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Abstract

:

As an important barrier against desert invasion in Northwest China, Helan Mountains (HL), Luoshan Mountains (LS) and their natural forests have an extremely important ecological status. It is of great significance to study the relationship between forest growth and climate in this region under the background of global change. At present, relevant research mostly focuses on the Chinese pine (Pinus tabulaeformis Carr.), and little is known about how Qinghai spruce (Picea crassifolia Kom.) responds to climate change. To investigate the potential relationships between radial growth of P. crassifolia and climatic conditions in Ningxia, China, we collected tree-ring samples from P. crassifolia growing in the HL and LS and then established the standard tree-ring width chronologies for the two sites. Correlation analysis together with multivariate linear regression and relative contribution analyses were used, and results showed that radial growth in the HL was determined by the precipitation in the previous September, by the standardized evapotranspiration index (SPEI) in the current March and June, and by the maximum air temperature in the current September. The maximum air temperature in the current September contributed the most (0.348) to the radial growth in the HL. In the LS, radial growth was determined by the precipitation in the previous September and in the current March and by the minimum air temperature in the current July. The factor that made the most contribution was the precipitation in the current March (0.489). Our results suggested that in the wetting and warming future, growth of P. crassifolia in the HL will increase while that in the LS needs further investigation. Our results also provide a basis for predicting how P. crassifolia in northwest China will grow under the background of future climate change and provide a reference for formulating relevant management measures to achieve ecological protection and sustainable development policies.
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1. Introduction


Being vital massive carbon pools in the terrestrial ecosystems, forests are facing severe challenges posed by global warming. For instance, global forest decline and even forest mortality have been observed in the past decades, and these phenomena were found to have been caused by competition [1,2], megadroughts [3], frequent spring frost [4,5,6], abnormal warming [7,8], and even insect outbreaks [9,10]. Meanwhile, forest growth enhanced by rising air temperature has been reported in some alpine regions and in high-latitude regions [11,12,13,14], indicating that global warming strongly influences carbon storage in forests. In predicting the potential carbon storage of forest ecosystems, understanding how forests responded to climatic changes in the past is of paramount importance. However, given the prevailing complex conditions in forest stands, along with the spatial heterogeneity of global warming, recent studies on forest growth–climate relationships remain insufficiently clear to help in comprehensively predicting the future of forests.



Northwest China is an arid and rainless region. Its forest covers mostly consist of coniferous species and are mainly distributed in mountainous areas. The climate in this region has been getting warmer and wetter since the 1980s [15]. Under this background, how forests in northwest China respond to climate must be studied in order to predict their growth pattern. Many studies have already investigated the relationship between forest growth and climate. For example, Wang et al. [16] found that Schrenk spruce (Picea schrenkiana Fisch. et Mey.) radial growth was mainly limited by precipitation in the central Tianshan Mountains, especially at low altitude. Qin et al. [17] also studied the P. schrenkiana in the north Tianshan Mountains and concluded that the depth of snow cover mainly limited its radial growth. Jiang et al. [12] studied the radial growth of larch (Larix sibirica Ledeb.) growing in the southern slope of the Altai Mountain. They found that the low-elevation forest was affected by precipitation, whereas the high-elevation forest was affected by air temperature. Furthermore, they predicted that with the increasing degree of warming and wetting, the growth of low-elevation trees will accelerate, whereas that of high-elevation trees will be limited by continuous warming. Wang et al. [18] monitored the daily dynamics of Qilian juniper (Sabina przewalskii Kom.) along three altitudinal gradients in the central Qilian Mountains, and they found that growth at all altitudes was positively correlated with precipitation and was negatively correlated with daily maximum air temperature during the entire growing season. However, Gao et al. [19] found that the tree rings of S. przewalskii in the Qilian Mountains were limited by cold winter and drought in early spring. Besides, they found that growth of Qinghai spruce (Picea crassifolia Kom.) growing in the lower elevation of the Qianlian Mountains was mainly correlated with moisture conditions in the previous late summer (July–August) and with air temperature in the current March, whereas in the upper tree line, it was limited by air temperature in the previous August and by precipitation in December [20]. Overall, although numerous relevant studies have already been completed, the results are inconsistent and heavily depend on the investigated tree species and forest stands. Thus, more relevant studies are needed.



