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Abstract

:

There is scarce information regarding the interactions between young tree water uptake and the environment in water-limited ecosystems. This study was conducted in a semiarid rangeland ecosystem in central Oregon, Pacific Northwest Region, USA. We measured the tree transpiration of western juniper (Juniperus occidentalis) saplings using the stem heat balance (SHB) method. We analyzed the correlation between transpiration and environmental factors affecting the saplings’ water use from May to October for 2017, 2018, 2019, 2021, and 2022. The study results showed that total annual precipitation for all but one year was below the long-term (2005 to 2022) mean precipitation value of 307 mm for the study site. Significantly higher transpiration rates were observed in the wet vs. dry years. The highest monthly averaged transpiration rates (2.95 L d−1) were obtained in August during the above-average precipitation year (2017). Peak transpiration rates for the below-average precipitation years were generally reached in June or July, ranging from 0.91 to 1.65 L d−1. The seasonal response of transpiration to different environmental factors varied. For all years, vapor pressure deficit (VPD), solar radiation (SR), and air temperature (AT) showed a positive correlation with transpiration, whereas precipitation (Pr) and relative humidity (RH) indicated a negative correlation with transpiration. Soil moisture (SM) and soil temperature (ST) positively correlated with transpiration for most years. A strong association between VPD and transpiration was observed during the wettest (2017; 327 mm) and driest (2021; 198 mm) years. Results from this study add to the limited literature on sapling transpiration and can contribute to the improved management of cool-climate rangeland ecosystems through an enhanced understanding of water use by young-stage trees and its potential impacts on the water balance of restored juniper landscapes.
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1. Introduction


Arid and semiarid ecosystems encompassing nearly 40% of the terrestrial land surface are susceptible to climate change [1]. Accurate evapotranspiration estimation could be essential to explaining the terrestrial water cycle under local environmental conditions in these regions [2,3]. Tree transpiration, a large contributor to evapotranspiration, is a significant physiological and hydrological process [4,5] and the major pathway for plant water loss from forest ecosystems in dryland regions [6]. Sap flow, which represents the movement of water from roots to leaves through the stem xylem, is commonly used to investigate the response of plant transpiration to environmental variables [7].



Many environmental variables, including soil moisture, soil temperature, air temperature, solar radiation, relative humidity, vapor pressure deficit, and precipitation, help explain the process of plant transpiration [8]. Different studies have indicated that soil moisture plays an important role in transpiration [9,10,11]. Other studies [8,12] have reported that tree transpiration was closely related to changes in solar radiation and vapor pressure deficit. Wullschleger and Hanson [13] and Liu et al. [14] found that precipitation was a primary driver of tree transpiration. Conversely, Han et al. [15] and Niu et al. [16] found that precipitation had a negative effect on canopy transpiration. Juice et al. [17] found that soil temperature and air temperature contributed to explaining variations in sap flow, while solar radiation, relative humidity, and vapor pressure deficit had relatively little influence.



Most tree transpiration studies have been conducted on mature-stage trees. The transpiration of saplings is less understood. The sapling stage is a critical period in the life cycle of tree species [18], where the morphological or anatomical traits during this period enhance a good adaptation to the environment and enable better growth, stability, and survival [19]. Young trees can tolerate water deficit owing to their sustained CO2 assimilation and high biomass allocation to roots [20,21]. Transpiration and environmental variables relationships in young trees have been addressed only in a few studies. Results from Wullschleger et al. [22], conducted on red maple saplings in a watershed ecosystem in Tennessee, USA, found that vapor pressure deficit and precipitation were primary factors regulating transpiration. Oberhuber et al. [23] observed that environmental variables such as vapor pressure deficit, precipitation, air temperature, and soil temperature were highly correlated with the water status of Norway spruce saplings throughout the growing season (late April through early October) in a dry inner Alpine environment in Tyrol, Austria. Compared to large trees, small sugar maple trees were found to show greater sensitivity to environmental conditions that influence transpiration rates, such as soil water deficits and increased evaporative demand [24].



