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Abstract:



Global climate change is likely to change precipitation patterns with consequences for tree water use and growth in semi-arid areas. However, little is known about the effects of variability in precipitation on growth- and water-related physiological processes of native trees in dry areas of northwestern China. In this study, sap flow and stem radial variability in four Qinghai spruce trees (Picea crassifolia) were monitored in the Qilian Mountains, China. Tree water deficit (ΔW) and basal area increment (BAI) were calculated using stem radial variation; water-use efficiency (WUE) was then estimated as the ratio of BAI and sap flow (Jt). The results showed that sap flow density (Js) increased logarithmically with increasing ΔW when ΔW < 50 μm, and then gradually stabilized. Multiple factor generalized additive models (GAM) showed that Js was closely related to all measured environmental variables except for daily mean temperature and relative air humidity. ΔW was related to the minimum daily temperature and soil water content. WUE exhibited higher values in early July. Low WUE was observed under conditions of prolonged dry weather, but it quickly increased during rainy days. WUE decreased after precipitation events due to high transpiration. We concluded that, in these semi-arid areas, precipitation is the most important controlling factor in tree growth and transpiration.
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1. Introduction


Climate change extensively affects natural mountain forests in semi-arid areas [1]. Changing precipitation patterns associated with climate change influences plant-available water and leads to changes in phenology, growth and water relations [2]. Climate change leads to increase in the frequencies of heat waves and drought events [3,4], which may affect growth and mortality rates of trees [5]. The Qilian Mountains, in the northeastern Tibetan Plateau, are the most important water source for the arid area of northwestern China, feeding the Shiyanghe, Shullehe, and the Heihe Rivers. Forests in these mountains play an important role not only in preventing desertification, but also in water conservation, which maintains the stability of oasis ecosystems in the middle and lower reaches of the inland river system [6]. However, the Qilian Mountains are sensitive to climate change. Several studies reported that temperature and heavy rainfall events increased, while the frequency of precipitation decreased in this area [7,8]. Previous research has focused mostly on the understanding of the response of stem radial changes and sap flow to environmental factors [9,10,11], and on the relationship between sap flow and stem growth [12,13]. However, the effects of climate-induced environmental changes on the growth- and water-related physiological processes, in particular, on sap flow and stem radial changes, have not been sufficiently studied in the Qilian Mountains.



Tree stem radial changes can be continuously monitored at high temporal resolution using dendrometers, which include information on stem radial growth and fluctuations in tree water use [13,14,15,16]. Several authors reported that relative air humidity, air temperature, vapor pressure deficit, and soil matric potential had significant influence on tree water deficit and stem radial growth [17,18,19,20,21,22]. Zweifel [23] proposed a method, assuming that stems exhibited zero growth during periods of shrinking, to extract growth trends with irreversible expansion and estimate tree water deficit (ΔW) as a physiological measure of drought stress. Tree water deficit can be used to analyze tree water relation patterns and their dependency on environmental drivers at high temporal resolutions [24].



Sap flow, measured by the heat-ratio method [25,26,27], can be used to study water-related physiological processes in trees. Most research focused on estimating whole-tree water use or transpiration [28,29,30], and on environmental controls on sap flow [31,32], while the link between sap flow and stem radial changes has been relatively less studied [3,12,13,33,34].



Integrated water-use efficiency (WUE), the ratio between productivity and water use, can be expressed as the ratio of basal area increment (BAI) and sap flow [12,35], which are the eco-physiological indices assessing the growth adaptability of trees. A previous study showed that WUE can be used as an indicator of drought tolerance, and that drought-tolerant shallow-rooted species typically had a higher WUE than deep-rooted ones [36]. With the changes of climate and precipitation patterns, it is necessary to understand the water use strategies of trees.



Qinghai spruce (Picea crassifolia) is commonly found in the Qilian Mountains, and constitutes one of the most important long-lived evergreen tree species in the area. Qinghai spruce grows on shaded or semi-shaded slopes at elevations ranging from 2600 to 3400 m [37]. Previous studies of Qinghai spruce in this area focused on radial patterns of sap velocity, stand transpiration, and canopy conductance [6,29], the response of stem radial growth to environmental factors [38], and interannual intrinsic water-use efficiency based on tree-ring stable isotope of carbon (δ13C) [39]. However, little is known about the efficacy of assessment of water stress in Qinghai spruce, and about the response of water stress to environmental factors. Moreover, the relationship between sap flow and water stress, and water use strategy in different growth periods of Qinghai spruce remain unclear.