The Ningxia Hui Autonomous Region is located in northwest China, on the southeastern edge of the Tengger Desert [21]. Three massive national nature reserves can be found in this territory: Helan Mountains (abbreviated as HL), Luoshan Mountains (abbreviated as LS), and Liupanshan Mountains. These mountains and their vegetation have played an important role in preventing the invasion of the Tengger Desert and in protecting the agricultural production and in the ecological safety of the North China Plain and the Loess Plateau, making Ningxia a crucial region with vital research significance. However, the existing research on the relationship between forest growth and climate in this area has mostly focused on Chinese pine (Pinus tabulaeformis Carr.). For example, Liu et al. [22] found that the January–July precipitation explained the greatest variance in radial growth in P. tabulaeformis growing in the south-central HL. Meanwhile, Cai et al. [23] found that the air temperature in January–August is the dominant factor that influences radial growth in P. tabulaeformis growing in the eastern and western HL. Gao et al. [24] found that moisture positively affects the dynamics of stem radial increment (SRI) of P. tabulaeformis. Wang et al. [25] concluded that in the LS, P. tabulaeformis was mainly positively influenced by spring and annual total precipitation.



Studies on the growth–climate relationships in P. crassifolia have rarely been reported, severely hampering our understanding of the factors limiting the growth of P. crassifolia and restricting our assessment of its growth trends and carbon sequestration potential under the background of climate change. In this study, we used the dendrochronological method to elucidate the P. crassifolia–climate relationship in the HL and LS, where natural P. crassifolia forest covers in Ningxia are found. Our hypothesis is that moisture conditions during the growth season determine the radial growth of P. crassifolia.




2. Methods


2.1. Study Area


Ningxia is located in northwestern China (Figure 1, Table 1), and it receives a temperate continental arid and semi-arid climate. Given that it is located in the fringe zone of the region receiving the monsoon, it is extremely sensitive to global climate changes. The natural forests in Ningxia are mainly distributed in the HL in the north and in the LS in the central region. Of the two, the HL demarcates the region receiving 200 mm rainfall, as well as demarcates the monsoon and non-monsoon regions. Thus, the ecological status of this region is extremely important. The HL consists mainly of P. tabulaeformis and P. crassifolia forests. In the low altitude, a small patch of mixed forest consisting of coniferous (P. tabulaeformis) and broad-leaved species (Birch, Betula platyphylla Suk.) is found. Forests in the LS are similar to those in the HL and are dominated by pure P. tabulaeformis and P. crassifolia forests.




2.2. Meteorological Data


The weather station closest to the sampling site in the HL is the Yinchuan Station (106°12′36″ E, 38°20′24″ N, Ele. 1106.2 m a.s.l.), where data recording began in 1953 and where not a single year was missed. During the period 1953–2018, the annual average air temperature was 9.2 °C, the annual average maximum/minimum air temperature was 16.0 °C/3.3 °C, and the total annual rainfall was 195.1 mm. The highest and lowest monthly average air temperatures were recorded in July and January at 23.8 and −7.9 °C, respectively. Rainfall was concentrated in the summer (July–September), accounting for 60.0% of the annual precipitation (Figure 2a). The Zhongning Meteorological Station (105°24′36″ E, 37°17′24″ N, Ele. 1183.4 m a.s.l.), which is the station closest to the sampling site in the LS, began recording in 1955. During the period 1955–2018, the average annual air temperature was 9.7 °C, the annual average maximum/minimum air temperature was 17.0 °C/3.7 °C, and the total annual rainfall was 208.1 mm. The highest and lowest monthly average air temperatures were observed in July and January at 23.8 and −6.8 °C, respectively. Rainfall was concentrated in July–September, accounting for 60.3% of the annual precipitation (Figure 2b).



The moisture conditions were determined from the monthly standardized evapotranspiration index (SPEI), which was calculated by the SPEI package in R [26]. The absolute values of multi-year average SPEI are small, indicating that the moisture conditions in both HL and LS are normal [27]. Relatively speaking, it is slightly drier in the LS than in the HL (Figure 3).