Western juniper (Juniperus occidentalis) woodlands, a significant part of Oregon landscapes, provide essential ecosystem services, including biodiversity, wildlife habitat, and commercial uses such as s firewood and fencing posts [25]. However, the significant juniper expansion observed over the last two centuries, attributed to a mix of climate change and anthropogenic causes, has raised considerable concerns regarding the adverse effects on ecosystem function and ecosystem services (e.g., water provisioning) provided. High levels of juniper encroachment into sagebrush–steppe ecosystems have been associated with impaired habitat for wildlife species of interest, such as sage grouse (Centrocercus urophasianus) and mule deer (Odocoileus hemionus). Also, significant juniper encroachment has been associated with increased canopy interception of precipitation and evapotranspiration losses. Efforts to reduce juniper encroachment in the region have been carried out for decades, mainly to restore degraded sagebrush (Artemisia tridentata) communities [26] and improve the hydrology of the site [27]. In many areas, reductions in juniper stands have resulted in increased sagebrush and perennial grass cover [28,29] and augmented water levels [27] compared to untreated sites.



A significant amount of water is used by mature western juniper, with tree transpiration rates ranging from 12 to 115 L d−1 depending on seasonal water availability [30]. Western juniper saplings are also sensitive to variations in seasonal precipitation and soil moisture availability [30,31]. Several studies in Oregon have reported a significant number of western juniper saplings emerging 10 to 25 years following mature juniper removal (e.g., [28,29]). The ongoing reestablishment of juniper in the treated landscapes has prompted an interest in knowing its potential effects on water use and ecosystem health overall. The objectives of this study were to (1) determine the amount of water uptake by western juniper saplings and (2) assess the relationship between juniper sapling transpiration and several environmental variables of interest (e.g., precipitation, vapor pressure deficit, soil moisture, air temperature).




2. Materials and Methods


2.1. Study Site


This study was conducted at the Camp Creek Paired Watershed Study (CCPWS) site (43.96° lat.; −120.34° long.), established in 1994 to evaluate the ecohydrological response following juniper removal [27]. The CCPWS is located in the semiarid rangelands of central Oregon, USA, and encompasses 500 ha, including a 116-ha watershed where nearly 90% of mature juniper trees were cut using chain saws in 2005 and the boles removed. Since then, a significant number of saplings have grown to where the juniper re-occupying of the landscape is noticeable (Figure 1).



Data collected in 2018 from forty-one transects (3 m by 30 m) established across the treated (juniper removed) watershed, showed juniper sapling density was 313 trees ha−1 [32]. A different study by Abdallah et al. [33], using twenty 20 m by 20 m plots distributed throughout the watershed, showed that juniper sapling density was 210 trees ha−1. Juniper canopy was estimated to cover <1% of the total area of the watershed [28,32]. Before juniper removal from the site, juniper cover occupied 27% [34]. Overall, juniper saplings at the study site grow at a rate of 0.1 m year−1 [32], and their root system extends to at least 0.8 m (see Figure 1), which makes them very competitive for soil moisture uptake. The dominant overstory vegetation following juniper removal in 2005 is big sagebrush (see Figure 1). Understory vegetation includes perennial grass species such as Idaho fescue (Festuca idahoensis), bluebunch wheatgrass (Pseudoroegneria spicata), and Sandberg bluegrass (Poa secunda), which are typical forage species in rangeland ecosystems in the Pacific Northwest Region.



Much of the precipitation at the site occurs as a mix of rain and snow between October and March, with some rainfall events in spring and summer. Meteorological data recorded (2005 to 2022) by onsite instrumentation showed that the long-term mean annual precipitation was 307 mm. This study was conducted from 2017 to 2022. In all years but 2017, annual precipitation was below the long-term mean value, with deficits ranging from −35.5% to −9.4% (Table 1).




2.2. Sap Flow Measurements and Estimation of Transpiration


Sap flow data were collected from four juniper saplings in most years during the May to October season. To measure sap flow, two saplings at two locations (Mays-East and Mays-West) were instrumented using the stem heat balance (SHB) technique. For the Mays-East location, a branch in each sapling was equipped with an SHB sap flow gauge (models SGB16 and SGB19, Dynamax Inc., Houston, TX, USA). To scale sap flow rates from individual branches to stand level, we adopted the scaling approach proposed by Kirmse and Norton [35] in their study of shrubby species. Two saplings were equipped with an SHB gauge (Model SGB25, Dynamax Inc., Houston, TX, USA) installed at the sapling’s main stem for the Mays-West location. The distance between saplings was close to 4 m at Mays-East and 3 m at Mays-West. The height of the saplings at the time of sensor installation in 2017 and 2018 ranged from 1.30 to 1.55 m (Table 2), reaching 2 m by the summer of 2023. Based on results reported in [32], the age of the saplings at the beginning of this study in 2017 was estimated to be between 12 to 14 years. Sap flow data were recorded every 15 min using a SapIP datalogger (Dynamax Inc., Houston, TX, USA) at each location. Sap flow outputs were then calculated daily (L d−1). Sap flow calculations to estimate sapling transpiration are described in detail in Abdallah et al. [30].




