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Abstract: An enhanced understanding of plant water uptake is critical for making better-informed
management decisions involving vegetative manipulation practices aimed to improve site productivity.
This is particularly true in arid and semiarid locations where water is a scarce, yet precious commodity.
In this project, we evaluated the interannual and seasonal variability of soil moisture and transpiration
in sapling, juvenile, and mature western juniper (Juniperus occidentalis) trees in a semiarid rangeland
ecosystem of central Oregon, USA. Transpiration levels were greatest in mature juniper trees in an
untreated juniper watershed (Jensen WS), while the lowest transpiration levels were observed in juniper
saplings in a treated watershed (Mays WS) where most mature juniper trees were removed in 2005.
Significant differences (p ≤ 0.05) in leaf water potential levels observed between predawn and midday
readings for all juniper growth stages indicated water is lost over the course of the day. Results showed
seasonal precipitation was highly variable over the course of the study (2017 through 2019) and this was
reflected in soil water available for tree uptake. This resulted in considerable intra- and inter-annual
variation in transpiration. In years with greater winter precipitation amounts (2017 and 2019), juniper
transpiration rates were highest during the summer, followed by spring, autumn, and winter. On average,
transpiration rates during the summer in the wettest (329 mm) year 2017 were 115 and 2.76 L day−1

for mature and sapling trees, respectively. No data were collected for juvenile trees in 2017. In the
drier (245 mm) year 2018, higher transpiration rates were observed in the spring. On average, spring
transpiration rates were 72.7, 1.61, and 1.00 L day−1 for mature, juvenile, and sapling trees, respectively.
Study results highlight the sensitivity of western juniper woodlands to variations in seasonal precipitation
and soil moisture availability.

Keywords: Great Basin; woodlands; sap flow; soil moisture; transpiration; leaf water potential;
catchment; juniper

1. Introduction

The replacement of grassland vegetation by encroaching woody species in rangelands is a global
phenomenon occurring during the past century [1–3]. The progressive shift from grasses to woody
species has altered ecosystem processes such as soil carbon sequestration [4], soil nutrient cycles [5],
and hydrological processes [6]. Juniper (Juniperus spp.) encroachment is one of the most large-scale
changes occurring in North American rangelands [7,8]. The spatial distribution of juniper has increased
by one order of magnitude since the mid-19th century throughout the Great Basin [9]. Increases in
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areal extent have varied between 30% and 625% [9], and encroachment rates have varied between
0.4% and 4.5% per year [10]. The expansion of juniper is commonly attributed to a mix of biophysical
and anthropogenic factors including overgrazing, increases in atmospheric carbon dioxide, and fire
suppression [11,12]. Since the late 1890s, western juniper (Juniperus occidentalis spp. occidentalis Hook.)
has been actively encroaching into grassland and sage steppe ecosystems of Oregon and has increased
from 170,000 ha in 1936 [13] to more than 1.4 million ha [14].

Juniper woodlands provide ecosystem services such as biodiversity, aesthetic beauty, wildlife
habitat [15–17], and products such as firewood, fencing posts, and commercial energy production [12].
Juniper plays an important role in carbon sequestration in aboveground biomass [18]. Western juniper
dominance in sagebrush steppe has several negative consequences, including reductions in herbaceous
production and diversity [19,20], deterioration of wildlife habitat [21], and higher erosion and runoff

potential [12,22]. High levels of juniper encroachment into rangeland ecosystems can limit the
growth of understory vegetation by outcompeting it for light, soil moisture, and soil nutrients [23].
High levels of juniper stands may significantly increase evapotranspiration losses or reduce recharge
by canopy interception. Some studies attempting to quantify these effects have described the potential
negative effects of juniper expansion [24–30] with others finding negligible effects of juniper on water
yield [31–33]. Western juniper cutting has resulted in no net change in ecosystem carbon pools when
comparing cut versus uncut areas [18]. Several studies indicate western juniper control could have
positive results on hydrologic processes such as increased soil moisture and reduced evapotranspiration
losses [29,30,34,35].

In arid and semiarid regions, water is the major ecological resource limiting plant growth [36].
Water potential is a critical driving force influencing water movement in vegetation [37]. Values of
leaf water potential are translated in relation to the volume flux of water through plants and the
pathway characteristics of water transfer from soil to leaf [38]. When leaf water potential is near
zero, the driving force inducing water movement in the xylem is low; yet, at extremely negative
water potentials, cavitation strongly reduces hydraulic conductance. In both cases, transpiration is
limited [39]. Research shows that the daily average stand-level value of western juniper transpiration
is 0.4 mm during the summer months, which is largely driven by available soil water [29] and
0.09–0.21 mm during the growing season (leaf level model, [40]). Ashe juniper (Juniperus ashei) was
found to transpire approximately 150 L day−1 during the growing season, which is estimated to be
equivalent to 400 mm year−1 [41].

When trees progress from juvenile to young mature stages, roots may access soil moisture at
deeper layers [42]. The different rooting depths at different growth stages [43] can affect soil water
and transpiration dynamics. According to Mollnau et al. [29] and West et al. [44], mature juniper
trees draw soil water from deeper soil depths because of their deep root system. Juvenile junipers
remaining on a site after adult juniper removal have the potential to rapidly take up residual water
resources due to reduced competition with adult trees [45]. Transpiration is the larger component of
evapotranspiration in semiarid systems and can even exceed rainfall amounts due to groundwater
uptake by deep-rooted trees [46]. In arid regions, tree roots can extend beyond the soil profile into the
underlying bedrock layers and take up substantial amounts of water from weathered bedrock after
soil water has become unavailable [47]. According to Sternberg et al. [48], Rose et al. [49], McCole and
Stern [43], and Schwinning [50], at least 70% of the plant-available water, which was maximized during
the dry season, was contributed by the roots in the weathered bedrock, while the remaining ≤ 30% was
provided by the shallow soil (≤0.75 m).

Examining the relationship between transpiration and soil moisture is important for an improved
understanding of the effects of vegetation on water resources [51,52]. Considering the inherent
variability of moisture availability [53], the accurate monitoring of plant water uptake in arid and
semiarid environments requires long-term, continuous studies of plant transpiration [54]. Sap flow,
typically measured in the xylem, is the movement of water in the roots, stems and branches of plants [55].
Sap flow (SF) techniques are robust in monitoring transpiration continuously from component species
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of an ecosystem over several years, with an adequate frequency to detect responses to environmental
conditions [56]. A common argument for juniper control is the amount of potential water saving due
to the reduction in the number of trees. Yet, a good understanding of water use by the combined
effect of mature trees and sapling regrowth following mature juniper removal is not well documented.
This information is critical to better inform management decisions related to juniper control.

This study aimed to better understand how juniper encroachment affects water availability
in a semiarid rangeland ecosystem site in central Oregon in the USA. Study objectives were to (1)
assess transpiration of mature and juvenile trees in a juniper-dominated watershed and in regrowth
juniper saplings in an adjacent watershed where juniper was removed in 2005 and (2) characterize
transpiration and soil moisture relationships in juniper trees at different growth stages (sapling, juvenile,
and mature). We hypothesized that mature juniper trees are consuming considerable amounts of water
in the untreated watershed and that the vast number of juniper saplings re-populating the treated
watershed can also draw substantial water amounts. We theorized that soil moisture availability
driven by winter precipitation could significantly affect western juniper transpiration rates in these
water-scarce ecosystems.

