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Abstract: Accurate simulation of oxygen isotopic composition (6'®0Or) of transpiration (T) and its
contribution via isotopic non-steady-state (NSS) to atmospheric water vapor 6'%0 (6'80v) still faces
great challenges. High-frequency in-situ measurements of 6'®0Ov and evapotranspiration (ET) 650
were conducted for two summer days on a subtropical forest plantation. 680 of xylem, leaf, and
soil water at 3 or 4-h intervals was analyzed. Leaf water %0 and 6'®0Or were estimated using the
Craig and Gordon (CG), Dongmann and Farquhar-Cernusak models, and evaporation (E) 6'80 us-
ing the CG model. To quantify the effects of 6'Or, 'Ok, and 0'®Otr on 6'%0v, T, E, and ET isoforcing
was calculated as the product of T, E, and ET fluxes, and the deviation of their 680 from 5'¥Ow.
Results showed that isotopic steady-state assumption (SS) was satisfied between 12:00 and 15:00.
NSS was significant, and 6'*Or was underestimated by SS before 12:00 and after 18:00. The Péclet
effect was less important to 6'*Or simulation than NSS at the canopy level. Due to decreasing atmos-
pheric vertical mixing and the appearance of the inversion layer, contribution from positive T
isoforcing increased 0'®0Ov in the morning and at night. During the daytime, the contribution from
positive T isoforcing increased first and then decreased due to strong vertical mixing and variability
in T rate.

Keywords: oxygen isotopes; transpiration; leaf water isotopic enrichment; steady-state; non-steady-
state; Péclet effect; water vapor; isoforcing

1. Introduction

Plant transpiration transfers soil water to the leaves via root uptake and then into the
atmosphere via stomata, reaching a global mean of 48% of continental precipitation [1].
Therefore, transpiration can greatly affect the concentration of atmospheric water vapor
and change regional humidity and precipitation patterns [2,3]. Oxygen isotopes are a val-
uable tracer for studying soil-plant-atmosphere water interactions [4,5]. Transpiration
generally leads to enrichment in the heavy isotope (1%0) at evaporation sites within leaves
over source water [6]. Estimation of the oxygen isotope composition of transpiration
(6180n) is closely related to the oxygen isotope composition of leaf water at sites of evapo-
ration (6'®OLe) [6,7]. An accurate simulation of 6'%Or is useful for evapotranspiration par-
titioning by the isotopic method [8]. Meanwhile, 5'*Or may affect the isotope composition
of atmospheric water vapor (6'Ov) by a mixture of transpiration and atmospheric water
[9,10]. The contribution of 6Ot to 6'Ov can be quantified by transpiration isoforcing as
the product of transpiration flux and the deviation of its isotopic ratios from 6'*Ov [9,10].
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Knowledge about the contribution of 60Or to 60Ov is important for improving the perfor-
mance of climate models predicting dramatic changes in atmospheric humidity and in the
distribution and abundance of precipitation in a future warmer climate [11].

The effects of steady and non-steady-state assumptions and the Péclet effect on esti-
mating 6'8Or are still poorly understood for rapidly changing environmental conditions
or low transpiration rates [12,13]. The simplest method for estimation of 6¥Or is to assume
that 6180r is equal to the isotopic composition of the source water entering the leaves; this
is referred to as the isotopic steady-state assumption [14,15]. Yet, numerous observation
and modeling studies have demonstrated that it is difficult for canopies to reach a steady-
state during rapidly changing environmental conditions or small water vapor fluxes, es-
pecially at night [9,16]. Dongmann et al. [17] developed an isotopic model considering the
non-steady-state effect for improving 6'*Or estimation, which retained the assumption of
uniform distribution of 8O in the leaf water pool. However, many experimental studies
have confirmed that leaf water is not thoroughly mixed and a gradual decrease of leaf
water 80 occurs from the evaporation sites to leaf veins, a phenomenon known as the
Péclet effect [18]. Consequently, Farquhar and Cernusak [19] developed a non-steady-
state model incorporating the Péclet effect. However, Xiao et al. [13] found that the Péclet
effect was less important than the non-steady-state effect at the canopy scale for some
species such as soybean, wheat, and corn.

080v measured within canopies represents an integrated signal from plant transpi-
ration, soil evaporation, and the atmosphere above the canopy, but it is not clear how
variable transpiration affects 56'8Ov via isotopic non-steady-state conditions [9,10,20]. Pre-
vious research suggested that surface evapotranspiration (ET) directly influences atmos-
pheric humidity, which is dominated (>80%) by plant transpiration [2,21]. Therefore, 6¥Or
may influence 6Oy most strongly during the daytime when leaf surface conductance and
transpiration rates are greatest [22]. Assuming a steady-state for the needles of Douglas-
fir trees overestimated transpiration isoforcing, especially at night, due to a large ratio of
transpiration to leaf water volume (turnover time of leaf water) [9]. The air entering the
canopy from the atmosphere carried isotopically depleted vapor and was primarily re-
sponsible for driving 6'80Ov values into the more negative ranges [23]. Therefore, the influ-
ence of transpiration isoforcing on 6'*0Ov may be overwhelmed by vertical atmospheric
mixing during midday, and contribute more during morning or night time.