2.3. Environmental Variable Measurements


Data from onsite weather instrumentation (Campbell Scientific, Inc., Logan, UT, USA) were used to obtain seasonal (May to October) information on precipitation (Pr), relative humidity (RH), air temperature (AT), solar radiation (SR), soil moisture (SM), and soil temperature (ST) at one monitoring location (Mays-West) in the valley near the outlet of the watershed. An additional SM and ST station (Mays-East) was installed nearby at a distance of 77 m. At each monitoring station, three sensors (Model CS655, Campbell Scientific, Inc., Logan, UT, USA) that measured SM and ST were installed at 0.2, 0.5, and 0.8 m depths. All data were collected hourly and then used to obtain daily average values. The values of SM and ST across soil depths (0.2, 0.5, and 0.8 m) were used to obtain an average SM and ST (SMtot and STtot) for each monitoring station’s 0 to 0.8 m soil profile. Vapor pressure deficit (VPD) was calculated based on daily averaged AT and RH using the following formula:


  V P D = 0.611 × E x p ( 17.27 × A T / A T + 237.3 ) × ( 1 − R H / 100 )  












2.4. Data Analysis


A one-way analysis of variance (ANOVA) was used to determine inter-annual variability of the environmental variables of interest (i.e., Pr, SR, AT, ST, SM, RH, and VPD). A correlation analysis was also conducted to evaluate the degree of association among all environmental variables. A Spearman rank order correlation test was conducted to evaluate the relationships between sapling transpiration and the various environmental variables. All statistical analyses were performed using SigmaPlot® version 15.0 (Systat Software, Inc., San Jose, CA, USA).





3. Results


3.1. Environmental Conditions


The seasonal response of all environmental variables but SR was highly variable for the different years observed (Table 3). With mean values ranging from 20.7 to 21.5 MJ m−2, no significant (p > 0.05) inter-annual differences in seasonal (May to October) SR were observed. The highest mean seasonal VPD value was obtained during 2022, which was the year with the highest seasonal Pr records. Conversely, the lowest mean seasonal VPD value (0.88 kPa) was noted during the driest Pr season 2019. The VPD was not different (p > 0.05) for 2018, 2020, and 2021. Seasonal AT differed among most years, with the highest mean seasonal value (16.5 °C) observed in 2022, while 2019 had the lowest (13.7 °C). The highest mean seasonal RH (51.7%) was noted in 2019, whereas the lowest value of 43.8% was observed in both 2020 and 2022. For Mays-East, higher levels of SM were observed for all years at SM0.5 than at SM0.2 and SM0.8. For Mays-West, higher levels of moisture were generally observed at SM0.2. In general, ST was higher at the ST0.2 depth for both locations. The installation of the sensors at Mays-West in September 2018 influenced the response of SM and ST observed for that year (Table 3).



Results from the correlation analysis show that SR had a strong positive association with AT, VPD, and ST0.2, and a strong negative association with RH. In addition to SR, AT also shows strong positive correlations with ST at all depths (0.2, 0.5, and 0.8 m). The RH variable shows strong negative correlations with VPD and ST at all depths. As expected, VPD was strongly correlated to AT (+) and RH (−). Very weak to weak associations between SM at all depths and all the other variables were observed (Table 4).




