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Abstract

:

Determining plant–water relationships in response to drought events can provide important information about the adaptation of trees to climate change. The Mongolian Scots pine (Pinus sylvestris var. mongolica Litv), as one of the major tree species to control soil loss and desertification in northern China, has experienced severe degradation in recent decades. Here, we aimed to examine the impacts of a two-year consecutive drought and another year of drought on the radial growth, transpiration, and canopy stomatal conductance of Mongolian Scots pine over a five-year period, especially in terms of its recovery after drought. The study period during 2013–2017 consisted of a ‘normal’ year, a ‘dry year’, a ‘very dry’ year, a ‘wet’ year, and a ‘dry’ year, according to annual precipitation and soil moisture conditions. Based on measurements of the sap flow and diameters at breast height of 11 sample trees as well as the concurrent environmental factors, we quantified the reductions in tree radial growth, transpiration, and canopy stomatal conductance during the drought development as well as their recovery after the drought. The results showed that the tree radial growth, transpiration, and canopy stomatal conductance of Mongolian Scots pines decreased by 33.8%, 51.9%, and 51.5%, respectively, due to the two consecutive years of drought. Moreover, these reductions did not fully recover after the two-year drought was relieved. The minimum difference of these parameters between before and after the two-year consecutive drought period was 8.5% in tree radial growth, 45.1% in transpiration levels, and 42.4% in canopy stomatal conductance. We concluded that the two consecutive years of drought resulted in not only large reductions in tree radial growth and water use, but also their lagged and limited recoveries after drought. The study also highlighted the limited resilience of Mongolian Scots pine trees to prolonged drought in semi-arid sandy environmental conditions.
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1. Introduction


The impact of drought on forest ecosystems has received increasing attention in recent decades due to the effects of ongoing climate change, especially in boreal forests, in which drought is considered to be particularly dangerous for tree growth and survival [1,2]. As opposed to short and mild drought where the drought-induced stress may be short-term and be alleviated or recovered with rainfall, prolonged and severe drought may lead to substantial and irreversible ecological changes in forest ecosystems, such as considerable reductions in tree growth [3,4,5], widespread forest degradation [6,7], and even large mortality [7,8,9,10,11]. Drought-induced tree growth decline, as well as tree mortality in pines, are widely reported in many species [12,13,14,15], especially for the Scots pine (Pinus sylvestris), which has a wide geographical distribution throughout southern Europe and the Mediterranean basin [16,17,18,19].



Many parameters are used to describe the variation of trees in morphological and physiological traits with the development of drought [20]. Within these parameters, the changes in transpiration and canopy stomatal conductance are essential to quantitatively evaluate the severity of drought stress, the magnitude of drought resistance, as well as the strength of drought resilience in trees [21,22,23,24,25]. In general, canopy stomatal conductance is sensitive to changes in the atmospheric and soil environments [26,27,28,29]. Therefore, change in canopy stomatal conductance is broadly used to evaluate the drought-resistance ability of trees, as well as to discover its mechanism [30,31]. However, the eco-physiological responses of trees to drought differ among tree species, showing the diversity of tree hydraulic traits [32]. So far, drought-related traits of trees have been widely discussed in many tree species (e.g., Scots pine) [30,33,34]. However, further exploration is needed in longer-term sequences, which serve as a prerequisite for predicting tree growth under climate change conditions.



The degree of drought resistance and resilience in a tree species mostly decides its geographic distribution in terms of individuals and communities [10]. Resilience is defined as the capacity of an ecosystem, community, or individual to recover to their pre-disturbed structures and functions after being disrupted [4,5]. In semi-arid regions, where plants are often exposed to water stress for extended parts of the growing season, trees may thoroughly lose resilience due to hydraulic failure under long-term and severe drought conditions [35,36]. As an application, resilience is an ideal parameter to assess the ability of trees to recover from drought disturbance [37,38,39,40,41].



Mongolian Scots pine (Pinus sylvestris var. mongolica Litv) is naturally distributed in Russia, Mongolia, and northeast China. This tree species has been widely used in afforestation in China since the 1950s, particularly in the ongoing ‘Three-North Shelter Forest Program’, a large-scale desertification project started in northern China in 1978. At present, the plantation area of Mongolian Scots pine shelterbelt forests in China is more than 8 × 105 ha, playing a significant role in reducing wind erosion in northern China. However, a serious decline in the intermediate aged and mature stands of Mongolian Scots pine has been observed [42,43]. These problems have raised public concerns about the causes and mechanism of the decline, as well the degenerative processes [44,45], particularly with regard to the resilience ability of these trees after experiencing prolonged and severe drought.