In this study, we monitored seasonal sap flow and stem radial changes of four Qinghai spruce trees during the growing season of 2016; environmental factors were monitored synchronously. The main objectives were to (1) explore the relationship between Js and ΔW of Qinghai spruce, (2) test the response of Js and ΔW to environmental factors during the monitored periods, and (3) assess WUE in different growth periods using sap flow and stem radial growth.




2. Materials and Methods


2.1. Study Area


This study was conducted at the upper limit of Qinghai spruce natural forest (3200 m elevation) on a north-facing slope in the Pailugou watershed in the central Qilian Mountains (100°17′28.2″ E, 38°32′40.1″ N). The study area has a continental climate with cold and dry winters, and warm and wet summers. Apart from occasional scattered bare rocks, the main soil type is gray-cinnamon soil with an average soil depth of 50 cm. Soil surface is covered with about a 5-cm thick layer of moss. Data collected since 2001 at the weather station located in the watershed at 2700 m elevation (100°17′05″ E, 38°33′19″ N) indicated that the mean annual air temperature was 0.5 °C, and the mean maximum and minimum annual air temperatures were 28.0 and −36.0 °C, respectively. The mean annual precipitation at an elevation of 2700 m was 375.5 mm, of which 70% fell from May to September.



Qinghai spruce is the dominant tree species at the study site. Above the treeline, trees are replaced by low shrubs, such as Potentilla fruticosa and Rhododendron przewalskii. Qinghai spruce ranges in age from 80 to 140 years old, and stand density is approximately 1100 trees/ha. For our study, four adult Qinghai spruce trees were selected based on tree diameter at breast height (DBH) and heights to measure the changes in sap flow and stem radial change (Table 1).



Table 1. Parameters of the four measured trees.







	
Tree

	
Height (m)

	
Diameter at Breast Height (cm)

	
Tree Age (years)

	
Bark Depth (cm)

	
Sapwood Depth (cm)

	
Sapwood Area-Out (cm2)

	
Sapwood Area-In (cm2)






	
Tree1

	
11

	
18.6

	
95

	
0.6

	
3.43

	
74.93

	
75.55




	
Tree2

	
13

	
25

	
104

	
0.6

	
4.02

	
105.09

	
144.87




	
Tree3

	
19

	
44

	
133

	
0.6

	
6.47

	
194.62

	
543.75




	
Tree4

	
17

	
33

	
117

	
0.6

	
4.91

	
142.79

	
272.26











2.2. Sap Flow Measurements and Related Parameters


Sap flow was monitored using the heat ratio method (HRM) with sensors (HRM-30, ICT International Pty Ltd., Armidale, NSW, Australia) measuring simultaneously in the four experimental trees, and continuously during the growing season of 2016 (from May to September, day of year 122–274). Sensors, 35 mm long with two thermocouples at 7.5 and 22.5 mm from the tip, representing sapwood area of inside and outside respectively (Table 1), were connected to a data logger (Smart logger, ICT, Armidale, NSW, Australia). The probes were inserted into the tree xylem tissue at breast height (1.3 m) at the north side after the outer bark had been removed.



Heat pulses were emitted every 30 min. Heat pulse velocity was calculated after Marshall and Burgess et al. [40,41]. Heat pulse velocity was corrected for wound effects, and then sap velocity (Vs) was calculated from the corrected heat pulse velocity [41,42]. Sapwood area and sapwood depth of monitored trees were estimated using the relationship between sapwood area and DBH for Qinghai spruce [29] (Table 1). Sap flow density (Js, kg·m−2·h−1) and sap flow (Jt, kg·d−1) were calculated based on sap velocity and sapwood area of inside and outside for each monitored tree Daily-weighted average Js and Jt of monitored trees were then calculated based on DBH to represent the average values for the study site.