3.2. Seasonal Variation of Juniper Saplings’ Transpiration in Different Years


For the Mays-East location, transpiration (L d−1) data were obtained from June 2017 to October 2019 (Figure 2). The monthly average transpiration in different years was significantly different, and sapling transpiration for the wet 2017 year was significantly higher than that in 2018 and 2019 (Figure 2). The highest mean transpiration values (2.89 L d−1) obtained in August and September were 118% and 98% higher than the corresponding months for 2018 and 2019, respectively. The lowest transpiration values of 0.59, 0.43, and 0.31 L d−1 for Mays-East trees were observed in October 2017, 2019, and 2018, respectively. For the Mays-West location, transpiration data were obtained from October 2018 through August 2022. Similar to those observed in the Mays-East location, the monthly transpiration rates of Mays-West trees were significantly different between years (Figure 2). The highest transpiration value of 1.09 L d−1 was observed in July 2021, followed by 1.02 L d−1 in August 2019, while the lowest transpiration value of 0.41 L d−1 was obtained in October 2018. In the 2019 year, which has more complete transpiration data for both locations, Mays-East trees tended to transpire significantly more than Mays-West trees (Figure 2).



ANOVA results show that the 2019 seasonal SMtot and STtot were 1.2 and 1.3 times greater at Mays-East than at Mays-West. The values of SM and ST for all soil depths were generally higher at Mays-East across all years (see Table 3). The highest significant difference (p ≤ 0.05) value in transpiration in the 2019 year between the two locations was recorded in June (47.9% difference) and July (45.1% difference). In contrast, the smallest difference (p > 0.05) was recorded in September (10.3% difference). The higher June and July transpiration levels in the Mays-East site than in the Mays-West site for the year 2019 may be attributed to the greater SMtot values recorded in the spring season (April to June) for the Mays-East site compared to the Mays-West (paired t-test, t = 2.30, df = 79, p < 0.01).




3.3. Environmental Controls on Transpiration


The seasonal variability of environmental factors influencing juniper sapling transpiration is shown in Figure 3. The distribution of cumulative daily Pr was highly variable over the years. A mix of snow and rain occurred during winter and fall in 2017 and toward the end of 2022. For the rest of the years, Pr was mainly rain during the fall and winter. A steady rise in cumulative Pr through the winter and spring seasons, which then plateau in the summer to start again in the fall, was observed in the wettest year, 2017.Conversely, the distribution of cumulative Pr during the driest year, 2021, showed a marginal response.



A seasonal SMtot response to winter precipitation inputs was observed. Overall, SMtot peaked in March or April, then steadily declined to baseline levels in October or November. The SMtot levels were the highest in 2017, peaking in early March. The lowest seasonal SMtot and highest VPD levels were obtained in 2021 and 2022. The VPD levels peaked in mid-to-late August, except for 2021 and 2022 when it reached its highest levels in early to mid-July. The seasonal variability of ST and SR was relatively uniform for all years, peaking in August for ST and July for SR. The exception was in 2020 when SR peaked in May. Across years and sites, transpiration mainly peaked in summer when SMtot dropped. The highest daily transpiration rates were recorded in August when VPD was close to the daily maximum and SMtot content was below 15% (Figure 3).



The Spearman rank order correlation test shows that Pr negatively correlated with transpiration during the active transpiration season from 2017 to 2021, with an average ρ of −0.39 (Table 5). Soil moisture at all depths shows great explanatory power for transpiration variability in the Mays-East station in 2018, with a stronger effect recorded for SM0.2 (ρ = 0.84, p < 0.001, n = 108). Transpiration was weakly correlated with SMtot (ρ = 0.37, p < 0.01, n = 69) in 2017, very strongly correlated (ρ = 0.83, p < 0.001, n = 108) in the Mays-East site, or moderately correlated (ρ = 0.49, p < 0.05, n = 108) in the Mays-West in 2018, and moderately correlated (ρ = 0.46, p < 0.001, n = 160) in 2019. However, the influence of SMtot on transpiration was significantly negative in the Mays-West site for the 2019 and 2021 years. Soil temperature and transpiration relationships were positively correlated at all depths and all 2017 to 2021 years (ρ = 0.27–0.72, p < 0.05), except that no correlations were found between transpiration and ST0.8 in Mays-East site, and transpiration and ST0.2 and ST0.5 in Mays-West site in the 2018 year. ST0.2 exhibited stronger correlations with transpiration than ST0.5 and ST0.8 in all years except for the wet 2017 year. A significant correlation between transpiration and STtot was observed in all years, with a stronger relationship recorded in the 2021 year (ρ = 0.59, p < 0.001, n = 183). In 2022, except for the relationship between transpiration and SM0.2 (ρ = 0.34, p < 0.05, n = 38), the dependence of transpiration on SM, ST, and Pr became either negative or not detectable. This was attributed to the correlations being tested only for July and August when transpiration data was collected that year.



