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Abstract


Despite the importance of landscape design and water-resources management for urban planning, urban-forest transpiration was seldom estimated in situ. Detailed data on different urban trees’ water resource use and the effect of climatic fluctuations on their transpiration behaviour in different timescales are limited. In this study, we used a thermal dissipation method to measure the sap flux density (Js) of three urban tree species (Pinus tabulaeformis Carrière, Cedrus deodara (Roxb.) G. Don, and Robinia pseudoacacia Linn.) from 1 May 2008 to 30 April 2016 in Beijing Teaching Botanical Garden. The effects of environmental factors on sap flux density (Js) in different timescales were also analyzed. The results showed that there were significant differences in the sap flux density of three trees species in daily, seasonal, and interannual timescales. The hourly, seasonal, and interannual mean sap flux density of Pinus tabulaeformis were higher than that of Cedrus deodara and Robinia pseudoacacia. The seasonal mean Js of Pinus tabulaeformis, Cedrus deodara, and Robinia pseudoacacia in summer were 18.67, 16.19, and 41.62 times that in winter over 2008–2015. The annual mean sap flux density of Pinus tabulaeformis was 1.25–1.72 and 1.26–1.82 times that Cedrus deodara and Robinia pseudoacacia over 2008–2015. The Js responses in three tree species to environmental factors varied differently from daily to interannual timescales. The pattern of day-to-day variation in Js of three urban tree species corresponded closely to air temperature (Ta), soil temperature (Ts), solar radiation (Rs), and vapor pressure deficit (VPD). The Jarvis–Stewart model based on Ta, Rs, and VPD was more suitable for the sap flux density simulation of Pinus tabulaeformis than Cedrus deodara and Robinia pseudoacacia. The main factor affecting the sap flux density of Pinus tabulaeformis and Cedrus deodara was Ta in seasonal timescales. However, the main factor affecting the sap flux density of Robinia pseudoacacia was Ts. The interannual variations in the Js of Pinus tabulaeformis and Robinia pseudoacacia were mainly influenced by wind speed (w) and soil water content (SWC), respectively. The selected environmental factors could not explain the variation in the sap flux density of Cedrus deodara in an interannual timescale. The findings of the present study could provide theoretical support for predicting the water consumption of plant transpiration under the background of climate change in the future.
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1. Introduction


The important services provided by urban plantations has led to the increasing demand for urban afforestation [1,2]. However, increased tree plantations would consume large amounts of water, exacerbating seasonal droughts in semi-arid regions. Therefore it is of significant importance to scientifically select drought-tolerant tree species that could both sustain ecosystem services provision and consume fewer water resources in semi-arid areas [3].



Transpiration is an essential physiological process that would transfer water and mineral nutrients from the soil to plants and keep trees vigorous and healthy. Studies have shown that meteorological factors determine the instantaneous change of transpiration, and soil factors determine the overall level of transpiration [4,5].



Meteorological factors, characterized by solar radiation (Rs), water vapor pressure deficit (VPD), precipitation (Prec), temperature (T), and wind speed (w), are the main external factors affecting tree transpiration [6,7,8,9,10]. Among all of the meteorological factors, air temperature (Ta), soil temperature (Ts), VPD, and Rs could determine transpiration demands, while precipitation could determine soil water supply [11]. It is also known that solar radiation, air temperature, and VPD could control the transpiration rate by influencing stomatal conductance at a diurnal scale [8,12], while soil water conditions may have considerable effects on transpiration at longer timescales [13]. Therefore daily transpiration may be controlled by Ta, Ts, VPD, and Rs when soil water is abundant [14]. But this situation might change such that precipitation is the main factor impacting transpiration when soil water is scarce [15]. Due to the complex factors influencing transpiration, the responses of tree transpiration to increasing water stress are nonlinear [16]. It is necessary to interpret the effects of meteorological factors on transpiration in different timescales through daily observations over multiple years [17,18].



The water use of urban plantations has been seen as being of great importance in horticultural and urban forestry over a long time period. The eco-hydrology of cities from the perspective of the interaction between urban ecology and human ecology have also been seen as being of high interest recently. However, the transpiration of urban forests is a highly uncertain component of municipal water use [19,20]. It is hard to accurately measure transpiration in situ due to the large size, low density, species diversity, and surface heterogeneity in urban plantations. Therefore, few datasets on the transpiration rates of mature urban trees and forests were gathered in the field. Studies are more focused on measuring the total transpiration rate of urban plantations using models [21,22], meteorological measurements [23,24], and the eddy covariance method [25]. These estimates are very important for revealing the water and energy balance of urban plantations but provide little information about direct water use by trees. It is also hard to compare the differences between trees for optimized selection.



The water-use patterns of potted trees arranged in different urban landscape have been investigated [26]. In this study, there were differences in energy budgets, canopy and root balance, and carbon distribution patterns between small potted trees and in situ mature trees [27]. Therefore, the results derived from potted trees or seedlings do not represent the responses of well-grown trees in the urban landscape. A method of measuring xylem sap flow was developed by Granier [28] and can provide a continuous, accurate, and inexpensive estimate of tree transpiration. It has been used to simultaneously monitor the sap flow of multiple species in different urban landscapes [5]. At the same time, combined with the continuous monitoring of environmental parameters at corresponding time scales, the effects of environmental factors on urban tree sap flow can be revealed.



