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Abstract:



The semi-arid region of China’s Loess Plateau is characterized by fragile ecosystems and a shortage of water resources. The major natural forest type in this region is the secondary forest with the flora dominated by the Liaodong oak (Quercus liaotungensis Koidz.). To understand its transpiration water use in relation to environmental factors, we applied Granier-type thermal dissipation probes to monitor stem sap flows of 21 sample trees, representing different classes of diameter at breast height in a permanent plot. The stem- and stand-scale transpiration values during the 2008–2010 growing seasons were estimated using measurements of sap flux densities and corresponding sapwood areas. The dominant factors affecting stand-scale transpiration varied with time scales. Daily stand transpiration correlated with daily solar radiation and daytime average vapor pressure deficit. Seasonal and interannual changes in stand transpiration were closely related to leaf area index (LAI) values. No obvious relationship was observed between monthly stand transpiration and soil moisture or precipitation during the period, probably as a result of both the hysteretic effect of precipitation on transpiration, and changes in LAI throughout the growing season. Stand transpiration during the three growing seasons ranged from 75 to 106 mm, representing low to normal values for the semi-arid forest. The proportion of transpiration by oak trees in the stand was stable ranging from 60% to 66% and corresponded to their basal area proportion of approximately 59%. The results suggest that the natural forest consisting mainly of oak trees is in a formal stage of forest development that maintains a normal magnitude of annual water consumption.
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1. Introduction


Water circulation is one of the vital processes in terrestrial ecosystems and is crucial for both environmental and economic development in arid and semi-arid regions. The ecological distribution of various vegetation types is closely related to water availability [1,2]. Proper forest management relies on maintaining sustainable water balances [3]. It is generally considered that the minimal precipitation level that differentiates warm temperate forests from grasslands (i.e., balancing the evapotranspiration demand) is approximately 500 mm [4]. However, in mountainous topography, water cycling in a forest is particularly complex owing to the drastic temporal and spatial changes of the inflow and outflow components [5]. Quantification of water use by trees and stands is a primary approach to elucidate the ecological and hydrological processes in a forest ecosystem [6,7].



China’s Loess Plateau region suffers from shortages of water resources, vegetation degradation in fragile ecosystems, and severe soil erosion during the rainy season [8,9,10]. The central part of the plateau has sub-humid and semi-arid climates and consists of forest-grassland transitional ecosystems with drought-resistant species of trees and shrubs [11,12,13,14]. In the past decades, protection of natural forests and reforestation with fast-growing trees have been applied for ecological restoration. There have been reports that the planted forests in this semi-arid region frequently result in an extremely dry horizon owing to the negative soil-water recharge over the years (e.g., [15]). In contrast, on a regional scale, Zhang et al. [10] found that the streamflows were reduced after the use of restoration practices in this region. On a catchment scale, Jian et al. [16] measured the water balance and found that precipitation could not meet evapotranspiration in slopes with planted forest and shrubs in the semi-arid loess area. The Liaodong oak (Quercus liaotungensis Koidz.) dominated forests have advantages over the common plantations, such as their ecological adaptations, provision of multiple services, and sustainability [17,18,19]. These secondary forests constitute the major types of natural forest ecosystems and were widely distributed in the past [14,19]. It is also suggested that compared with the planted forests in this region, the oak ecosystems created beneficial inner stand environments, significantly decreased surface runoff, and markedly reduced soil erosion [20]. However, knowledge about the hydrological process, especially the quantitative estimation of water use components in this ecosystem, remains inadequate.



Several methods have been employed to investigate forest evapotranspiration, including measurement of the soil water balance, calculation of micrometeorological parameters, and up-scaling of leaf or stem measurements. Measurement of tree transpiration is essential for the investigation of forest evapotranspiration, and dominant trees especially contribute to the dynamics of stand transpiration [21,22]. The Granier-type thermal dissipation probe (TDP) method has been increasingly used to measure the whole-tree water use because of the resulting simple sap flow calculations, high accuracy and temporal resolution, and little influence from heterogeneous topography on the values [23,24,25]. There are a few studies on the variation in sap flow along the radial profiles of sapwood [26,27], sap flow characteristics, and climatic responses in oak trees [28] based on TDP and similar methods. For example, Tateishi et al. [29] reported the effect of spatial variations in sap flow on stem-scale water-use calculations in Q. glauca trees; in their study, stand-scale transpiration and its seasonal changes were investigated in plantations of black locust near the present research area [18,30]. However, few studies have been conducted on sap flow measurements across seasons either in individual trees or at the stand level of this semi-arid natural oak forest.