The relationships between the juniper saplings’ transpiration and four environmental variables of interest, namely, SR, AT, RH, and VPD, are scatter-plotted in Figure 4. When evaluating the strength and direction of the monotonic association between transpiration and the various environmental variables, the Spearman rank order correlation test showed that the change in SR had positive effects on transpiration, with the correlation ranging from very strong (ρ = 0.81, p < 0.001, n = 178) in 2019 to weak (ρ = 0.38, p < 0.01, n = 69) in 2017. Additionally, a positive association between transpiration and AT was recorded from 2017 to 2021 (average ρ = 0.67, p < 0.001). Transpiration and VPD were moderately correlated in 2017 (ρ = 0.52, p < 0.001, n = 69), strongly correlated in 2018 (ρ = 0.64, p < 0.001, n = 128) and 2019 (ρ = 0.78, p < 0.001, n = 182), and very strongly correlated in 2021 (ρ = 0.86, p < 0.001, n = 183). The correlation between transpiration and RH was negative (average ρ = −0.62, p < 0.001) from 2017 to 2021. In 2022, the association between transpiration and the variables SR, AT, RH, and VPD were very weak for AT (ρ = 0.02, p > 0.05, n = 38), weak for SR (ρ = 0.21, p > 0.05, n = 38) and VPD (ρ = 0.25, p > 0.05, n = 38) and moderately negative for RH (ρ = −0.53, p < 0.001, n = 38) (Figure 4).





4. Discussion


This study evaluated the interannual variability of transpiration of western juniper saplings and its correlation with several environmental variables of interest (i.e., SM, ST, Pr, SR, AT, RH, and VPD). Plant transpiration rates are affected by water availability and weather variables [10,36,37,38]. Study results showed that juniper sapling transpiration in both the Mays-East and Mays-West sites followed a similar pattern, conforming to the effects of seasonal precipitation on soil moisture availability in cool-climate rangeland ecosystems of semiarid central Oregon, USA. A noticeable change in transpiration was detected, which increased from May to July/August across the years and then gradually decreased as ST, SR, AT, and VPD declined toward the fall season months. Similar patterns of seasonal transpiration, with higher levels in warm months and lower levels in cold months, were reported in other studies [39,40,41].



The western United States is undergoing an increase in Pr variability, with important implications for essential ecological services [42]. Precipitation in our study site revealed variability over the six years, with the wettest year, 2017, and the driest year, 2021, as remarkable hydroclimatic extremes during the observation period. The highest transpiration rates obtained in 2017 were attributed to the highest Pr amount and timing early in the season. Also, the greater antecedent soil moisture levels resulting from winter precipitation and snowmelt runoff for that year, as reported in [27], likely contributed to the higher transpiration rates obtained. The relatively higher Pr registered in January to April of 2017 and 2019 may have contributed to the recharge of the soil profile, particularly for the 0 to 0.5 m depth, resulting in a higher transpiration rate maintained during mid-to-late summer for those years. Similar results were noticed by Hayat et al. [43], where wetter conditions appeared to increase soil water availability, causing transpiration to be higher. Study results showing a negative correlation between seasonal Pr and transpiration are similar to those reported in [15]. Our observations of maximum transpiration rates in June and July in the below-average Pr years (2018, 2019, 2021, and 2022) are supported by data from sap flux measurements made on other sapling trees [22]. The peak transpiration rates recorded in August of the wettest year (2017) are consistent with Dawson [24], who determined total daily transpiration for small trees from scaled-up leaf-level and sap flow measurements.



The increasing transpiration rates by the juniper saplings noted early in the spring were attributed to the stimuli from the rise in ST. Similar relationships between ST and transpiration have been reported in other studies (e.g., [39,44,45]). Conversely, the low transpiration rates observed during the colder months were attributed to decreased ST. As described in Miller and Shultz [46], transpiration in juniper woodlands is restricted by low ST. When the ST is low in cold months, the water transport rate from the soil to plant roots is reduced, and the viscosity coefficient of soil water is increased; thus, the water absorption rate through roots decreases [47]. Under low-ST stress, impairment of root growth is also likely, leading to a reduction in water uptake by roots [48,49].