A large number of studies had revealed the variation of sap flow and its influencing factors at daily and seasonal scales [29,30,31], but there are few studies on a long time scale, such as an annual scale. In particular, a comparison of sap flow between different trees and different timescales was rarely performed. The long temporal dynamics of sap flow can provide theoretical support for predicting the water consumption of different species under the background of climate change in the future.



We investigated the sap flux density of Pinus tabulaeformis Carrière, Cedrus deodara (Roxb.) G. Don, and Robinia pseudoacacia Linn. in Beijing, northern China. We hypothesized that the sap flux density of urban trees is affected by the interrelated environmental factors that characterize their surroundings. We aimed to understand the variations in the sap flux density of Pinus tabulaeformis, Cedrus deodara, and Robinia pseudoacacia in 2008–2016 with fluctuating environmental conditions in different timescales. The objectives of the study are: (a) estimating differences in the sap flux density of Pinus tabulaeformis, Cedrus deodara, and Robinia pseudoacacia, (b) investigating the effect of various environmental conditions on the sap flux density of Pinus tabulaeformis, Cedrus deodara, and Robinia pseudoacacia in different timescales over eight years.




2. Materials and Methods


2.1. Study Sites and Trees


The study was conducted in 2008–2016 at Beijing Teaching Botanical Garden (116,500 m2), located toward the center of Beijing (116°25′37″ to 116°25′50″ E, 39°52′20″ to 39°52′28″ N), northern China. The climate is warm temperate semi-arid and is a typical continental monsoon climate. The annual average precipitation is about 585.5 mm, more than 80% of which occurs from May to October. The annual average temperature in the study area is about 11–12°C [32]. The experimental site is a typical urban central green space surrounded by densely populated commercial and residential facilities with heavy pedestrian and motor vehicle traffic [32].



Two evergreen coniferous tree species (Pinus tabulaeformis and Cedrus deodara) and one deciduous tree species (Robinia pseudoacacia) were selected as study species. They are common urban tree species in Beijing. There are significant differences in leaf characteristics and life forms among the different species, indicating the diversity of the tree species selected in this study. Three trees were randomly selected from each species with comparable diameter at breast height (DBH), height, projected canopy area, and sapwood cross-sectional area (Table 1). When the instrument measured the sap flux density of an individual tree, each tree actually represented a replicate in the measurements. Three trees were selected for each species to overcome the measurement errors.




2.2. Sap Flux Density Measurements


Instantaneous sap flux density (Js, mg·cm−2·s−1), that is, flow per unit of sapwood cross-sectional area [32], was continuously measured by thermal dissipation probes (TDP) (Dynamax, Houston, TX, USA) from 1 May 2008 to 30 April 2016. The probe consisted of a pair of matching needles, each containing a copper-constantan thermocouple [28]. The probe was inserted radially into the sapwood of each sampled tree approximately 15 cm apart. The upper probe was continuously heated, and the lower probe was the environmental probe. The probe and adjacent sections of tree stem were first wrapped with a layer of plastic bubble film, then aluminum foil to minimize spurious temperature gradients caused by the stem’s radiant heating and to prevent moisture flow along the trunk from affecting the probes [33]. Based on the temperature difference between the two needles, sap flux density (Js, mg·cm−2·s−1) was calculated by the Equation (1) of Granier’s [28]:


   J s  = 11.899 ×       Δ T m − Δ T   Δ T       1.231    



(1)




where ΔT (°C) is the temperature differences between heated and unheated needles, and ΔTm (°C) is the value of ΔT when sap flux density is zero (generally taken as the peak night-time value of ΔT within several days). The temperatures were scanned continuously every 10 s, and the average value of every 10 min was recorded in data loggers (CR1000, Campbell Scientific Inc., Logan, UT, USA).



The numbers of sensors installed at sampled trees was based on the trunk diameter at breast height (DBH). In this study, two pair of 30 mm long probes (TDP 30) was placed on north and south sides, respectively, of each Pinus tabulaeformis tree with DBH of 15–20 cm. Four pairs of TDP 30 were placed on all four sides of each Cedrus deodara and Robinia pseudoacacia tree with DBH larger than 20 cm. TDP 80 were also installed to measure the longitudinal variation of sap flow density for deeper sapwood pine and cedar, respectively. The sap flux density of each sampled tree was calculated by the average value of all probes. Sap flux recordings were occasionally interrupted during the measurement period due to the equipment malfunctioning. Nonetheless, the trends were apparent. Missing data were filled using different methods, depending on the length of the gap. Gaps of less than two hours were interpolated linearly from adjacent values. Gaps of longer than two hours were filled using the mean diurnal variation method [34]. The interruptions did not statistically affect the data analysis. Annual mean sap flux density was counted from May 1 of one year to April 30 of the following year.




2.3. Environmental Variables


An automated weather station was installed in an adjacent cleared area that was close to the trees selected for the study and was not affected by trees, buildings, and other obstacles in order to record continuous changes of environmental parameters. Environmental variables mainly include air temperature (Ta, °C), solar radiation (Rs, W·m−2), relative humidity (RH, %), soil temperature (Ts, °C), wind speed (w, m·s−1), precipitation (Prec, mm), and soil water content (SWC, %). Air temperature (Ta) and relative humidity (RH) were measured using a thermohygrograph (HMP45C, Vaisala Inc., Helsinki, Finland); wind speed (w) was measured using a wind sensor (034B, Met One Instruments, Grants Pass, OR, USA). These were all installed at a standard 10 m mast. Solar radiation was measured using a pyranometer (CMP-11, Kipp and Zonen, Delft, Netherlands) installed at a standard 1.5 m mast. Precipitation (Prec) was measured by a pluviometer (TE525 MM, Campbell Scientific, Inc., Logan, UT) installed less than 2 m from ground surface. Vapor pressure deficit (VPD, kPa) was calculated from the air temperature and relative humidity by Equation (2), following Campbell and Norman [35].