2.3. Stem Radial Change Measurements and Related Parameters


High-resolution automatic point dendrometers (EcoMatik, Germany; type radius dendrometer (DR), accuracy ± 2 μm, temperature coefficient < 0.1 μm/K) were employed to measure stem radial changes. We installed a dendrometer at a height of 1.2 m on each of the four trees under the sap flow sensors. To reduce the effects of bark expansion and shrinkage on the accuracy of measurement, outer bark was removed without wounding of the cambial zone. Stem radial changes were recorded every 30 min using a data logger (EcoMatik, Germany). Dendrometer data of stem radial changes include water content variability and growth; therefore, stem radial changes of each tree were detrended for growth based on the zero-growth concept as described in Zweifel [23] (Figure 1a,b), and used to indicate drought stress in trees [21,43]. Tree water deficit (ΔW) was calculated as the difference between the past highest stem radial record (SRmax) and current stem radial reading (SRt) when SRt < SRmax, with ΔW = 0 when SRt > SRmax [24], that is, the difference between growth trend and stem radial fluctuations (Figure 1a,b and Figure 2d). A ΔW of zero indicated an optimal water content of the cambial zone, while increasingly positive values meant increasing water stress. For the purpose of this analysis, the 30-min ΔW data for each tree were transformed into daily-averaged values (Figure 2e). Then, the weighted mean ΔW was calculated using daily-averaged values for each tree based on DBH.


Figure 1. Example of tree water deficit calculation, showing the stem radial fluctuations (black line) and the growth trend according to the zero growth concept (red line) (a), tree water deficit, as the difference between the growth trend and stem radial fluctuations (b). Examples of data recorded in one tree between day of year (DOY) 144 to 170.
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Figure 2. Time series of sap flow density (Js) (a), sap flow (Jt) (b), stem radial changes (c), growth trends (d), tree water deficit (e), basal area increment (BAI) (f) and water use efficiency (WUE) (g) in four sample trees from the day of year (DOY) 122 to 274 of 2016; air temperature (T) and soil water content (SWC) (h), daily mean solar radiation (R) and vapor pressure deficit (VPD) (i), precipitation (P) and relative air humidity (RH) (j).
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Based on the growth trend, daily weighted mean basal area increment (BAI, cm2) of monitored trees was calculated (Figure 2f). To study water use strategies of Qinghai spruce for different growth periods, water-use efficiency (WUE) was defined as the ratio of BAI and Jt (WUE = BAI/Jt) [12]. Daily WUE was calculated based on the weighted mean BAI and Jt. To alleviate fluctuations of daily WUE, a moving average for a 7-day period was used (Figure 2g).




2.4. Environmental Records


To study the response of sap flow and tree water deficit to environmental variables, an automated weather station was installed in an open and relatively flat space above the treeline, within 50 m of the monitored trees. Air temperature (T, °C), relative air humidity (RH, %), solar radiation (R, W·m−2), and precipitation (P, mm) were measured continuously. Vapor pressure deficit (VPD, kPa) was calculated from the values of T and RH.



To continuously measure soil water content (SWC, cm3·cm−3), 5TM sensors (Decagon Devices Inc., Pullman, WA, USA) were installed close to the monitored trees. An Em50 was employed to collect data. Soil water content was measured at depths of 10, 20, 40, and 60 cm. Because up to 95% of roots of Qinghai spruce are found up to 45 cm of soil depth, weighted mean soil water contents were calculated for analyses according to soil depth and water content at 10, 20, and 40 cm soil layers. Environmental variables were recorded every 30 min synchronously with the sap flow and dendrometer measurements.




2.5. Data Analysis


Nonlinear models were used to analyze the relationships between daily weighted mean Js and ΔW in OriginPro 8.5 (OriginLab Inc., Northampton, MA, USA).