Western juniper sapling transpiration during the wettest (2017) and the driest (2021) years was strongly associated with VPD. Subsurface moisture storage is an important water source for plants in seasonally dry environments [50,51]. Under the relatively higher soil moisture conditions observed in 2017, VPD was the major environmental factor driving the juniper saplings’ transpiration. Significant daily increases in VPD with relatively small decreases in soil moisture sustained and even increased transpiration throughout the most active transpiration season in the wet year, 2017. Several studies have shown that high VPD and low soil water availability can limit plant water uptake [52,53,54]. While a high VPD can increase tree transpiration [55], other effects, such as the co-occurrence of elevated VPD and low soil moisture levels induced by the reduced total Pr in 2021, likely led to an earlier decline in transpiration rates compared to the wet year. Also, the observed strong association between VPD and AT indicates that any decrease in transpiration at increased VPD could be linked or co-linked to a temperature inhibition effect.



Like AT and VPD, transpiration sensitivity to the SR explanatory parameter was positive in all years but more evident in 2019. Several studies have shown that SR and VPD are critical driving variables for transpiration in numerous ecosystems (e.g., [56,57,58]). Stomatal conductance, a primary mechanism of plant transpiration, is commonly influenced by SR, VPD, and soil water status [59]. During the 2019 season, the enhanced sensitivity of transpiration to SR corresponded with higher SM levels, causing transpiration to increase gradually. This finding is consistent with that reported by Hayat et al. [43], where the variations in transpiration were triggered by high water availability and SR. The negative correlation between transpiration and RH observed for all years in this study is consistent with the findings of several other studies (e.g., [60,61,62]).



Among the limitations affecting this study are that efforts to collect data right at the beginning of the transpiration season (late March or early April) were unsuccessful because of sensor malfunctioning and inaccessible road conditions due to snow and cold weather. Also, data collected from the saplings in the two monitoring locations (Mays-East and Mays-West) overlapped only in 2018 and 2019, not during the wettest (2017) and driest (2021) years. Therefore, a direct comparison by monitoring location was not possible during these years.



Results from this study add to the limited literature on sapling transpiration and can contribute to the improved management of cool-climate rangeland ecosystems through an enhanced understanding of water use by young-stage trees and its potential impacts on the water balance of restored juniper landscapes. This project’s findings add critical information to western juniper control by shedding light on the expected interannual variability of environmental factors driving sapling transpiration. Similar woody vegetation encroachment issues and efforts to control its expansion can be found throughout the Pacific Northwest Region of the USA and many arid and semiarid ecosystems worldwide. Future research involves studying water uptake dynamics from other rangeland vegetation species, such as sagebrush, and expanding individual plant transpiration results to the larger landscape scale.
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Figure 1. Map shows the location of the study site in central Oregon, USA, and (a) the image illustrates western juniper saplings re-occupying the landscape where mature juniper trees were removed in 2005. It also shows the mature juniper trees left in the ridgetop. The location of the study site in Crook County, central Oregon, is indicated in the outline map of the state of Oregon, USA. (b) Shows saplings at Mays-West at the time of sensor installation in the fall of 2018. (c) Indicates the weather station installed next to the juniper saplings at Mays-West and the growth of the saplings, as in the summer of 2023. (d) Shows the depth of the root zone for a 1.4 m tall juniper sapling at the study site. 
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Figure 2. Mean value ± standard error of mean monthly transpiration of juniper saplings in the Mays-East and Mays-West locations during the May to October season in 2017, 2018, 2019, 2021, and 2022. Upper case letters indicate the difference in the transpiration of Mays-East juniper saplings in different years. Lowercase letters denote the difference in the transpiration of Mays-West juniper saplings in different years—no data are available for transpiration in the year 2020. 
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Figure 3. Seasonal fluctuation of several environmental variables and western juniper sapling transpiration rates measured at Mays-East and Mays-West locations from 2017 to 2022. Environmental variables are cumulative precipitation, Pr; soil moisture averaged over the upper 0.8 m soil profile SMtot; vapor pressure deficit, VPD; soil temperature averaged over the upper 0.8 m soil profile STtot; and solar radiation, SR. The STtot and SMtot values represent the Mays-East location only. 
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Figure 4. Relationships between transpiration and solar radiation, SR (a–e); air temperature, AT (f–j); relative humidity, RH (k–o); and vapor pressure deficit, VPD (p–t) during the whole active transpiration season in the years 2017, 2018, 2019, 2021, and 2022. For the year 2017, the relationships are from June to October. For 2022, the relationships are for July and August only. 
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Table 1. Total annual precipitation and percentage difference from the long-term mean value (307 mm) for 2005 to 2022.
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	Year
	Annual Precipitation (mm)
	Difference (%)





