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Abstract:



Picea crassifolia Komarov (Qinghai spruce) is an endemic tree species in China and is widespread in the Qilian Mountains, in northwestern China. High temporal resolution changes of Qinghai spruce tree stem growth remain poorly investigated and the relationships between the species growth and climate are still not completely understood. In this study, we assessed the daily and seasonal stem radial variations, and analyzed the relationships between stem radial increment of Qinghai spruce and environmental factors during the main growing period (June–August). We have found that the stem radial variations of Qinghai spruce can be divided into three phases according to the air temperature and that Qinghai spruce has two diurnal cycle patterns. The main growing period of Qinghai spruce is 30 May–31 August according to micro-core measurements, in conformity with the daily mean air temperature keeping above 5 °C. Precipitation and relative humidity have positive effects on the growth of Qinghai spruce, and we develop a multiple linear regression model that can explain 63% of the stem radial increment over the main growing period.
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1. Introduction


Qinghai spruce is an endemic tree species in China and is widespread on the northeastern Tibetan Plateau, its distribution center is in the Qilian Mountains, in northwestern China. Forests dominated by the species in the Qilian Mountains play an important role in ecosystem services, such as water regulation, soil protection, climate regulation, carbon sequestration, etc. [1]. Special attention has been given to the impact of forests on water supply among the numerous services, due to the water severe shortage in this region [2]. Interest in water conservation of the Qinghai spruce forests in recent years has led to numerous and diverse studies focused on ecological and hydrological processes of the forests. Hydrological processes, like canopy interception of precipitation and evapotranspiration, have received much attention because of the prominent role in the discussion about the water yields of the forests [2,3,4]. Ecological processes like plant photosynthesis, soil respiration in the forest stands, biomass accumulation, etc. have been focused upon in order to assess carbon exchange fluxes between different carbon pools at the regional scale, which is helpful for accurately predicting future climate change [5,6,7,8,9,10]. Ecological processes and hydrological processes interact to generate ecosystem functions which underlie ecosystem services [11]. Furthermore, growing processes represent a core component in considering ecosystem interactions because they are a key linkage between ecological and hydrological processes.



At present, the studies on the growing process of Qinghai spruce still adopt some old methods. The first is the anatomical analysis of trees by cutting down sample trees in order to understand tree ring structures and morphological characteristics; and the other is tree-ring width chronologies method; dendroecological techniques are used in order to examine the relationships between environmental factors and the radial growth of trees [12,13,14,15,16]. These methods have many disadvantages, for example, the former is time-consuming, laborious, and destructive [17], more importantly, both methods lack high temporal resolution measurements. Therefore, it is difficult to understand physiological mechanisms of tree growth by these methods, due to on the failure of the methods in detecting the trees’ reaction to high temporal resolution changes of environmental factors. Now, high temporal resolution data of environmental factors can be easily achieved by automatic meteorological stations and automatic soil monitoring systems, but high temporal resolution data for tree stem growth are urgently needed. Fortunately, dendrometer techniques have been developed that help meet the demand.



An electronic dendrometer is a highly precise sensor for measurements of stem radial variation. It can provide long-term and continuous measurements of stem radial variation with high temporal resolution (e.g., minutes to hours) without aggressive sampling [18,19]. Because of its advantages, in the past decade it has been widely used with different tree species to describe the relationship between stem radial variations and environmental factors [20,21,22,23,24]. Various insights into tree growth can be obtained by using high-resolution dendrometers, including the understanding of short-term growth responses to changing environmental conditions [18]. Although the advantages of dendrometers are very notable, it is difficult to determine the initiation and cessation of wood formation by the method [25] because the measurements obtained from dendrometers are composed of reversible diurnal rhythms of water depletion and replenishment (i.e., the overall shrinking and expanding of xylem, phloem, and periderm) [26,27,28], and irreversible seasonal tree growth (i.e., the new cell formation and development) [20,29,30,31,32]. Here, we name stem radial increment by the reversible diurnal change as the false growth, and stem radial increment by the irreversible diurnal change as the true growth. To date, it is unclear how to distinguish the false and true growth of a tree’s stem radius [33,34]. Alternatively, the true wood growth can be monitored by directly extracting a wood sample at a finer time scale using the micro-coring technique [35,36,37]. Although the method is considered to be the most reliable for monitoring wood formation, it is complicated to manipulate all the processes involved, including sampling, preprocessing, and analyzing [35], which restricts its applicability. Combining high resolution dendrometer measurements and micro-coring techniques in order to find a representative indicator to distinguish the wood formation period is a challenging issue [35,37,38].