2.3. Tree-Ring Data


Sampling of P. crassifolia was performed in August of 2018. Pure spruce forests without evidence of human interference were selected as sampling sites. Three and two sampling sites in the HL and LS were selected, respectively (Figure 1 and Table 1). In each site, tree-ring cores with an inner diameter of 5.12 mm were extracted using an increment borer at breast height from at least 10 individual spruce trees without obvious scars and pests (two cores are usually obtained from each tree). In the laboratory, the tree ring cores were first glued with latex to a wooden support. After the latex had dried, the cores were polished with 120–600 mesh sandpapers. When the xylem cells were clearly visible, visual cross-dating was conducted using the skeleton method. Then, the tree-ring widths of each core were measured with Lintab 6 (Frank Rinntech, Heidelberg, German). A total of 73 cores obtained from 40 trees sampled in the HL and 69 cores obtained from 36 trees sampled in the LS were well cross-dated. The quality of the cross-dating results was checked with the COFECHA software [28]. Then, a cubic spline with a 50% frequency–response cutoff equal to 32 years was used to remove the age-related growth trend, and the double-weighted average method was used to establish the tree-ring width standard chronology for each site. The above steps were performed using the ARSTAN software [29].



Pearson correlation coefficients between the obtained standard chronologies were calculated. It was found that the correlation coefficients among the three site-specific chronologies in the HL were all higher than 0.8 (p < 0.001), and the correlation coefficient between the two chronologies in the LS was 0.76 (p < 0.001) (Appendix A, Table A1). Therefore, we mixed the cores obtained from the HL and from the LS separately and built the region-specific tree-ring width chronologies using the above method for subsequent analysis. A common period analysis of the period 1950–2018 was conducted, and mean inter-series correlation coefficients (Rbar), expressed population signal (EPS), and signal-to-noise ratio (SNR) were calculated to evaluate the quality of all the chronologies. Subsample signal strength (SSS), with 0.85 as the threshold, was used to truncate the chronologies [30,31].




2.4. Data Analysis


The relationships between region-specific tree-ring width chronologies and climate were determined through correlation analysis based on bootstrapping 1000 times, which was conducted with Dendroclim2002 [32]. As study of P. tabulaeformis in this area indicated that the growing season run from May to September [24], climate data were selected from previous September to the current October. The climatic factors involved in the analysis included monthly mean air temperature (Tmean), monthly mean maximum air temperature (Tmax), monthly mean minimum air temperature (Tmin), monthly precipitation (Pre), and SPEI. Then, the stepwise regression method was used to establish the final multivariate linear equation to fit the tree-ring width chronologies. Finally, the contribution of each climate factor to the growth of the spruce forests was analyzed using the relaimpo package in R [33].





3. Results


3.1. Statistical Parameters of the Chronologies


The longest series consisted of data from 1860 to 2018 obtained in the HL. The high EPS and SNR values in the regional chronology for the HL during the period 1950–2018 indicated that the chronology contains a high common signal, which may indicate the growth pattern of spruce in the HL. The parameter values for the regional chronology for the LS are relatively lower than those for the HL, but they can also describe the growth of spruce in the LS (Table 1). The correlation coefficient between the two chronologies from 1950 to 2018 is 0.347 (p < 0.01). The beginning years during which SSS > 0.85 in the regional chronologies for the HL and LS are 1924 and 1955, respectively (Figure 4).




3.2. Growth–Climate Relationship


Correlation coefficients showed that the precipitation and SPEI in the previous September and in the current March and June exerted significant positive effects on radial growth in the HL (Figure 5). By contrast, the precipitation and SPEI in the current September exerted a significant negative effect on growth in the HL. The monthly mean maximum air temperature in the current March was negatively correlated with the radial growth in HL, whereas the maximum air temperatures in the previous October and in the current September were positively correlated with the radial growth in the HL. The mean air temperature and minimum air temperature had no significant correlation with the radial growth of spruce in the HL.



The correlation coefficients between radial growth in the LS and climate indicate that growth is positively affected by the rainfall conditions and SPEI values in the previous September and in the current March, a pattern that is similar to that in the HL (Figure 5). However, the precipitation and SPEI in the current June have no significant effects on the growth in the LS. Besides, the dominant relationships between air temperature and growth in the LS are demonstrated by the negative effects of the minimum air temperature in the current July and September on radial growth; these findings are totally different from that obtained in the HL.