  V P D = a × exp     b  T a     T a  + c     × ( 1 − R H )  



(2)




where Ta (°C) is the air temperature, RH (%) is the air relative humidity, and constants a, b, and c are 0.61 kPa, 17.50 °C, and 240.97 °C, respectively.



The soil temperature (Ts) probe (109, Campbell Scientific, Inc., Logan, UT) and soil water (SWC) probes (ECH2O, Decagon Devices, Inc., Pullman, WA, USA) were placed between sampled trees at the depth of 10 cm.



These environmental parameters were continuously monitored and were synchronized with the sap flux density measurements. The variation in the environmental parameters and sap flux density of three trees from 1 May 2008 to 30 April 2016 are shown in Figure 1.




2.4. Data Analysis


An analysis of variance (ANOVA) was used to explore the effects of tree species and years on sap flux density. Post-hoc least significant difference tests were performed only when significant differences were detected by ANOVA. The results were regarded as statistically significant or extremely significant when the p value was less than the significance level of 0.05 or 0.01, respectively.



Pearson correlation analysis was implemented to explore the significance of the relationship of the sap flux density for three tree species with environmental influencing factors in different timescales (p < 0.05 or p < 0.01). At a daily scale, the model of sap flux density was developed based on the Jarvis–Stewart equation, due to the nonlinear relationships between the sap flux density and the main influencing factors.



Jarvis [36] proposed a serial empirical formula to express the relationship between leaf stomatal conductance and environmental factors; this formula has been widely used and modified [37,38]. Transpiration and sap flow have also been linked directly with environmental factors by analogy with the stomatal conductance formulation [39,40,41,42]. In this study, we used sap flux density to investigate the environmental controls using Equation (3).


   J s  =  J  max   × f (  T a  ) × f (  R s  ) × f ( V P D )  



(3)






  f (  T a  ) =  e       −  k 1  × (  T a  −  T p   ) 2       T a  +  T p       



(4)






  f (  R s  ) =      R s     R m      ×      R m  +  k 2     R s  +  k 2       



(5)






  f ( V P D ) =  k 3  × V P D ×  e    − V P D    k 4       



(6)







Equations (4)–(6) are stress functions of Ta, Rs, and VPD [36,37,39]. Jmax is the observed maximum value for each tree species during the study periods. Tp is the optimal temperature for maximum sap flux density. k1 and k2 are the rate of change between Js and Ta, Rs, respectively. Rm is the maximum radiation during the study periods. k3 and k4 are the rate of change between Js and VPD at lower and higher atmospheric demand, respectively [39]. Model performances were examined using the coefficient of determination (R2) and the root mean square error (RMSE) between observations and simulations [41].



At seasonal and interannual scales, the models in sap flux density were developed by the multivariate regression equation.



All statistical analyses were performed with SPSS 16.0 software (SPSS for Windows, version 16.0, Chicago, IL, USA). Figures were plotted using Sigmaplot 10.0 software (Sigmaplot for windows, version 10.0, San Jose, CA, USA).





3. Results


3.1. Environmental Variations


Daily variations in major environmental parameters are summarized in Figure 1A–D over 2008–2016. Daily mean Ta and Ts increased from winter to summer ranging from −15.04 °C to 33.11 °C and −3.75 °C to 31.05 °C in each year, respectively. The monthly mean Ta (Ts) varied between −2.47 °C (−0.93 °C) in January and 27.42 °C (26.80 °C) in July. Annual means of Ts varied from year to year, with means of 11.0–14.4 °C. Daily mean Rs had its highest value (419.91 W·m−2) in summer and its lowest value (1.81 W·m−2) in winter (Figure 1A). Monthly Rs was highest in May and lowest in December, with values of 227.57 W·m−2 and 80.87 W·m−2, respectively. Annual mean Rs varied from 136.76 W·m−2 (2009) to 166.25 W·m−2 (2013).



The variation of daily mean VPD was similar with Ta and Rs, with the highest value in summer and lowest value in winter (Figure 1B). Daily mean VPD peaked at 3.96 kPa in July in 2010. Monthly mean VPD varied between 0.35 kPa (in January) and 1.63 kPa (in May). Annual mean VPD varied from 0.86 kPa (2008) to 1.06 kPa (2014). Daily mean RH was higher in summer and lower in spring and winter. The range of daily mean RH was 8.65%–91.14% across eight years (Figure 1D). Annual mean RH was highest in 2008, 51.7%, and lowest in 2014, 46.2%. The maximum of daily mean w occurred mostly in spring (Figure 1D). Annual mean w varied from 0.76 m·s−1 (2015) to 1.05 m·s−1 (2008). Interannual monthly mean Ta, Ts, RH, and Prec were highest in July and VPD was highest in May.