China has the largest area of forest plantations in the world, with plantations com-
prising about 31.6% of the total forest area [24]. Furthermore, 54.3% of these plantations
are distributed in the subtropical region [25]. Therefore, a study on the estimation of 6'8Or
and its contribution to 6'®Ov in this region is useful for evapotranspiration partitioning
and predicting dramatic changes in precipitation. In this study, we used the isotope ratio
infrared spectroscopy technique to measure 6'*0Ov and 6'®Ogr continuously for two sum-
mer days on a subtropical forest plantation. Specifically, we analyzed 6*O of xylem and
the leaf water of three dominant species, and soil water at 0-5, 15-20, and 40-45 cm depths
at 3 or 4-h intervals. We estimated leaf water 60O and 6'8Or with the Craig and Gordon
(CG), Dongmann (DG), and Farquhar-Cernusak (FC) model, and evaporation 6'30 (6'8Ok)
with the CG model. We calculated transpiration (T), evaporation (E), and evapotranspira-
tion (ET) isoforcing by the product of T, E, and ET flux, and the deviation of their isotopic
ratios from 0'80v. Our objectives in this study were to (1) evaluate the effects of the steady
and non-steady-state assumption and the Péclet effect on estimating 6'8Or with the three
models, and (2) explore the effects of 00r via isotopic non-steady-state assumption on
0180w,

2. Materials and Methods
2.1. Study Site

This study was conducted at the Qianyanzhou (QYZ) Ecological Experimental Sta-
tion (26°44'52" N, 115°39'47" E, and elevation 102 m) of the Chinese Ecosystem Research
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Network (CERN), a member of ChinaFLUX, located in Taihe County, Jiangxi Province in
southern China. The climate in the area is controlled by the Western Pacific subtropical
high and the subtropical East Asian monsoon [26]. Annual precipitation and mean air
temperature were 1407.3 + 300.2 mm and 18.1 + 0.5 °C during 1985 to 2020, respectively
(according to meteorological records of CERN).

The study plot (100 x 100 m?) is located at the top of a hill within the Songtang catch-
ment of QYZ (Figure 1a), where soil depth is less than 100 cm and the average groundwa-
ter level is about 3.43 m. The soil at the site is red earth weathered from sandstone, sandy
conglomerate, mudstone, and alluvium. Soil bulk density is about 1.57 g cm=, and sand,
silt, and clay contents are 17, 68, and 15%, respectively [27]. The subtropical forest planta-
tion at the site was planted in 1985, and the dominant tree species were Masson pine (Pinus
massoniana L.), slash pine (Pinus elliottii E.), and Chinese fir (Cunninghamia lanceolata L.)
[28]. According to a survey conducted in the study plot in 2011, canopy height was 14.4
m and the proportion of living numbers for P. massoniana (Pinus massoniana L.), P. elliottii
(Pinus elliottii E.), C. lanceolata (Cunninghamia lanceolata L.), and other broadleaf trees were
50.0, 30.4, 7.5, and 12.1%, respectively. The growing season lasts from March to October.

Ridge Field Other Forest Land
Citrus Orchard Economic Forest Land

Slash Pine Forest Land ‘Weed Land

(a)

D Songtang Catchment
[] stuay Plot

0 875 175 350 miles ® Sampling Sites
Flux Tower
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Chinese Fir Forest Land - Water Body
Broad Leaved Coniferous Mixed Forest Land Stream

Figure 1. (a) Map of study plot and sampling sites, (b) photos of the flux tower, and (c) photos of
the bamboo tower for plant sampling.

2.2. In-Situ Measurements of Isotope Ratios in Water Vapor and Evapotranspiration

The in-situ system for measuring the 6'0 and 0H of atmospheric water vapor and
their flux ratios consisted of a water vapor isotope analyzer (WVIA, Model DLT-100; Los
Gatos Research Inc., San Jose, CA, USA) based on the isotope ratio infrared spectroscopy
(IRIS) technique, an online calibration system, and an ambient air sampling system [8,29].
A water vapor isotope standard source (WVISS; Los Gatos Research Inc., San Jose, CA,
USA) was used for the online calibration system, connecting the WVIA via a three-way
solenoid valve. Five calibration gas streams (51, 52, S3, 54, S5) with the same isotopic ratios
and five mixing ratios were generated by a liquid vaporization module that instantane-
ously vaporized the standard water of a specific volume. The isotopic composition of the
standard water was measured on a liquid water isotope analyzer (LWIA, Model DLT-100;
Los Gatos Research Inc., San Jose, CA, USA). The switching sequence was calibration gas
(51, S2, S3, 54, S5), ambient air, calibration gas (51, S2, S3, 54, S5), ambient air, with 5 min
spent on each calibration gas and with 180 min spent on ambient air. The switch of the
valve was controlled by an electric signal from WVIA.