The generalized additive models (GAM, mgcv package in R) provide a flexible method to predict the quality of dependent variables from different distributions with different regression models [44]. In our study, two GAMs were used to investigate the associations between Js and ΔW, and environmental variables. Model 1 was a single-factor GAM model that explored the association between each of the environmental factors (R, Tmax, Tmean, Tmin, RH, P, VPD, and SWC) and Js and ΔW, with the following equation:


[image: ]



(1)




where g was the link function, μ was the expectation of observations, α was the intercept, X was the explanatory variable (environmental factors), and s was a smooth function. Model 2 was a multiple-factor GAM model that explored the integrated effects of environmental factors on Js and ΔW, with the following equation:
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(2)




where Xi was the ith explanatory variable, si was a smooth function, and the meaning of other parameters was the same as in Equation (1). In our study, both of the models’, due to the normal distribution of Js and ΔW data, identity link functions are chosen as link functions, which involve no transformation of variables; the thin plate regression spline is used for each smooth function.





3. Results


3.1. Environmental Variables


During the monitoring period (from May to September) of 2016, the average air temperature was 9.3 °C. Minimum and maximum air temperatures were, respectively, −8.1 °C recorded in May, and 26.1 °C recorded in August (Figure 2h). Water content at 10, 20 and 40 cm soil depth ranged from 0.07 to 0.35 cm3·cm−3, and the weighted mean soil water content was 0.18 cm3·cm−3. Precipitation events resulted in fluctuation of soil water content, which subsided with a continuous heavy rainfall (Figure 2h,j). Daily mean solar radiation and vapor pressure deficit ranged from 28.30 to 381.88 W·m−2, and from 0 to 1.22 kPa, respectively (Figure 2i). Relative air humidity ranged from 19.7 to 100% (Figure 2j). Total amount of precipitation for the monitoring period was 424.0 mm, of which about 75% was recorded from June to August (Figure 2j). Compared with the mean annual precipitation, 2016 was a wet year.



Most of the environmental variables were influenced by rainfall. On rainy days, air temperature, solar radiation, and vapor pressure deficit decreased, while relative air humidity increased (Figure 2).




3.2. WUE and the Relationship between Sap Flow Density and Tree Water Deficit


From May to September, sap flow density in experimental trees ranged from 3.68 to 121.37 kg m−2·h−1, and weighted mean sap flow density ranged from 7.72 to 82.84 kg·m−2·h−1. Sap flow density fluctuated with changes in environmental variables, and exhibited low values on rainy days (Figure 2a). Tree water deficit ranged from 0 to 419 μm. Weighted mean tree water deficit ranged from 0 to 234 μm. Values of ΔW were higher in late May, early June, August, and in September than at other times (Figure 2e). The nonlinear model showed that Js increased logarithmically with an increase in ΔW, and the nonlinear regression explained 63% of the variation (Figure 3). These results showed that Js increased quickly with the increase in ΔW when ΔW < 50 μm, and gradually stabilized when ΔW > 50 μm.


Figure 3. The relationship between sap flow density (Js) and tree water deficit (ΔW) for Qinghai spruce from May to August of 2016 after removed several outliers in the constant heavy rainy days and 2–5 days after heavy rain. ** p < 0.01.
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The weighted mean sap flow ranged from 7.19 to 63.87 kg·d−1, while BAI ranged from 0 to 118.7 mm2 (Figure 2b,f). Sap flow was high in June and most of July. BAI was at a maximum in early May, and exhibited another peak in early July. In September, BAI was equal to 0. From mid-May to early August, WUE ranged from 0 to 2.72 mm2·kg−1 and weighted mean WUE ranged from 0 to 2.21 mm2·kg−1, exhibiting the same trend as BAI (Figure 2g). Values of WUE were higher in late May and early July than in other periods.




3.3. Response of Sap Flow Density and Tree Water Deficit to Environmental Variables


The relationships between Js, ΔW, and environmental variables indicated that Js was nonlinearly related to R, Tmax, Tmin RH, P, VPD, and SWC, and nearly positively linearly related to Tmean. Js dramatically increased at first, and then remained steady when R > 150 W·m−2 and VPD > 0.6 kPa, but sharply decreased when RH > 60% (Figure 4). All environmental variables were significantly correlated with Js (p < 0.01) and the adjusted R2 ranged from 0.139 to 0.812 (Table 2). Results of GAMs showed that ΔW was significantly nonlinearly related to R, Tmin, VPD and SWC, and significantly negatively related to RH and P (Figure 5). The adjusted R2 ranged from 0.013 to 0.374 (Table 2). Based on adjusted R2, SWC significantly influenced ΔW, while Tmax and P had less of an effect than other environmental factors.