The daily precipitation was concentrated from May to September (>80% of the total) and the lowest value occurred in winter (Figure 1B). Precipitation totaled 4704 mm over the eight years, with the maximum value occurring in 2011 (755.8 mm), which was 61.7% greater than the minimum value (467.5 mm) in 2015. Interannual monthly mean Prec was the highest in July and the lowest in December over eight years, with a value of 1335.9 mm and 12.4 mm, respectively. SWC varied significantly during the year due to urban irrigation but was not regulated by individual rainfall events. The highest values of SWC were in summer and the lowest in winter (Figure 1C). During the period of observation, annual mean SWC was the highest in 2015 (26.95%) and the lowest in 2008 (17.07%).



The pattern of day-to-day variation and the interannual monthly mean variation in the Js of three urban tree species corresponded closely to environmental conditions, such as changes in Ta, Ts, Rs, and VPD (Figure 1).




3.2. Variations in the Sap Flux Density of Different Urban Trees


3.2.1. Daily Variation


The patterns of day-to-day variation in the Js of three urban tree species were shown in Figure 1E. In 2008–2015, the daily mean Js of Pinus tabulaeformis, Cedrus deodara, and Robinia pseudoacacia ranged from 0.0001 to 3.45 mg·cm−2·s−1, 0.0002 to 2.11 mg·cm−2·s−1, and 0.003 to 3.64 mg·cm−2·s−1, respectively. The daily mean Js of three urban tree species gradually increased in spring, peaking in summer with values varying from 2.63 to 3.45 mg·cm−2·s−1, 1.49 to 2.11 mg·cm−2·s−1, and 2.38 to 3.64 mg·cm−2·s−1 and then decreased in winter, over the eight years.



The sap flux density of coniferous species (Pinus tabulaeformis and Cedrus deodara) started up earlier in spring than that of the deciduous specie (Robinia pseudoacacia). The maximum daily mean Js of Pinus tabulaeformis, Cedrus deodara, and Robinia pseudoacacia was 3.38, 3.21, 2.70, 3.04, 3.18, 2.63, 3.45, 2.80 mg·cm−2·s−1, 1.84, 2.11, 1.49, 1.72, 1.74, 1.69, 1.81, 1.61 mg·cm−2·s−1, and /, 3.64, 2.81, 2.80, 2.78, 2.82, 3.11, 2.38 mg·cm−2·s−1 in years from 2008 to 2015, respectively. The maximum of the sap flux density of Pinus tabulaeformis was highest, followed by Robinia pseudoacacia and Cedrus deodara.



The mean diurnal variations of sap flux density of the three tree species were observed on a typical sunny day in each season over eight years (Figure 2). The hourly sap flux density of Pinus tabulaeformis was higher than that of Cedrus deodara in four seasons. The maximum of the hourly sap flux density of Pinus tabulaeformis and Cedrus deodara were at 12:00–13:00 p.m.; the maximum differences were 1.18 mg·cm−2·s−1 and 1.64 mg·cm−2·s−1 in spring and summer, respectively. The maximum of the hourly sap flux density of Pinus tabulaeformis and Cedrus deodara were at 15:00 p.m. and 13:00 p.m. in autumn, respectively, and the maximum difference was 0.66 mg·cm−2·s−1. In winter, the maximum of the hourly sap flux density of Pinus tabulaeformis and Cedrus deodara were at 7:00 a.m., and the maximum difference was 0.12 mg·cm−2·s−1.



The hourly sap flux density of Robinia pseudoacacia was almost zero in spring and winter, which was lower than that of Pinus tabulaeformis and Cedrus deodara. In summer, the hourly sap flux density of Robinia pseudoacacia was consistent with that of Cedrus deodara but lower than that of Pinus tabulaeformis with the maximum difference of 1.31 mg·cm−2·s−1. The sap flux density Robinia pseudoacacia at night was higher than that of Pinus tabulaeformis and Cedrus deodara, and the sap flow started up earlier than them in summer and autumn.




3.2.2. Seasonal Variation


The start-up time of the sap flow of Pinus tabulaeformis and Cedrus deodara (March) was earlier than that of Robinia pseudoacacia (May) in spring and reached the peak at the same time. The interannual monthly mean of the Js of Pinus tabulaeformis, Cedrus deodara, and Robinia pseudoacacia was highest in August with values of 1.91, 1.18, and 1.54 mg·cm−2·s−1, respectively (Figure 3A). The mean Js of Pinus tabulaeformis was higher than that of Cedrus deodara and Robinia pseudoacacia in each month. The mean Js of Robinia pseudoacacia was higher than that of Cedrus deodara from June to October.



The seasonal mean sap flux density of the three tree species was the highest in summer and the lowest in winter (Figure 3B). The seasonal mean Js of Pinus tabulaeformis, Cedrus deodara, and Robinia pseudoacacia in summer were 18.67, 16.19, and 41.62 times that in winter in 2008–2015.



The variations among the three tree species were different in four seasons. In spring, there were significant differences in the mean sap flux density among three trees species (p < 0.05). The mean sap flux density of Pinus tabulaeformis was 53.16% and 228.40% higher than that of Cedrus deodara and Robinia pseudoacacia, respectively. In summer, the mean sap flux density of Pinus tabulaeformis, followed by Robinia pseudoacacia and Cedrus deodara. The mean sap flux density of Pinus tabulaeformis (1.77 mg·cm−2·s−1) was significantly higher than that of Cedrus deodara (1.10 mg·cm−2·s−1) (p < 0.05). There were no significant differences between the mean sap flux density of Robinia pseudoacacia and both Pinus tabulaeformis and Cedrus deodara (p > 0.05). There were no significant differences in the mean sap flux density among the three tree species in autumn (p > 0.05). In winter, the mean sap flux density of Pinus tabulaeformis was highest and that of Robinia pseudoacacia was lowest. The mean sap flux density of Pinus tabulaeformis was 2.95 times that of Robinia pseudoacacia (p < 0.05).