The ambient air sampling system consisted of another three-way solenoid valve, a
bypass pump, a sampling pump, and two buffer bottles. The 80v profiles were measured
at 17 m and 27 m above the canopy (Figure 1b). The switch between the two intakes for
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the measurement of the ambient air sample, with 2 min spent on each intake, was con-
trolled by an electric signal from the WVIA. All of the sampling Teflon tubes were heated
by a heating cable (Self-Regulating Heating Cable/Low Temperature, OMEGA Engineer-
ing inc., Norwalk, CT, USA) and wrapped with heat-insulating materials to minimize the
possibility of fractionation within the delivery tubes [30]. Flow rates of the bypass pump
and sampling pump were 2.0 and 0.45 L min standard temperature and pressure (STP),
respectively. Raw data were recorded at 1 Hz.

Two of the five calibration gases were selected to span the ambient water vapor con-
centration for calibrating ambient measurements. More details concerning the calibration
procedure and the quality control of data are available in the literature [31,32]. Data after
calibration were averaged in this study to hourly. The 1 h precision was ~0.2 %o for $'O
and ~0.4 %o for 62H obtained by Allan variance analysis, which was given as one standard
deviation of the difference between the measured isotope ratio and the value modeled
according to the Rayleigh distillation equation with hourly averaging. The molar flux iso-
tope ratio (Rer) of evapotranspiration was determined by the flux-gradient technique us-
ing measurements at the two sampling heights above the canopy [31,33]. Here, Rer was
calculated on an hourly basis as:

16 16 18 18
R _ R ‘xs,2 - s,lxa,Z _xa,l 1
ET — % _18 18 16 ( )

16
‘xs,2 _‘xs,lxa,2 _xa,l

where R is the molar ratio of the calibration water; x is the hourly mean mixing ratio of
water isotopologues; superscripts 16 and 18 denote the %O and 'O molecules in water,
respectively; s,1 and s,2 indicate span calibration vapor streams of 1 (lower concentration)
and 2 (higher concentration); and subscripts 4,1 and 4,2 represent ambient air sampled at
height 27 m and 17 m. The molar ratio Rer was converted to the standard 0 (in %o) in
reference to the Vienna Standard Mean Ocean Water (VSMOW) as:

R
0 — sample _
5&'amp1e (Ao) = ( pAVSMOW lj x1000 )

where Osample is the 0180 and 6?H of ET; Rsmmple is the ratio of 80/1O or 2H/'H in ET; and
Rvsmow is the ratio of #0/1¢O (0.0020052) or 2H/'H (0.00015576) in VSMOW.

An above-canopy flux system for ecosystem evapotranspiration and CO: flux meas-
urements was mounted on a tower at 39.6 m in the QYZ station (http://qya.cern.ac.cn,
accessed on 18 May 2022). The flux system consisted of an open-path CO2/H20 analyzer
(LI-7500, Licor Inc., Lincoln, NE, USA) and a three-dimensional sonic anemometer
(CSAT3, Campbell Scientific Inc., Logan, UT, USA). Flux variables were sampled at 10 Hz
using a CR5000 datalogger (Model CR5000, Campbell Scientific Inc., Logan, UT, USA),
and 30 min mean fluxes were calculated [34]. Air temperature and relative humidity sen-
sors (HMP45C, Campbell Scientific Inc., Logan, UT, USA) and wind speed sensors
(A100R, Vector GB Ltd., Birmingham, UK) were installed at 1.6 m (ground layer), 15.6 m
(canopy), and 23.6 m (above canopy). Net radiation was measured with Model CNR-1
(Kipp & Zonen Inc., Delft, The Netherlands) at 41.6 m. Air temperature, relative humidity,
wind speed, and net radiation raw data were sampled at 10 Hz and the 30 min mean fluxes
were calculated and stored on a CR5000 data logger (Campbell Scientific Inc., Logan, UT,
USA) [35].

