

[image: image1]
Divergent response of Pinus pumila growth to climate warming at different latitudes and in different simulation predictions













	 
	

	TYPE Original Research
PUBLISHED 21 December 2022
DOI 10.3389/ffgc.2022.1075100





Divergent response of Pinus pumila growth to climate warming at different latitudes and in different simulation predictions

Jingwen Yang1,2,3, Qiuliang Zhang2, Wenqi Song3, Yang An4 and Xiaochun Wang1,3*

1School of Life, Qufu Normal University, Qufu, China

2College of Forestry, Inner Mongolia Agricultural University, Hohhot, China

3Center for Ecological Research and Key Laboratory of Sustainable Forest Ecosystem Management-Ministry of Education, College of Forestry, Northeast Forestry University, Harbin, China

4Chang’an Park in Shijiazhuang, Shijiazhuang, China

[image: image]

OPEN ACCESS

EDITED BY
Jian Tao, Shandong Institute of Business and Technology, China

REVIEWED BY
Liang Jiao, Northwest Normal University, China
Xianliang Zhang, Agricultural University of Hebei, China

*CORRESPONDENCE
Xiaochun Wang, ✉ wangx@nefu.edu.cn

SPECIALTY SECTION
This article was submitted to Temperate and Boreal Forests, a section of the journal Frontiers in Forests and Global Change

RECEIVED 20 October 2022
ACCEPTED 06 December 2022
PUBLISHED 21 December 2022

CITATION
 Yang J, Zhang Q, Song W, An Y and Wang X (2022) Divergent response of Pinus pumila growth to climate warming at different latitudes and in different simulation predictions.
Front. For. Glob. Change 5:1075100.
doi: 10.3389/ffgc.2022.1075100

COPYRIGHT
© 2022 Yang, Zhang, Song, An and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

Understanding the responses of shrub growth to climate changes is key to accurately predicting the dynamic changes in the boreal forest ecosystem. A shrub-ring network based on 12 sites was established to explore the response of Pinus pumila growth to climate change in northeastern China. The sampling sites are distributed along the latitudinal gradient of 44.10° to 52.58° and were divided into three regions: south, central, and north. The results show that there have been significant differences in P. pumila growth trends at different latitudes in recent decades. From 1950 to 1980, P. pumila in the southern and central regions grew faster than in the northern region. From 1981 to 2014, however, the growth of P. pumila increased in the north but slowed in the south and central regions. The temperatures of the previous winter and current spring are the main factors limiting the growth of P. pumila in the north and south. In the central and southern regions, the growth of P. pumila is negatively correlated with precipitation of the previous and current summers. In the north, summer temperatures from 1981 to 2014 gradually inhibit the growth of P. pumila, while summer precipitation has a positive impact on growth. Our model indicates that the radial growth trend of P. pumila in the north is likely to decline as the climate warms. Surprisingly, the growth of P. pumila in the south is predicted to benefit from warming under the RCP4.5, RCP6.0, and RCP8.5 scenarios. Therefore, P. pumila may not expand northward in the context of climate warming.
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1 Introduction

Projected global warming of 2.4°C to 3.5°C by 2100 is expected to lead to alpine glacier retreat, snow cover reduction, and large-scale precipitation changes, significantly impacting ecosystem dynamics and social communities (IPCC, 2021). There is increasing evidence that recent climate change has affected the ecological performance of global plant species, from phenology, growth, and reproductive investment to recruitment rates (Jump et al., 2006; Matías et al., 2017; Fang and Zhang, 2019). Global warming influences the growth, distribution, and regeneration dynamics of shrubs (Kueppers et al., 2017). Dwarf shrub species usually grow above the treeline or timberline and may experience the highest warming rate in places where tall tree species are rarely distributed (Shetti, 2018; Lu et al., 2021). They play an irreplaceable role in forest water conservation, sand fixation, soil improvement, and ecological balance (Xiao et al., 2019).