Many studies about the annual scale environment-growth relationships of Qinghai spruce have been conducted in the Qilian Mountains [12,13,14,15,16,39,40,41]. However, high temporal resolution changes of Qinghai spruce tree stem growth remain poorly investigated and the relationships between the species growth and environmental factors are still not completely understood. Given the above, measurements with high temporal resolution were conducted by four point dendrometers in 2014. The dendrometer measurements in combination with weather data were used to analyze the intra-annual response of the stem radial variations of Qinghai spruce to environmental factors in the Qilian Mountains. Our objectives were to: (1) assess the daily and seasonal stem radial variation; (2) define the main growing period; and (3) determine the relationship between stem radial increments and environmental factors in the main growing period (i.e., air temperature, relative humidity, precipitation, solar radiation, photosynthetically active radiation, soil temperature, and soil water content). This study helps provide a better understanding of the environmental factors driving Qinghai spruce tree growth patterns and also helps to understand the predictability of Qinghai spruce growth under global climate change.




2. Materials and Methods


2.1. Study Area


Our study was conducted in the Tianlaochi catchment (38°23′56″–38°26′47″ N; 99°53′57″–99°57′10″ E) with the elevation ranging from 2660 to 4419 m above sea level (a.s.l.) (Figure 1), located in the middle part of the Qilian Mountains, in the upper reaches of the Heihe River. The study area is characterized by a mountainous primeval forest ecosystem with little anthropogenic influence. Qinghai spruce is the dominant species and mainly distributes on the north-facing slopes; it is tolerant to poor soil and cold and dry conditions. It can grow up to 35 m, and its longevity is reported to be 250 years. It usually forms pure forest stands and has a more suitable niche space from 2650 to 3100 m a.s.l. [10]. The ground vegetation in the forest stand consists of moss dominated by Abietinella abietina (Hedw.) Fleisch. and a few low herbs, such as Plantago asiatica Linnaeus, Potentilla anserine Linnaeus, etc. Soil under the forest is mainly mountain grey cinnamon soil with 30–50 cm of depth.


Figure 1. Location of study area and the digital elevation model (DEM).
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The climate in the study area is a typical alpine semi-arid climate, characterized by long and cold winters, and short and warm summers. The annual average temperature is 0.6 °C with mean January and July temperature being −13.1 °C and 12.1 °C, respectively. Mean annual evaporation is 1066.2 mm, mean annual relative humidity is 59%, and the average annual precipitation is 437.2 mm with 84.2% of the precipitation falling from May to September.




2.2. Data Collection


2.2.1. Dendrometer Records


Automatic point dendrometers (Ecomatik, Munich, Germany; type DR, accuracy ±2 μm, temperature coefficient <0.1 μm/K.) were installed on four Qinghai spruce trees in the study area in August 2013 (Figure 2). The instrument incorporates a linear voltage difference transducer, which is used to alternate current within a solenoid to discern movement with ~2 μm precision, and transfers stem diameter changes into an electrical signal with a resolution of 4.4 μm per millivolt over a range of 11,000 μm. As explained by Biondi and Hartsough [42], the point dendrometer has a sensing rod about 10 cm long, which has thermal expansion and contraction phenomena being about 1.7 μm for 1 °C of temperature change. The trunk of a living tree also has thermal contraction and expansion being −3 to −4 μm·m−1·°C−1 [43]. Such thermal-driven errors (i.e., thermal contraction and expansion of a sensing rod and living trunk) are small compared to water-driven stem radial changes.


Figure 2. Photograph of four sample trees and the instruments.
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Four healthy trees (PG 1, PG 2, PG 3, and PG 4) were selected (Figure 2). Their biological characteristics are shown in Table 1. Each dendrometer was installed at breast height and the south-facing side of each tree. In order to guarantee a close contact between the plate of dendrometer and the trunk, the loose bark was carefully removed without wounding the cambial zone before installing the dendrometer. The dendrometers were connected to a data logger (Ecomatik, Munich, Germany; type DL 15), which was set to record data at 0.5 h intervals.



Table 1. Summary of biological characteristics for four sample trees (DBH, diameter at breast height).







	
No.