Mongolian Scots pine is a kind of shallow-rooted tree species, and nearly 98% of roots are distributed within 1 m of the upper soil layer [46]. This means that Mongolian Scots pine can easily suffer from drought stress when drought occurs [47,48]. Specifically, the study area is located in sandy soil and is characterized by low water capacity and little use of groundwater due to its weak capillary rise. Meanwhile, the depth of the groundwater table at present is almost unusable because the groundwater level since 2014 has been lower than the maximum depth of the taproot of Mongolian Scots pine. All these factors indicate that the Mongolian Scots pine in this area is vulnerable to drought stress [45,49]. However, the response of Mongolian Scots pine to drought, particularly to successive and severe drought over a longer time, remains very limited. The acquisition of this knowledge is crucial for judging the resilience ability of Mongolian Scots pine to drought and ultimately helping to identify the degradation causes of Mongolian Scots pine.



The focus of this study was on the multiple-year variations in tree radial growth, transpiration, and canopy stomatal conductance for 35-year-old Mongolian Scots pine growing on sandy soil in a semi-arid environment. The objectives of this study were: (1) to describe the dynamics of tree radial growth, transpiration, and canopy stomatal conductance of mature Mongolian Scots pine during dry-wet exchange over multiple years; (2) to explore the differences in response to drought in terms of tree growth and water use; and (3) to assess the resilience ability of Mongolian Scots pine after prolonged drought.




2. Materials and Methods


2.1. Study Site


The experiment was conducted from 2013 to 2017 at the Zhanggutai National Desertification Control Experimental Station located at the southern edge of the Horqin desert area, Liaoning Province, China (122°22′ E, 42°43′ N, and 226.5 m a.s.l.). We selected a 40 ha section of a 35-year-old Mongolian Scots pine shelterbelt forest as a sample forest. Both inter-row and in-row spacings in the sample forest were 4 m, resulting in a density of 625 stems·ha−1. The climate was semi-arid and continental monsoon. The annual mean air temperature was 7.9 °C over the past 30 years (1983 to 2012), with a frost-free period of 155 days, annual pan evaporation of 1553 mm, and annual precipitation of 475.6 mm, over the same period. About 92% of precipitation falls from May to September (the main growing season). The soil is of Aeolian sand texture, consisting of 84% sand particles (>0.05 mm), 9% silt particles (0.05–0.002 mm), and 7% clay particles (<0.002 mm). The soil bulk density is 1.61 g·cm−3, the capillary porosity is 33%, and the soil is barren with a mean organic matter content of 0.65 g·kg−1 in the upper 1 m soil layer.




2.2. Experimental Layout


The size of sample trees for sap flow measurement was determined in accordance with Kostner et al. [50] and Kume et al. [51]. We randomly selected 11 sample trees in the experimental plot of 400 m2 (20 × 20 m) in the middle of the 40 ha sample forest. The sample trees had similar sizes with diameters at breast height (DBH, at 1.3 m) of 17.2 ± 0.45 cm (mean ± standard error (S.E.)) and tree heights of 9.5 ± 0.15 m (mean ± S.E.) in 2012 (Table 1). Instruments were installed in April 2013, including those for measuring tree sap flow, meteorological variables, and soil moisture, and were used until the end of 2017.




2.3. Meteorological Data


Micrometeorological data, including radiation, air temperature (Ta), relative humidity (RH), wind speed, and precipitation, were measured using an automatic weather station (AR5, Avalon Corp, Inc., Jersey, NJ, USA), located in an open area approximately 50 m away from the experimental plot. Variables were recorded every 10 min by a data logger and subsequently added to hourly and daily values. Hourly vapor pressure deficit (VPD) (kPa) was calculated based on Ta and RH [52].


  VPD = 0.611  e  (   17.502  T a     T a  + 240.97   )   ( 1 − R H )  



(1)








2.4. Measurements of Tree Diameter


We measured the girth at breast height of each sample tree at the end of the growing season each year using a tape measure, which was used to calculate DBH and the tree radial growth increment. Here, we defined the growing season period of Mongolian Scots pine in a year in the study site as being from 1 May to 30 October.