The impact of climate warming on shrub growth response is not limited to distribution changes; it also influences radial and axial growth. Previous studies have shown that shrub rings provide insights into the impact of climate change on boreal forest and dryland ecosystems (Fang et al., 2001; Gauthier et al., 2015; Shetti, 2018; Buchwal et al., 2020). Shrub ring widths can be used to indicate long-term moisture and temperature at high altitudes and latitudes (Myers-Smith et al., 2020). In recent years, research on the use of “shrubchronology” to monitor and reconstruct environmental and climate changes has increased significantly (Weijers et al., 2012; Myers-Smith et al., 2015a; Pellizzari et al., 2017; Shetti, 2018). Given sufficient water resources, the increase in winter temperatures may promote shrub growth and richness (Franklin, 2013). Snow cover plays a key role in shrub expansion, with deeper snow having a significant positive effect on shrub growth (Holtmeier, 2003). Winter snowfall determines the start time of phenology at high latitudes and the degree of heat in early spring. Snowpack is beneficial to shrubs, which may partly explain their expansion in the Arctic in recent decades (Bjorkman et al., 2015). This in turn may lead to biophysical feedback, including regional warming and permafrost thawing (Blok et al., 2010).

Understanding how shrub growth responds to temperature changes along latitudinal gradients is crucial to accurately predict the dynamic changes of boreal forest ecosystems. However, representative data on long-term growth trend in shrubs and their climate drivers are still lacking. In addition, little is known about the growth-climate relationships of shrubs along latitudinal gradients, or about their different responses to global warming. We hypothesize that temperature plays a critical role in influencing the radial growth of shrubs at higher latitudes, whereas precipitation plays a stronger role at lower latitudes. In this study, we conduct a dendroclimatic investigation on a dominant boreal shrub species, Pinus pumila, along the latitudinal gradient spanning 44°–52° N in northeast China. The purpose of this study is: (1) to explore the radial growth characteristics of P. pumila along the latitudinal gradient, (2) to investigate changes in the growth-climate relationship of P. pumila along the latitudinal gradient, and (3) to evaluate potential changes in the growth of P. pumila in boreal forests of northeast China.



2 Materials and methods


2.1 Study area and climate data

The study area is located in northeastern China. It can be divided into three regions along the latitudinal gradient: south (44.10°–47.22° N, 120.28°–128.48° E), central (51.30°–51.62° N, 120.82°–123.53° E), and north (51.83°–52.59° N, 121.10°–123.52° E) (Table 1, Figure 1). From 2015 to 2018, we conducted field work at 12 sites, which we divided into three regions according to latitude: the southern sites (LBS, TS, AES), the central sites (DBS, ME, HM, YK, XBS), and the northern sites (AK, FKS, YA, ZL) (Table 1, Figure 1). The mean annual total precipitation (1950–2014) in the study area ranges from 415.6 to 636.2 mm (Figure 1A). The mean annual temperature is between −6.3 and 0.5°C. January and July are the coldest (−38.2°C, ZL) and hottest (25.3°C, TS) months, respectively (Table 2).


TABLE 1    Characteristics of the 12 study sites with the name of the mountain, the sample code and sample number, longitude and latitude of site, altitude of plots above sea level, and divided region.
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FIGURE 1
Climate data of sampling sites, including mean temperature (black dotted line), maximum temperature (red dotted line), minimum temperature (blue triangular line), and precipitation (columns). The red, white, and blue column represents the southern (LBS, TS, AES), central (DBS, ME, HM, YK, XBS), and northern regions (AK, FKS, YA, ZL), respectively (A); the distribution map of sampling sites (B), the red, blue, and black circle represents the southern, central northern sites, respectively. Correlation matrix among standard chronologies with “×” represents p > 0.05 (C).