2. Materials and Methods

2.1. Description of Study Site

This study took place at the Camp Creek Paired Watershed Study (CCPWS) site, 27 km northeast
of Brothers, Oregon, USA. The CCPWS site is a long-term collaborative research project located (43.96◦

Latitude; −120.34◦ Longitude) in central Oregon [30,57]. The CCPWS site encompasses an area of
approximately 400 ha and includes two adjacent watersheds, one treated (116 ha, Mays WS) and one
untreated (96 ha, Jensen WS) (Figure 1). Elevation at the study site ranges from 1370 m to 1524 m.
The dominant overstory vegetation in Jensen WS is western juniper. In autumn 2005, approximately
90% of the western juniper trees were cut in Mays WS using chainsaws, leaving big sagebrush (Artemisia
tridentata) as the dominant overstory vegetation. Following western juniper removal in Mays WS,
changes in vegetation composition have been reported, including western juniper regrowth (sapling
juniper trees) and greater presence of shrubs and grasses [20]. The average slope for each watershed is
around 25% with similar distribution of aspects [58]. The average annual precipitation (2009–2017) at
the study site is 358 mm. Most precipitation in the area occurs as a mix of rain and snow between
October and March, with sporadic rainfall events occurring during spring and summer.

Over the years, the CCPWS site has been instrumented to monitor multiple hydrologic (e.g., soil
moisture, groundwater, streamflow) and weather (e.g., precipitation, air temperature, solar radiation)
variables [30]. Data from this equipment are described in Ochoa et al. [30] and additional monitoring
equipment, including sap flow probes and other soil moisture stations were used in this study.

Three soil series, Westbutte, Madeline, and Simas, are present in both watersheds. Westbutte very
stony loam and Madeline loam, the two main soil types, comprise about 70% to 74% of the study
area [58]. The Westbutte series is classified as loamy-skeletal, mixed, superactive, frigid Pachic
Haploxerolls. The Madeline series is classified as clayey, smectitic, frigid Aridic Lithic Argixerolls.
The Simas series is classified as fine, smectitic, mesic Vertic Palexerolls. The Westbutte and Madeline
series consist of moderately shallow to deep, well-drained soils, formed of colluvium derived from
basalt, tuff and andesite. The Simas series consists of very deep, well-drained soils, formed of loess and
colluvium derived from tuffaceous sediments [59]. The Jensen WS mainly consists of 48% Madeline,
26% Westbutte, and 21% Simas series, while the Mays WS consists of 50% Westbutte, 20% Madeline,
and 3% Simas series [58]. Average soil depth in both watersheds ranges from 0.6 m (Westbutte soil
series) to 1.5 m (Simas soil series) [59].
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Figure 1. Map of the study area showing Mays WS and Jensen WS, indicating the locations of
different monitoring instrumentation used in this study. The monitoring station for mature juniper
in Jensen WS is located at 1370 m elevation, in alluvial deposits [60]. The other monitoring stations
are located at elevations ranging from 1400 m to 1524 m, in mostly fractured basalt [30,60]. Base map
source: Esri, Digital Globe, GeoEye, Earthstar Geographics, CNES/Airbus DS, U.S. Department of
Agriculture (USDA), U.S. Geological Survey (USGS), AeroGRID, IGN, and the GIS User Community.
Oregon counties map source: Esri, TomTom North America, Inc., U.S. Census Bureau, USDA, National
Agricultural Statistics Service (NASS). Spatial reference: GCS WGS 1984.
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2.2. Field Data Collection

2.2.1. Soil Physical Properties

In May 2019, soil samples for characterizing soil texture, water content, bulk density and porosity
were collected from an area near (<1 m) the soil moisture sensor locations in both watersheds (Figure 2).
Soil moisture at field capacity (θFC) and at permanent wilting point (θPWP) were determined to clarify
the potential of soil water availability for plant growth. We determined available water content (AWC)
from θFC–θPWP [61] (Appendix A, Table A1). Data obtained using the θ sensors were compared against
θFC and θPWP estimated values.
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and inter-canopy locations, and a thermal dissipation probe installation for transpiration measurement
in the valley location in Jensen WS.

2.2.2. Sap Flow Measurements and Transpiration Estimates

The two watersheds were instrumented to monitor western juniper sap flow. Sap flow was
measured using two different techniques. For the saplings, which are located in the Mays WS
(Mays-East and Mays-West), and the medium size (juvenile) trees in the Jensen-Upslope location,
we used the stem heat balance (SHB) technique [62,63]. For large mature trees (Jensen-Valley), we used
the thermal dissipation probe (TDP) technique [63–65].

Four sapling trees were equipped with sap flow gauges [66] in the Mays WS. For the Mays-East
location, one SHB gauge model SGB16 and one SGB1 (Dynamax Inc., Houston, TX, USA) were attached
to selected branches in saplings S1 and S2, respectively, to measure sap flow [67]. To scale sap flow
from a branch to the whole sapling tree, we used the technique described by Kirmse and Norton [68].
The branches containing sap flow gauges were designated as reference units and their lengths were
measured. For the whole sapling, we added the lengths of each individual branch including the main
stem. We estimated the percentage of the reference branch to the whole sapling as 10.3% for S1 and
16.6% for S2. The other two saplings (S3 and S4 trees) were each equipped with an SHB gauge (Model
SGB25, Dynamax Inc., Houston, TX, USA) in their main stems in the Mays-West location.

In addition, two juveniles (J1 and J2 trees) were equipped each with an SHB gauge (Model
SGB35, Dynamax Inc., Houston, TX, USA) in their main stems in the Jensen-Upslope location.
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The diameters of the equipped stems/branches and related parameters are reported in (Table 1).
The SHB gauges, comprising a flexible heater that itself is encircled by foam insulation, were wrapped
around branches/main stems [63]. Gauges were wrapped in aluminum foil to shield them from rain
and direct solar radiation. The SHB instrument description and theory of operation are described in
detail in [63,69,70]. Sap flow measurements were taken every 15 min and recorded in dataloggers
(SapIP dataloggers, Dynamax Inc., Houston, TX, USA). The sap flow rate (F) in the stems/branches in
(g h−1) was calculated using the following equation [67].

F =
3600
(
Q f
)

Cp(Td − Tu)
(1)

where:
Qf = The convective heat flux carried by the sap in Watts;
Cp = The specific heat capacity of xylem sap, assumed to be that of water (4.186 J g−1 k−1);
Td and Tu = Temperatures in Celsius measured at an equal distance downstream (d) and upstream

(u) from the heated stem. Each logger channel has a resolution and accuracy of +/−0.33 uV [71].

Table 1. Sensor information and characteristics of sapling and juvenile juniper. Tree height, tree
maximum width, and equipped stem/branch diameter were measured. Equipped stem/branch area
and leaf area were computed.

