains and their response to climate indicate the radial growth–climate relationship to be influenced by the elevation gradient. The larches at three different altitudes exhibit varying radial growth–climate patterns, and thus the tree radial growth–climate relationship is elevation-specific. Comparisons revealed that precipitation correlated with the radial growth of larch at lower altitudes, with increasing elevation, the growth pattern gradually shifts to be temperature-dependent, and differences are observed in key month. When the temperature exceeds a certain threshold, high-altitude larch (1,300 m) may gradually form alpine forest lines in the study area, which can accelerate the natural succession of larch. With the ongoing climate warming, larch trees in the low-altitude area (900 m) exhibited a slow growth trend over the past 30 years. Their growth of larch at this altitude is primarily influenced positively by precipitation, while the inhibitory effect of temperature on growth is also gradually increasing. In the mid-altitude area (1,120 m), larch trees exhibited a rapid growth trend that was mainly driven by the promoting effect of temperature, and their sensitivity to temperature increased gradually during the growing season.

Larix is the dominant tree species in the Greater Khingan Mountains, with a wide distribution and complex ecological environment. Future research can increase research density by conducting dendrochronological studies across various altitudes and for multiple tree species. This can provide further insights into the dynamic changes of trees in the context of global climate warming and their impact on ecosystem stability.
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