TABLE 2    Major characteristics of standard chronologies (STD) chronologies in 12 sites Pinus pumila in northeast China, mean ring width, chronology time span, mean sensitivity (MS), standard deviation (SD), signal-to-noise ratio (SNR), mean intercorrelation between individual series inter-series correlation (Rbar), autocorrelation of order 1 (AC1), variance in the first eigenvector (%) (VF1), and expressed population signal (EPS) included in in the dendroecological network.
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In the study area, P. pumila and other plant species form two main plant communities: the subalpine Empetrum nigrum-P. pumila community at elevations greater than 1,350 m a.s.l and the Alnus mandshurica-P. pumila community at elevations between 1,250 and 1,450 m a.s.l. The former is mainly distributed along flat mountain tops above 1,350 m, on open ridges, gravel heaps and the tops of mountains. The trunk of P. pumila creeps along the ground, with the crown rising obliquely to a height of about 1 meter. Growth is relatively weak and sparse, with 700–900 trees (clusters) per hectare. The main companion species include Juniperus sibirica, Betula rotundifolia, Rhododendron dauricum, Larix gmelinii, Empetrum nigrum var. japonicum, Vaccinium vitis-idaea, Cladonia alpestris, Sphagnum cymbifolium, and Hylocomium splendens. The latter grows under the canopy of boreal trees (Okuda et al., 2008). Alnus mandshurica grows vigorously and densely among P. pumila. The ground cover is composed mainly of Sphagnum girgensohnii, Vaccinium vitis-idaea, Ledum palustre var. angustum, Pyrola incarnata, etc. At high elevations, P. pumila usually grows between stones, while at lower altitudes, P. pumila grows in brown coniferous forest soil that contains a lot of sand and gravel. The sand content is 30–85%, and the gravel content greater than 2 mm is 3–35%. Although the organic matter content of brown coniferous forest soil is high, the content of nitrogen and phosphorus is low, and the ratio of carbon to nitrogen is high.

Because there are no weather stations nearby, we used the monthly and seasonal temperature and precipitation data of the CRU TS 4.04 0.5° × 0.5° grid to analyze the growth-climate relationships from 1950 to 2014. The data were extracted from the sampling area using the KNMI Climate Explorer web page.1 The CRU database is formed by interpolating data from regional meteorological stations. Climate variables for growth-climate response analysis include monthly total precipitation (P) and mean (Tmean), minimum (Tmin), and maximum temperature (Tmax) (Figure 2). We define winter as from December of the previous year to February of the current year, spring as from March to May, summer as from June to August, and autumn as from September to November.
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FIGURE 2
Standard chronologies of different regions (A,B). Violin plot shows the full distribution of data, with white dots referring to the median, and colored dots describing mean shrub-ring width in different regions (C). The range of the black lines in the violins represents the interquartile ranges, and the light bar represents the 95% confidence interval. “**” and “*” represents p < 0.01 and p < 0.05, respectively.




2.2 Dendrochronological sampling, treatment, and analysis

At each site, 10–15 discs of P. pumila were cut with a handsaw. These samples were obtained only from isolated, mature, and healthy individuals to avoid competition with other plants that may affect stem growth. A total of 140 discs from 12 sites (Figure 1, Table 1) were sampled along the latitudinal gradient from south to north. The cross-section of each disc was naturally air-dried and polished with increasingly fine grades of sandpaper (120–800 grit) until the ring boundary could be clearly distinguished under a microscope (Fritts, 1976; Cook and Kairiukstis, 1990). The rings of P. pumila were cross-dated and ring widths were measured in the laboratory using traditional dendrochronological methods (Fritts, 1976; Cook and Kairiukstis, 1990). Two to four radii in each disc were cross-dated, and the ring width at each radius direction was measured using the Velmex measurement system with a resolution of 0.001 mm. The cross-dating and measurement accuracy were statistically checked using the COFECHA computer program (Holmes, 1983), which determined the degree of synchronization between series according to the correlation with the main chronology.

Each ring-width series was detrended and standardized by fitting a negative exponential curve or linear line using the ARSTAN program to remove non-climate signals related to age or stand dynamic effects (Cook and Holmes, 1986). The ring-width index was obtained by dividing the ring width by the fitting value of each ring. Three kinds of ring-width chronologies (standard, residual, and autoregression chronologies) were obtained by averaging all detrended series with a bi-weight robust mean (Cook and Kairiukstis, 1990). Raw measured ring widths and the standard chronologies (STD) were used in the subsequent analyses.

Chronology parameters are statistical using the ARSTAN program. The expressed population signal (EPS), defined as the proportion of each series signal of the total series variance, was used to quantify the reliability of the chronology (Wigley et al., 1984). The mean sensitivity (MS) and the first order autocorrelation (AC1) were calculated on the individual detrended index series, then averaged to measure the year-to-year variability and the degree to which current-year growth was influenced by previous-year climate factors. The mean series correlation between trees (Rbar) allows us to evaluate the strength of the common growth signal over time. The standard deviation (SD) of inter-annual ring-width variability was calculated as a proportion of mean ring-width (Chen et al., 2011). Variance in the first eigenvector (VF1) of all series identifies the common growth variability among all trees at each site. The signal-to noise ratio (SNR) is a measure of the strength of the common high-frequency signal in the ring-width indices of trees from the same site.