Tree No. SHB Sensor
Model

Tree Height
(m)

Tree
Maximum
Width (m)

Equipped
Stem/Branch

Diameter (mm)

Equipped
Stem/Branch
Area (mm2)

Leaf Area
(m2)

S1 SGB16 1.55 0.70 15 177 8.3
S2 SGB19 1.30 1.05 21 346 11.3
S3 SGB25 1.50 0.80 28 615 7.3
S4 SGB25 1.40 0.52 28 615 9.3
J1 SGB35 2.90 0.89 40 1256 14.4
J2 SGB35 3.75 1.14 40 1256 15.9

Sap flow measurements in mature juniper trees at the Jensen-Valley location were taken using
TDP probes (Models TDP-30 and TDP-50, Dynamax Inc., Houston, TX, USA). The TDP probes were
attached to a CR10X data logger (Campbell Scientific Inc., Logan, UT, USA) set to record data every five
minutes. The CR10X analog outputs have an accuracy of ±5 mV; ±2.5 mV (0◦ to 40 ◦C) and resolution of
0.67 mV [72]. Seven mature (M1 to M7) trees were initially used for sap flow measurements (two trees
were equipped with TDP-50 sensors and five trees with TDP-30 sensors). Thermocouple needles
1.2 and 1.65 mm in diameter (TDP-30 and TDP-50, respectively) were installed as a vertically aligned
pair 40 mm apart within the sapwood of each tree. A set of probes were implanted on the north and
south side of each tree in areas between 1 to 2 m above ground level. Plastic putty was installed around
the needles for water protection and foam quarter-spheres were tightly secured on both sides of the
needles to protect the wire from bending stress and to provide thermal insulation to the needles [73].
Reflective bubble wrap was installed around the tree trunks for additional insulation. There are some
limitations to sap flow measurements, including probe spacing and stem geometry; various wound
responses to probe implantation may cause heat ratios to vary over time; implanting sensors can cause
mechanical damage and interrupt flow by occlusion or blocking of the plant’s vascular tissues [74].
When necessary, probes were relocated to different trees [54]. The general methodology is described by
Köstner et al. [55], Lu [75] and Lu et al. [76].

A probe pair (two needles) linked via thermocouples was installed in the xylem of the tree.
The upper probe was connected to a power source with a current constantly inducing heat into the
sap stream while recording the temperature of the passing sap. The lower probe remained unheated.
The temperature difference (dT) between the heated and unheated probes reflects the amount of water
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passing the probes [29]. When sap flow occurs, the sap transports part of the heat and, therefore,
the temperature of the heated probe drops [77]. When no flow occurs, the dT reaches a maximum
value [77]. The value of maximum temperature difference (dTm), necessary for calculating sap flow,
is determined for each probe pair from the dTm measured during the night period, when transpiration
is assumed to equal zero [77]. Dimensionless parameter (K) was calculated using the following
equation [78,79].

K =
(dTm− dT)

dT
(2)

Average sap flow velocity (cm s−1) was calculated using the following equation [78].

V = (0.0119)
(
K1.231

)
(3)

Sap flow velocity then was converted to sap flow rate (g h−1) using the equation.

F = (V)(SA)(3600) (4)

where:
SA = Sapwood cross-sectional area (cm2).
Leaf area was calculated for each tree using the following pre-established equation developed by

Miller et al. [80].
Y = −35.036 + 2.296(X) (5)

where:

Y = Leaf area (m2);
X = Basal circumference (m).

Then, sapwood area (Table 2), which is a necessary parameter to calculate whole-tree water use,
was estimated using the following equation [80].

Y = 8.145 + 0.155(X) + 0.00005
(
X2
)

(6)

where:

Y = Leaf area (m2);
X = Sapwood area (m2).

Sap flow volume was then calculated on a daily (L day−1) basis.

Table 2. Sensor information and characteristics of the mature juniper trees. Basal diameter, basal
circumference, and tree diameter at sensor placement were measured. Leaf area and sap woody area
were computed.

Tree No. TDP Sensor
Model (mm)

Basal
Diameter

(m)

Basal
Circumference

(m)

Tree Diameter
at Sensor

Placement (m)

Leaf Area
(m2)

Sap Wood
Area (m2)

M1 50 0.87 2.85 0.70 619.3 0.1118
M2 50 0.75 2.47 0.60 532.5 0.1023
M3 30 0.52 1.74 0.38 363.8 0.0811
M4 30 0.37 1.27 0.28 256.1 0.0649
M5 30 0.52 1.74 0.37 364.5 0.0812
M6 30 0.52 1.73 0.43 361.0 0.0807
M7 30 0.40 1.39 0.30 284.1 0.0694

Juniper-sapling sap flow data were recorded for nine different periods from late June 2017 through
October 2019. Sap flow data for juvenile trees were recorded for six different periods from April
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2018 through September 2019. For mature juniper, sap flow data were recorded for nine different
periods from late May 2017 to September 2019.

2.2.3. Leaf Water Potential Measurements

Leaf water potential (Ψ) measurements were used to predict water use for juniper. The Ψ
measurements were taken within a period of 2 to 3 days in the middle of each month, from July
2018 to September 2019, using a Scholander pressure chamber [81] (PMS Instrument Co., Albany, OR,
USA). Predawn measurements (Ψpd) began between 3 and 5 a.m. and were completed before sunrise.
Midday measurements (Ψmd) were taken at approximately 12:30 p.m. The Ψ measurements were
taken from the trees monitored with sap flow sensors. Vegetative stems (n = 3–5) were clipped from
each tree using small scissors during each sampling period. The measurements were made in the
field immediately after clipping the stems. Vegetative stems for two mature trees were not accessible,
so only five mature trees were measured.

2.2.4. Soil Moisture Content

At the Jensen WS, soil volumetric water content (θ) data were obtained using two previously
installed monitoring stations [30]. One of the stations is installed at the sap flow–juvenile trees upstream
(Jensen-Upslope) location and the other one is installed at the sap flow–mature trees in the valley
(Jensen-Valley) location (see Figure 1). In each station, a vertical network of three θ sensors placed at
0.2, 0.5, and 0.8 m soil depth was installed at under-canopy and inter-canopy sites. The under-canopy
θ sensors were located 1 m northwest of one of the juvenile trees in the Jensen-Upslope location and at
1 m north of mature tree M1 in the Jensen-Valley location. The inter-canopy θ sensors were located 7 m
north of the under-canopy θ sensors in both juvenile and mature juniper locations.

At the Mays WS, two additional θ monitoring stations were installed for this study. One was
installed at the Mays-East site and the other one at the Mays-West site (see Figure 1). Only one vertical
network of three θ sensors (Model CS655, Campbell Scientific, Inc., Logan, UT, USA), which were
placed at 0.2, 0.5, and 0.8 m soil depth, was installed in the inter-canopy at both sites. All θ sensors
were tested in air, water, and dry sand conditions prior to field installation. All sensors were factory
calibrated and they operated within manufacturer specifications. The sensors were not calibrated for
site-specific soil conditions. All soil moisture stations were set to record θ hourly.

2.3. Transpiration and Soil Moisture Relations

Hourly θ data across all soil depths (0.2, 0.5, 0.8 m) were used to generate a daily averaged θ value
for the entire 0 to 0.8 m soil profile (θtot) at each monitoring station. These θtot values were compared
against SF levels obtained for all trees in a specific monitoring station. Sensor outputs for SF were
scaled to daily flow rates (L day−1).