2.5. Soil Moisture Measurements


We measured the volumetric soil water content (θ, cm3·cm−3) at 20 cm intervals in the upper 1 m soil layer at three places in the plot using ECH2O EC-5 probes (METER Group, Inc., Pullman, WA, USA). The data were collected at 10 min intervals and averaged to an hourly or daily scale. The sensor readings were site-specific and were calibrated using the following formula based on the soil-core method: θ = 0.99421 θsensor + 0.00128 (R2adj = 0.94, n = 202, p < 0.001; θsensor are values measured by the sensors). The field capacity (θf) in the 0–1 m soil layer was 0.18 cm3·cm−3 on average, and the permanent wilting point was 0.027 cm3·cm−3 on average. We calculated the relative extractable soil water (REW), which is defined as the quotient between the extractable water and the maximum extractable water [26], to describe relative soil moisture conditions in the site. The threshold value of REW = 0.4 proposed by several reports [26,53,54] was adopted to define soil water stress, which corresponded to a θ value of 0.086 cm3·cm−3 at our site.




2.6. Sap Flux Density Measurements and Canopy Transpiration Estimation


Sap flux density (Js, cm·s−1) in the outer 0 to 3 cm layer of xylem was measured continuously using thermal dissipation sensors (Dynamax Inc., Houston, TX, USA). We installed the sensors at 1.3 m height in the north side of the stems. The distance between the two probes of the sensors was 0.04 m. Only the upper probe was supplied with a constant power of 0.2 W. The sensors were shielded with reflective foil that extended 1 m below and 0.5 m above to minimize any effects from incident radiation. We sealed the foil with the stem above the installation to prevent ingress of raindrops and stem-flow water. The temperature difference between the two probes was recorded at 10 min intervals using SQ2040 data loggers (Grant Instruments Ltd., Cambridge, UK). The measurements continued during the entire growing season each year. Probes were removed from the trees at the end of the growing season each year and were re-installed at the beginning of the next growing season (early April) to minimize possible signal dampening [55]. Js was calculated from the measured temperature differences of the two probes using Granier’s original equation [56].


   J s  = 119 ×   10   − 4     (   Δ  T 0  − Δ T   Δ T   )   1.231    



(2)




where ΔT is the measured temperature difference between the heated and reference needles. ΔT0 is the maximum ΔT when the sap flux density is close to zero, which is determined over approximately 10 consecutive measuring days, using a linear regression [57].



The total sap flow through the section of trunk in a tree (Qt, cm3·h−1) is considered to be equal to canopy transpiration. Qt was calculated based on the measured sap flux density, the correct coefficient, and the sapwood area (As, cm2) at the probe-installed section.


   Q t  =  J s  × 0.56 ×  A s  × 3600  



(3)




where Js is the measured sap flux density in the outer 0–3 cm of xylem. The sap flux density in the inner layers decreased sharply with increasing sapwood thickness due to the relative inactivity of the inner xylem. We adopted the correct coefficient 0.56 based on the radial velocity profile with the radius of Scots pine (P. sylvestris) [57,58] to estimate the averaged sap flux density along the whole sapwood thickness. As was estimated by the DBH (cm) in each year according to the relationships between As and DBH in Mongolian Scots pine using the following equation [59]:


   A s  = 0.7117 × DB  H  1.9472   (  R 2    =   0.99 ,   n   =   25 ) .  



(4)








2.7. Calculation of Canopy Stomatal Conductance


We calculated canopy stomatal conductance (Gs, cm·s−1) from canopy transpiration per unit leaf area (QL) and VPD using a simplification of the inversion of the Penman–Monteith model [60]. Gs was calculated on an hourly basis.


   G s  =   λ  Q L  γ   ρ  c p  VPD   ×  1  36    



(5)




where λ is the latent heat of vaporization of water (MJ·kg−1); γ is the psychrometric constant (kPa·°C−1); ρ is the density of air (kg·m−3), and cp is the specific heat of air (MJ·kg−1·°C−1); QL is canopy transpiration per unit of leaf area (mm·h−1), which is calculated from canopy transpiration (Qt) and whole-tree leaf area (AL) as follows:


   Q L  =    Q t     A L    ×  1  1000    



(6)




where AL (m2 per tree) is the leaf area of a tree calculated by the following local allometric equation [61] (Equation (7):


   A L  = 0.84731 ×   ( DB  H 2  × H )   0.52498   (  R 2    =   0.93 ,   n   =   47 ) .  



(7)







We calculated Gs only when daytime VPD was greater than 0.6 kPa [62]. Daytime was defined as solar radiation above 50 W·m−2, which corresponded to the local time 05:00 to 17:00 (i.e., GMT + 8) in the early growing season (May and June), 06:00 to 17:00 in the mid-growing season (July and August), and 07:00 to 16:00 in the late growing season (September and October).