3.2.3. Interannual Variation


The interannual variation in the Js of the three urban tree species was shown in Figure 4. There were no significant effects from the years on the Js of the three tree species, but tree species had significant effects on Js. The annual mean sap flux density of Pinus tabulaeformis was the highest (0.995 mg·cm−2·s−1), followed by Robinia pseudoacacia (0.684 mg·cm−2·s−1) and Cedrus deodara (0.679 mg·cm−2·s−1) over eight years. The annual mean sap flux density of Pinus tabulaeformis was significantly higher than that of Cedrus deodara and Robinia pseudoacacia in 2008, 2012, and 2014 (p < 0.05). There were no significant differences between the mean sap flux density of Cedrus deodara and Robinia pseudoacacia except in 2015 (p > 0.05). The annual mean sap flux density of Pinus tabulaeformis was 1.62, 1.52, 1.44, 1.29, 1.44, 1.45, 1.72, 1.25 (1.45, 1.40, 1.28, 1.26, 1.49, 1.35, 1.82, 1.81) times that of Cedrus deodara (Robinia pseudoacacia) in 2008–2015.





3.3. Response of the Sap Flux Density to Environmental Variables


The responses of the sap flux density for three urban tree species to environmental factors in different time scales were shown in Table 2. The results showed that the correlations between the sap flux density of the three tree species and environmental factors were different in different time scales.



3.3.1. Daily Scale


In a daily scale, the sap flux density of the three tree species was significantly positively correlated with Ta, Rs, VPD, Ts, SWC, and RH and negatively correlated with w (p < 0.01). The correlation coefficients were larger between sap flux density and Ta, Ts, VPD, and Rs and lower between sap flux density and SWC, RH, and w.



The Jarvis–Stewart model was used to construct the equation between sap flux density and environmental factors due to their nonlinear relationships. The Jarvis–Stewart model based on three main environmental variables (Ta, Rs, and VPD) can simulate Js well for the three tree species (Figure 5). The model parameters were fitted with the diurnal sap flow data to form the parameterized Js model of the three tree species (Table 3).



The fitting results showed that the Js model kept high simulation accuracy for Pinus tabulaeformis (R2 = 0.91, p < 0.01), Cedrus deodara (R2 = 0.74, p < 0.01), and Robinia pseudoacacia (R2 = 0.78, p < 0.01). This indicates that the modeling is producing a reasonable description of the observed data. RMSE can reflect the deviation between the fitted and the observed values of the model. The smaller the value of RMSE, the better the effect of simulation. The simulation effect of the model was the highest for Pinus tabulaeformis (RMSE = 0.51), followed by Cedrus deodara (RMSE = 0.60) and Robinia pseudoacacia (RMSE = 0.95).




3.3.2. Seasonal Scale


In a seasonal scale, the sap flux density of the three tree species was also significantly positively correlated with Ta, Rs, VPD, Prec, Ts, SWC, and RH and negatively correlated with w (p < 0.01) (Table 2).



Stepwise regression analysis was adopted to analyze the influence of environmental factors on the sap flux density of the three tree species in a seasonal scale and obtain the relevant equations (Table 4). In a seasonal scale, 89.2% of the variation in the Js of Pinus tabulaeformis was explained by mean Ta and SWC, 84.9% of the variation in Cedrus deodara by Ta, and 90.1% of the variation in Robinia pseudoacacia by Ts, SWC, and w (Table 4; p < 0.05).




3.3.3. Interannual Scale


The correlations between the sap flux density and the environmental factors in an interannual scale were also analyzed (Table 2). The results showed that the annual average sap flux density of Pinus tabulaeformis and Robinia pseudoacacia was significant positive correlated with w and negatively correlated with SWC (p < 0.05). There was no significant correlation between the annual average sap flux density of Cedrus deodara and environmental factors (p > 0.05).



Similarly, stepwise regression analysis was used to analyze the relationship between the sap flux density of the three tree species and environmental factors in an interannual scale (Table 4). The results showed that 68.2% of the variation in the Js of Pinus tabulaeformis was explained by mean w and 64.9% of the variation in Robinia pseudoacacia by SWC. However, there were no environmental factors selected that were entered into the regression equation of the mean sap flux density of Cedrus deodara. The result indicated that the selected environmental factors could not explain the variation in the sap flux density of Cedrus deodara, and the main factors affecting it need to be further studied in interannual scale.






4. Discussion


4.1. Variations in the Sap Flux Density of the Three Urban Tree Species


The physiological structure of trees determines their potential for transpiration [9,43]. The difference in physiological structure among tree species will lead to a difference in canopy and boundary layer conductance and then affect the transpiration of trees [5]. The characteristics of tree species such as age, height, DBH, sapwood allocation, canopy structure, leaf phenology, and leaf area index also resulted in a difference in sap flow among tree species [44,45,46,47]. At the same time, the stomata of tree leaves regulate sap flow in response to environmental changes to ensure their optimal growth [48]. The response mechanism of different tree species to environmental factors was different [49]. Therefore, different tree species with diverging traits regarding environmental variables lead to species-specific differences in transpiration.