2.4. Statistical Data Analyses

Multiple comparison analyses (Bonferroni t-test) were performed to compare the transpiration
means of two trees or more within each juniper growth stage and across various time periods.
Differences between Ψpd and Ψmd for all juniper growth stages were evaluated with a paired Student’s
t-test. A Kruskal–Wallis One Way Analysis of Variance (ANOVA) on ranks test was performed to
assess θ variability between inter-canopy and under-canopy zones in each location in the Jensen
WS. Daily averaged θ values at each sensor depth were used in this analysis. We used non-linear
regression analyses to evaluate the association between juniper water uptake and θtot for the three
juniper growth stages (sapling, juvenile, and mature). SigmaPlot® version 14.0 (Systat Software, Inc.,
San Jose, CA, USA) was used for all statistical analyses.
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3. Results

3.1. Transpiration—Juniper Growth Stages Scale

3.1.1. Sapling (Regrowth) Juniper in Mays WS

Table 3 shows seasonal transpiration estimates based on juniper sapling SF data recorded between
1 July 2017 and 31 October 2019. The highest mean transpiration values were obtained for S1
(2.59 L day−1) and S2 (2.93 L day−1) during the summer of 2017. Saplings S1 and S2 were significantly
different (p≤ 0.05) during all but the summer in 2017. A sharp decline in transpiration rates occurred for
both S1 and S2 during the autumn season in 2017, with a mean value of 0.43 (±0.07) L day−1. The lowest
transpiration value of 0.12 L day−1 was observed for S1 in both autumn 2018 and winter 2019.

Table 3. Transpiration rates of juniper sapling in the treated Mays WS, averaged by individual sapling
(S1–S4), and by all-saplings, for summer (1 July to 30 September), autumn (1 October to 31 December),
winter (1 January to 31 March), and spring (1 April to 30 June), from July 2017 through October
2019. Different lowercase letters (a, b, c) along rows indicate significant differences (p ≤ 0.05) in mean
transpiration rate by sapling for each season. Different uppercase letters (A, B, C, D, E) along the
last column indicate mean transpiration differences (p ≤ 0.05) by season for all saplings. Numbers in
parentheses in S1–S4 represent the number of days when sap flow data were collected for each individual
tree. Numbers in parentheses for all saplings represent the number of averaged days using data from
at least two saplings. N/A = Data not available.

Season, Year
Mean Transpiration Rate (L day−1)

S1 S2 S3 S4 All Saplings

Summer, 2017 2.59(43) a 2.93(30) a N/A N/A 2.76(24) A
Autumn, 2017 0.26(22) b 0.60(27) a N/A N/A 0.43(22) D
Spring, 2018 0.70(31) b 1.30(29) a N/A N/A 1.00(28) BC

Summer, 2018 0.46(72) c 1.32(71) a 0.68(51) b 0.71(52) b 0.79(81) C
Autumn, 2018 0.12(56) c 0.29(54) ab 0.21(65) bc 0.30(68) a 0.23(80) E
Winter, 2019 0.12(81) c 0.23(84) ab 0.23(79) b 0.28(81) a 0.22(88) E
Spring, 2019 0.55(39) bc 1.13(87) a 0.74(80) b 0.53(73) c 0.74(84) C

Summer, 2019 0.79(78) c 1.55(85) a 0.98(82) b 0.75(63) c 1.02(90) B
Autumn, 2019 0.14(30) b 0.70(31) a N/A N/A 0.42(30) D

When comparing all-sapling transpiration by season, no significant difference (p = 0.06) between
spring and summer seasons in 2018 was observed, with mean values of 1.00 (±0.068) L day−1 and 0.79
(±0.03) L day−1, respectively. In the summer of 2018, transpiration was 1.3 times greater for saplings in
the Mays-East location than in the Mays-West location, with S2 having significantly (p ≤ 0.05) greater
water use compared to the other saplings. From October 2018 through March 2019, what can be
considered the wet time of year, transpiration values were the lowest, with no significant (p ≥ 0.05)
differences between autumn 2018 and winter 2019 seasons. In the spring of 2019, trees became more
active and transpiration was significantly (p ≤ 0.05) greater than during the previous autumn and
winter seasons, with an average of 0.74 (±0.04) L day−1. Transpiration values were 1.4 times greater
in the summer (1.02 ± 0.04 L day−1) when compared to 2019 spring transpiration values. In early
autumn 2019, transpiration declined significantly, reaching the minimum values, with an average of
0.42 (±0.04) L day−1. The results from the ANOVA test showed that S2 had the highest transpiration
when compared to the other trees for most seasons. Across seasonal periods, the highest transpiration
values were observed in summer 2017, followed by spring 2018, then by summer 2019 (Table 3).

3.1.2. Juvenile (Medium Growth Stage) Juniper in Jensen WS

Similar to that observed for juniper saplings in 2018, transpiration rates between juvenile trees
were not different (p = 0.33) between spring (1.61 ± 0.09 L day−1) and summer (1.33 ± 0.08 L day−1)
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seasons (Table 4). Transpiration rates for both juvenile trees decreased substantially to a mean value of
0.27 (±0.02) L day−1 in autumn of 2018, which corresponded with the expected reduction in evaporative
demand toward the end of the year. Likewise, as observed in juniper saplings, transpiration values
were the lowest from October 2018 through March 2019, with no significant (p ≥ 0.05) differences
between autumn 2018 and winter 2019 seasons. No statistical difference (p = 0.58) in mean transpiration
rates between juvenile trees was observed in spring versus summer of 2019. Mean transpiration rates
for both trees yielded a daily average of 1.76 (±0.15) L day−1 in the spring and 2.00 (±0.11) L day−1 in
the summer. Similar to with the saplings, water consumption was not different (p = 1.00) in the spring
season for the years 2018 and 2019. The results from the ANOVA test showed there was no statistical
difference (p ≥ 0.05) in transpiration rates between juvenile trees for most seasons.

Table 4. Transpiration rates of juniper juvenile trees in the untreated Jensen WS, averaged by individual
tree (J1 and J2), and by both juvenile trees, for summer (1 July to 30 September), autumn (1 October to
31 December), winter (1 January to 31 March), and spring (1 April to 30 June), from April 2018 through
September 2019. Different lowercase letters (a, b) along rows indicate significant differences (p ≤ 0.05)
in mean transpiration rate by juvenile tree for each season. Different uppercase letters (A, B, C, D) along
the last column indicate mean differences (p ≤ 0.05) by season for both trees. Numbers in parentheses
in J1 and J2 represent the number of days when sap flow data were collected for each individual tree.
Numbers in parentheses for both juvenile trees represent the number of averaged days. N/A = Data
not available.