Figure 4. Effects of environmental variables on sap flow density. Each graph is a generalized additive model (GAM) output. Tick marks on the x-axis are observed data points. The y-axis represents the spline function, and the numbers are degree of freedom. Dashed lines indicate 95% confidence intervals.
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Figure 5. Effects of environmental variables on tree water deficit. Each graph is a modelled GAM output. Tick marks on the x-axis are observed data points. The y-axis represents the spline function, and the numbers are degree of freedom. Dashed lines indicate 95% confidence intervals.
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Table 2. GAM results of tests for the relationships between Js and △W, and single environmental variables.







	
Observation

	
Statistics Variable

	
R

	
Tmax

	
Tmean

	
Tmin

	
RH

	
P

	
VPD

	
SWC






	
Js

	
edf

	
3.43

	
4.825

	
1.623

	
2.819

	
4.3

	
2.051

	
3.992

	
3.635




	

	
F

	
60.3

	
26.74

	
22.01

	
4.916

	
56.13

	
26.14

	
91.3

	
13.38




	

	
p-value

	
0.000 **

	
0.000 **

	
0.000 **

	
0.000 **

	
0.000 **

	
0.000 **

	
0.000 **

	
0.000 **




	

	
R2-adj

	
0.71

	
0.598

	
0.293

	
0.139

	
0.738

	
0.382

	
0.812

	
0.364




	

	
Dev

	
72%

	
61.70%

	
30.40%

	
16.20%

	
74.90%

	
39.40%

	
81.90%

	
38.60%




	
△W

	
edf

	
2.08

	
1

	
3.567

	
4.121

	
1

	
1

	
2.224

	
3.097




	

	
F

	
5.64

	
2.422

	
2.049

	
5.841

	
26.57

	
5.363

	
7.176

	
9.686




	

	
p-value

	
0.002 **

	
0.123

	
0.0824

	
0.000 **

	
0.000 **

	
0.022 *

	
0.000 **

	
0.000 **




	

	
R2-adj

	
0.12

	
0.013

	
0.074

	
0.229

	
0.196

	
0.039

	
0.16

	
0.237




	

	
Dev

	
13.80%

	
2.28%

	
10.60%

	
25.90%

	
20.40%

	
4.90%

	
17.80%

	
26.00%








Js: sap flow density; △W: tree water deficit; R: daily mean solar radiation; Tmax: maximum air temperature; Tmean: mean air temperature; Tmin: minimum air temperature; RH: relative air humidity; P: precipitation; VPD: vapor pressure deficit; SWC: soil water content; edf: estimated degrees of freedom; Dev: deviation explained. * p < 0.05, ** p < 0.01.








When we selected all the environmental variables for model 2 to explore the integrated effects of environmental factors on Js and ΔW, the results indicated that Js was significantly nonlinear related to all the environmental factors except for Tmean and RH, while ΔW was only significantly nonlinear related to Tmin and SWC (Table 3). The adjusted R2 were 0.956 and 0.781, respectively. When reselected the environmental factors significantly associating with Js or ΔW for model 2, the shapes of the functional forms for the environmental factors with Js and ΔW are similar to the result of model 1. The adjust R2 were 0.956 and 0.668, respectively (Table 4).



Table 3. GAM results of tests for the relationships between Js and △W, and combined environmental variables.