2.8. Statistical Analyses


A mixed-effects model was used in ANOVA considering the fixed effects and random effects in comparing the mean difference in DBH increment, Qt or Gs between years. The tree sample was entered as a random factor and the year was entered as a fixed factor in the mixed-effects model. ANOVA analysis was performed using SPSS 20.0 (SPSS Inc., Chicago, IL, USA) at α = 0.05 level.





3. Results


3.1. Climate Factors and Soil Moisture


We used the symbol    P ¯    to denote the multiple-year annual precipitation, which was equal to 475.6 mm in the past 30 years (1983–2012) in this region. Compared with the    P ¯    value, the annual precipitation in each year during 2013–2017 was 1.16, 0.81, 0.86, 1.31, and 0.71 times    P ¯   , respectively. (Figure 1a).



The daily average soil moisture in the upper 1 m soil layer (   θ ¯   ) varied between 0.044 and 0.131 cm3·cm−3 during the entire study period. The yearly mean value of    θ ¯    in 2013 to 2017 was 0.098, 0.070, 0.069, 0.102, and 0.083 cm3·cm−3, respectively. The monthly mean    θ ¯    was highly related to recent precipitation (Figure 1a,b). According to the dynamic of    θ ¯   , we divided the five-year study period into two distinct phases. The first phase lasted for 471 days from 1 May 2013 to 11 August 2015, which was characterized by    θ ¯    gradually decreasing from 0.12 to 0.03 cm3·cm−3, which was close to the permanent wilting point of the soil at the study site (0.027 cm3·cm−3). The second phase lasted for 449 days from 12 August 2015 to 31 October 2017, which was characterized by a gradual relief of drought, with    θ ¯    increasing from 0.03 to 0.15 cm3·cm−3. Based on the statistics on    θ ¯   , about half of the time in the study period was in the condition with    θ ¯    lower than the threshold value of 0.086 cm3·cm−3 (Figure 1b). In 2015, severe drought with    θ ¯    lower than 0.02 cm3·cm−3 lasted for nearly 11% of days in the growing season. Based on the comparison of annual precipitation between different years, together with the comparison of soil moisture, we defined 2013 as a ‘normal’ year, 2014 as a ‘dry’ year, 2015 as a ‘very dry’ year, 2016 as a ‘wet’ year, and 2017 as a ‘dry’ year.



There was a significant difference in monthly mean VPD between months in a year (p < 0.01), rather than between years (p = 0.89). The VPD values during the early growing season of the year were generally higher than those in the mid- and late growing seasons (Figure 1c).




3.2. Tree Radial Growth


Tree DBH increased significantly from 17.2 ± 0.45 cm (mean ± S.E.) in 2012 to 20.0 ± 0.56 cm in 2017 (p < 0.01) (Figure 2a). The annual radial increment was 0.71 ± 0.05 cm·yr−1 (mean ± S.E.) in the normal year 2013 but decreased to 0.51 ± 0.07 cm·yr−1 in the first dry year (2014) (p = 0.06) and further decreased to 0.47 ± 0.04 cm·yr−1 in the second dry year (2015) (p = 0.02), compared with that in the first year (2013). The growth increment increased to 0.51 ± 0.05 cm·yr−1 in the wet year (2016) (p = 0.07) and further increased to 0.65 ± 0.05 cm·yr−1 in the following dry year (2017) (p = 0.94) (Figure 2b). Compared with that in the first year (2013), the radial increment significantly decreased in 2015 and did not fully recover even after the drought was alleviated at the end of 2016. The minimum difference in tree radial growth before and after the two-year drought period was 8.5%.




3.3. Transpiration Levels in Different Years


The total transpiration of each sample tree during the growing season was calculated based on the continuous monitoring of sap flux density and the measurement of sapwood area. The average total transpiration of the sample trees significantly differed between years (p < 0.01). On average, the total transpiration of a tree during the entire growing season was 3.68 tons·tree−1 in 2013. In comparison, total transpiration decreased by 17.6% in 2014 (p = 0.29) and decreased by 51.9% in 2015 (p < 0.01). In the ‘wet’ year (2016), total transpiration was 2.02 tons·tree−1, which was slightly higher than that in the ‘very dry’ year (2015) (p = 0.94), but still significantly lower than that in the ‘normal’ year 2013 (p < 0.01). Total transpiration in the third ‘dry’ year (2017) decreased to 1.79 tons·tree−1, representing approximately 49% of that in 2013. Transpiration in the last three years did not differ significantly (p > 0.94) (Figure 3). The annual transpiration reduction after the two-year successive drought period was at least 45.1%.