Season, Year
Mean Transpiration Rate (L day−1)

J1 J2 Both Juvenile Trees

Spring 2018 1.79(52) a 1.42(53) b 1.61(51) BC
Summer 2018 1.39(66) a 1.26(67) a 1.33(66) C
Autumn 2018 0.25(29) a 0.28(29) a 0.27(29) D
Winter 2019 0.24(10) a 0.15(6) a 0.19(6) D
Spring 2019 1.69(42) a 1.83(42) a 1.76(42) AB

Summer 2019 1.66(49) b 2.35(51) a 2.00(48) A

3.1.3. Mature Juniper in Jensen WS

Mean transpiration rates were significantly different between the two mature (M3 and M4)
trees monitored in spring 2017. Mean transpiration of both trees was 89.6 (±5.80) L day−1 (Table 5).
Similar to that observed in the juniper sapling locations, mean water consumption of all mature
trees (115.2 ± 3.56 L day−1) was significantly higher in the summer of 2017 than any other season.
In contrast to sapling and juvenile trees, water uptake by mature trees was 1.3 times greater in spring
(72.7 ± 2.59 L day−1) than summer (57.0 ± 2.49 L day−1) for 2018. Similar to that observed in sapling
and juvenile trees, transpiration of juniper mature trees sharply declined to its lowest values from
October 2018 through March 2019. However, water uptake by juniper mature trees was 1.3 times
greater in autumn 2018 (16.0 ± 2.26 L day−1) than winter 2019. In addition, mature juniper used the
same amount of water in spring (53.5 ± 2.15 L day−1) and summer (60.1 ± 1.42 L day−1) for the year
2019, similar to juveniles and different from saplings. The results from the ANOVA test showed that
transpiration rates were higher for M1 when compared to all other trees for most seasons. The M1 tree
has the largest leaf area of all trees evaluated (see Table 2).
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Table 5. Transpiration rates of mature juniper trees in the untreated Jensen WS, averaged by individual
tree (M1–M7), and by all mature trees, for summer (1 July to 30 September), autumn (1 October to
31 December), winter (1 January to 31 March), and spring (1 April to 30 June), from May 2017 through
September 2019. Different lowercase letters (a, b, c, d, e) along rows indicate significant differences
(p ≤ 0.05) in mean transpiration rate by mature trees for each season. Different uppercase letters (A, B,
C, D, E, F) along the last column indicate mean differences (p ≤ 0.05) by season for all trees. Numbers in
parentheses for M1–M7 represent the number of days when sap flow data were collected for each
individual tree. Numbers in parentheses for all trees represent the number of averaged days. N/A =

Data not available.

Season, Year
Mean Transpiration Rate (L day−1)

M1 M2 M3 M4 M5 M6 M7 All Trees

Spring 2017 N/A N/A 75.1(30) b 104.0(32) a N/A N/A N/A 89.6(30) B
Summer 2017 93.7(13) b N/A 117.4(90) b 134.5(91) a N/A N/A N/A 115.2(90) A
Autumn 2017 95.7(16) a N/A 36.9(15) b 52.9(16) b N/A N/A N/A 61.8(16) CD
Spring 2018 138.9(46) a N/A 52.5(65) cd 78.1(67) b 34.1(16) d 66.3(69) b 66.5(39) bc 72.7(69) BC

Summer 2018 83.5(38) a 73.9(46) a 37.4(84) b 71.2(90) a 44.2(73) b 47.1(90) b 42.0(83) b 57.0(90) D
Autumn 2018 32.6(9) a N/A 8.3(2) d 13.5(11) b 17.5(11) b 13.9(11) b 10.3(3) c 16.0(11) E
Winter 2019 18.7(6) a N/A 6.2(1) d 12.5(14) b 13.6(10) b 9.6(11) c 11.7(7) b 12.1(14) F
Spring 2019 106.4(43) a N/A 37.4(59) c 77.3(60) b 44.2(52) c 31.7(60) d 24.1(58) e 53.5(60) D

Summer 2019 N/A N/A 44.4(82) c 91.9(71) a 63.1(81) b 41(78) c N/A 60.1(82) D

3.2. Leaf Water Potential

For all juniper stages, predawn water potential Ψpd gradually increased (more negative values)
between July and September in both years (Figure 3), reaching as high as −2.6 (±0.18) MPa for the
juvenile trees, reflecting lower water availability. According to Miller and Shultz [82], there is a gradual
increase in Ψpd with the progression of summer drought, even though soil water remains available in
the lower depths, and juniper roots are observed to be well distributed throughout the soil profile.
Due to freezing or near-freezing air temperatures, Ψpd measurements were not taken from October
2018 to April 2019. In 2019, Ψpd significantly declined (less negative) from May through July for all
juniper stages, indicating a gradual increase in transpiration that peaked in July. Following that, a steep
rise in Ψpd, accompanied with less water consumption occurred from July to September.

Midday water potentials Ψmd for the saplings ranged from a high (more negative) of −2.9 MPa in
September for both years (±0.05 and ±0.03; 2018 and 2019 respectively) to a lower (less negative) value
of −1.9 (±0.06) MPa in May 2019. In contrast to the saplings, Ψmd for juveniles ranged from a high of
−3.7 MPa (±0.23) in November 2018 to a low of −1.9 MPa (±0.01) in February 2019. Like the juveniles,
Ψmd for mature trees was most negative in November 2018, −2.9 MPa (±0.08), and least negative in
June 2019, −2.0 MPa (±0.03). In general, Ψmd for all juniper growth stages was highest during late
summer and early autumn, when western juniper constantly started to use less water. The general
trend of decline in Ψmd (less stress) in late winter and spring 2019 is an indication of transpiration
activity in juniper.
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Figure 3. Monthly leaf water potential at predawn (least water stressed) and midday (most water
stressed), and transpiration estimate for western juniper growth stages: sapling, juvenile, and mature.
Data points are mean ± standard error.

Paired t-test results showed there were significant differences between Ψpd and Ψmd for all juniper
stages, indicating some degree of water loss occurring over the course of the day. This is consistent
with the findings of a study on Juniperus osteosperma conducted by West et al. [44]. Western juniper
exhibited a comparable range in Ψpd and Ψmd throughout the study. During a part of the growing
season (May to July), Ψpd and Ψmd values gradually diverged, corresponding with an increase in
transpiration peaking in July (Figure 3). However, these values started to diverge less during summer
(July to September) when transpiration started to gradually decline.

3.3. Soil Moisture Variability

3.3.1. Mays WS

Figure 4 illustrates the seasonal pattern of daily averaged θ (%) fluctuations collected from the
monitoring stations installed in Mays WS at two locations. For the Mays-East location, θ data were
recorded from 1 January 2017 to 31 December 2019. For the Mays-West location, θ data were recorded
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from 1 October 2018 to 31 December 2019. For both locations, θ values were higher during the spring
months when compared to other times evaluated. For the Mays-East location, the highest θ values at
all depths were recorded in March for all years but 2018, when the highest θ values at 0.5 m (26%)
and 0.8 m (17.4%) depths were observed in April. In general, θ recorded at the Mays-West location
followed the same response to precipitation pattern than the Mays-East location with the highest θ
values observed in the spring. However, peak θ values at the 0.5 m (22%) and 0.8 m (28%) depths in
2019 were not observed until April of that year.
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Figure 4. Daily averaged precipitation (Ppt) and soil moisture content (θ) at different soil depths
(0.2, 0.5, and 0.8 m) in inter-canopy zones for the Mays-East and Mays-West monitoring locations in
Mays WS.