2.3 Climate–growth relationship analysis

Pearson correlation was used to analyze the relationship between the chronology and monthly and seasonal climate variables to compare the climate factors limiting radial growth in different regions. The climatic factors from May to October of the previous year were selected for analysis because the climate of the previous and current year affects the radial growth of trees in the current year (Fritts, 1976). We also carried out correlation analyses for two periods (1950–1980 and 1981–2014) to investigate the impact of recent rapid warming (after 1980) on the growth of P. pumila.

The responses of P. pumila individuals to temperature were categorized as one of four response patterns: positive (more than 67% of individuals at a site are significantly positively correlated with temperature), negative (less than 33% are significantly positively correlated with temperature), mixed (between 33 and 67% are significantly positively correlated with temperature), or none (no significant correlation with temperature) (Lloyd et al., 2011). The response patterns of P. pumila to precipitation were similarly classified, and the proportion of shrubs exhibiting each response pattern was tallied for each site. Then, linear mixed-effects models (LMEs) were used to identify the effects of eight climate variables (Twi: temperature in winter, Tsp: temperature in spring, Tsu: temperature in summer, Tau: temperature in autumn, Pwi: precipitation in winter, Psp: precipitation in spring, Psu: precipitation in summer, and Pau: precipitation in autumn) on the residuals of the previous function. Climate variables during 1950–2014 were used as fixed factors, while individual shrubs were considered random factors. Fitted models follow the equation:

[image: image]

where RWi represents the ring width at year i; a is the vector of fixed factors (seasonal climate variables), b is the vector of random factors (shrub identity), X and Z are the fixed and random effects regressor matrices, respectively, and ei is the within-group error vector (Camarero et al., 2017). We ranked all the potential models that could be generated with the different explanatory variables according to the Akaike information criterion (AIC). We chose the most parsimonious models; that is, the models with the lowest AICs (Burnham and Anderson, 2002). For each site, the model with the lowest number of variables among those with the lowest AIC was selected as the final model (Burnham and Anderson, 2002). In addition, we used the Akaike weights (Wi) of each model to measure the conditional probability of the candidate model, assuming it was the best model. By using seasonal climate averages instead of monthly data, we can create more parsimonious models while maintaining a reliable representation of climate trends (Matías et al., 2017). The linear mixed model analysis was performed using the LME4 package in R 4.0.3 (R Core Team, 2015). Hierarchical cluster analysis and correlation analysis were performed using the SPSS 18.0 software package (IBM SPSS Inc., Chicago, IL, USA). Finally, the ring-width growth trend of P. pumila under four emission scenarios (RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5) was simulated through the linear regression prediction under the CMIP5 scenarios of 2020–2100 predicted by HadGEM2-ES.




3 Results


3.1 Comparison of chronological characteristics and growth trends

The mean age of shrubs at the 12 sites ranges from 69 to 151 years, and the mean ring width varies from 0.27 to 0.65 mm (Table 2). ME has the highest MS, AK has the highest SD, VF1 and Rbar, YK has the highest AC1, and HM has the highest EPS and SNR (Table 2). In short, the chronological statistics of P. pumila at different sites show significant trends. All analyses indicate that the 12 chronologies have abundant climate signals and are suitable for analyzing growth-climate relationships. The Pearson correlations analysis result shows a high correlation among sites in the same region (Figure 1C). From 1950 to 1980, the ring-width index of P. pumila increased significantly in the south and central regions, but did not increase significantly in the northern region. After 1980, the chronology trends diverge in different regions, with the southern and central regions showing a slight downward trend, and the northern region showing an upward trend (Figure 2A). There is no significant difference in ring width between different regions (Figure 2B).