3.4. Seasonal Dynamics in Tree Transpiration


The daily transpiration per tree (Qt) of Mongolian Scots pine significantly differed between different years. The mean daily Qt was 19.7 kg·tree−1·d−1 in the ‘normal’ year (2013) (Figure 4a) but decreased to 16.5 kg·tree−1·d−1 in the ‘dry’ year (2014) and further decreased to 9.7 kg·tree−1·d−1 in the ‘very dry’ year (2015) (Figure 4b,c). In the ‘wet’ year (2016), the mean value of Qt recovered slightly to 10.7 kg·tree−1·d−1 (Figure 4d) but fell again to 10.2 kg·tree−1·d−1 (52% of that in 2013) in the following ‘dry’ year (2017) (Figure 4e). The maximum daily values of Qt in each year during 2013–2017 were 40.2, 30.9, 16.5, 24.0, and 17.5 kg·tree−1·d−1, respectively.



Statistics on daily Qt in different parts of the growing season in each year showed that, except for the ‘wet’ year 2016, the average daily Qt values differed significantly between the early, middle, and late parts of the growing season in each year (p < 0.01) (Table 2). The mean daily Qt in the early part of the growing season (May to June) was 16.1 kg·tree−1·d−1 for the five years, which decreased in the mid-part of the growing season (July to August) to 13.7 kg·tree−1·d−1 and further decreased to 10.4 kg·tree−1·d−1 in the late part of the growing season (September to October), on average. In 2016, although Qt in the early part and mid-part of the growing season were higher than that in the late part of the growing season, the difference was not significant (p = 0.19).




3.5. Seasonal Dynamics in Canopy Stomatal Conductance


The canopy stomata conductance (Gs) of Mongolian Scots pine during the growing season differed significantly between different years (p < 0.01). In the ‘normal’ year (2013), mean daily Gs performed strongly with a mean value of 0.33 cm·s−1 (Figure 5a). The mean Gs significantly decreased to 0.26 cm·s−1 in the ‘dry’ year (2014) and further decreased to 0.16 cm·s−1 in the ‘very dry’ year (2015) (Figure 5b,c). The mean Gs value increased slightly to 0.17 cm·s−1 in the ‘wet’ year (2016) (Figure 5d), and again increased to 0.19 cm·s−1 in the third ‘dry’ year (2017), which still only accounted for 56% of that in 2013 (Figure 5e). The minimum difference in Gs before and after the two-year drought period was 42.4%. The maximum daily Gs values in each year during 2013–2017 were 0.63, 0.59, 0.36, 0.38, and 0.50 cm·s−1, respectively.



A comparison of the mean daily Gs values in different parts of the growing season in the year shows that the mean daily Gs values between different parts of the growing season significantly differed in ‘dry’ years (2014, 2015, 2017) (p < 0.01) rather than in ‘normal’ and ‘wet’ years (2013 and 2016) (p = 0.26). On average, the mean daily Gs in the mid-part of the growing season was the highest, with a mean of 0.23 cm·s–1. In the ‘very dry’ year (2015), however, both the mean daily Gs and the mean daily Qt in the mid-part of the growing season were significantly lower than those in the early or late part of the growing season, with a slight increase in the late part due to several intensive rainfall events (Table 2). Overall, for each stage of the growing season, there was a significant difference in Gs between different years (p < 0.01) (Table 2), as was also the case for Qt.




3.6. Diurnal Courses of Qt and Gs in Different Years and Different Parts of the Growing Season


We compared the diurnal courses of Qt and Gs on typical sunny days among the ‘normal’ year (2013), the ‘very dry’ year (2015), and the ‘wet’ year (2016). Generally, Qt showed diurnal patterns in different years, with a peak occurring around noon (12:00–13:00) in a day (Figure 6). However, the peak value of Qt in a day obviously differed between different years, with the maximum in the ‘normal’ year (2013) and the minimum in the ‘very dry’ year (2015). The peak value of Gs showed similar variation to Qt between different years. Additionally, Gs increased rapidly in the early morning in a day, with a peak about 0–2 h earlier than that of Qt.



Diurnal courses of Qt and Gs on typical sunny days showed similar patterns in different parts of the growing season. In ‘normal’ and ‘wet’ years (2013 and 2016), the peak values of Qt and Gs in the mid-part of the growing season were higher than those in the early and late parts of the growing season. However, in the ‘very dry’ year (2015), the minima of the peak values of Qt and Gs appeared in the mid-part of the growing season.