The results from the ANOVA test showed there were significant θ differences (p ≤ 0.05) among
sensor depths in both locations, with greater θ values at 0.5 m depth and lower θ values at 0.8 m in
Mays-East. The lower θ values observed at 0.8 m in Mays-East were attributed to the higher soil bulk
density and lower porosity found at that depth (Table A1). At Mays-West, θ for all sensor depths
peaked in the month of May in 2019. Greater θ values were obtained at the 0.2 m sensor depth,
followed by 0.8 m, then by 0.5 m. The higher winter and early spring precipitation amounts observed
in 2019 may have contributed to the recharge of the entire soil profile.

3.3.2. Jensen WS

Similar to that observed in Mays WS, θ levels responded to seasonal precipitation variability
in both locations in Jensen WS with the highest θ values generally observed during the spring
(Figure 5). Higher θ levels were observed at the 0.2 m depth in both the under-canopy and inter-canopy
stations at both the Jensen-Valley and the Jensen-Upslope locations. The gap between under-canopy
and the inter-canopy θ was more apparent in the summer months at the Jensen-Valley location.
The under-canopy θ at the 0.2 m depth in both Jensen WS locations was greater than the inter-canopy.
Higher θ levels were observed at the inter-canopy location for both the 0.5 and 0.8 m depths in the
Jensen-Valley location. The ANOVA results showed there were significant θ differences (p ≤ 0.05)
between under-canopy and inter-canopy zones for all but the 0.8 m (p = 0.23) sensor depth at the
Jensen-Upslope location.
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Figure 5. Daily averaged precipitation (Ppt) and soil moisture content (θ) at different soil depths
(0.2, 0.5, and 0.8 m) in inter-canopy and under-canopy zones for Jensen-Upslope and Jensen-Valley
monitoring locations in Jensen WS.

3.4. Transpiration and Soil Moisture Relations

3.4.1. Mays WS

Figure 6 shows the daily averaged transpiration andθtot relationships in response to precipitation in
Mays WS. No significant (p = 0.3) inter-annual variability differences inθtot at the onset (January–March)
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of the three-year study (2017–2019) for the Mays-East location. The θtot values peaked in late winter for
years 2017 and 2019, whereas in 2018 θtot reached a maximum value in early spring. The greater θtot

values recorded in spring season for year 2017 compared to 2018 (paired t-test, t = 27.5, df = 90, p≤ 0.001),
which may be in response to higher winter precipitation inputs resulted in sapling transpiration levels
three times greater in the summer of 2017 when compared to 2018. Total winter precipitation was
2.8 times greater in 2017 than in 2018. When θtot dropped below 15% in the end of the summer
and through the progression of the autumn for both 2017 and 2018, juniper transpiration levels also
declined. The greater transpiration rates observed in summer 2019 were attributed to the higher θtot

levels observed in spring 2019.
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Mays WS.
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Juniper sapling transpiration rates at both locations in Mays WS peaked during spring and
summer, then declined through late summer to autumn following the θtot drying, indicating the
potential time at which soil moisture became limiting.

3.4.2. Jensen WS

The daily averaged transpiration and θtot relationships in response to precipitation in Jensen WS
are illustrated in Figure 7. For the Jensen-Valley location, peak values of θtot (16%) were recorded
in spring. The lowest θtot (<11%), indicative of dry soil conditions, occurred at the end of autumn.
Higher θtot levels were observed at the onset (January to March) of years 2017 and 2019 (with no
difference, p = 0.11) compared to 2018. Spring θtot levels were not significantly different (p = 0.98)
in 2017 and 2019 but were significantly (p ≤ 0.05) higher than 2018. The day at which maximum
transpiration was recorded indicated the point at which θtot became limiting. This soil moisture
limiting points in 2017 (18 August) and 2018 (22 June) were different, in part due to the higher
amount of θtot available from the higher winter and spring precipitation observed in 2017 than in
2018. In 2019, θtot levels found in the under-canopy at Jensen-Valley gradually increased in response
to winter precipitation and spring snowmelt runoff until they reached the highest value in mid-May
(15%). Transpiration peaked in early June and then declined, with some fluctuations. In September
2019, transpiration and under-canopy θtot in Jensen-Valley were both at the lowest levels for the year.
The limiting θtot, where transpiration started to decline, was 10 days longer in 2019 than 2018, which
may have caused transpiration to be greater during spring 2018 than 2019.

A similar pattern was observed at the Jensen-Upslope site for juvenile juniper from January
2018 through December 2019 (Figure 7). Following precipitation, θtot rose to about 19% in late
April and then started to gradually decline until it reached its minimum (10%) in mid-December.
Transpiration, which was first recorded on 22 April, showed an immediate response to θtot.
Transpiration rose sharply and peaked at 3.6 L day−1 on 2 June, then fluctuated around 2.7 L day−1

until 8 July, when it began a steady decline and bottomed out to 0.09 L day−1 on 16 December.
Following rainfall events, transpiration rapidly increased during spring and early summer, then
decreased as θtot decreased over the course of the summer. In early winter and spring 2019, there
was a gradual increase in θtot in the Jensen-Upslope location, followed by a more rapid growth in
transpiration in the spring, ranging from 0.02 to 3.89 L day−1 on 20 July. Following this, there was a
noticeable decline in transpiration during the progression to the late summer. Differences in winter
precipitation led to a significantly (p ≤ 0.05) greater θtot at the Jensen-Upslope location in spring
2019 compared to 2018. As a result, summer transpiration was 1.5 times greater in 2019 than 2018.

The θtot values recorded were within expected ranges of permanent wilting point and field
capacity based on soil properties determination for different locations in both watersheds. The mean
θtot values in the drier months (July–November, 12%) for all years were close to θPWP mean values
(9.0%) calculated in both watersheds (Table A1). Mean θtot values in the wetter months (January–May,
17%) were lower than mean θFC (30%). Lower transpiration rates were observed in both watersheds at
the end of the summer, as θtot approached θPWP. Considerable variation in precipitation and available
θwas observed over the study (2017–2019). On average, available water ranged from 17% in Jensen
WS to 27% in Mays WS.
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Figure 7. Juniper daily averaged transpiration and soil moisture content, 0 to 0.8 m (θtot) response to
precipitation (Ppt) inputs in the Jensen-Upslope and Jensen-Valley monitoring locations at Jensen WS.

Table 6 shows the monthly averaged temperature and precipitation variability over the three years
of this study. Greater winter (January to March) precipitation amounts recorded for 2017 (169 mm) and
2019 (110 mm) were reflected in the higher θtot levels available for a longer portion of the growing
season in these years compared to the drier winter quarter in 2018 (61 mm). Summer (July to September)
precipitation in 2018 was marginal (5 mm), compared to 2017 (15 mm) and 2019 (42 mm), leading
juniper daily transpiration rates to a rapid decline after peaking in spring (see Figure 7). Mean air
temperature values during the most active transpiration seasons (spring and summer) remained
relatively the same for all three years evaluated.
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Table 6. Monthly averaged maximum (T Max), minimum (T min), and mean (T mean) air temperature
in Celsius degrees, and total monthly and annual precipitation (Ppt) in mm at the CCPWS site for the
three-year (2017–2019) duration of the study.