3.2 Responses of shrub radial growth to climate factors

The chronology of P. pumila in the north is significantly positively correlated with temperature in January and May (Figures 3A–C). Warm winter conditions enhance the growth of P. pumila in the north and south (Figures 3A–C). In addition, wet winter conditions are positively correlated with the growth of P. pumila in the north. The ring widths of P. pumila are significantly correlated with minimum temperature from April to June, especially in the north. Wet conditions in June promote the growth of P. pumila in all three regions. It should be noted that there is no significant correlation between the growth of P. pumila and monthly maximum temperature in summer. However, warm autumn conditions are conducive to the growth of P. pumila in the north and south. Temperature during the previous growing season has a positive effect on the radial growth of P. pumila. The results show that the growth response of P. pumila varies with latitude, and that each region has at least three different response classes (Figure 3).
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FIGURE 3
Correlation between regional chronologies and monthly climate factors from 1950 to 2014. Climate parameters include monthly mean temperature (A), maximum temperature (B), minimum temperature (C), and monthly total precipitation (D). Horizontal dash line represents the significance at p < 0.05. Lowercase and uppercase letters on the axis indicate the month of the previous year and the current year. Wi, Sp, Su, and Au represent the prior winter, current spring, summer, and autumn, respectively.


Northern P. pumila individuals respond more negatively to temperature than their southern and central counterparts, but many individuals exhibit a positive relationship with temperature (Figure 4). Moreover, P. pumila individuals that are positively correlated with temperature show more growth in colder years (Figure 4A).


[image: image]

FIGURE 4
Response pattern to mean temperature (A) and precipitation (B). Response categories are defined in the Methods. Bars indicate the percent of P. pumila at each region in each response category. The site is arranged from the southernmost (LBS) to the northernmost (ZL).




3.3 Responses of shrub growth to seasonal climate factors at different periods

During the period 1950–1980, the growth of P. pumila was negatively correlated with summer temperature, positively correlated with winter temperature, and positively correlated with summer and winter precipitation (Figure 5). However, from 1981 to 2014, the growth of P. pumila was positively correlated with summer temperature and negatively correlated with winter temperature with increasing latitude (Figure 5). This may be due to the higher winter temperature growth rates at high latitudes from 1981–2014. In the more recent 30-year period, the correlation between the growth of P. pumila and summer precipitation decreased with increasing latitude, while the correlation between the growth of P. pumila and winter precipitation increased (Figures 4, 5).
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FIGURE 5
Correlation between shrub ring-width index and summer temperature (A), winter temperature (B), summer precipitation (C), and winter precipitation (D) in 1950–1980 and 1981–2014.




3.4 Growth prediction of P. pumila under different climate change scenarios

We developed a prediction model for the relationship between the growth of P. pumila and the main climate factors. For the climate change predicted by the HadGEM2-ES RCP 2.6 scenario, our model predicts that the growth of P. pumila in the central region will stabilize before 2100 (Table 3, Figure 6). In contrast, the growth of P. pumila increases slightly in the south and decreases slightly in the north. Under the RCP 4.5 and RCP 6.0 scenarios, the growth of P. pumila in the south increases rapidly. Under the RCP 8.5 scenario, the growth of P. pumila in the south increases rapidly until 2100 (Figure 6). In contrast, the growth of P. pumila in the northern and central regions shows a downward trend in the RCP 4.5, RCP 6.0, and RCP 8.5 scenarios (Figure 6).


TABLE 3    Best linear mixed models explaining the effect of climate on ring width after accounting for seasonal climate factor effects for the different regions across the latitudinal gradients.
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FIGURE 6
RW growth (RW, ring-width; values are means ± SE) under RCP 2.6 (A), RCP 4.5 (B), RCP 6.0 (C), RCP 8.5 (D) scenarios in each region (red, light blue, and steelblue lines refer to the South, Central, and North, respectively). The violin represents the width of the shrub ring.