3.3. Multiple Regression and Relative Contributions


The climate factors described in Section 3.2 were used to fit the chronologies. The results of the stepwise regression showed that growth in the HL was mainly determined by the precipitation in the previous September, by the SPEI in the current March and June, and by the maximum air temperature in the current September. All of these variables explain 0.330 of the total variance in the growth in the HL (F = 7.38, p < 0.0001). The corresponding relative contributions of the above four factors are 0.178, 0.255, 0.219, and 0.348 (Figure 6a).



The growth in the LS was mainly fitted by the rainfall conditions in the previous September, by the rainfall conditions in the current March, and by the minimum air temperature in the current July. All these variables explained 0.153 of the variances in the growth in the LS (F = 3.56, p = 0.019). The corresponding relative contributions of the three variables are 0.266, 0.489, and 0.245 (Figure 6b).





4. Discussion


The results of the correlation analysis showed that the HL is a precipitation/moisture-restricted area. Previous studies on P. tabulaeformis growing in this area have reached the same conclusion. For example, Liu et al. [34] studied the radial growth of P. tabulaeformis in the northern part of the HL and found that the forest was positively affected by precipitation from May to July. Gao et al. [24] measured the daily radial dynamics of P. tabulaeformis with a dendrometer in the middle of the HL in 2016 and 2017, and they found that the summer precipitation was the most important limiting factor. The studies conducted in the Qilian Mountains, another mountain range in northwestern China, also found that the moisture conditions during growth season was the main climatic factor restricting the growth of local P. crassifolia [35]. Our results also showed that the moisture conditions during the previous September significantly promoted the radial growth of trees. The main reason was that higher rainfall conditions at the end of the growing season was conducive for the storage of non-structural organic carbon, which will cause the trees to grow quickly in the following year [36]. This phenomenon can also be confirmed by the high autocorrelation coefficient in all chronologies (Table 1). In addition, the maximum air temperature in the current September had a positive effect on radial growth. Li and Li [37] analyzed the Normalized Difference Vegetation Index (NDVI) of the HL and found that the forest growing season could extend up to September. Then, they simulated the dynamics of xylem formation with the VS. (Vaganov-Shashkin) model and concluded that air temperature was the main limiting factor at the end of the growing season. Shi et al. [38] also simulated the radial growth of P. tabulaeformis in the HL using the VS. model and found that the air temperature from September to October had a positive effect on forest growth. It was conjectured that the air temperature drop in the HL began in September, resulting in the shift from moisture to air temperature being the limiting factor. Another finding was that SPEI was relatively more important than precipitation in fitting the chronology in the HL, which is possibly caused by the high evaporation in northwest China during the growing season, especially in the summer [39]. Relative contribution analysis showed that the air temperature in the current September had the greatest positive effect on forest growth. The possible reason is that climate warming leads to a longer growing season. High air temperatures in September will increase the growth rate at the end of the growing season, resulting in wider tree-rings [37]. In this case, under the wetting and warming trend in the northwest China, radial growth of P. crassifolia in the HL will be promoted in the near future.



In the LS, the positive effect of precipitation in the previous September and in the current March on the growth of spruce also indicated that it was a water-restricted area, similar to the HL. However, the difference was that in the LS, the minimum air temperature in the current July significantly affected forest growth (negative). This finding is similar to that of a study on P. tabulaeformis growing in this area. Wang et al. [25] found that growth of P. tabulaeformis in the LS was significantly positively correlated with spring precipitation and was significantly negatively correlated with air temperature in the summer (especially in July). The possible reason behind these phenomena is that, as demonstrated in several studies, night time is the main period during which plants use organic carbon generated via photosynthesis for cell growth [40,41,42]. Excessively high air temperatures at night will increase the respiration in trees, intensifying the consumption of organic carbon, ultimately resulting in narrow tree rings. The relative contribution analysis showed that the precipitation in the current March was the dominant limiting factor. This finding indicates that precipitation in the early growing season will most likely determine the growth of trees in this area [25,43]. For the positive effects of moisture and negative effects of air temperature, the growth trend of P. crassifolia in the LS still needs further investigation.