In the present study, we monitored stem sap flow, estimated stand transpiration, and evaluated the intra- and inter-annual variations in stand transpiration for three years (2008–2010) in a secondary natural oak forest in the semi-arid area of China’s Loess Plateau. Our objectives were to (1) quantify the seasonal and annual patterns of transpiration of the oak forest at the tree- and stand-scale; (2) examine the influence of the stand and environmental factors on stand transpiration. This study enriches the database necessary for assessing the forest stand water balance and provides valuable information for forest management in this region.




2. Materials and Methods


2.1. Study Site


The study was conducted from 2008 to 2010 at the Mt. Gonglushan site (36°25.4′ N, 109°31.53′ E; 1353 m above sea level) near Yan’an city of Shaanxi Province, China. The area is at the margin of the natural forest distribution—bordered by the steppe zone to the north—and has a temperate semi-arid climate [9,12]. The mean annual precipitation and air temperature during 1971–2010 (obtained from the local meteorological station) were 504.7 mm and 10.1 °C, respectively [31]. Approximately 71% of the total annual rainfall is distributed between June and September, with a relatively dry period between April and June. A detailed description of the study site has been presented by Tateno et al. [19].



A permanent oak-dominated natural forest research plot (20 m × 20 m) has been in place since 2007. The stand sits on a northeast-facing slope with a declination of 22° and the upper story oak trees (Q. liaotungensis) are approximately 60 years old. Besides Q. liaotungensis, other species include Armeniaca sibirica L., Acer stenolobum Rehd., Platycladus orientalis (L.) Franco (an evergreen conifer), Ulmus macrocarpa Hance, Euonymus bungeanus Maxim., and several other species of small trees and shrubs. Average tree diameter at breast height (DBH, 1.3 m above the ground) and the tree basal area values for different years are shown in Table 1. The leaf area index (LAI) in the plot was measured once a month during the growing seasons (April to October) using a plant canopy analyzer (LAI-2000, Li-Cor, Lincoln, NE, USA). The basal area of oak and apricot trees covered approximately 86% of the total stand basal area at the site. Tree density was 1350 trees∙ha−1 and mean canopy height was 6.4 m. In order to cover the range of diameters found in the stand, we selected 11 oak trees, 6 apricot trees, and one each of the 4 other species for the installation of TDPs.



Table 1. Summary of climatology and stand characteristics over the three years.







	
Variable

	
Year




	
2008

	
2009

	
2010






	
Diameter at breast height (DBH, cm) of all trees

	
11.80 ± 5.81

	
11.93 ± 5.23

	
12.20 ± 5.51




	
DBH of oak trees

	
12.76 ± 1.09

	
12.91 ± 1.10

	
13.32 ± 1.13




	
Stand basal area (BA, m2∙ha−1)

	
19.04

	
19.45

	
20.02




	
BA of oak trees (m2∙ha−1)

	
11.09

	
11.33

	
12.04




	
Stand leaf area index (LAI)

	
1.53–3.1

	
1.45–3.45

	
1.5–3.36




	
Soil moisture (θ, %)

	
9.0–12.4

	
6.9–14.7

	
8.3–16.0




	
Mean daily solar radiation (Rs, MJ∙m−2)

	
17.0 ± 0.51

	
17.2 ± 0.55

	
17.1 ± 0.53




	
Mean daily air temperature (T, °C)

	
16.2 ± 0.33

	
16.9 ± 0.33

	
16.0 ± 0.43




	
Mean daily daytime vapor pressure deficit (VPDm, kPa)

	
1.22 ± 0.05

	
1.20 ± 0.06

	
0.99 ± 0.05




	
Total gross precipitation (P, mm)

	
526

	
700

	
564








Note: The measurement of DBH was conducted before the growing season (March) in each year (Mean ± Standard errors, n = 54). Others (LAI, θ, Rs, T, and VPD) only cover the growing seasons from April–October (Mean ± SE for meteorological data, n = 214).