Soil volumetric water contents (SWC) were continuously measured at 5, 20, and 50
cm depths using three TDR probes (CS615-L, Campbell Scientific Inc., Logan, UT, USA)
at a single location in the sampling plot to reflect the soil water condition of the soil sam-
pling site. Soil temperatures were continuously measured at 5, 20, and 50 cm depths using
three thermocouple temperature sensors (105T, Campbell Scientific Inc., Logan, UT, USA).
Soil heat flux sensors (HFPP01, Hukseflux, Delft, The Netherlands) were installed at 3 and
5 cm depths. Soil data were collected every 30 min with a CR10X data logger (Campbell
Scientific Inc., Logan, UT, USA).
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2.3. Measurement of Isotopic Compositions of Ecosystem Water Pools

Samples of xylem, leaf, and soil were taken starting at 02:00 18 October to (09:00 20
October 2011 at 3 or 4-h intervals for 6’80 and 6?H isotopic analyses. There was no rain
during the sampling period. For sampling xylem and leaf to represent the entire canopy,
the three dominant tree species including C. lanceolata, P. massoniana, and P. elliottii in the
study plot were selected based on plot survey data. Xylem was sampled from the south
side of one mature tree per species [24]. These sampling trees were randomly selected
around a bamboo tower (~12 m height, Figure 1c), which was used to facilitate the sam-
pling of tree twigs. For each sample, phloem tissue was removed to avoid contamination
by isotopically-enriched water [36]. Leaf samples were obtained from the same branch
that was used for collecting the xylem samples. These samples were immediately cut into
small segments, placed in vials, and sealed with parafilm. Soil samples at 0-5, 15-20, and
40-45 cm depths were collected with a hollow-stem auger (0.04 m in diameter and 0.25 m
in length) and three replicate soil samples at each depth range were randomly taken in
the sampling plot [37]. All samples were stored in a refrigerator at 15 °C to —20 °C until
water extraction. Simultaneously, leaf temperature, specific leaf area, and leaf thickness
of the three species were measured.

In total, 54 xylem, 54 leaf, and 162 soil samples were collected during the study period
(Table S1). One week after sampling, water in xylem, leaf, and soil samples was extracted
with a cryogenic vacuum distillation system, with heating at >90 °C and an extraction time
of 0.5-1.5 h, depending on the water content of samples [38]. The extraction efficiency of
water from the samples was >98.0% in this study. Xylem, leaf, and soil water was filtered
through a 0.45 um mixed cellulose membrane (Jiuding Gaoke Co. Ltd., Beijing, China),
and 2 mL of water samples were used for the analysis of 6'%0 and 62H. 6'80 and 6°H were
analyzed using LWIA. The number of injections into IRIS were 6 and the results of the last
3 injections were used for analysis. The results were normalized to VSMOW and ex-
pressed in the standard 6 based on Equation (2). Using Equation (2), sampl is the 610 and
O?H of the water sample and Rsuye is the ratio of 0/*O or 2H/'H in the water sample.
Commercial reference materials LGR3E, LGR5E, and LGR4 (Los Gatos Research Inc., San
Jose, CA, USA) were used for quality control of IRIS. The measurement precision of the
liquid water isotope analyzer was 0.1%o for 6%0 and 0.3%. for 6°H [35].

2.4. Model and Statistical Methods
2.4.1. Simulation Models of Leaf Water, Transpiration, and Evaporation %0

To investigate the effects of 5'0Or on 6'80 variability in atmospheric water vapor, we
first considered leaf water ¥O enrichment. The Craig—Gordon model [39] was first pro-
posed for calculating the isotopic composition of evaporation water vapor from a liquid
water surface as:

6, /e, —hd,—¢, —(1-h)g,
£ (=h)+(1—h)g, /1000 ®)

where subscripts E, L, and v represent the evaporating water vapor, liquid water body,
and atmospheric water vapor, respectively; ae; is the temperature-dependent equilibrium
fractionation factor from liquid to vapor, and e = (1 — 1/ae) x 1000; h is the relative hu-
midity of the ambient air referenced to the water surface temperature; ¢xis the kinetic
fractionation factor.

The existing research reported that this model can be used to predict the leaf water
enrichment [3,17,19]. Assuming that transpiration is in an isotopic steady-state (SS),
namely 0%0r is equal to xylem water 6180 (0'80x), and leaf water is isotopically well mixed,
namely 6'%0 of bulk leaf water (6.4) was equal to that at the evaporating site in the leaf
(OLe), and the Craig—Gordon model (CG, [39]) was developed as follows:

52,6 = §Z,b = 5)( +8@q +€k +h(§v _Sk _§x) (4)
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where superscript s denotes the steady state prediction; subscript x represents xylem wa-
ter; 60 is 6180 of atmospheric water vapor over the canopy (0'%0Ov at 17 m); . is the tem-
perature-dependent equilibrium fractionation factor from liquid to vapor calculated with
canopy temperature, and e = (1 — 1/ateq) x 1000; £ is the relative humidity normalized to
canopy temperature; eris the kinetic fractionation factor given by:

_(1/(D,/ D)=V, +(1/(D,/ D)*" 1y,

£ 5
k roAT AT ©)

where 14, 1, and rc are aerodynamic, boundary layer, and canopy resistance, respectively.
The term Di/D is the ratio between the molecular diffusion coefficients of the heavy and
light isotopes in air. The commonly accepted value of Di/D(**O) is 0.9723 provided by
Merlivat [40] and Farquhar et al. [41] with 21 °C and 760 Hg mm, and, thus, 1/(Dy/D) -1 =
28%o and 1/(Di/D)¥? — 1 = 19%o. No fractionation occurs during turbulent diffusion in the
atmospheric surface layer [42]. Above all, ory» simulated by the CG model depended on
01O, 0o, h, €, and ex. The CG model has been used to simulate the diurnal variability of
oy, and it was found that the CG model underestimated 6, when there was less transpi-
ration at night because SS was not fulfilled, namely 6'Or was not equal to 680« [13,17,19].