	
Observation

	
Environmental Variables

	
edf

	
F

	
p-Value

	
R2-adj

	
Dev






	
Js

	
R

	
3.409

	
4.641

	
0.001 **

	
0.956

	
96.90%




	

	
Tmax

	
4.364

	
2.848

	
0.017 *




	

	
Tmean

	
1

	
1.592

	
0.211




	

	
Tmin

	
3.897

	
3.842

	
0.004 **




	

	
RH

	
1

	
0.849

	
0.359




	

	
P

	
4.484

	
3.426

	
0.006 **




	

	
VPD

	
3.455

	
6.782

	
0.000 **




	

	
SWC

	
8.59

	
9.134

	
0.000 **




	
△W

	
R

	
1

	
0.479

	
0.491

	
0.781

	
84.20%




	

	
Tmax

	
3.55

	
0.96

	
0.434




	

	
Tmean

	
1

	
0.276

	
0.601




	

	
Tmin

	
4.835

	
8.093

	
0.000 **




	

	
RH

	
3.386

	
1.672

	
0.159




	

	
P

	
1

	
0.344

	
0.559




	

	
VPD

	
6.366

	
0.947

	
0.345




	

	
SWC

	
8.213

	
14.117

	
0.000 **








edf: estimated degrees of freedom; Dev: deviation explained. * p < 0.05, ** p < 0.01.








Table 4. GAM model results for the relationships between Js and △W, and combined environmental factors.







	
Observation

	
Environmental Variables

	
edf

	
F

	
p-Value

	
R2-adj

	
Dev






	
Js

	
R

	
3.637

	
4.152

	
0.003 **

	
0.956

	
96.80%




	

	
Tmax

	
4.536

	
2.702

	
0.024 *




	

	
Tmin

	
3.907

	
3.745

	
0.004 **




	

	
P

	
4.525

	
3.157

	
0.011 *




	

	
VPD

	
3.805

	
10.569

	
0.000 **




	

	
SWC

	
8.503

	
10.274

	
0.000 **




	
△W

	
Tmin

	
5.354

	
14.29

	
0.000 **

	
0.668

	
71.20%




	

	
SWC

	
8.432

	
15.58

	
0.000 **








edf: estimated degrees of freedom; Dev: deviation explained. * p < 0.05, ** p < 0.01.










4. Discussion


4.1. Seasonal Course of Sap Flow Density and Tree Water Deficit


A previous study reported that Js for different species had a nonlinear negative relationship to ΔW when VPD > 0.5 kPa and solar radiation > 150 W·m−2, and that it was related to soil water content [12]. However, we observed a strong nonlinear increase in Js with an increase in ΔW in Qinghai spruce, with Js subsequently gradually stabilizing when ΔW reached over 50 mm (Figure 3). Tree water deficit increased when water loss by transpiration was higher than recharge by root uptake. To meet the needs of transpiration, an increased sap flow velocity was needed. However, due to environmental limitations on sap flow (Figure 3), Js maintained a certain level even though ΔW increased further. In fact, Js declined somewhat when ΔW >170 μm, probably due to low soil water content. Root water uptake was limited, resulting in the closure of leaf stomata [45]. The effects of these conditions may lead to the use of tree storage water for transpiration [34,46], and a further increase in ΔW.




4.2. Environmental Control on Sap Flow Density and Tree Water Deficit


Change in sap flow is a mechanism by which a tree meets its demand for transpiration [47], and sap flow density is directly related to tree water consumption by transpiration. Tree water deficit is an indicator of tree water status. Both of these variables are complex physiological responses to environmental variability. Previous studies reported that sap flow exhibited significant positive correlations with solar radiation, air temperature and vapor pressure deficit [6,11,48,49,50,51]. In our study, the results of single factor GAM models showed that Js increased in a nonlinear mode with increasing R and VPD during May to September (Figure 4). However, Js tended to plateau when R and VPD exceeded a certain value (Figure 4) due to the overriding effect of these factors on stomatal or crown conductance [50,52,53]. A decline in crown conductance [54] and stomatal closure [55] with increasing solar radiation and vapor pressure deficit limited tree water fluxes. Js was also nonlinearly negatively related to RH and precipitation, especially when RH > 60% (Figure 4). The transpiration rate decreased with increasing RH and precipitation, resulting in a lower Js. Js was also negatively related to SWC when SWC < 0.25 m3·m−3. High soil water content is beneficial for root water uptake, increasing sap flow. A number of research papers reported that sap flow was positively correlated with air temperature [6,56,57], and this was consistent with our results. Generally, high air temperature increased transpiration and promoted sap flow.