4 Discussion


4.1 The main climate factors limiting P. pumila growth at different latitudes

The growth of P. pumila in the south is limited by temperature during the growing season. This might be because the average elevation of the southern sampling sites (1,310 m) is higher than that of the central and northern sites; average annual precipitation is also greater (Li et al., 2020). Therefore, moisture is not the main factor limiting the growth of P. pumila in the southern part of the study area. The increase in winter temperature of the previous year promotes the growth of P. pumila in the southern and northern regions but has little impact on the growth of P. pumila in the central region. High temperatures in winter accelerate snow melting, providing sufficient water supply during the subsequent growing season and enhancing radial growth rates (Duan et al., 2017; Lyu et al., 2017). In addition, warm winters help protect needles and fine roots from frost damage (Myers-Smith et al., 2011; Duan et al., 2017). The timing of soil thaw plays a crucial role in initiating the physiological activity of shrubs (Vaganov et al., 1999; Kirdyanov et al., 2003; Lloyd et al., 2011). Therefore, winter warming may be beneficial to the growth of high-altitude shrubs.

The sensitivity of P. pumila growth to temperature varies along the latitudinal gradient. The positive correlations between P. pumila growth and minimum temperature highlight the importance of winter and spring temperatures in the north (Figure 4). Frost may affect shrub growth at high latitudes before the growing season (Li et al., 2020). In a cold environment, spring temperatures and the length of the growing season are important factors limiting the production and differentiation of xylem cells (Morales et al., 2012; Lenz et al., 2013; Yang et al., 2020). Higher temperatures in early spring may favor coniferous species because their evergreen leaves enable them to take advantage of early warmth (Jiang et al., 2016). Myers-Smith et al. (2011) found a significant positive correlation between the ring widths of some of the most common shrub species in the tundra ecosystem and the mean growing season temperature. However, winter and spring temperatures seem less critical to the growth of P. pumila in the central region as compared to the northern and southern regions. The impact of maximum summer temperature on the growth of P. pumila is not significant, suggesting that the initial climate conditions of the growing season are more important for a positive growth response (Figure 4). However, we found that high temperature and insufficient water in summer still has a negative impact on the growth of P. pumila (Yang et al., 2020).

At the individual level, the responses of P. pumila growth to precipitation are consistent, with precipitation more strongly influencing growth in the northern areas. The more northward P. pumila grows, the more negative its growth response to temperature is. This is inconsistent with the results of previous studies, which show a pattern of more positive responses to warming in northern region (Lloyd et al., 2011). However, we found that more than half of the northern P. pumila individuals have a negative response to temperature, which may be caused by the synchronous constraining effects of hydrothermal coupling on the growth of P. pumila (Yang et al., 2020). Individual shrubs differ in many respects, including size, age, microsite conditions, competition, and genome (Huebner and Bret-Harte, 2019). The population-based approach emphasizes the mean climate signal, but the cost is the loss of individual-level information (Galván et al., 2014). Thus, although population chronology can highlight regional climate information, it may bias subsequent inferences. This is especially true for dwarf shrubs growing in harsh environments (Sedlacek et al., 2016), as each shrub individual may experience different microenvironment conditions. The difference between individuals in the population is the reality of nature, whereas the mean value is a statistical abstraction (Carrer, 2011). However, Bär et al. (2008) found that while the topoclimate at different microsites leads to slight changes in the annual growth pattern of Emperum hermaloditum, the prominent regional climate signals are still reflected in shrub growth at all microsites.

The altitude and longitude that cause environmental heterogeneity may also affect the growth and physiology of shrubs (McDowell and Sevanto, 2010). High-altitude shrubs are more limited by low temperatures, whereas low-altitude shrubs are more limited by water (Lu et al., 2021). The precipitation difference caused by longitude also affects the relationship between shrub growth and climate factors and may further affect their responses to drought and warming (Li et al., 2016; Anderegg et al., 2019; Buchwal et al., 2020). Therefore, our results may include the combined effects of latitude, longitude, and elevation on shrub growth.



4.2 Differences and similarities in the responses of P. pumila at different latitudes to rapid warming after 1980

From 1950 to 1980, the radial growth of P. pumila is limited by moisture deficits in summer and low winter temperatures. However, the growth of P. pumila in the northern region is more susceptible to winter precipitation from 1981 to 2014 due to climate warming. The weakening of temperature seasonality in the Northern Hemisphere due to anthropogenic forcing, as well as future human impacts, may further weaken the annual temperature cycle, thereby affecting biological and ecological systems, especially at high latitudes (50°–70 °N) (Rosenzweig et al., 2008; Qian and Zhang, 2015; Duan et al., 2017). The degree of warming in northern China over the past 60 years has exceeded that of southern China (Xu et al., 2021). Seasonal warming during the 1958–2017 period was highest in winter and lowest in summer (Xu et al., 2021). Winter warming has exceeded summer warming since the end of 19th century, and the magnitude of the annual temperature cycle has decreased by 0.45°C/100 a (Duan et al., 2017). The rapid warming since 1980, particularly in winter, will affect the radial growth of P. pumila, with a more pronounced influence at higher latitudes (increased drought). If warming continues, water stress may become the main factor limiting the growth of P. pumila in the future.