In this study, we found that there were significant differences on sap flux density among the three tree species (Figure 1, Figure 2, Figure 3 and Figure 4). The results were similar with Liu et al. [50] and Pataki et al. [45]. The transpiration strategies of different tree species in the same area were different [51,52]. Usually plant sap flow occurs during the day and stops at night due to the closure of stomata in plant leaves. However, in this study, the diurnal dynamics of the three species showed that there was weak sap flow at night, especially in Robinia pseudoacacia. Similar phenomena have been found in many tree species in other regions [29,53]. The possible reason was that the sap flow of the tree was too strong during the day, and the tree loses too much water, leading to the imbalance of water supply and consumption. The root system absorbs water at night to replenish the water deficit during the day [8]. In addition, the stomata of some tree species are kept open at night, driven by environmental factors, to increase sap flow [29].



The start and end times of daily sap flow were different among the three tree species, which may be due to the different water storage capacity of the different tree species. The mean sap flux density of Pinus tabulaeformis was higher than the other tree species. This result was inconsistent with many studies showing that the sap flux density of broadleaved species was higher than that of conifer species [54]. The water transport capacity of the ducts of deciduous trees was stronger than that of the tracheids of conifer trees [55]. At the same time, the leaf cuticle of conifers was thick, and the stomatal conductance was significantly lower than that of deciduous trees [55,56]. This study was located in an urban environment, where trees were susceptible to heat and drought, leading to trunk embolism. Some studies have shown that the embolization vulnerability of ring pore wood species was greater than that of conifers [57], which may be the reason for the lower sap flux density of Robinia pseudoacacia (ring pore wood species) than that of Pinus tabulaeformis.



Evergreen species (Pinus tabulaeformis and Cedrus deodara) had higher sap flux density than deciduous species (Robinia pseudoacacia) in spring and winter [14,58]. However, the annual mean sap flux density of Pinus tabulaeformis was highest and Cedrus deodara was lowest. The main reason is that different tree species had different response and sensitivity to environmental factors, such as stomatal opening [52]. Further, the study indicated that the sap flux density of the three tree species was less during non-growing seasons (November to April) than growing seasons (May to October), which could be partly caused by leaf senescence and shedding in the non-growing season [59]. The annual mean Js in the growing season was 2.65–6.24 times that in the non-growing season in 2008–2015. This study indicated the significant seasonal variation in Js, which is consistent with many previous studies [46,59].



Previous studies had reported low interannual variability in the sap flow of upland forests [60,61]. However, Zhao et al. [46] monitored the annual variation of sap flow in mature Acacia mangium for four years, and the results showed that the total water consumption of transpiration varied significantly between years. Han et al. [62] measured the sap flow of a Pinus sylvestris var. mongolica stand on the southern margin of Horqin sandy land, and the results also showed that there were significant interannual differences in the sap flow of Pinus sylvestris var. Mongolica. The variation of sap flow was consistent with the interannual variation trend of hydrological environment characteristics [63]. In this study, annual Js remained relatively stable over the observation period. The cause may be the adequate soil water in our study site, which was irrigated often in urban areas.




4.2. Environmental Control of the Sap Flux Density of the Three Tree Species in Different Time Scales


In addition to its physiological structure, tree sap flow is also affected by meteorological factors, such as atmospheric temperature, solar radiation, air relative humidity, wind speed, precipitation, and soil factors, such as soil temperature and humidity [64]. The variations in climate lead to substantial seasonal variation in the environmental variables and then tree sap flow variations. Meteorological factors determine the instantaneous change of sap flux density, and soil factors determine the overall level of the sap flow [4,5]. These environmental factors influence the sap flow of trees in various ways [49].



Air temperature and air relative humidity directly affect the sap flow of trees. Solar radiation can determine the change in air temperature and relative humidity and induce the opening and closing of leaf stomata [65]. Vapor pressure deficit (VPD) can be calculated by air temperature and relative humidity, so it can better reflect the change in the transpiration water consumption of trees [66]. Wind speed indirectly affects plant sap flow, mainly by changing leaf temperature, air temperature, and air relative humidity [67]. Soil water content is the main limiting factor of plant growth, which directly affects the absorption of soil nutrients by plant roots [68]. Precipitation is the main natural source to recover soil water, which provides available water for plant sap flow [69,70]. A large number of studies had shown that plant sap flow shows a certain difference in response to environmental factors [29,31,64]. The dominant factors affecting sap flow were different in different regions, tree species, and time scales, which is related to plant response mechanisms to environmental conditions. However, solar radiation and water vapor pressure deficit have always been regarded as the most important meteorological factors affecting sap flow [71,72].



In a daily scale, there were more environmental factors affecting the sap flux density of the three tree species. The main factors affecting the sap flux density of the three tree species were Ta, Rs, VPD, and Ts. The results were consistent with previous studies [32]. The sap flow of urban trees is strongly coupled with atmospheric demand and photosynthetic activity. The results of the Jarvis–Stewart model simulation showed that the sap flux density of different urban tree species had different responses to environmental factors (Ta, Rs, and VPD). The model is more suitable for the sap flux density simulation of Pinus tabulaeformis than Cedrus deodara and Robinia pseudoacacia in this study. The simulation effect of the model was also related to the tree species. This result was consistent with previous studies [41].