2.2. Meteorological Variables and Soil Water Content


Meteorological variables, including solar radiation (Rs, W∙m−2), air temperature (T, °C), relative humidity (RH, %), and precipitation (P, mm), were measured in an open area near the forest. Solar radiation was measured using a pyranometer (LI-200, Li-Cor, Lincoln, NE, USA). Air temperature and relative humidity were measured using a thermohygrograph (HMP50, Vaisala, Finland). Precipitation was measured using a tipping bucket rain gauge (Davis Rain collector II model 7852, Davis Instruments, Hayward, CA, USA). The pyranometer and thermohygrograph were mounted at a height of 2 m above the ground. The rain gauge was placed horizontally at a height of approximately 0.5 m. These measurements were sampled every 30 s and were recorded as 30-min averages in a data logger (CR10X, Campbell Scientific, Logan, UT, USA). Half-hourly vapor pressure deficit (VPD, kPa) was calculated from the temperature and relative humidity according to Campbell and Norman [32]. The mean daily daytime vapor pressure deficit (VPDm, kPa) was calculated as the average of VPD over the hours of 6:00–20:00 for each day.



Volumetric soil water content (θ, %) was measured using a time-domain reflectometry (TDR) moisture measurement system (TRIME, IMKO Micromodultechnik, Ettlingen, Germany) at three representative points within the plot. The measured data were calibrated using an equation established at the study site, based on gravimetric water levels from drilled soil cores and soil bulk density along the soil profiles.




2.3. Sap flow Measurements and Sapwood Area Estimates


Granier-type sensors [33] were used to measure xylem sap flow of 21 trees representing different DBH classes in the plot. DBH of these trees ranged from 5.83 to 24.99 cm in 2008, and the number of selected trees in each DBH class corresponded to the frequency distribution of DBH in the plot. Each sensor consisted of two cylindrical probes (10 mm long, 2 mm in diameter)—a continuously heated upper probe and an unheated lower probe. The upper heated probe included a heater that was continuously supplied with a constant power of 0.15 W while the lower unheated probe served as a temperature reference [34]. The probes contained copper-constantan thermocouples at the center to monitor the temperature, and were installed vertically 10–15 cm apart on the north side of a stem at approximately 1.3 m in height. The temperature difference between the two probes was measured every 30 s and was recorded as 30-min averages by a data logger (CR1000, Campbell, Logan, UT, USA) with a multiplexer (AM16/32, Campbell, Logan, UT, USA). Other technical details can be found in previously published materials [17,27]. Sap flux density (Fd) through the sapwood where the heated probe was located was calculated on the basis of the temperature difference between the two probes using the Granier empirical equation [33].



Considering the influence of radial and circumferential variations of Fd on the whole tree transpiration estimates, we installed multiple sensors on some individuals with relatively large diameters [27,35]. We placed two sensors on these large individuals, one each on the north and south sides of the tree. Fd values from both sensors were averaged, and any calculations of whole-tree transpiration for oak trees with sapwood wider than the probe length were corrected using the previous radial variation results.



Sapwood areas and thicknesses of the trees were calculated by core sample analysis. The sapwood of all these species was easy to distinguish from the heartwood based on color. For the oak and apricot trees, relationships between the sapwood area (AS) and DBH were established using power curve equations for the estimation of all the trees each year [36].




2.4. Calculation of Stand Transpiration


Stand transpiration was up-scaled from the stem-scale estimates, which were grouped according to species using the following equations [37,38,39]:


[image: there is no content]



(1)




where ET and Ei are transpirations of the total stand and species i, respectively (n is the species number). Ei values were computed from the mean sap flux density values (Jsi) and the corresponding sapwood area relative to the ground as:
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(2)




where ASi and AG are the total sapwood areas of the species and ground-projected area of the plot, respectively. For species with more than one DBH class (oak and apricot), Jsi was calculated as a weighted average according to the contribution of DBH classes:
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(3)




where Fdij is the mean sap flux density in DBH class j of the species (k is the number of classes), and ASj and ASi are the sapwood areas in the DBH class and the total sapwood area of the species, respectively. The units for ET, Ei, Jsi, and Fdij in the above equations are basically identical and are mm∙day−1 or mL∙m−2∙s−1 depending on the time scale.



For a specific DBH class, Fdij was also computed as a weighted average of the measured Fd corresponding to the sample trees’ sapwood areas. For oak trees, those with DBH > 8 cm were estimated and defined as having a sapwood thickness of >15 mm. Therefore, Fdij for these DBH classes was corrected to minimize the error from the radial variations based on the contribution of sap flux through the outer sapwood annuli (0–10 mm) relative to the total sap flux of sapwood area with 20 and 30 mm thicknesses as reported by Zhang et al. [27]. The radial variations in Fd of other species were not considered. In this study, Js and ET were integrated over one day to provide daily values at the stand scale; daily averages of Fd were computed for stem-scale estimates. The missing data for daily stand- and stem-scale transpirations due to occasional power losses were interpolated from VPDm using the exponential saturation model fitted by the data of the same month during which variations in the tree growth and soil conditions were considered insignificant [17,40,41].