Month
2017 2018 2019

T Max T Min T Mean Ppt T Max T Min T Mean Ppt T Max T Min T Mean Ppt

January 1 −11 −5 64 7 −3 1 28 6 −6 −1 35
February 5 −5 0 54 5 −8 −2 5 2 −9 −4 22

March 9 −1 4 51 9 −5 1 28 10 −6 1 53
April 10 −2 4 48 14 −2 6 19 15 0 7 49
May 19 1 10 12 22 5 13 58 20 3 11 1
June 23 5 15 16 25 5 15 28 22 7 14 13
July 31 9 21 1 33 10 22 3 26 10 18 1

August 30 10 20 7 31 9 20 1 28 12 20 30
September 23 5 14 7 25 4 14 1 19 7 12 11

October 15 −1 6 35 15 0 7 17 11 −1 5 7
November 7 −3 1 25 10 −4 2 21 10 −1 4 4
December 5 −8 −2 9 2 −7 −3 36 2 −4 −1 21

Total 329 245 247

Table 7 shows the relationships between the soil water content and transpiration variables estimated
from 1 July through 31 October, the most active transpiration period observed, each year during
2017 to 2019. For some years, transpiration data were only collected through 30 September. A strong
association between soil moisture averaged over the upper 0.8 profile (θtot) and tree transpiration rates
for all juniper growth stages was observed in 2018 and for the saplings and mature trees measured in
2017. A weak association between the two variables was observed for all growth stages in 2019.

Table 7. Fitted linear equations obtained to determine relationships between daily transpiration rates
(y) and top 0.8 m soil average soil moisture content (θtot ) for years 2017–2019.

Period Location (Growth Stage) Equation (f = y0 + a x θtot) R2 SE p-Value

July–October 2017 Mays-East (Sapling) f = −4.66 − 0.494 θtot 0.449 0.069 <0.001
July–September 2017 Jensen-Valley (Mature) f = −134.89 + 24.71 θtot 0.529 2.276 <0.0001

July–October 2018 Mays-East (Sapling) f = −2.34 + 0.24 θtot 0.788 0.013 <0.001
July–September 2018 Jensen-Upslope (Juvenile) f = −9.99 + 0.53 θtot 0.875 0.039 <0.0001

July–October 2018 Jensen-Valley (Mature) f = −179.76 + 20.83 θtot 0.796 1.087 <0.0001
July–September 2019 Mays-East (Sapling) f = 0.210 − 0.034 θtot 0.347 0.034 <0.001
July–September 2019 Mays-West (Sapling) f = 1.171 − 0.025 θtot 0.035 0.015 0.1096
July–September 2019 Jensen-Upslope (Juvenile) f = −7.289 − 0.64 θtot 0.504 0.090 <0.0001
July–September 2019 Jensen-Valley (Mature) f = 28.012 − 2.453 θtot 0.031 1.494 0.1405

4. Discussion

This study shows that western juniper transpiration for sapling, juvenile, and mature growth
stages follow a similar pattern, that is consistent with soil moisture availability in response to seasonal
precipitation in cool climate rangeland ecosystems of semiarid central Oregon, USA. Transpiration rates
are influenced by water availability and atmospheric evaporative demand [52,83–85]. In this study,
we focused on the water availability component and characterized transpiration–soil moisture
relationships for western juniper trees at different growth stages (sapling, juvenile, and mature).

All mature, juvenile, and sapling trees showed similar patterns of seasonal transpiration, with
generally maximum values obtained in late spring/early summer and acute reductions as the summer
drying of the soil progressed. During winter, cold soil temperatures restrict transpiration in juniper
woodlands. The reduced transpiration in winter is commonly attributed to factors such as cold soil and
air temperature, low vapor pressure deficit, and minimum stomatal conductance [82]. The inhibitory
effects of low soil temperature on transpiration have also been reported in other forest types [86–88].
Equipment failure (battery power and damage from livestock) and limited access to the study site due
to weather conditions affected data collection. Some limitations associated with probe installation may
also have impacted SF data.
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As soil temperature starts increasing in spring, juniper begins to transpire and grow actively [12].
The observed seasonal decrease in leaf water potential values and the range between predawn and
midday water potentials helped to validate sap flow-based transpiration estimates that peaked during
the summer and declined as the soil started drying. Soil water is an important determinant of
transpiration rates, particularly in water-limited environments such as the one addressed in this study.
Juniper woodlands maintain low transpiration, while leaf water potentials continuously increase with
soil drying [54,82,89]. The higher transpiration rates (57 to 115 L day−1) observed for mature trees in the
summer are within the range of values reported in other western juniper studies [29,40], and for other
woody vegetation species (e.g., J. ashei [41], Abies amabilis [90], Pinus pinaster [91], Pinus radiata [92],
Eucalyptus loxophleba [93], and Ficus insipida [94]).

The higher soil moisture content levels observed at under-canopy locations in the untreated Jensen
WS, particularly during the dry season, appeared to be influenced by the shade provided by juniper
canopy that prevented soil evaporation. This is consistent with the finding of studies conducted in
other juniper [95] and pine [96] tree species that have reported that tree canopy acts as a barrier to
prevent soil evaporative losses. The generally lower soil moisture content obtained at the deeper
0.8 m depth in under-canopy locations can be attributed to a combination of factors including the
finer-textured soil found at that soil depth, precipitation interception that limited water recharge,
and to tree water uptake by neighboring mature juniper trees. Juniper is an evergreen with extensive
lateral and deep roots, and it has physiological adaptations that enable it to maximize water extraction
from deeper depths [25]. Deep roots of trees may increase the supply of hydraulically lifted water [97]
from deeper soil zones in arid and semiarid environments. Water uptake by western juniper is not
only exploited in shallow soil layers; it also occurs at greater depths [29]. A study conducted by Leffler
et al. [98] on J. osteosperma in the Great Basin reported juniper can extract water from 1 m below the
soil surface. Additionally, a study by Eliades et al. [99] on Pinus brutia in a semiarid Mediterranean
landscape has shown bedrock water contribution to transpiration can reach 100% in summer.

The similar spring and summer air temperature values observed for all three years of the study
indicate transpiration rates may have been more influenced by factors such as precipitation and
available soil water than from air temperature. Total amount and timing of precipitation seemed to
have influenced transpiration rates throughout the year. Higher soil moisture content availability,
following winter precipitation and snowmelt runoff, in 2017 resulted in higher transpiration rates
overall. Mature juniper transpiration rates in the summer were about two times greater in 2017 year
than those observed in the below-average precipitation years 2018 and 2019. Transpiration declined
quickly as soil moisture was depleted. The seasonal soil moisture effects on transpiration rates observed
in this study are consistent with those reported for other woody vegetation species in arid and semiarid
landscapes [53,54,100–102].