	
Height (m)

	
DBH (cm)

	
Age (Year)

	
Crown Diameter (m)






	
PG 1

	
13.6

	
23.40

	
101

	
4.43




	
PG 2

	
14.4

	
27.34

	
126

	
5.21




	
PG 3

	
22.8

	
37.50

	
130

	
4.69




	
PG 4

	
19.0

	
37.11

	
163

	
4.55




	
M 1

	
20.5

	
34.38

	
139

	
4.78




	
M 2

	
22.1

	
33.10

	
125

	
4.59




	
M 3

	
14.0

	
28.58

	
123

	
4.32




	
M 4

	
15.9

	
28.23

	
118

	
4.07











2.2.2. Environmental Data Collection


A 2-m high automatic weather station (HOBO U30-NRC, Onset, Pocasset, Bourne, MA, USA) was installed at an exposed and flat space near the four sample trees (Figure 1). Environmental parameters (i.e., soil water content and soil temperature at 20 cm and 40 cm depth, air temperature, relative humidity, photosynthetically active radiation, solar radiation, and precipitation) were automatically measured at 30 min intervals, and stored in a data logger (Delta-T Devices Ltd., Cambridge, UK, Type DL2e); the hourly values were obtained by averaging half hour data. These environmental parameters measurements were synchronous to that of the dendrometers. The vapor pressure deficit (VPD, kPa) was calculated from air temperature (T) and relative humidity (RH) using the Magnus equation [44]:
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(1)








2.2.3. Micro-Core Sampling


We selected four other healthy Qinghai spruce trees (M 1, M 2, M 3, and M 4) near the sample trees for micro-core sampling. Their biological characteristics were also shown in Table 1. Micro-core samples were taken at breast height using a Trephor corer (Costruzioni Meccaniche Carabin Co., Belluno, Italy) from late April to early October with one week intervals. In order to minimize the harmful effect of sampling on trees, we adopted the method of spiral sampling and plugged the cores with toothpicks after sampling. All samples included the periderm, phloem, cambial zone, xylem, and the preceding three to four rings. After sampling, the micro-cores were placed in micro tubes filled with absolute alcohol immediately. After being taken back to the laboratory, each sample was oriented by marking the transversal side with a pencil under a stereo-microscope, and embedded in paraffin (Leica, Wetzlar, Germany, EG1150 H), then immersed in water. After 24 h, the processed samples were cut into cross sections of about 8–12 μm thickness by rotary microtome (Leica, Wetzlar, Germany, RM 2245). The sections were placed on microscopic slides, and stained with Safranin (0.5% in 95% alcohol) and Astra blue (0.5% in 95% alcohol), dehydrated in an ascending series of ethanol, and mounted into neutral balsam. Images were taken with a digital microscope system (Sunny Optical, EX30, Zhejiang, China).



We observed the slides to distinguish the cambial zone and xylem differentiation phases (i.e., enlargement, secondary wall thickening, and lignification). In spring, when at least one cell row can be observed in the enlargement phase in the post-cambial zone, the growing season is considered to have begun, and in the late summer, when cambial cells division have terminated and no cell can be observed in the xylem differentiation phases, the growing season is considered to have finished.





2.3. Data Analysis


In general, variation in stem radius displays a conspicuous diurnal pattern, containing three distinct phases: (1) contraction phase (CP), i.e., the period from the first maximum radius recorded to the subsequent minimum radius; (2) expansion phase (EP), i.e., the period from the minimum radius during a day to the subsequent maximum radius; and (3) stem radial increment (SRI) phase, i.e., part of the expansion phase (the difference between the prior maximum radius to the posterior maximum radius) [20,21,29,33,45]. The daily SRI is determined by calculating the difference between maximum values of two consecutive days [29]. Some days do not experience any SRI phase, if the second maximum value is less than the first maximum. In this case, daily SRI is considered equal to zero [20]; no data are transformed (or standardized) when calculating.



In order to compare radial increments among four trees, the first value recorded in the first day of 2014 was arbitrarily set to zero for all trees [30]. The ratio (R) of hourly radial increment value to the maximum in the year was calculated to minimize the effect of age, vigor, and competition among trees [30,46]. Then, the cumulative daily radial increment curves were plotted using the ratio (R). We also calculated the radial index to evaluate daily changes of mean cumulative radial increment and eliminate the intrinsic trend in the cumulative curve. The radial index (RI) means the difference between the daily average ratios (R) for two consecutive days [30]. In our study, the hourly data of stem radial increments were obtained by averaging raw data recorded at half hour intervals. The daily amplitude of stem radius was achieved by calculating differences between the daily maximum and minimum values. In addition, according to the observations of the micro-cores, we found the main growing period. Next, we used the radial index (RI) and daily amplitude to identify the main growing period, and extracted the SRI during the main growing period (June–August). Afterwards, we determined the relation between SRI and single environmental factors, based on the Pearson’s correlation analysis.