3. Results


3.1. Sapwood Area Estimates


Regression equations of AS and DBH of oak and apricot trees were derived from the measurements of increment cores sampled around the plot as AS = 0.547DBH1.800 (R2 = 0.94) and AS = 0.893DBH1.407 (R2 = 0.86), respectively (Figure 1). Based on these equations, the sapwood area of each individual tree in the plot was calculated for each year. The AS of individual trees in the plot ranged from 2.37 to 179.42 cm2. In 2008, 2009, and 2010, the AS of oak trees in the plot were 0.1647, 0.1679, and 0.1774 m2, respectively, and the overall AS values of the plot were 0.2356, 0.2398, and 0.2506 m2, respectively.


Figure 1. Regressions of sapwood area (As) with the diameter at breast height (DBH) for oak (a) and apricot (b) trees.
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3.2. Meteorological Conditions, LAI, and Soil Water Content


Mean daily solar radiation (Rs), air temperature (T), and daytime vapor pressure deficit (VPDm) during the three growing seasons are shown in Table 1. Mean daily Rs did not clearly differ among the three growing seasons (approximately 17 MJ∙m−2). The inter-annual variation in VPDm was noticeable, as it varied from 1.22 through 1.20 to 0.99 kPa.



Over the three years, gross precipitation at the study site varied largely in both the total amount and monthly distribution (Table 1, Figure 2c). The annual sums were 526 mm (2008), 700 mm (2009), and 564 mm (2010). Precipitation was typically scarce in April and May and mainly occurred from July to September, in concordance with the long-term rainfall distribution pattern in the region. The precipitation in June varied greatly over the three years; while precipitation reached 108 mm in 2008, it was only 16 mm in 2009.


Figure 2. Leaf area index (a); volumetric soil water content (b); monthly precipitation (c); and stand transpiration (d) for the site in 2008–2010. Precipitation is presented for all months, while other variables cover growing seasons only. Soil water contents are averages from three 1-m depth profiles. Transpiration estimates are presented for oak trees (EQ) and all trees (ET) in the plot.
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LAI of this forest ranged between 1.45 and 3.45 in the three years (Table 1, Figure 2a). Oak follows the flushing pattern of leafing, with a sharply increasing LAI in spring, a maximum LAI in June, and a smooth plateau in LAI until September (with occasional exceptions). In 2009, the site experienced very little rainfall and low soil moisture in June and exhibited a lowered LAI in July. Given that oak trees gradually lose their leaves during the winter, the LAI at the end of the growing season was higher than that at the beginning.



Soil water content exhibited large variations over the three years. Changes in soil water content generally reflected the refilling from precipitation events. The spring of 2010 showed relatively high soil water content with respect to the other years, probably due to copious rainfall in the previous months (Figure 2b,c).




3.3. Transpiration at the Stem-Scale


We investigated monthly cumulative transpiration by oak trees at the stem scale. Figure 3 presents the relationships between monthly tree transpiration (Qm) and DBH during the growing season in 2009 as an example. Cumulative monthly tree transpiration in the plot was strongly related to DBH and could be expressed using the model y = axb. The DBH explains over 70% of the variation in Qm. However, the regression coefficients varied across the growing season, probably owing to the changes in environmental factors. Although the relationships of daily, monthly, and yearly sample tree transpiration versus DBH could also be well fitted by this model (data not shown), DBH was not related to individual tree transpiration in apricot trees. This might be attributable to the close correlation among transpirable crown size, sapwood area, and DBH in the canopy dominant oak trees and the contrasting weak correlation in apricot trees. The regressions across the months exhibited similar magnitudes of transpiration for all sizes of oak trees, except for the later months.


Figure 3. Relationships between monthly individual tree water use of oak trees (Qm) and DBH in different months of the 2009 growing season.
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3.4. Stand Transpiration


Daily stand transpiration values were calculated based on species-specific estimates of transpiration in the stand. Regression equations of daily stand transpiration (ETd) with VPDm and Rs were established for each month during these growing seasons. The relationship between ETd and VPDm was fitted using the exponential saturation model, and the relationship between ETd and Rs was fitted using linear equations. Table 2 presents the monthly relationships of ETd with VPDm and Rs in 2009 as examples. ETd strongly correlated with VPDm and Rs. The missing daily stand transpiration data (due to occasional power losses) were filled in using VPDm and the corresponding month’s equations.