4. Discussion


4.1. Drought-Induced Tree Radial Growth Decline


Drought-induced declines in tree growth and increased mortality have been widely reported [8,10,14,41,63]. However, the causes are still controversial and worth exploring further in a larger scope. In this study, the radial increment in Mongolian Scots pine decreased by 34% after a drought that lasted for more than two consecutive years. This significant decline in tree growth due to drought has also been found in other tree species, such as Scots pine. For example, in an inner alpine valley, the radial growth of Scots pines decreased by 10–31% during drought [64]; in Mediterranean mountain areas, radial growth decreased by 25% [65]. Under drought conditions, the shortening of the duration phases of the xylem cell differentiation and the radial-enlargement, which depends on an adequate turgor pressure of expanding cells, resulted in low growth rates and the formation of narrow rings [66,67]. This may be the immediate reason for the drought-induced decline in growth. In general, the drought-induced reduction of cambial activity of trees can be quickly restored once soil moisture conditions improve [68]. However, increases in drought intensity and frequency cause serious damage, which greatly increase the risk of tree growth decline or mortality [4,5].



In this study, compared to the ‘normal’ year (2013), the radial increment of Mongolian Scots pine declined by 28% in the ‘wet’ year (2016) and continued to decline by 8% in the third ‘dry’ year (2017). The radial increment recovered incompletely after the two-year successive drought (Figure 2b). The observation that the recovery of tree growth in Mongolian Scots pine after two consecutive years of drought lagged behind the improvement in soil moisture conditions is in accordance with findings on species of Scots pine and black pine [67]. Deep-rooted tree species exhibit a drought legacy, with reduced growth within four years after a severe drought [41]. These drought legacy effects also appeared in Mongolian Scots pine in our site after the two-year successive drought. The drought legacy effects supported the idea that trees experiencing severe drought redistribute water in favor of rebuilding the root system rather than radial growth [69].




4.2. Drought-Induced Reduction of Water Use


Scots pine responded to drought by rapidly closing the stomata to reduce transpiration in response to drought stress [69]. In this five-year study, the substantial differences in annual precipitation provided an opportunity to study the characteristic of tree water use as a function of seasonal changes in soil moisture. The results indicate that the transpiration of Mongolian Scots pine varied greatly with annual precipitation. The transpiration decreased by 52% after the two-year drought. This drought-induced decline in water use is consistent with previous reports in Scots pine, where transpiration was reduced by 65% during severe drought in 41-year-old Scots pine [69], while transpiration was reduced by 60% in 39-year-old Scots pine [65]. However, we found that when the two-year drought was alleviated, transpiration levels remained 45–51% lower in the last two years than that in the first year (2013) (Figure 3). The ability of water use during the drought-alleviated period had not been fully restored.



Trees absorb water mainly by fine roots, so the turnover of fine roots in a year has a significant impact on the water absorption capability of trees. It was reported that the turnover ratio of the fine roots in Scots pine was about 30% to 86% each year [70]. As the soil dries, the death rate of fine roots increases rapidly, while the productivity of new fine roots increases slowly after drought [71]. In Mongolian Scots pine, more than 85% of roots are located in the upper 0.4 m soil layer. Although this spatial distribution of roots is conducive to maximizing the water capture efficiency in rain-fed ecosystems [46,49], it is not conducive to Mongolian Scots pine using water resources in a wider range, and thus makes the species susceptible to drought. Therefore, a prolonged drought likely causes great mortality of the fine roots, which may be the main reason why it was still difficult for the water use of Mongolian Scots pine to return to its original level in the final year. In order to provide direct evidence for this interpretation, fine measurement of the root distribution before, during, and after severe drought conditions are needed in the future.



Scots pines have migrated to the southern end of their geographical distribution region, which approaches the limit of their adaptability to prolonged and/or repeated droughts [65]. The Mongolian Scots pine trees in this study had been introduced away from their natural distribution area, which is about 1000 km (10° difference in latitude) north of this study site in distance. In the natural distribution area, air temperatures are lower, growing seasons are shorter, and annual precipitation is higher. All of these environmental conditions are conductive to form low atmospheric evaporation conditions as well as the conservative water use traits in Mongolian Scots pine. Considering that the Mongolian Scots pines from relatively lower latitude areas use water less sparingly than Scots pines in higher latitude areas [72], it seems to be reasonable to infer that the Mongolian Scots pine trees growing in the semi-arid sandy land in this study region are susceptible to drought stress due to high atmospheric water demand.