We used the method of backward multiple linear regression analysis to develop the SRI model in the main growing period in order to quantify the relationship between the stem radial variation and the environmental factors. Precipitation data were log transformed to ensure normality prior to analysis. Simultaneously, considering the lag effect of environmental factors, we also brought data from the previous one or two days concerning the environmental factors into the SRI model. The model was used to simulate SRI, and then was evaluated by linear regressive analysis.



All data were processed using Excel 2010. Pearson’s correlation analysis and multiple linear regression analysis were performed by SPSS 19.0 software (SPSS Inc., Chicago, IL, USA). The figures were drawn by Matlab 2008a.





3. Results


3.1. Variations of Environment Factors


The range of daily mean (Tmean), maximum (Tmax), and minimum (Tmin) air temperature during the study period was −18.5 to 16.9 °C, −10.4 to 28.9 °C, and −23.6 to 9.4 °C, respectively (Figure 3). The changing range of daily mean soil temperature at 20 cm (ST20) and 40 cm (ST40) depth was smaller than that of air temperature, and the range of ST20 and ST40 was −3.1 to 16.5 °C and −1.0 to 15.7 °C, respectively. A high correlation coefficient (r = 0.994, N = 8760, p < 0.01) was found between hourly mean ST20 and ST40. The correlation coefficients between hourly mean air temperature and mean soil temperature at 20 cm and 40 cm depth were 0.795, p < 0.01 and 0.783, p < 0.01, respectively. The precipitation (P) during the study period was 571.8 mm, higher than the average annual precipitation (437.2 mm), with the highest and lowest amounts of monthly precipitation recorded in June (136.4 mm) and January (0.6 mm), respectively. The precipitation was mainly in the form of light rain; daily precipitation of more than 10 mm happened only on 13 days, and the highest amount of daily precipitation was recorded on 2 August (22.2 mm). The soil water content (SWC) showed a strong variation with large fluctuations. In early spring, the SWC increased significantly with the rising temperature. In summer and autumn, the SWC showed fluctuation related to the occurrence of precipitation. In winter, the SWC decreased sharply with the temperature falling. The vapor pressure deficit (VPD) presented large fluctuations and its highest value occurred in May, while the relative humidity (RH) showed a significant negative correlation with VPD (r = −0.622, N = 8760, p < 0.01).


Figure 3. Variations of daily temperature and daily precipitation in 2014 (P is precipitation; Tmean, daily mean temperature; Tmax, daily maximum temperature; Tmin, daily minimum temperature, DOY, day of year). The dash area represents the days mean air temperature above 5 °C.
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3.2. Stem Radial Variations


During the study period, the stem radial variation curves of the four sample trees displayed a synchronous response (Figure 4). A high mean correlation coefficient (r = 0.977, N = 8760, p < 0.01) was found between hourly mean values of PG 1, PG 2, PG 3, and PG 4. The annual variation was characterized by a sharp decrease and increase of stem radius in spring (day of year (DOY) 29–107), a stable phase in late spring and early summer (DOY 108–152), a progressive increase in summer (DOY 151–223), a plateau phase in autumn (DOY 224–302), and a decrease in winter (DOY 303–365, DOY 1–28). The magnitude of the ratio (R) of daily radius increment value to the maximum in the main growing period among the four sample trees displayed little differences, but there were obvious differences within specific points of time.


Figure 4. Variation curves of the stem radii for the four sample trees in 2014.
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In viewing the daily scale, the stem radial variations show a remarkably diurnal cycle (Figure 5). In the growing period, the stem radius first increased before decreasing and then increasing again—we name the pattern as ‘up-down-up—and three conspicuous phases (CP, EP, and SRI) can be easily observed (Figure 5a). However, the daily cycle pattern disappears and the uninterrupted increase of stem radius happens at some times, for example, 20 July–23 July; the uninterrupted increase contains false growth, which corresponds to continuous precipitation (the rainfall of the four days is 6.2, 3.6, 10, and 0 mm, respectively). In the non-growing period, a distinct diurnal cycle also can be observed (Figure 5b), but the change tendency of stem radius is opposite to that of the growing period (i.e., decreasing first before increasing and then decreasing again—we name the pattern as ‘down-up-down’). However, the daily cycle pattern disappears and the uninterrupted decrease of stem radius occurs at some points in time, for example, 6 February–7 February. The uninterrupted decrease corresponds to continuous decrease of air temperature.