Table 2. Fitted equations for daily stand transpiration (ETd) with mean daytime vapor pressure deficit (VPDm) and total solar radiation (Rs) for each month during the growing season of 2009.







	
Month

	
ETd vs. VPDm

	
R2

	
ETd vs. Rs

	
R2






	
May

	
ETd = 0.726(1 − Exp(−1.634VPDm))

	
0.89

	
ETd = 0.063 + 0.023Rs

	
0.88




	
Jun

	
ETd = 0.612(1 − Exp(−1.209VPDm))

	
0.63

	
ETd = 0.245 + 0.013Rs

	
0.51




	
Jul

	
ETd = 0.633(1 − Exp(−2.424VPDm))

	
0.59

	
ETd = 0.190 + 0.018Rs

	
0.61




	
Aug

	
ETd = 0. 639(1 − Exp(−2.744VPDm))

	
0.88

	
ETd = 0.141 + 0.023Rs

	
0.74




	
Sep

	
ETd = 0.714(1 − Exp(−2.425VPDm))

	
0.93

	
ETd = 0.068 + 0.034Rs

	
0.89




	
Oct

	
ETd = 0.553(1 − Exp(−1.335VPDm))

	
0.44

	
ETd = −0.56 + 0.031Rs

	
0.61








Note: All the regressive equations are significant as p < 0.0001.








Monthly stand transpiration (ETm) values were integrated and their relationships with stand and environmental factors were analyzed. Although no obvious relationship was detected between ETm and either monthly mean θ or monthly P within these three growing seasons (Figure 4a,b), the analysis showed a significant linear correlation between ETm and LAI (p < 0.01) (Figure 4c). In addition, a significant linear correlation was observed between the cumulative stand transpiration at monthly intervals through the growing season and the corresponding cumulative precipitation within each year (Figure 4d) (the regression slopes were different among years). This provides some information about the proportion of tree transpiration that corresponds to gross rainfall. Although the gross precipitation was the lowest in 2008, transpiration was the highest, probably owing to the relatively large LAI in early summer and higher VPDm during the year.


Figure 4. Relationships between monthly stand transpiration and monthly mean soil volumetric water content (a); monthly precipitation (b); and monthly leaf area index (c) in the growing seasons from 2008 to 2010; (d) the relationship between cumulative stand transpiration at monthly intervals through the growing season and corresponding cumulative precipitation within each year.
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During the three growing seasons, the total transpirations of the oak trees in the plot were estimated to be 63.93, 55.52, and 46.81 mm, respectively (Table 3). Total stand transpirations during the three growing seasons were estimated to be 106.47, 83.30, and 75.27 mm, respectively. The proportion of transpiration by oak trees was relatively stable over the years, ranging from 60% to 66%.



Table 3. Transpiration (E) and proportion of stand transpiration of different species in three years.







	
Species

	
E (mm)

	
Species Contribution (%)




	
2008

	
2009

	
2010

	
2008

	
2009

	
2010






	
Oak

	
63.93

	
55.52

	
46.81

	
60.05

	
66.65

	
62.19




	
Apricot

	
22.24

	
18.40

	
18.57

	
18.61

	
22.73

	
23.53




	
Others

	
20.30

	
9.38

	
9.89

	
16.99

	
11.60

	
12.54




	
Total

	
106.47

	
83.3

	
75.27

	
100

	
100

	
100












4. Discussion


4.1. Stem-Scale Transpiration Estimate and Influencing Factors


Stem-scale transpiration of oak trees was significantly related to the stem DBH at a monthly time scale (Figure 3). The difference in the parameters of the fitted curves across the months might be caused by other internal or environmental factors (e.g., soil moisture conditions). Nonetheless, similar magnitudes of transpiration were observed (with the exception of the later months). Vertessy et al. [36] showed that mean daily transpiration was strongly related to DBH in mountain ash trees. Jung et al. [42] also detected an agreement between the measured and estimated transpirations using a constructed relationship with DBH. Köstner et al. [43] suggested that whole-tree water use could be even more closely related to tree circumference or diameter than the sapwood area. Considering that DBHs are straightforward to measure, it was possible to make reliable assessments of the related stand parameters in the dominant oak trees. However, we did not detect such an obvious relationship in apricot trees. This inconsistency might be attributed to the dominance and hierarchical positions of individuals in the stand [44,45]. Compared to that of dominant trees, the lower trees are less exposed to radiation intensities and VPD, and hence exhibit lower transpiration and possibly other differences [46]; in the natural oak forest, the height of the apricot trees was generally lower than that of the oak trees. Nevertheless, DBH might play a promising role in estimating tree or stand transpiration in a pure stand.