	2017
	327
	+6.5



	2018
	244
	−20.5



	2019
	253
	−17.6



	2020
	211
	−31.3



	2021
	198
	−35.5



	2022
	278
	−9.4










 





Table 2. Summary of biometric parameters for instrumented trees measured in 2017 (Mays-East) and 2018 (Mays-West).
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Site

	
(Mays-East)

	
(Mays-West)




	
Tree No.

	
1

	
2

	
3

	
4






	
Height (m)

	
1.55

	
1.30

	
1.50

	
1.40




	
Maximum Width (m)

	
0.70

	
1.05

	
0.80

	
0.52




	
Equipped Stem/Branch Diameter (mm)

	
15

	
21

	
28

	
28




	
Equipped Stem/Branch Area (mm2)

	
177

	
346

	
615

	
615











 





Table 3. Environmental data for the measured juniper transpiration period from May to October in 2017 to 2022.
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(Mays-East) Location

	
(Mays-West) Location




	
Years

	
SR

(MJ m−2)

	
AT

(°C)

	
RH

(%)

	
VPD

(KPa)

	
Pr

(mm)

	
SM0.2

(%)

	
SM0.5

(%)

	
SM0.8

(%)

	
ST0.2

(°C)

	
ST0.5

(°C)

	
ST0.8

(°C)

	
SM0.2

(%)

	
SM0.5

(%)

	
SM0.8

(%)

	
ST0.2

(°C)

	
ST0.5

(°C)

	
ST0.8

(°C)






	
2017

	
21.4 A

	
14.1 CD

	
50.0 AB

	
0.96 CD

	
77

	
14.5 B

	
20.1 A

	
14.2 A

	
20.6 AB

	
18.9 B

	
17.5 BC

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A




	
2018

	
21.2 A

	
15.5 B

	
49.2 B

	
1.03 BC

	
106

	
14.4 B

	
17.7 C

	
13.1 B

	
20.6 AB

	
19.1 AB

	
17.7 AB

	
6.0 D

	
7.3 D

	
8.1 C

	
10.7 D

	
12.1 D

	
12.6 D




	
2019

	
21.1 A

	
13.7 D

	
51.7 A

	
0.88 D

	
58

	
17.8 A

	
20.6 A

	
13.4 B

	
19.6 C

	
17.8 C

	
16.4 D

	
17.9 A

	
12.6 A

	
15.8 A

	
15.5 C

	
14.0 C

	
13.3 C




	
2020

	
20.7 A

	
14.7 BC

	
43.8 C

	
1.10 B

	
59

	
14.5 B

	
18.6 B

	
14.6 A

	
20.2 BC

	
18.5 BC

	
17.1 C

	
10.1 C

	
8.6 B

	
9.2 B

	
16.5 B

	
14.8 B

	
13.9 B




	
2021

	
21.5 A

	
14.8 BC

	
45.0 C

	
1.10 B

	
79

	
13.1 C

	
16.8 D

	
13.2 B

	
21.3 A

	
19.6 A

	
18.2 A

	
11.4 B

	
8.2 C

	
9.1 B

	
18.7 A

	
16.2 A

	
14.9 A




	
2022

	
21.2 A

	
16.5 A

	
43.8 C

	
1.27 A

	
111

	
13.3 C

	
15.7 E

	
12.7 C

	
20.3 BC

	
18.5 BC

	
17.0 C

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A




	
Sig

	
ns

	
***

	
***

	
***

	

	
***

	
***

	
***

	
ns

	
*

	
**

	
***

	
***

	
***

	
***

	
***

	
***








SR = mean daily solar radiation; AT = mean daily air temperature; RH = mean daily relative humidity; VPD = mean daily vapor pressure deficit; Pr = total daily precipitation; SM0.2 = mean daily soil moisture at 0.2 m depth; SM0.5 = mean daily soil moisture at 0.5 m depth; SM0.8 = mean daily soil moisture at 0.8 m depth; ST0.2 = mean daily soil temperature at 0.2 m depth; ST0.5 = mean daily soil temperature at 0.5 m depth; ST0.8 = mean daily soil temperature at 0.8 m depth. Different upper-case letters (A–E) along the columns indicate significant differences among years for a given environmental variable. *** = p < 0.001; ** = p < 0.01; * = p ≤ 0.05; ns = not significant; N/A = data not available.