Figure 5. Three phases and patterns of diurnal changes in the stem radius of PG 1: (a) in a growing period; (b) in a non-growing period. (CP means contraction phase; EP, expansion phase; SRI, stem radial increment phase).
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To depict patterns of diurnal cycles, monthly mean hourly data of stem radial increments were obtained by averaging the hourly data during one month. Monthly mean diurnal cycles of stem radii in each month are shown in Figure 6. From the form of the cycle pattern observed, we can distinguish between three types (i.e., type one: including January, February, and December; type two: April–September; and type three: including October, November, and March). Type one has a typical pattern of a non-growing period, the daily maxima of stem radii appear in the afternoon, while the daily minima are in the morning. Type two has a representative pattern of the growing period, the daily maxima appear in the morning followed by the minima in the afternoon. However, Type three has no formal pattern without any stable time when maxima and minima appear.


Figure 6. Monthly mean diurnal cycles of stem radii (the thin dotted line represents four sample trees respectively, and the thick solid line represents the mean value of the four sample trees).
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3.3. Determination of the Main Growing Period


According to measurements of micro-cores from Qinghai spruce, we determined the starting time of the growing period was about 30 May, and the ending time was between 24 and 31 August in 2014 The main growing period lasted about 94 days. In fact, cambial cell divisions terminated on 10 August, but the thickening of xylem cells can be observed until 30 August. From Figure 7, we can observe that the cambial zone was still dormant on 17 May (DOY 137), in the non-growing period, cambial cells were dividing and enlarging on 15 June (DOY 166), in the growing period, and the cambial zone was dormant again, but lignifying cells wall were thickening on 10 August (DOY 222), in the end of the growing period.


Figure 7. The radial growth process of Qinghai spruce on different sampling dates in 2014. (CZ means cambial zone; PR, previous ring; EL, enlarging cells; LG, lignifying cells; MC, mature cells). (a) CZ was still dormant on 17 May (DOY 137); (b) EL cells on 15 June (DOY 166), cells were dividing and enlarging; (c) LG cells (gradual change from blue color to red) and MC (red colored) cells on 10 August (DOY 222), CZ cell division had terminated, but LG cell wall thickening was not completed.
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Overall, the variations of RI and daily amplitude of stem radial increments for the four sample trees show the strong similarities and big fluctuations with time (Figure 8 and Figure 9). We can divide the whole year into three phases depending on the magnitude of variation (Table 2). That is, the strong variation phase, the weak variation phase, and the moderate variation phase. The three phases correspond to air temperature characteristics (Figure 3). During the strong variation phase, the absolute values of RI and amplitude were very high, indicating that the stem radii had strong intra-day and inter-day variations; at the time, the mean daily air temperature was above 0 °C, and the maximum air temperature was above 5 °C and the minimum air temperature was below 0 °C. During the weak variation phase, the absolute values of RI and amplitude were very low, indicating that the stem radii had little intra-day and inter-day variations; at the time, mean daily air temperature was below 0 °C, and the maximum air temperature was below 5 °C. During the moderate variation phase, the absolute values of RI and amplitude were between the values observed in the strong variation phase and weak variation phase, indicating that the stem radii had moderate intra-day and inter-day variations: during this period, the mean air temperature was above 5 °C and the minimum air temperature was above 0 °C. However, during the weak variation phase some days presented high values of amplitude and absolute values of RI, and during the strong variation phase some days showed low values of amplitude and absolute values of RI. According to measurements of micro-cores from Qinghai spruce, the moderate variation phase is the main growing period, which is 18 days longer than the results observed from our micro-core measurements.


Figure 8. Variations of daily amplitude of stem radial increments for the sample trees and the variations of mean amplitude.
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Figure 9. Curves of radial index for sample trees and the mean radial index.
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Table 2. Summary of characteristics in the three phases (RI is radial index).







	
Phases

	
DOY

	
Temperature Characteristics

	
Amplitude (μm)

	
Absolute Values of RI (%)