4.2. Stand Transpiration Characteristics


Natural forests usually have complicated compositions, with diverse species and heterogeneous sizes. Transpiration estimates in such forests are generally conducted species-specifically for adult trees. Based on our previous studies on the variation in Fd across the radial xylem profiles in oak trees, we applied corrections for sap flux estimates to oak trees that had sapwood wider than the probe length [27]. Neglecting this radial variation would induce significant errors in the estimates of tree and stand water use [26,47,48], with systematic errors in whole tree water use from 90% reaching up to 300% [49]. In this study, if Fd was assumed to be uniform over the sapwood depth, transpiration of oak trees would have been overestimated by 25% (2009) to 42% (2010). This was consistent with the analysis by Kume et al. [26] which indicated a possible overestimate of 43%.



Our results also suggest that the factors influencing the tree or stand transpiration vary with time scales. On a seasonal or annual time scale, transpiration was largely controlled by phenological (e.g., LAI) and climatic factors (e.g., Rs and VPD). In the temperate deciduous forests, the dominant factor controlling the seasonal canopy conductance and stand transpiration is the degree of foliation [50]. The amount of foliage is mostly responsible for the transpired water, and therefore, the canopy photosynthesis [51]. Prediction of transpiration as a function of LAI has been developed in crop species to quantify the amount of water needed for irrigation [52].



Among the environmental factors, VPD and Rs directly affect the transpiration processes, and can trigger timely responses in plant transpiration, whereas the effects of rainfall and soil water are reflected on a longer temporal scale. Chen et al. [53] reported that stand transpiration was related to the monthly rainfall and increased with soil moisture recharge. Furthermore, daily transpiration of an olive plantation was higher under wet conditions resulting from rainfall and irrigation treatment than when the soil water was limited [54,55]. In this study, VPD and Rs can be well fitted to regressive equations with daily transpiration values on a monthly time scale (Table 2). However, no correlations were detected for monthly stand transpiration with either soil water content or precipitation (Figure 4a,b). This might suggest that other factors were more influential and that the soil condition in the stand was not subjected to moisture stress. As the soil moisture changes throughout the year, recharge during relatively dry periods would be more pronounced than that during wet periods. Previous reports suggest that early growth season precipitation has a positive influence on stand transpiration owing to soil water recovery following a dry period [18,56].



Stand transpiration during the three growing seasons of our investigation ranged from 75 to 106 mm, with average daily values of 0.4 to 0.56 mm. Although the estimates were lower than those recorded in previous studies on broadleaf trees in other regions [22,57,58], they fall in the range of values measured in the semi-arid regions of China. For example, the daily estimates for a larch plantation in the semi-arid northwestern China ranged from 0.64 to 1.6 mm [30,59]. The estimates for a temperate deciduous forest in Korea ranged from 0.64 to 0.70 mm [42]. Considering the variety of shrubs present in the natural oak forest, the actual stand transpiration would be greater than that of the present understory-excluded estimates. The dominant oak trees contributed to 60%–66% of the total transpiration and this level was relatively stable over the three years. It is expected that this natural ecosystem will be hydrologically sustainable under this semi-arid climatic condition.





5. Conclusions


At the stem scale, monthly oak tree transpiration was significantly correlated with DBH. The dominant factors affecting stand transpiration varied with time scales. Daily stand transpiration correlated with daily solar radiation and daytime average vapor pressure deficit. Seasonal changes in stand transpiration were closely correlated with LAI, indicating that LAI can be used as a proxy for stand phenology. No obvious relationship was observed between monthly stand transpiration and either soil moisture or precipitation during the study period, probably owing to the changes in LAI throughout a growing season making it the dominant factor, and/or the hysteretic effect of precipitation and soil moisture on transpiration. The proportion of transpiration by oak trees in the annual total stand transpiration of the forest was stable, ranging from 60% to 66%. This implies that the secondary natural oak forest exhibits stable growth with a normal magnitude of annual water consumption and is sustainable in this region.
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