4.3. Limited Recovery after a Prolonged Drought Relief


Drought occurs frequently in semi-arid areas. Most drought events may be short-lived, as they are alleviated effectively in the next few days up to several months if there is strong rainfall. However, long-term and severe droughts can trigger large and irreversible changes in physiological activities and even serious ecological consequences [3,20]. In characterizing a tree’s adaptability to severe drought, it is important to distinguish between the immediate impact from the drought event and the extent to which the physiological activities of the tree after drought relief have returned to normal levels [6]. In our study, after a two-year successive drought during 2014–2015, the tree radial growth incompletely recovered in 2016 and 2017 (only 72–92% of the first year); similarly, transpiration during 2016–2017 accounted for 49–55% of that in 2013, and canopy stomatal conductance during 2016–2017 accounted for 52–58% of that in 2013. The significant declines in canopy stomatal conductance with the decrease in the soil moisture of the Mongolian Scots pine plantation was in line with extensive observations in P. sylvestris [65,73,74,75], indicating a positive response of Scots pines to soil drought.



Trees seem to benefit from declines in Gs because sensitive stomatal regulation is critical to prevent trees from approaching their threshold of critical vulnerability due to excessive loss of water [76,77]. The fine roots in Scots pine die almost immediately when the soil turns dry [71]. This implies that the death of a large number of roots after severe drought directly leads to a reduction in soil–root water transportation, as well as declines in Qt and Gs in Mongolian Scots pines. It was reported that the influence of drought events on tree transpiration and canopy stomatal conductance could be traced back to droughts that occurred six weeks prior [78]. In our study, the legacy effects of drought on water use carried over into the next two years (Figure 3). The reduced resilience of water transfer in Mongolian Scots pine was in accordance with reports on the species of Scots pine [33], P. halepensis Miller [32], and P. palustris Mill [77].





5. Conclusions


This study compared the water use of Mongolian Scots pine by measuring sap flow and environmental factors over a five-year period with contrasting levels of annual precipitation. The drought lasting for nearly two years induced large reductions in tree radial growth increment, transpiration, and daily canopy stomatal conductance by 33.8%, 51.9%, and 51.5% in Mongolian Scots pine, respectively. After the drought was effectively relieved by plenty of rainfall, tree radial growth, transpiration, as well as canopy stomatal conductance recovered, albeit incompletely, during the following two years. The smallest gap between before and after the two-year drought period was 8.5% in tree radial growth, 45.1% in transpiration levels, and 42.4% in canopy stomatal conductance. The results highlight large drought-induced reductions in tree growth and water use, as well as the limited recovery of Mongolian Scots pine in response to two consecutive years of drought.
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Figure 1. Environmental factors: (a) anomalies in monthly precipitation from the long-term averages, (b) monthly mean volumetric soil moisture content (   θ ¯   ) in the 0–1 m soil layer, (c) monthly mean vapor pressure deficit (VPD). The error bars represent standard error (S.E.).    P ¯    is the multiple-year annual precipitation, based on measurements over the 30 years period during 1983–2012. The horizontal line in (b) indicates the lower limit of relative extractable soil water, i.e., 0.4 [56], corresponding to a value of    θ ¯    0.086 cm3·cm−3 in this study. The five years in the study period during 2013–2017 are marked as a ‘normal’ year, a ‘dry’ year, a ‘very dry’ year, a ‘wet’ year, and a ‘dry’ year, respectively, according to annual precipitation and soil moisture conditions. 
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Figure 2. Diameter at breast height (DBH, cm) measured at the end of the season (a), and annual radial increment in DBH (cm·yr−1) of sample trees (b), from 2013 to 2017 in Zhanggutai, Liaoning Province, China. The value is the average of the 11 sample trees. Different lowercase letters indicate a significant difference (p = 0.05). 
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Figure 3. Total transpiration per year (tons·tree−1) during 2013–2017. Values presented are the statistical values of 11 sample trees. Different lowercase letters indicate significant difference between the means (p < 0.05). 
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Figure 4. Seasonal dynamics of daily transpiration per tree (Qt, kg·tree−1·d−1) during the growing season in each year during 2013–2017 were plotted in (a–e), respectively. The circles represent the daily averages, and the whisker lines indicate the standard error (±S.E.) for the 11 sample trees. The dashed lines represent the averages of daily transpiration. 
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Figure 5. Seasonal dynamics of daily mean canopy stomatal conductance (Gs, cm·s−1) in the daytime of the growing season during 2013–2017 were plotted in (a–e), respectively. The circles represent daytime averages. The whisker lines indicate the standard error (±S.E.) from 11 sample trees. The dashed line is the average for the year. 
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Figure 6. Diurnal courses of transpiration (Qt) on sunny days in the early, mid-, and late parts of the growing season in 2013 (the ‘normal’ year), 2015 (the ‘very dry’ year), and 2016 (the ‘wet’ year) were plotted in (a–c), respectively. Canopy stomata conductance (Gs) from the same periods were plotted in (d–f), respectively. The maxima of daily VPD values on sunny days were 2.5 kPa in the early and mid-part of the growing season, with 1.5 kPa in the late part of the growing season, over the entire study period. Three sunny days were selected from the early, mid-, and late parts of the growing season, which were DOY 155, DOY 222, and DOY 285 in 2013; DOY 160, DOY 216, and DOY 278 in 2015; and DOY 149, DOY 233, and DOY 272 in 2016. The bars indicate standard errors from 11 sample trees. The value of Gs was calculated only when hourly VPD > 0.6 kPa. DOY: Day of the year. 
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Table 1. The initial diameter at breast height (DBH), tree height (H), height to live crown (Hb), and sapwood area at DBH height (As) for all sample trees measured before the experiment (in 2012).
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	Sample No.
	DBH (cm)
	H (m)
	Hb (m)
	As (cm2)