	
Strong variation phase

	
51–147

260–302

	
Tmax > 5 °C

Tmin < 0 °C

Tmean > 0 °C

	
114.32 ± 5.10

	
1.86 ± 0.13




	
Weak variation phase

	
1–50

303–365

	
Tmax < 5 °C

Tmin < 0 °C

Tmean < 0 °C

	
33.08 ± 3.94

	
0.71 ± 0.11




	
Moderate variation phase

	
148–259

	
Tmax > 5 °C

Tmin > 0 °C

Tmean > 5 °C

	
84.75 ± 4.07

	
1.44 ± 0.11











3.4. SRI and Its Relation to Environmental Factors


As mentioned above, the main growing period was from late May to late August. June and July were the most productive months (see Figure 4). We extracted the SRI of Qinghai spruce during the main growing period, and analyzed if for its relation to environmental factors (Figure 10). Figure 10 shows that SRI exhibits significant positive correlation with P (r = 0.459, p < 0.01) and RH (r = 0.459, p < 0.01), significantly negative correlation with Tmax (r = −0.485, p < 0.01), daily mean photosynthetically active radiation (PAR) (r = −0.484, p < 0.01), daily mean solar radiation (SR) (r = −0.475, p < 0.01), VPD (r = −0.433, p < 0.01), and Tmean (r = −0.348, p < 0.01), and non-significant correlation with ST and SWC20, ST40, and Tmin. However, the SWC40 had a significantly negative effect on SRI.


Figure 10. Pearson’s correlations between the SRI of Qinghai spruce and environmental factors during the main growing period.
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3.5. Model Development


Tmax, RH, PAR, and SWC40 were included in the model, which explained above 63% of the SRI (negative values are retained) over the main growing period (June to August). All factors were significantly correlated with SRI. The model is expressed as follows:


SRI = 31.930 − 1.391Tmax + 1.496RH + 0.052PAR − 1.441RH(t − 2) − 1.213SWC40(t − 2)



(2)




where RH(t − 2) is the RH of the previous two days and SWC40(t − 2) is the SWC of the previous two days. The accuracy of the model is shown in Table 3. Figure 11 shows that all values almost fall on the 95% confidence interval, and the simulated value is smaller than the observed value during the main growing period. The Pearson’s correlations coefficient between simulated and observed values is 0.794.


Figure 11. Linear regressive analysis on the simulated and observed values of stem radial increments. The solid blue line is the regression line and the dotted green lines are envelope curves of the 95% confidence interval.
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Table 3. The multiple linear regression model of the SRI (μm) in relation to daily environmental factors.







	
Model Summary






	
R

	
R Square

	
Adjusted R Square

	
Std. Error of the Estimate

	
p-Value

	
Durbin-Watson




	
0.808

	
0.653

	
0.633

	
17.367

	
<0.01

	
2.05




	
Coefficients




	
Variable

	
B

	
Std. Error

	
t

	
p-Value

	
VIF




	
Constant

	
31.930

	
32.023

	
0.997

	
0.322

	




	
Tmax

	
−1.391

	
0.854

	
−1.630

	
0.107

	
4.37




	
RH

	
1.496

	
0.276

	
5.419

	
<0.01

	
3.81




	
PAR

	
0.052

	
0.022

	
2.375

	
0.020

	
3.92




	
RH(t − 2)

	
−1.441

	
0.159

	
−9.075

	
<0.01

	
1.35




	
SWC40(t − 2)

	
−1.213

	
0.506

	
−2.397

	
0.019

	
1.41








B means coefficient of regression, t means the value of t-test for regression parameters, VIF means Variance Inflation Factor.










4. Discussion


4.1. Stem Radius Variation


In the study, the daily and yearly stem radial variations are shown via the high-resolution measurements (Figure 4 and Figure 5). The radial variations measured using point dendrometers represent a combination of stem radial growth with water transport and storage [27,47]. Thus, the stem radial variations are not only caused by wood formation, but also by the water status in the stems [48], and growth initiation in the early spring may be readily confused with rehydration of internal stem tissues prior to the beginning of cambial growth [26].



From the viewpoint of the yearly timescale, in the spring (DOY 51–147), the air temperature changes dramatically intra-day and inter-day. Generally, the mean air temperature is above 0 °C, and the minimum air temperature is below 0 °C. The extracellular liquid will be frozen when the air temperature falls below 0 °C [49]. Thus, the water potential of the extracellular space will be lower than the intracellular, cytosol water will be withdrawn from the living cells by permeation, and this process will lead to the reduction in the cell volume, which makes the contraction phase happen [33,50]. The frozen liquid will thaw when the air temperature rises above 0 °C, in which case the water will enter the living cells again, make the cell volume swell rapidly, and this process ultimately results in an expansion of the stem radius [33]. Because of the temperature changing frequently above and below 0 °C in the spring, the radius index and the amplitude values present large variations. From the beginning of the main growing period (i.e., moderate phase), the air temperature has increased. Generally, during this phase the minimum air temperature is above 0 °C and the mean air temperature is above 5 °C. The cambial cells start to divide, differentiate, and enlarge. The stem radius increases progressively with the wood formation, and the radius index and the amplitude values present moderate variations. From the late summer (DOY 260), the air temperature decreases. Generally, during this phase the minimum air temperature is below 0 °C, the mean air temperature is above 0 °C, and the maximum air temperature is still above 5 °C. The stem grows progressively slower and eventually halts before the end of the period. Thus, the stem radial increment curve presents a plateau in this period, but the radius index and the amplitude values present strong variations. In winter and early spring (DOY 303–365 and DOY 1–50), the air temperature is low; the minimum air temperature reaches the lowest value (−23.6 °C) on January 8, and daily maximum air temperature keeps below 0 °C. During this time the extracellular liquid is frozen again, consequently, the stem radius decreases gradually (only producing a small amplitude of change) [50], and the radius index also change very little, being in the weak variation phase in this period. Our results are supported by Turcotte et al. [33]; they split the year into three parts according to the pattern of diurnal cycle: winter shrinkage corresponding to the weak variation in our study, spring rehydration corresponding to the strong variation in our study, and summer transpiration corresponding to the moderate variation in our study. King et al. [51] also found that there existed a plateau of stem radial increment after a period of marked growth; the plateau revealed cellular division and expansion being reduced, and having the stem radius decrease in winter suggested stem desiccation.