The variances explained by the current multiple regression models were lower than those in previous studies on P. tabulaeformis growing in our study areas. The main possible reason is that the sampling sites are located in mountainous areas, whereas the nearest weather stations are located in lower elevation, resulting in poor correlation between radial growth and climate records. In addition, the distribution of spruce is higher than that of P. tabulaeformis; thus, the meteorological records differed more from the environment of spruce than from that of P. tabulaeformis, which may result in the worse response of spruce in terms of growth to the recorded climate than that of P. tabulaeformis. Nevertheless, the correlation analysis and multiple regression results are statistically sound, indicating that the growth–climate relationships and relative contributions of the influencing factors were reliable.




5. Conclusions


The dendrochronology method was used to investigate the relationships between the radial growth of P. crassifolia and the climate in the HL and in the LS in northwest China. Correlation analysis showed that both sites were positively affected by the moisture conditions in the previous September and at the beginning of the growing season. The difference is that radial growth in the HL was positively affected by the maximum air temperature in the current September, whereas that in LS was negatively affected by the minimum air temperature in the current July. This suggests that there may be differences in growth rates within the growth season, which requires us to explore relevant studies on a finer time scale. In addition, although the results are statistically sound, the variances of spruce growth explained by the climate factors were relatively low. Maybe some other factors dominate the spruce forest growth. Therefore, other factors, like mcro-environmental information should be considered for future research.
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Table A1. Correlation matrix of site-specific chronologies.






Table A1. Correlation matrix of site-specific chronologies.





	
Site

	
HL1

	
HL2

	
HL3

	
LS1

	
LS2






	
HL1

	
1

	
0.867165

	
0.871953

	
0.242871

	
0.276868




	
HL2

	
1

	
0.801229

	
0.272293

	
0.303752




	
HL3

	

	

	
1

	
0.277903

	
0.326476




	
LS1

	

	

	

	
1

	
0.764179




	
LS2

	

	

	

	

	
1
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Figure 1. Sampling sites and location of the meteorological stations. 
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Figure 2. Multi-year (1953–2018) average climatic conditions in the Helan Mountains (a) and Luoshan Mountains (b). 
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Figure 3. Multi-year (1953–2018) SPEI of the Helan Mountains (HL) and Luoshan Mountains (LS). 
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Figure 4. Regional chronologies in Helan Mountains (a) and Luoshan Mountains (b). Grey arrows indicate the beginning year wherein SSS > 0.85. 






Figure 4. Regional chronologies in Helan Mountains (a) and Luoshan Mountains (b). Grey arrows indicate the beginning year wherein SSS > 0.85.



[image: Forests 12 01382 g004]







[image: Forests 12 01382 g005 550] 





Figure 5. Correlation coefficients between regional chronologies and climate factors. * indicates the significant at level of 0.05; p indicates the months of previous year. 
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Figure 6. Relative contributions of the predictors in the multi-regression models of radial growth in the Helan Mountains (a) and Luoshan Mountains (b). p indicates the months of previous year; c indicates the months of current year. 
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Table 1. Site information and statistical parameters in the common period analysis (1950–2018).
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Site Information

	
Common Period Analysis




	
Site

	
Lat. (E)

	
Lon. (N)

	
Ele. (m)

	
Trees/Cores

	
Time Span

	
AR1

	
Rbar

	
EPS

	
SNR






	
HL1

	
38°46′56″

	
105°54′06″

	
2608

	
13/23

	
1860–2018

	
0.428

	
0.688

	
0.972

	
34.648




	
HL2

	
38°46′26″

	
105°54′07″

	
2660

	
9/18

	
1917–2018

	
0.781

	
0.735

	
0.984

	
31.1397




	
HL3

	
38°46′25″

	
105°54′03″

	
2920

	
18/32

	
1885–2018

	
0.638

	
0.737

	
0.969

	
62.66




	
LS1

	
37°18′00″

	
106°16′02″

	
2479

	
16/29

	
1944–2018

	
0.710

	
0.595

	
0.96

	
23.82




	
LS2

	
37°19′48″

	
106°16′02″

	
2497

	
20/40

	
1894–2018

	
0.600

	
0.54

	
0.966

	
28.237




	
HL

	
-

	
-

	
-

	
40/73

	
1860–2018

	
0.633

	
0.66

	
0.989

	
93.085




	
LS

	
-

	
-

	
-

	
36/69

	
1894–2018

	
0.646

	
0.509

	
0.976

	
41.086








Lat., latitude; Lon., longitude; Ele., elevation above sea level; AR1, first-order autocorrelation.
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