Numerous modeling and experimental studies have shown that the steady-state oc-
curs only during a short period (hourly) near midday or in shorter canopies
[9,10,17,19,43]. Therefore, the Dongmann model (DG, [17]) expresses the isotopic enrich-
ment of leaf water considering non-steady-state effects and retained the assumption that
Orp was equal to O as:

§L,e = §L,b = 52,1; + (6L0,b - 62,1; )e_t/r (6)
. wWe,e,, %
W,

where 6%y is Oy at time zero; W is the leaf water content (mol m leaf) and obtained by
leaf samples; ax is the fractionation factor of diffusion (ax = 1 + €x/1000); g is the leaf sto-
matal conductance (mol m= s'); and wi is the saturated water vapor at the temperature of
the water at evaporation sites (mol mol).

Leaf-scale measurements have shown that leaf water is not isotopically well mixed,
and its 6'%0 is highest at evaporation sites in the leaf and lowest near the xylem [44,45].
The progressive enrichment from the xylem to the evaporation site maintains an isotopic
gradient that drives the diffusion of H2*0 molecules in the opposite direction of mass
water flow in the leaf, a phenomenon termed the Péclet effect [46]. The Farquhar—Cer-
nusak model (FC, [19]), which takes the Péclet effect into account, is expressed as:

%4, l—e? y dw(8,,-6,)
P

X

5L,h = 52,;; - , d (8)
1-e” 5 -8
S akaeq d(WX X( Le I )) (9)
6L,e = §L,e -
aw, dt
P=TL/CD (10)

where P is the Péclet number; T is the transpiration rate (mol m= s™), obtained by the
Shuttleworth—Wallace model; L is an effective path length for water movement through
the mesophyll (m); and L have been difficult to determine directly, and, generally, been
fitted using the observed and the predicted 0®*Ocp. The existing values of L for different
species have been reported as 2.3 x 10-'2>-150 mm, and the optimized value of L was 100
mm for the three species and canopy levels in this study. C is the molar concentration of
water (5.55 x 10* mol m=); and D is the temperature-dependent diffusivity of the heavy
isotopologue in water (m? s7') [47]. Thus, P depends on T, L, and canopy temperature.
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When the limit of P—~0 with T—0 mol m2 s or L—0 mm, Equations (8) and (9) reduce to
OLe = 0Ly, or the well-mixed condition.

Under the steady-state assumption, 6¥Or is equal to xylem water 680 (6'*0Ox). In non-
steady-state conditions, 5'Or can deviate from 5O« and 6'¥Or can be calculated with the
CG model (Equation (3)). When simulating 6'8Orwith Equation (3), e means 6'80r, and 6.
means OL.. 0. can be predicted by DG and FC models. The values of other parameters
were the same as above. In this study, we also used the model of Hu et al. [8] for estimating
61801, which was developed using the mass conservation principle at the ecosystem level
as:

[6.(T+AW)=A(S,, )]
T

In this study, we linearly interpolated measured 6*Ots, 6'%Ox, and W to 1 h resolu-
tion, assuming that they remained constant over a 1-h period. 6'OLp, 6'¥OLe, and 6'80r of
three species including C. lanceolata, P. massoniana, and P. elliottii were calculated. In addi-
tion, 08OLpb, 6'80Le, and 080« of canopy levels were also estimated using the leaf or stem
biomass-weight average method in this study, respectively. The proportion of leaf bio-
mass per species was 33.8, 58.1, and 8.1%, and the proportion of stem biomass was 52.6,
43.8, and 3.6% for P. massoniana, P. elliottii, and C. lanceolata, respectively.

The evaporation 60 (6'®Ok) was also estimated based on the CG model with Equa-
tion (3). When simulating 6'Oe by Equation (3), o means 6Ok, and 6. means 0s, which
represents the isotopic composition of liquid water at the evaporating front, approximated
here by the isotopic composition of soil water at the 0-5 cm depth. a.; is the temperature-
dependent equilibrium fractionation factor from liquid to vapor calculated with soil tem-
perature at 5 cm depth; & is the relative humidity normalized to soil temperature at 5 cm
depth; and ¢« is the kinetic fractionation factor calculated by Equation (5). When calculat-
ing the ex by Equation (5), re means soil resistance (rs). 74, 7, 7, and rs were calculated using
data acquired from the tower system measurements according to the methods of Lee et
al. [42] and Xiao et al. [48]. In this study, we linearly interpolated measured 6¥Os to 1 h
resolution, assuming that they remained constant over a 1-h period.