In considering the diurnal scale, stem radial variations are closely linked to a tree’s water status [18], and they have two daily cycle patterns (Figure 5). Devine and Harrington [52] suggested the daily cycles were results of the tradeoff between water loss (e.g., transpiration) and water uptake (e.g., soil water absorption) during the growing period. We found that the contraction phase of the stem radius usually starts in the morning and lasts in the evening. On the contrary, the expansion phase commonly starts in the evening and continues until the next morning. The contraction phase suggests water loss to the atmosphere is surpassing water uptake—that is, the water amount used for transpiration is more than the water amount absorbed through the roots [27,53]. Meanwhile, the expansion phase reveals water loss is less than water absorption [51]. In the non-growing period, the pattern of daily cycles is inversed compared to that in the growing period. The minimum stem radius value appears in the morning, and the maximum value occurs in the afternoon. The result shows that water loss and uptake is no longer the most important role in stem radius daily cycles [51]; the air temperature becomes the first driving force of stem radial variations [49]. Zweifel and Häsler [50] reported that the effect of air temperature on stem radial variations was significant around the freezing point of the sap. Overall, temperature increase can result in stem radius expansion, and temperature decrease can lead to stem radius contraction.




4.2. Determination of the Main Growing Period


The main growing period refers to the period of time from when the cambial cells start to divide, differentiate, and enlarge to the end of these processes [23]. At present, the starting and ending times have accurately been determined by micro-core measurements [23,54,55], but this method is laborious [35].



The main growing period can be considered to begin when the cambial cells start to enlarge and divide, and to finish when the cambial cell division terminates [54]. In our study, the main growing period of Qinghai spruce was from 30 May to 31 August, which basically aligns with the moderate variation phase. We consider that the moderate variation phase can be defined as the main growing period of Qinghai spruce, and we suggest that the period with daily mean air temperatures sustained above 5 °C is the main growing period of Qinghai spruce, which is supported by micro-core measurements. Körner [56] reported that the lower threshold temperature for tissue growth and development appears to be higher than 3 °C and lower than 10 °C, possibly in the range of 5.5–7.5 °C. Rossi et al. also found a 4–5 °C threshold for xylogenesis in tree line conifers of cold temperate climates [57,58]. Lenz et al. [59] investigated the relationship between early season temperature and cambial activity at the alpine tree line and found that cambial activity in cold-adapted plants is generally initiated at temperatures around 5 °C. These are consistent with our results. Therefore, in future research the main growing period can be identified by the air temperature characteristics rather than by micro-core measurements.




4.3. The Relationship between SRI and Environmental Factors


During the main growing period, we found that the SRI of Qinghai spruce was strongly associated with the tree’s water status. Previous studies have demonstrated that the enlargement of a cell depends on the water content; this is because water content can change the turgor pressure which can drive reversible cell expansion and contraction [60]. Deslauriers et al. [20] regarded the cell enlargement as the primary driver of the daily radial increment.



In our study, there is a significant positive correlation relationship between SRI and precipitation and relative humidity (Figure 10). The canopy of a tree will get wet during rainfall processes, which can result in the reduction of leaf water potential, which in turn can lead to a cambial turgor increase due to water entering into the cambial cells by osmosis—ultimately, enlargement of cells occur [61]. When relative humidity is higher, the transpiration rate will reduce. The reduction of transpiration brings down the negative pressure in the water transportation system and promotes the inflation in the stem cambial cells—consequently, this will be a benefit to cell expansion [62]. Liang et al. [12] used dendroecological techniques to examine the relationships between radial growth of Qinghai spruce and climatic variation on the northeast Tibetan Plateau, and found that the radial growth of Qinghai spruce was positively related to relative humidity and precipitation. The findings are agreeable with ours. It was reported that relative humidity and monthly precipitation were the primary limiting factors for the radial growth of Chinese pine during the growing season in semi-arid areas of northern China [63].