In a seasonal scale, the explanatory quantities (84.9%–90.1%) of the variation in sap flux density explained by environmental factors were higher than that in an interannual scale (64.9%–68.2%). The main factors affecting the sap flux density of Pinus tabulaeformis (Cedrus deodara and Robinia pseudoacacia) were Ta and SWC (Ta and Ts, SWC, w). The results indicated that the sap flux density of Robinia pseudoacacia was more affected by soil factors. The increase of soil temperature was beneficial for the root to absorb water and promote sap flow. At the same time, soil temperature affected tree sap flow by controlling soil water content [73]. This study demonstrated the importance of soil temperature on the sap flux density of trees, which should be strengthened in future studies on tree sap flow.



The interannual variations in the Js of Pinus tabulaeformis and Robinia pseudoacacia were mainly influenced by w and SWC, respectively. However, the selected environmental factors could not explain the variation in the sap flux density of Cedrus deodara, and the main factors affecting it need to be further studied. The effect of w on plant sap flow is relatively complex. Wind can take away the humid air around the leaves of trees and accelerate the diffusion of water vapor, thus increasing the sap flow of plants. However, when the wind speed is too high, the leaves lose water rapidly, the plants develop their defense mechanism (stomatal closure of the leaves), and the surface temperature of the leaves decreases, which leads to a reduction in the sap flux density of trees [67]. The mechanism of the influence of wind speed on the sap flux density of trees needed further study. Soil water content was a major determinant of the interannual variation in tree sap flow [74,75]. Yoshifuji et al. [76] found that the interannual variation in the sap flow of a mature plantation in Thailand was positively linked with soil water. The interannual sap flow change was positively correlated with soil water content for a Robinia pseudoacacia plantation on the Loess Plateau [10]. The effect of soil water content on sap flux density was also complex, and the response of sap flux density to soil water content was different with different time, weather and soil depth.



Interannually, the influence of environmental variables on Js has seldom been documented for urban areas. Previous studies have shown that, unlike Ta, Rs, and VPD, which influence sap flow at short time scales, wind speed and soil water availability would be important drivers of sap flow at longer time scales [77]. Our findings were consistent with their conclusions. At long time scales, suitable w and SWC were key factors controlling Js, since moderate wind and water availability were essential for promoting plant growth.





5. Conclusions


We investigated the difference in the sap flux density of Pinus tabulaeformis, Cedrus deodara, and Robinia pseudoacacia and their main environmental influencing factors in different time scales in the urban settings of Beijing. There were significant differences in the sap flux density of the three tree species in daily, seasonal, and interannual timescales in this study. The start-up time of the monthly sap flow of Pinus tabulaeformis and Cedrus deodara (March) was earlier than that of Robinia pseudoacacia (May) in spring and reached the peak in August. The hourly, seasonal, and annual mean sap flux densities of Pinus tabulaeformis were higher than that of Cedrus deodara and Robinia pseudoacacia. The hourly and seasonal mean sap flux density of Robinia pseudoacacia was higher than that of Cedrus deodara in summer. The annual mean sap flux density of Pinus tabulaeformis was 1.25–1.72 and 1.26–1.82 times that Cedrus deodara and Robinia pseudoacacia in 2008–2015. There were no significant differences between the annual mean sap flux density of Cedrus deodara and Robinia pseudoacacia except in 2015. The sap flux density of deciduous species (Robinia pseudoacacia) was lower than that of conifer species (Pinus tabulaeformis). There were no significant effects of years on the Js of the three tree species.



The Js responses of the three tree species to environmental factors varied differently from daily to interannual timescales. The pattern of the day-to-day variation in the Js of the three urban tree species corresponded closely to Ta, Ts, Rs, and VPD. The Jarvis–Stewart model based on three environmental variables (Ta, Rs, and VPD) can simulate Js well for three tree species. The model is more suitable for the sap flux density simulation of Pinus tabulaeformis than of Cedrus deodara and Robinia pseudoacacia. Regression analysis results showed that the main factor affecting the sap flux density of Pinus tabulaeformis and Cedrus deodara was Ta in a seasonal timescale. However, the main factor affecting the sap flux density of Robinia pseudoacacia was Ts. The interannual variations in the Js of Pinus tabulaeformis and Robinia pseudoacacia were mainly influenced by w and SWC, respectively. The selected environmental factors could not explain the variation in the sap flux density of Cedrus deodara, and the main factors affecting it need to be further studied.
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Figure 1. Temporal dynamics of the daily mean air temperatures (Ta), daily mean total solar radiation (Rs) (A), daily mean vapor pressure deficit (VPD), daily precipitation (Prec) (B), daily mean soil temperature at 10 cm (Ts), daily mean soil water content at 10 cm (SWC) (C), daily mean relative humidity (RH), daily mean wind speed (w) (D), and daily mean sap flux density of three trees (E) in Beijing Teaching Botanical Garden, China during 2008 and 2016. 
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Figure 2. Comparison of the diurnal patterns of the interannual mean sap flux density among three urban trees species (Pinus tabulaeformis Carrière, Cedrus deodara (Roxb.) G. Don, and Robinia pseudoacacia Linn.) for four seasons in 2008–2015. Dates are expressed as mean ± SD. 
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Figure 3. Comparison of the monthly mean values (A) and seasonal mean values (B) of the sap flux density among the three urban tree species (Pinus tabulaeformis, Cedrus deodara, and Robinia pseudoacacia) in 2008 to 2015. (Dates are expressed as mean ± SD. Different small letters denote significant differences among three tree species at the significant level of 0.05). 
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Figure 4. Comparison of the annual mean values of the sap flux density among the three urban tree species (Pinus tabulaeformis, Cedrus deodara, and Robinia pseudoacacia) in 2008 to 2015. (Dates are expressed as mean ± SD. Different small letters denote significant differences among the three tree species at a significance level of 0.05). 
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Figure 5. Comparison between the estimated and observed sap flux density of three tree species. 
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Table 1. The information of selected sample trees in the experimental plot.
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	Species
	Number
	DBH/cm
	Height/m
	Canopy Projected AreaAc/m2
	Sapwood AreaAs/cm2
	Length of Thermal Dissipation Probe TDP/mm