Tree water deficit represented drought stress in trees, which is a comprehensive response to environmental factors (Figure 5). The significant positive nonlinear relationships between ΔW and R, and ΔW and VPD suggested that drought stress intensified with high solar radiation and vapor pressure deficit. High values of both factors increased water loss by transpiration, exacerbating drought stress [12,58,59]. Several studies reported that ΔW was significantly positively related to air temperature [18,19], which both influence transpiration. In our study, however, ΔW was not significantly correlated with Tmax or Tmean, but was significantly nonlinearly correlated with Tmin (Figure 5); most of the values of Tmin were in the range of 0–10 °C, and ΔW was negatively related to Tmin. Water supply through root uptake at nighttime benefitted from high daily minimum air temperature [60], which reduced tree water stress. ΔW increased with decreasing P and RH. On one hand, precipitation recharged soil water, and more moisture was available, directly alleviating water shortage of trees. On the other hand, due to lower R and VPD and higher RH on overcast or rainy days, transpiration rate was lower, resulting in a decrease in tree water stress [61,62]. Previous studies showed that ΔW decreased with improved soil moisture conditions [3,18,19,43]. ΔW in Qinghai spruce in our study was significantly nonlinearly related to SWC, and ΔW showed an overall decreasing trend with increased SWC. This facilitated moisture absorption by roots when soil water was available, decreasing tree water stress.



The results of multiple factor GAM models showed that Js and ΔW were affected by the combination of environmental factors. Js was not significantly related to Tmean and RH, which may be because the values of VPD were calculated using these two factors. ΔW was affected by Tmin and SWC, indicating that these two factors influenced root water uptake.




4.3. Effects of Environmental Variables on Water Use Efficiency


In our study, WUE reflected a combination of sap flow and stem growth, which was also influenced by environmental factors. In different growth periods, Qinghai spruce exhibited different water use strategies. Previous research showed that the main growth period of Qinghai spruce extended from mid-May to early August [38]. In early May, stem radial changes were due to spring rehydration following winter desiccation and subsequent precipitation [63,64,65]. Stem radial growth ended by late August and fluctuations in stem radial measurements were caused by tree water status [24]. Based on this, we focused on the periods from middle May to early August.



In the middle of May, low WUE was due to lack of soil water resulting in large ΔW. During this dry period, the dividing cells were not elongating due to low turgor pressure resulting in low WUE. In late May and early July, high BAI and low sap flow resulted in high WUE. During these periods, precipitation increased, driving cell division and irreversible expansion of the already existing cells [9,16,38], supplying tree water prompting expansion of stem radial growth, and decreasing the rate of sap flow due to reduced transpiration. A relatively long time period with large ΔW occurred before late May and early July (Figure 2); at that time, the newly-divided cells were likely not elongating due to the low cambium turgor pressure, and commenced elongation when water became available in late May and early July [24]. In the middle of July, precipitation decreased and transpiration increased, resulting in tree storage-water loss and stem radial contraction. Observations showed that a substantial stem radial contraction took place due to water loss several days after rainfall events.



During the growing season, Qinghai spruce exhibited various passive reactions to changes in environmental variables. At the beginning of the growing season, most of the water was used for stem rehydration. In the middle of the growing season, most of the water was used for transpiration under prolonged dry weather; during rainy days, water was used for cell division and irreversible expansion, and after the rain, for transpiration. Thus, precipitation played a vital role in controlling stem growth during the growing season. In the late growth stage, which included cell-wall thickening, most of the water was used for transpiration. With climate warming and increase in extreme events, changes in precipitation patterns will affect Qinghai spruce growth and transpiration.





5. Conclusions


Measurements of sap flow and stem radial changes in Qinghai spruce can be used to study the effects of environmental variables on tree growth. A combined use of sap flow and stem radial changes facilitates research on tree water use efficiency. In our study, the results showed that Js was nonlinearly related to ΔW. The effects of environmental variables on Js were greater than on ΔW. Qinghai spruce exhibited different water use efficiencies in different weather conditions. Water use efficiency exhibited higher values during rainy days than during day days. Precipitation, as the only source of water, was one of the most important factors promoting stem growth of Qinghai spruce in a semi-arid area of the Qilian Mountains.
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