5]807- —

(11)

2.4.2. Calculations of Transpiration, Evaporation, and Evapotranspiration Isoforcing

To quantify the impact of transpiration (6'80Or), evaporation (6'8Ck), and evapotran-
spiration 6'80 (6'8Okr) on 0180y, transpiration (Ir), evaporation (It), and evapotranspiration
(Ier) isoforcing, also called isoflux, was defined as the product of transpiration (T), evapo-
ration (E), and evapotranspiration (ET) flux, and the deviation of their isotopic ratios from
that of atmospheric water vapor, given by [10]:

I, =T(6"0,-5"0,) (12)
1, =E(6"0,-5"0,) (13)
I, =ET(6"0,, -6"0,) (14)

ET was measured by the above-canopy flux system mounted on the flux tower at 39.6
m (Details in Section 2.2). ET was partitioned as T and E by using the Shuttleworth-Wal-
lace model (Details in Section 2.4.3).

2.4.3. The Shuttleworth-Wallace Model: Estimates of Transpiration and Evaporation

The Shuttleworth—-Wallace (S-W) model is a variation of the Penman-Monteith
model constrained by energy conservation, simulating soil evaporation and canopy tran-
spiration at hourly time resolution [12]. The model takes into consideration the different
resistances encountered by soil evaporation and canopy transpiration. In this study, the
S5-W model was coupled with a photosynthesis—stomatal (gs—Ac) conductance sub-model
developed by Ronda et al. [49] to calculate canopy transpiration. Mathematical details of
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the S-W model and the photosynthesis—stomatal conductance sub-model can be found in
Wei et al. [12]. The input data of the S-W model included air temperature, relative humid-
ity, net radiation, wind speed, atmospheric CO:z concentration, air pressure, soil tempera-
ture and moisture, leaf area index (LAI), and canopy height. These input data except LAI
were obtained by in-situ measurement (Details in Section 2.2). The MODIS LAI product
(MCD15A3H), which has a spatial resolution of 250 m and a time resolution of 8 days,
was downloaded from the National Aeronautics and Space Administration (NASA) web-
site (https://modis.gsfc.nasa.gov/data/) (accessed on 18 May 2022). Validation was per-
formed against the eddy covariance ET measurements and the slope and coefficient of
variation (R?) of the regression line between observed and simulated ET were 0.90 and
0.86, respectively.

2.4.4. Statistical Analyses

The slope and coefficient of variation of linear regression between observed and sim-
ulated values, and root mean square error (RMSE) were used for evaluation of the models’
performance. Linear regression was also used for analyzing correlations between 6'8Ov
and environmental factors. Linear regression was conducted with SPSS 22.0 software (In-
ternational Business Machines Corporation, Armonk, New York, USA, 2013). p <0.05 was
considered statistically significant at a 95% confidence interval. Pearson correlation coef-
ficients were calculated using R studio 3.5.0 (RStudio Inc., Boston, Massachusetts, USA,
2009).

3. Results
3.1. Observed and Modeling Results of Leaf Water 680

Observed 680 of bulk leaf water (0'®Orp) gradually decreased in the morning, in-
creased from 09:00 to 18:00, and then decreased at night (Figures 2 and S1). These observed
diurnal variations were reproduced reasonably by the three models. However, 5¥Otb of
C. lanceolata (Figure 2a,b), P. massoniana (Figure 2¢,d), P. elliottii (Figure 2e,f), and canopy
level (Figure 2g,h) simulated with the CG model with the steady-state assumption under-
estimated the observed 6'8OLp for the morning and night. Between 09:00 and 18:00, values
were similar between the CG-model simulated 6¥Ovb of C. lanceolata, P. elliottii, and can-
opy level and observed 6%¥OLs, but 6'%0OLb of P. massoniana simulated with the CG model
still underestimated observed 0¥OLb. The discrepancy between observed and simulated
0'®0Lb was greatly reduced by using the DG model with the non-steady-state assumption
(R = 0.79-0.86; RMSE = 1.86-2.42). However, 61OLb of P. massoniana simulated with the
DG model overestimated observed 6®Ovs (Figure 2c,d).

The FC model with the non-steady-state and the Péclet effect did not improve on the
discrepancy between observed and simulated 6Ocpb of C. lanceolata (RMSErc = 3.41%o and
RMSEbc = 1.86%0) and P. elliottii (RMSErc = 2.16%0 and RMSEbc = 2.06%o). The simulation
performance of 0®OLp of P. massoniana was improved (RMSEkc = 2.31%0 and RMSEbc =
2.42%o), and the slope of the regression line between observed and simulated 6*OLy was
changed from 1.68 with the DG model to 1.10 with the FC model. For canopy level, the
simulation performance of 5'*Ovy with the FC model was similar to that obtained with the
DG model (RMSEtc = 1.97%o, and RMSEpc = 1.86%o).