	1
	14.3
	9.1
	4.14
	127



	2
	15.1
	9.8
	3.89
	141



	3
	16.1
	9.3
	3.91
	159



	4
	16.9
	8.2
	3.96
	175



	5
	17.7
	9.6
	4.00
	192



	6
	17.7
	9.7
	3.80
	192



	7
	17.8
	9.7
	4.01
	194



	8
	18.1
	9.7
	4.01
	200



	9
	18.2
	9.7
	3.73
	202



	10
	18.6
	9.8
	4.04
	211



	11
	19.1
	9.9
	4.09
	222



	Mean
	17.2
	9.5
	3.96
	183



	Standard Error (S.E.)
	0.45
	0.15
	0.04
	8.9
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Table 2. Daily transpiration and canopy stomatal conductance in different parts of the growing season from 2013 to 2017. Comparisons in each part were calculated using a mixed-effects model.






Table 2. Daily transpiration and canopy stomatal conductance in different parts of the growing season from 2013 to 2017. Comparisons in each part were calculated using a mixed-effects model.





	
Year

	
Mean Daily Transpiration (kg·tree−1·d−1)

	
Mean Daily Canopy Stomatal Conductance (cm·s−1)




	
Early Season 1

	
Mid-Season

	
Late Season

	
Early Season

	
Mid-Season

	
Late Season






	
2013

	
22.8 ± 2.3 Aa

	
23.9 ± 2.6 Ac

	
13.8 ± 1.2 Ba

	
0.30 ± 0.03 Aa

	
0.39 ± 0.04 Ac

	
0.31 ± 0.03 Ab




	
2014

	
20.8 ± 1.6 Aa

	
16.7 ± 1.2 Aa

	
11.9 ± 0.9 Bab

	
0.26 ± 0.02 Aa

	
0.26 ± 0.02 Aa

	
0.19 ± 0.01 Ba




	
2015

	
11.6 ± 0.8 Bb

	
8.5 ± 0.5 Ab

	
9.2 ± 0.6 Abc

	
0.14 ± 0.01 ABb

	
0.11 ± 0.01 Bb

	
0.16 ± 0.01 Aa




	
2016

	
12.6 ± 2.3 Ab

	
12.6 ± 2.0 Aab

	
7.7 ± 1.0 Ac

	
0.15 ± 0.03 Ab

	
0.18 ± 0.03 Aab

	
0.19 ± 0.03 Aa




	
2017

	
11.5 ± 0.9 Ab

	
11.2 ± 0.8 Aab

	
7.6 ± 0.6 Bc

	
0.13 ± 0.01 Ab

	
0.19 ± 0.02 Bab

	
0.17 ± 0.01 ABa




	
mean

	
16.1 ± 1.01 A

	
13.7 ± 1.07 A

	
10.4 ± 0.51 B

	
0.20 ± 0.01 A

	
0.23 ± 0.02 A

	
0.20 ± 0.01 A




	
pyears

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01




	
ptrees

	
0.29

	
0.53

	
0.24

	
0.35

	
0.15

	
0.51








1 The early season means the early part of the growing season in the year, running from 1 May to 30 June, the mid-season is from 1 July to 31 August, and the late season is from 1 September to 31 October. Values presented are the statistical value of 11 sample trees (mean ± S.E.). Different lowercase letters indicate a significant difference between different years. Different uppercase letters indicate a significant difference between different parts of the growing season in each year.
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