4.3 Prediction of P. pumila growth in different regions under future climate change scenarios

The growth of P. pumila in the north shows an unexpected but clear downtrend under the climate warming scenario, whereas growth in the south shows an upward trend. The relationship between climate factors and P. pumila growth is not perfectly linear due to the influence of multiple climate factors (Shao et al., 2021; Zheng et al., 2021). In addition, climate also compensates the radial growth of trees or shrubs (Jiang et al., 2015; Cao et al., 2016). The model results may be affected by the linear relationship between climate factors and shrub growth (Bonan, 2008). Many studies have confirmed that shrub growth increases and expands to higher latitudes and altitudes (Myers-Smith et al., 2015b; Myers-Smith et al., 2020) as global warming leads to extended growing seasons (Huang et al., 2011; Rossi et al., 2016). Compared with shrubs, the proportion of trees (larch and pine) threatened by high summer temperatures will increase by 45.5 to 63.6% (Li et al., 2020). In our study area, the degradation of permafrost due to the increase in ground surface temperature has led to a rapid increase in the growth of larch in the past decade (Zhang et al., 2019). However, the impact of soil warming on the growth of P. pumila, which has a shallow root system, remains unclear. Under different scenarios of HadGEM2-ES, the growth of P. pumila in the south exhibits an increasing trend until 2100 (Figure 6). In contrast, the growth of P. pumila in the northern and central regions decreases slightly or shows a steady trend (Figure 6). Under the future warming scenario, the growth of P. pumila in the northern and central regions will be significantly reduced. This is mainly because water plays an important role in shrub growth in these regions. When there is sufficient moisture, shrub growth benefits from the continuous warming (Myers-Smith et al., 2015a). Therefore, in areas where trees are sensitive to warming and drought due to rising temperatures, shrubs may become the dominant plant life form. In these areas, even if shrubs gradually replace trees, it will take a long time. Conversely, changes in shrub distribution and coverage may also have a feedback impact on climate change (Myers-Smith et al., 2011).




5 Conclusion

Continuous warming may have a greater impact on the growth of P. pumila in the northern part of northeast China than in more southern regions. Warming that precedes the growing season (the winter of the previous year and the spring of the current year) promotes the growth of P. pumila in the southern and northern extents of its distribution. Increasing maximum summer temperatures have had little effect on the growth of P. pumila across the latitudinal gradient. At the individual level, the increase in precipitation has promoted the growth of P. pumila in the northern region of the study area, while the increase in temperature has inhibited growth. The LMEs predict that the growth of P. pumila in the northern part of northeast China will decrease slightly under the RCP2.6 scenario. In contrast, under the RCP4.5, RCP6.0, and RCP8.5 scenarios, the growth of P. pumila in the south will increase. Therefore, the growth response of P. pumila to warming varies along the latitudinal gradient, and depends mainly on the water status of the region. As the dominant shrub species in boreal forests, P. pumila may not expand northward (because the northern region is drier than the southern region) under a warming climate, and is likely to replace the native tree species in some areas. We recommend that future research focus on how individual shrubs respond to changing climate conditions, as this information is crucial for predicting dynamic changes in shrub growth and distribution. Shrubs help to conserve water, reduce erosion, improve soil, and provide food and shelter for small animals. The proper management of boreal forest shrubs in the context of a warming climate is important for safeguarding these important ecosystem services.
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Code Longitude (E) | Latitude (N) | Altitude (ma.s.l) | Sample number Region