In general, predicted leaf water 680 provides a basis for estimating 06%0Or (Equation
(10)). Therefore, simulation of 0¥0Or for the three species benefits from using 0¥OL,. simu-
lated by the non-steady-state model, and 6*0OL. simulated by considering the Péclet effect
should be used for P. massoniana.
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Figure 2. Diurnal variability in simulated with Craig-Gordon (CG), Dongmann (DG), and Far-
quhar-Cernusak (FC) models, and observed leaf water 6*0 (6'%OLp), and comparisons between sim-
ulated values (6'¥Osim) and observed values (6'®Oobs) for C. lanceolata (C.L., (a,b)), P. massoniana (P.M.,
(c,d)), P. elliottii (P.E., (e,f)), and canopy level ((g,h)). LW indicates leaf water.

3.2. Modeling Results of Transpiration 680

For comparing the effects of steady and non-steady-state assumption, and the Péclet
effect on estimating 5'8Or, 0'%0Or was calculated by the steady-state assumption (xylem
water 0180, 0'80x), the Equation (10) with 0'80L. simulated by the DG and FC model, and
the method of Hu et al. (2014). Before 12:00, 6'%Or obtained by simulated 6'80OL. with the
DG model (6"®Orpc) and 0¥Or obtained by simulated 6'80Le with the FC model (6'8Orxc)
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first increased, then decreased, and were significantly more than 6'®Or based on the
steady-state assumption (0'®Oss) (Figure 3). 6'8O1pg, 6'80r1rc, and 00t simulated with the
method of Hu et al. (2014) approached the steady-state value between 12:00 and 15:00 and
was similar to 6'8Oss (Figure 3). After 18:00, 6¥Orpc, and 6'®Orec gradually increased and
its difference with 6'8Oss increased (Figure 3). However, the method of Hu et al. (2014)
was not suitable for simulating 60Or at night with low transpiration rates. Diurnal varia-
tion pattern of 5'*Orpc was similar to that of 6'8Orrc for the three species and canopy level
(Figure 3). However, the difference between 6'®Orpc and 6'8Orec of C. lanceolata, P. elliottii,
and the canopy level was larger than that of P. massoniana.

—-©-Hu et al., 2014 a“‘oT -A-DG model 5“0T ~#-FC modeli’lsOT ~&-Observed a“‘ox

400
a) C.L.
300
= 200
K
100
0
400
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= 200
O
e 100
0
400
300
=_ 200
@)
®
© 100
0
400
300
= 200
Qo
®
© 100
0

Figure 3. Diurnal variability in transpiration 680 (6'%0r) simulated with Hu et al., 2014 [8], Dong-
mann (DG), and Farquhar-Cernusak (FC) models, and observed xylem water 60 (6'®Ox, namely
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080T based on the steady-state assumption) for C. lanceolata (C.L., (a)), P. massoniana (P.M., (b)), P.
elliottii (P.E., (c)), and canopy level (d).

Based on Figure 4, the difference between 6*Orbased on non-steady-state assump-
tion (0¥0Ornss) and observed 6180x (6'801-0'80x) decreased with an increase of transpiration
rate. 0'8O1-0"0x was >7%o for all species before 12:00, except 6'801-0'8Ox of P. elliottii at
09:00 (Figure 4). Between 12:00 and 15:00, 6'801-680x was <6%o. 68 O1-0'80x after 18:00
was >9%eo. In all, 61801-680x was close to 0 with large transpiration rates, and, thus, the
isotopic steady-state assumption was satisfied between 12:00 and 15:00. Except for 18:00,
O1BOT-6'80x was close to 0 with a low transpiration rate. This diurnal variability in the
difference between 6'8O1mss and observed %0« were also shown in many existing pieces
of research [3].

O CL. O PM. % PE. A Canopy level .
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Figure 4. Dependence of the difference between transpiration 6'%0 (6'®0r) based on non-steady-state
assumption and xylem water 560 (6'80Ox) on transpiration rate (T) with 5% 01-6'80x < 60%o, and with
all values in the inset. C.L., P.M., and P.E. indicate C. lanceolata, P. massoniana, and P. elliottii, respec-

tively. 6'Or of C.L., P.E., and canopy level was calculated with 6'8OL. simulated by the Dongmann
model, and 6'8Or of P.M. with 0Ot simulated by the Farquhar—Cernusak model.