	Pinus tabulaeformis Carrière
	1
	17.0
	5.9
	22.0
	163.6
	30



	
	2
	16.2
	5.7
	20.0
	147.5
	30



	
	3
	18.7
	5.8
	23.3
	200.6
	30/80



	Cedrus deodara (Roxb.) G. Don
	1
	23.5
	7.3
	37.6
	300.6
	30



	
	2
	24.2
	6.4
	23.2
	313.5
	30



	
	3
	33.6
	11.2
	59.5
	500.9
	80



	Robinia pseudoacacia Linn.
	1
	40.4
	11.5
	56.7
	138.8
	30



	
	2
	38.6
	12.3
	71.0
	129.6
	30



	
	3
	33.5
	12.1
	43.0
	104.6
	30










 





Table 2. Correlation between the sap flux density of the three urban tree species and the environmental factors at different time scales.
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	Timescales
	Species
	Ta
	Rs
	VPD
	Prec
	Ts
	SWC
	RH
	w





	Daily
	Pinus tabulaeformis
	0.810 **
	0.664 **
	0.775 **
	0.000
	0.787 **
	0.199 **
	0.159 **
	−0.094 **



	
	Cedrus deodara
	0.811 **
	0.596 **
	0.694 **
	0.015
	0.793 **
	0.257 **
	0.212 **
	−0.146 **



	
	Robinia pseudoacacia
	0.751 **
	0.400 **
	0.536 **
	0.137 **
	0.772 **
	0.197 **
	0.420 **
	−0.277 **



	Seasonal
	Pinus tabulaeformis
	0.937 **
	0.658 **
	0.860 **
	0.614 **
	0.934 **
	0.312 **
	0.598 **
	−0.319 **



	
	Cedrus deodara
	0.922 **
	0.613 **
	0.806 **
	0.607 **
	0.921 **
	0.387 **
	0.613 **
	−0.422 **



	
	Robinia pseudoacacia
	0.851 **
	0.372 **
	0.671 **
	0.637 **
	0.879 **
	0.224
	0.785 **
	−0.620 **



	Interannual
	Pinus tabulaeformis
	0.029
	−0.377
	−0.305
	−0.187
	−0.203
	−0.749 *
	0.229
	0.826 *



	
	Cedrus deodara
	−0.207
	−0.347
	−0.490
	0.096
	−0.102
	−0.597
	0.371
	0.524



	
	Robinia pseudoacacia
	0.109
	0.050
	−0.240
	0.190
	0.098
	−0.806 *
	0.240
	0.797 *







Ta, air temperatures; Rs, total solar radiation; VPD, vapor pressure deficit; Prec, precipitation; Ts, soil temperature at 10 cm; SWC, soil water content at 10 cm; RH, relative humidity; w, wind speed. *, p < 0.05; **, p < 0.01.













 





Table 3. Parameters from the optimization of the modified Jarvis–Stewart model estimating the sap flux density for the three tree species.
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	Species
	Jmax
	Tp
	k1
	k2
	k3
	k4





	 Pinus tabulaeformis 
	4.68
	26.90
	0.29
	136.39
	1.23
	2.23



	 Cedrus deodara 
	3.05
	27.35
	0.16
	220.53
	1.14
	1.67



	 Robinia pseudoacacia 
	4.13
	29.97
	0.18
	173.47
	0.90
	2.05










 





Table 4. Multivariate regression equation of the mean sap flux density and the selected main environmental variables in seasonal and interannual scales in 2008–2015 in Beijing Teaching Botanical Garden. The determination of the variables was shown, and the insignificant parameters were automatically eliminated from the regressions model.
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	Timescales
	Species
	Equation
	 R2
	 p





	Seasonal
	Pinus tabulaeformis
	y = 0.431 + 0.066Ta − 0.014SWC
	0.892
	0.002



	
	Cedrus deodara
	y = 0.154 + 0.038Ta
	0.849
	<0.001



	
	Robinia pseudoacacia
	y = 1.152 + 0.050Ts − 0.028SWC − 0.636w
	0.901
	<0.001



	Interannual
	 Pinus tabulaeformis
	y = 0.063 + 1.045w
	0.682
	0.011



	
	 Robinia pseudoacacia
	y = 1.300 − 0.028SWC
	0.649
	0.016







Ta, air temperatures; Rs, total solar radiation; VPD, vapor pressure deficit; Prec, precipitation; Ts, soil temperature at 10 cm; SWC, soil water content at 10 cm; RH, relative humidity; w, wind speed.
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