The SRI of Qinghai spruce has a significant negative correlation with daily Tmax, daily mean PAR, daily mean SR, VPD, and daily mean Tmean. This indicates that high VPD, T, PAR, and SR can raise the rate of transpiration, which results in increasing the negative pressure in the water transportation system; in turn, the turgor in the stem cambial cells will decrease, and consequently, cell expansion will be reduced [62]. Meanwhile, the stomata will close with the high value of these factors [64]. Stomatal closure has an influence on the tree’s carbon uptake and photosynthesis, and the synthesis of carbohydrate will subsequently be restrained, so, the radial growth will be inhibited [65].



There are no significant correlations between SRI and soil temperature and soil water content except for SWC at 40 cm depth. SWC at 40 cm is significantly negatively related to SRI, which is clearly different from Jiang et al. [66], as they found the SRI of Platycladus orientalis (L.) Franco was significantly positively related to SWC. We consider that the result may be caused by the soil conditions. In the study area, the soil water content is high within the forest land in the growing season [3]. When soil water content is high due to precipitation, soil temperature will be decreased, and root respiration will be inhibited, which may affect the root activities.



Additionally, ozone is recognized as one of the main damaging air pollutants affecting forest growth [67,68]. Some previous research has suggested that there are relative sensitivities of different species and species groups to O3 concentrations [69]. For example, ozone fumigation induced a shift in the resource allocation into height growth at the expense of diameter growth of Norway spruce, but European beech changed its stem shape the other way around [70]. Assis et al. [71] showed that there is a significant relationship between leaf abscission and ozone induced stress in Psidium guajava L. ‘Paluma’, which may have great importance both to the plant restricting the translocation of nutrients and to the surrounding ecosystem. Paoletti et al. [67] reported that O3 influences phytochemical composition by altering substrate availability and biochemical/physiological processes such as photosynthesis and defense signaling pathways. Ozone concentration is very high in Western China due to high levels of emission precursors occurring in recent years [72]. However, the effects of O3 on the Qinghai spruce growth are little understood, and further research is needed.



In recent years, there have been many researchers focused on the relationship between SRI and environmental factors [20,29,30,46,61,66]; however, these previous studies did not take into account the effects of many environmental factors together on SRI. Duchesne and Houle [73] built a model with data from three growing seasons that included SR, RH, T, and P that explained 84% of the variance in day-to-day stem diameter variations from June to September. The variation of stem diameter they used was the difference between average values of two consecutive days. In this study, we built the multiple linear regression model of the SRI (μm) in relation to daily environmental factors, with Tmax, RH, PAR, and SWC40 included in the model. Although this model could explain only 63% of the observed SRI, it is a new attempt to explore the relationship between SRI and environmental factors.





5. Conclusions


From the study, we can draw several conclusions:



1. The stem radius variations of Qinghai spruce can be divided into three phases according to the air temperature, namely, the weak variation, the moderate variation, and the strong variation. The weak variation corresponded to the non-growing period, the moderate variation corresponded to the main growing period and the period with a plateau of the stem radius increments curve, and the strong variation corresponded to the false growing period resulting from rehydration.



2. Qinghai spruce has two diurnal cycle patterns—one that is ‘up-down-up’ and the other that is ‘down-up-down’. The pattern of ‘up-down-up’ occurs in the main growing period, and is mainly affected by water loss and water uptake. The pattern of ‘down-up-down’ occurs in the non-growing season, and is primarily affected by the temperature.



3. The main growing period of Qinghai spruce is 30 May–31 August. The period with daily mean air temperatures keeping above 5 °C can be considered to be the main growing period of Qinghai spruce in our study area. The daily mean air temperature above 5 °C can be considered to be a representative indicator to identify the main growing period of Qinghai spruce. We consider that the moderate variation phase can be defined as the main growing period of Qinghai spruce, and the main growing period can be identified by the air temperature characteristics in future research rather than by micro-core measurements.



4. Precipitation and relative humidity have positive effects on the growth of Qinghai spruce, while other factors mentioned in the study have negative effects or have no effects on the growth of the species. A multiple linear regression model explained more than 63% of the SRI over the main growing period.
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