5. Conclusions

This study evaluated western juniper transpiration and soil moisture relationships at different
tree growth stages. Sapling, juvenile, and mature juniper trees follow a similar seasonal transpiration
pattern driven by total amount and timing of precipitation that recharges soil moisture each year.
Transpiration rates peak during the summer then start declining as soil moisture content levels decrease
at the end of the summer and into the autumn. Juniper transpiration rates are higher in years with
greater winter precipitation levels that help replenish soil moisture before the onset of the growing
season. A strong association between soil moisture available in the upper 0 to 0.8 m soil profile
and tree transpiration rates exists. While topsoil (<0.2 m) moisture levels are generally higher at
under-canopy locations, water uptake by mature juniper trees during the summer appears to deplete
soil moisture levels at the deeper 0.8 m profile. Study results show that mature juniper consumed
between 120 and 175 L day−1 more water than saplings depending on precipitation, and consequently,
soil water availability. Leaf water potential measurements are good indicators of juniper water status
where less negative values correspond with the occurrence of transpiration. This study provides
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important information regarding precipitation, soil moisture, and tree transpiration relationships in
cool-climate rangeland ecosystems. The comparison of western juniper water uptake at different
growth stages adds a critical component to assess potential water savings and redistribution following
vegetative manipulation practices such as juniper control. Further investigation is needed to evaluate
the long-term dynamics of western transpiration and other associated factors (e.g., soil moisture,
evaporative demand).
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Appendix A

Soil Physical Properties

At each sensor depth (Figure 2), three soil cores for bulk density, water content and porosity
using a soil core sampler (48 mm diameter × 100 mm length), and one loose soil sample for textural
classification were obtained. Soil texture was determined using the hydrometer method described
by Gee and Bauder [103]. Soil cores were weighed, oven-dried at 105 ◦C for 48 h and reweighed
to determine percent gravimetric water content (GWC, kg kg−1) [104]. Bulk density (BD, Mg m−3)
was calculated as the ratio of the mass of oven-dried soil sample to core volume. The percent of soil
volumetric water content (θ, m3 m−3) was computed using the formula

θ = (GWC) × (BD) (A1)

Soil porosity (%PS) was determined using the formula

%PS = 100×
(
1−

BD
PD

)
(A2)

where PD = particle density, the value of which is 2.65 Mg m3 [105].
The three soil cores used for bulk density and water content determinations were mixed to produce

a representative sample for each sensor depth and location. The characteristic water retention curve of
each soil mix was determined at the Soil Physics Laboratory of Oregon State University. Soil matric
potential was determined for each representative sample using a pressure plate apparatus (5-bar
pressure chamber using a 5-bar ceramic plate, Soilmoisture Equipment Corp., Santa Barbara, CA, USA)
and dew point meter (Model WP4C, Group Meter Inc., Pullman, WA, USA) [106,107].
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Table A1. Soil physical properties for the paired watersheds within the study area, (a) Jensen WS and (b) Mays WS, showing the mean and standard error (n = 3)
of soil bulk density, soil particle distribution of sand, silt, and clay, volumetric water content and soil porosity at each soil depth. Additionally, mean θ values at
permanent wilting point (θPWP), field capacity (θFC), and available water content (AWC) are identified for each soil depth. The Jensen WS location illustrates data
collected at under-canopy and inter-canopy area in upslope and valley settings. Means with the same letter superscripts (a, b) along columns indicate no significant
differences for soil depths (p < 0.05).

Soil Depth BD (Mg m−3) Sand (%) Silt (%) Clay (%) VWC (%) PS (%) θFC (%) θPWP (%) AWC (%)

(a) Jensen WS

Upslope-Under-canopy

0.2 m 1.22 ± 0.04 b 54.4 ± 2.80 a 25.1 ± 0.35 a 20.51 ± 2.45 a 31.10 ± 4.80 a 53.97 ± 1.52 a 27 10 17
0.5 m 1.35 ± 0.03 ab 56.3 ± 2.40 a 25.9 ± 3.08 a 17.91 ± 0.81 a 40.95 ± 12.20 a 49.05 ± 1.06 ab 27 9.8 17.2
0.8 m 1.49 ± 0.03 a 53.7 ± 1.04 a 24.4 ± 0.23 a 21.91 ± 1.27 a 33.68 ± 9.12 a 43.61 ± 1.05 b 28 10 18

Upslope-Inter-canopy

0.2 m 1.33 ± 0.04 b 54.3 ± 0.67 a 26.6 ± 1.94 a 19.1 ± 1.85 a 25.51 ± 0.74 a 49.62 ± 1.30 a 29 9.7 19.3
0.5 m 1.43 ± 0.015 b 49.9 ± 2.73 a 26.6 ± 1.20 a 23.5 ± 1.58 a 26.76 ± 0.23 a 46.21 ± 0.51 a 27 10 17
0.8 m 1.63 ± 0.015 a 54.4 ± 1.47 a 22.3 ± 1.33 a 23.3 ± 0.47 a 29.02 ± 2.21 a 38.49 ± 0.62 b 25 9.9 15.1

Valley-Under-canopy

0.2 m 1.19 ± 0.042 b 50.3 ± 0.73 c 33.6 ± 0.70 a 16.1 ± 0.07 a 21.45 ± 0.63 a 55.20 ± 1.57 a 42 10.7 31.3
0.5 m 1.46 ± 0.061 a 58.2 ± 0.60 b 24.2 ± 0.24 b 17.7 ± 0.37 a 24.05 ± 1.27 a 44.92 ± 2.26 b 30 9.8 20.2
0.8 m 1.28 ± 0.067 ab 63.7 ± 1.16 a 18.6 ± 0.95 c 17.7 ± 0.82 a 19.46 ± 5.48 a 51.63 ± 2.43 ab 26 9.3 16.7

Valley-Inter-canopy

0.2 m 1.43 ± 0.118 a 60.5 ± 1.07 b 20.6 ± 0.35 a 18.9 ± 1.12 a 27.33 ± 1.13 a 46.02 ± 4.46 a 39 8.9 30.1
0.5 m 1.52 ± 0.027 a 68.7 ± 1.62 a 14.5 ± 1.29 b 16.9 ± 1.79 a 20.71 ± 0.49 a 42.55 ± 0.93 a 27 9.5 17.5
0.8 m 1.64 ± 0.072 a 73.8 ± 0.31 a 10.5 ± 1.00 b 15.7 ± 0.70 a 23.00 ± 5.07 a 38.21 ± 2.71 a 24 4.9 19.1

(b) Mays WS

Inter-canopy (Mays-East)

0.2 m 1.52 ± 0.009 b 60.1 ± 1.43 b 22.1 ± 0.74 a 17.9 ± 0.70 a 22.85 ± 4.05 a 42.65 ± 0.34 a 33 9.3 23.7
0.5 m 1.59 ± 0.006 a 61.7 ± 0.71 ab 20.1 ± 0.79 ab 18.2 ± 0.42 a 34.57 ± 4.57 a 40.04 ± 0.27 b 28 9.5 18.5
0.8 m 1.57 ± 0.012 a 65.9 ± 0.29 a 17.5 ± 0.29 b 16.5 ± 0.47 a 24.83 ± 5.58 a 40.88 ± 0.44 b 25 3.8 21.2

Inter-canopy (Mays-West)

0.2 m 1.31 ± 0.012 a 58.1 ± 2.27 a 24.5 ± 1.53 a 17.5 ± 0.74 a 24.85 ± 4.05 a 50.48 ± 0.38 a 39 10.1 28.9
0.5 m 1.33 ± 0.055 a 53.3 ± 0.55 a 28.7 ± 3.65 a 18 ± 3.22 a 19.77 ± 1.01 a 49.68 ± 2.07 a 35 10.1 24.9
0.8 m 1.38 ± 0.019 a 47.9 ± 0.41 a 34.5 ± 1.43 a 17.6 ± 1.47 a 27.85 ± 1.52 a 48.10 ± 0.74 a 36 9.9 26.1
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