 





Table 4. Correlations among environmental variables during the monitored transpiration season (May to October) for the years 2017 to 2022.
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	SR
	AT
	RH
	VPD
	Pr
	SM0.2
	SM0.5
	SM0.8
	ST0.2
	ST0.5
	ST0.8





	SR
	1.00
	
	
	
	
	
	
	
	
	
	



	AT
	0.71
	1.00
	
	
	
	
	
	
	
	
	



	RH
	−0.63
	−0.92
	1.00
	
	
	
	
	
	
	
	



	VPD
	0.65
	0.97
	−0.96
	1.00
	
	
	
	
	
	
	



	Pr
	−0.15
	−0.29
	0.41
	−0.33
	1.00
	
	
	
	
	
	



	SM0.2
	0.34
	−0.19
	0.30
	−0.27
	0.17
	1.00
	
	
	
	
	



	SM0.5
	0.44
	−0.08
	0.20
	−0.17
	0.15
	0.97
	1.00
	
	
	
	



	SM0.8
	0.37
	−0.13
	0.24
	−0.21
	0.17
	0.97
	0.98
	1.00
	
	
	



	ST0.2
	0.76
	0.96
	−0.87
	0.92
	−0.27
	−0.15
	−0.02
	−0.07
	1.00
	
	



	ST0.5
	0.57
	0.91
	−0.86
	0.90
	−0.29
	−0.43
	−0.31
	−0.35
	0.95
	1.00
	



	ST0.8
	0.36
	0.81
	−0.80
	0.82
	−0.29
	−0.65
	−0.54
	−0.56
	0.83
	0.96
	1.00










 





Table 5. Spearman’s rank correlation coefficients between the juniper saplings’ transpiration and Pr, SM, and ST at different soil depths, SMtot, and STtot from May to October in 2017, 2018, 2019, 2021, and 2022. For the year 2017, the correlations are from June to October. For 2018, the correlations are for September and October only in the Mays-West station. For 2019, the correlations are from May to September in the Mays-West station. For 2022, the correlations are for July and August only.
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	Years
	Pr
	Station
	SM0.2
	SM0.5
	SM0.8
	SMtot
	ST0.2
	ST0.5
	ST0.8
	STtot





	2017
	−0.41 ***
	Mays-East
	0.37 **
	0.36 **
	0.35 **
	0.37 **
	0.42 ***
	0.44 ***
	0.46 ***
	0.45 ***



	2018
	−0.56 ***
	Mays-East
	0.84 ***
	0.80 ***
	0.70 ***
	0.83 ***
	0.54 ***
	0.36 ***
	0.19 ns
	0.41 ***



	
	
	Mays-West
	0.25 ns
	0.27 ns
	0.41 *
	0.49 *
	0.39 ns
	0.38 ns
	0.44 *
	0.49 *



	2019
	−0.13 ns
	Mays-East
	0.43 ***
	0.46 ***
	0.42 ***
	0.46 ***
	0.60 ***
	0.47 ***
	0.34 ***
	0.50 ***



	
	
	Mays-West
	−0.36 ***
	−0.07 ns
	−0.07 ns
	−0.28 **
	0.55 ***
	0.44 ***
	0.40 ***
	0.48 ***



	2021
	−0.45 ***
	Mays-West
	0.12 ns
	−0.23 **
	−0.17 *
	−0.33 ***
	0.72 ***
	0.50 ***
	0.27 ***
	0.59 ***



	2022
	−0.28 ns
	Mays-West
	0.34 *
	−0.13 ns
	−0.35 *
	−0.02 ns
	0.02 ns
	−0.42 **
	−0.58 ***
	−0.30 ns







*** = p < 0.001; ** = p < 0.01; * = p ≤ 0.05; ns = not significant.
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