Laobai mountain LBS 128° 03/ 44° 06/ 1,685 35 South
Tao mountain TS 128° 29/ 46° 38/ 1,369 31 South
Aer mountain AES 120° 17 47° 13/ 1,164 52 South
Dabai mountain DBS 123° 08/ 51° 18’ 1,431 28 Central
Mo’erdaoga ME 120° 49’ 51° 22/ 1,072 33 Central
Hanma HM 122° 24’ 51° 31/ 1,000 58 Central
Yikesama YK 121° 14/ 51° 32/ 1,262 36 Central
Xiaobai mountain XBS 123° 32/ 51° 37/ 1,400 33 Central
Aokelidui mountain AK 122° 03/ 51° 50" 1,104 30 North
Fuke mountain FKS 121° 40’ 52028’ 1,096 30 North
Yong’an YA 121° 06’ 52033/ 1,196 60 North
Zhalinku’er ZL 123° 31/ 52° 35/ 1,135 58 North
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Latitude

Growth model

South Tyi + Tsp + Py 5 —140.5 0 0.99
Twi + Tsp + Tsu + Tau + Psu 7 —128.8 11.7 0
Twi + Tsp + Tsu + Psp + Psu 7 —127.0 13.5 0
Twi + Tau + Tsp + Tsu + Tsp + Psu 8 —117.8 22.7 0
Tywi+ Top + Tou + Tau + Psp + Py +Pyi 9 —108.2 323 0
Twi + Tsp + Tsu + Tau + Psp + Psu + Pau + Pi 10 —94.5 46.0 0
Central Twi+ Tsu + Tau + Psp 6 —125.4 0 0.99
Tyi+ Tsp + Tay +Psp + Pgy 7 —111.2 14.2 0
Tywi + Tou + Tau + Py + Py 7 —109.8 15.6 0
Twi + Tau + Tsu + Pui + Psu + Pau 8 —95.1 30.2 0
Tywi + Tsp + Tsu + Tau + Pyi + Pau + Py 9 —89.3 36.1 0
Tywi+ Top + Tsy + Tau + Pyi + Pgp + Poy + Py 10 —79.2 46.2 0
North Tyi + Tsp + Tay + Pyi + Py 7 —58.1 0 0.87
Twi + Tsp + Tsu + Pyi + Pyp 7 —54.1 4.0 0.12
Twi + Tsp + Tsu + Tau + Pwi + Pyp 8 —50.1 8.0 0.01
Tyi+ Top + Toy + Tau + Pyj + Pop + Py 9 —36.9 21.1 0
Twi + Tsp + Tsu + Tau + Pwi + Py + Psu 9 —36.8 21.3 0
Tywi + Tsp + Tsu + Tau + Pwi + Psp + Psy +Pau 10 —23.6 34.4 0

Selected models are highlighted in bold. The best models were selected based on the Akaike information criteria (AIC). K represents the number of variables included in the model plus
constant and error terms, A AIC is the difference in AIC respect the best model, and Wi is the relative probability to be the best model for the observed data. Twi, Tsp, Tsu, and Tay are the
temperature in winter of the previous year and in spring, summer, and autumn of the current year, respectively. Similar names for precipitation values (Pwi, Psp, Psu, and Pay).
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Site Mean ring width (mm) | C

LBS 0.52 937-2017 0.14 0.29 0.84 27.22 0.18 0.89 8.09
TS 0.27 907-2017 0.12 0.22 0.80 19.61 0.10 0.80 3.87
AES 0.44 934-2017 0.15 0.16 0.40 23.52 0.1 0.79 3.83
DBS 0.65 945-2014 0.14 0.19 0.56 26.82 0.16 0.85 4.42
ME 0.53 867-2017 0.22 0.28 0.45 28.05 0.15 0.85 4.24
HM 0.43 891-2018 0.17 0.21 0.46 26.98 0.22 0.94 14.81
YK 0.55 923-2017 0.17 0.21 0.87 21.44 0.16 0.85 6.70
XBS 0.52 946-2014 0.14 0.16 0.38 24.50 0.21 0.92 12.15
AK 0.50 943-2014 0.15 0.32 0.81 37.92 0.27 0.89 8.27
FKS 0.39 881-2014 0.17 0.23 0.62 24.76 0.19 0.87 6.66
YA 0.49 903-2017 0.13 0.17 0.55 27.14 0.22 0.90 9.43
ZL 0.49 949-2017 0.19 0.23 0.54 29.49 0.24 0.92 10.75
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