3.3. Diurnal Variability in Water Vapor 60 and Its Controlling Factors

Diurnal variability of 2.4%. in water vapor 00 (0'¥Ov) over the course of a day was
consistently detected at 17 and 27 m on 18 October 0*Ov gradually increased before 09:00
and decreased at 10:00, first increased, and then decreased between 11:00 and 18:00, and
then gradually increased after 18:00 (Figures 5a and S1). Diurnal variability of 1.7%o in
0180y over the course of a day on 19 October was lower than that on 18 October. The diur-
nal pattern before 08:00 on 19 October. was different from that on 18 October and 6'¥Ov
first increased and then decreased. On 19 October, 680y first increased then decreased
between 08:00 and 18:00, and then gradually increased after 18:00.
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Figure 5. Diurnal variability in (a) water vapor 60 at 17 m (0*Ovi7m) and 27 m (6'®Ovarm), (b) water
vapor mixing ratio at 17 m (WVMRi7m) and 27 m (WVMRa7m), (c) air temperature at 1.6 m (Tar.6m), 17
m (Tazm), and 27 m (Tazzm), and (d) relative humidity at 1.6 m (RHuem), 17 m (RHizm), and 27 m
(RH27m).

Water vapor mixing ratio (WVMR) at 17 and 27 m gradually increased before 09:00,
approached a steady state between 09:00 and 14:00, gradually decreased between 14:00
and 18:00, and first increased and then decreased after 18:00 on 18 October (Figure 5b). On
19 October, WVMR first increased and then decreased, increased before 09:00, and ap-
proached a steady state between 09:00 and 11:00, first decreased and then approached a
steady state between 12:00 and 15:00, and gradually increased after 15:00. There was a
significant positive and log-linear relationship (6'%0v = 6.37 In(WVMR) - 32.40, R = 0.82)
between 6*0Ov and WVMR (Figure 6a). The log-linear relationship illustrated that Rayleigh
processes provided an explanation for the observed diurnal pattern in 6'8Ov at 17 m [9].
The Rayleigh processes may be attributed to the mixing with the atmosphere above the
canopy (sourced from air advection) and atmospheric entrainment in no rain conditions.
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Figure 6. Relationships between water vapor 0%0 at 17 m (6'®0Ov), and (a) the log value of water
vapor mixing ratio (In(WVMR)), (b) air temperature at 1.6 m (Tar.6m) and 17 m (Tai7m), and (c) relative
humidity (RH) at 1.6 m (RH1i.em) and 17 m (RHi7m).

Diurnal pattern in air temperature (Ts, Figure 5c) and relative humidity (RH, Figure
5d) at 1.6 m (ground layer), 17 m (canopy), and 27 m on 18 and 19 October was similar. Ta
gradually decreased before 07:00, increased between 07:00 and 15:00, and decreased after
15:00. However, there was no significant correlation between Ta at the ground layer (re-
lated to equilibrium fractionation of soil evaporation) and canopy (related to equilibrium
fractionation of transpiration) and 6"®Ov (Figure 6b). Diurnal patterns in RH and Ta were
opposite (Figure 5d). Although there were no significant correlations between RH at the
ground layer (related to kinetic fractionation of soil evaporation) and 6'%Ov, there was a
significant correlation between RH at the canopy (related to kinetic fractionation of tran-
spiration) and 0®Ov (Figure 6c). Therefore, besides Rayleigh processes, surface transpira-
tion can also contribute to the observed diurnal pattern in 0'%0v, and the significant corre-
lations between 6'®Ov and leaf water 6'%0 can illustrate the contribution of transpiration
to 0180y (Table S2).

3.4. Transpiration, Evaporation, and Evapotranspiration Isoforcing

Transpiration (T) isoforcing via non-steady (Irog, calculated by 8'*Or which were ob-
tained by using simulated 0Ot with the DG model, and Itec, calculated by 6'Or which
were obtained by using simulated 5'80L. with the FC model) and steady-state (Irss) exerted
positive isotope forcing on 6'8Ov over the course of a day. The positive T isoforcing may
be because the transpired water vapor becomes isotopically enriched when the isotopi-
cally-enriched soil water and leaf water are in the leaf mix (Figure S2) [50]. Itoc and Irrc
were small before 06:00 (18 October) and 07:00 (19 October) and their average values were
2—4 (18 October) and 3—4 (19 October) mmol m=2 s %o for three species and canopy level
(Figure 7). Ioc and Irrc first increased and then decreased between 07:00 and 18:00 and
reached maximum values of 121-174 (18 October) and 134-169 (19 October) mmol m=2 s!
%o at 08:00, with average values of 38-61 (18 October) and 42-49 (19 October) mmol m=
s %o for three species and canopy level. Itoc and Itec were also small after 18:00 with
average values of 7-12 (18 October) and 10-12 (19 October) mmol m2 5! %o for three spe-
cies and canopy level. Irss before 06:00 and after 18:00 was also small and lower than Itpc
and Itrc. Between 07:00 and 18:00, Itss also first increased and then decreased and reached
maximum values of 66-72 (18 October) and 56-72 (19 October) mmol m=2 s %o at 12:00,
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species and canopy level. In general, T isoforcing was similar via non-steady and steady-

state between 12:00 and 18:00, while non-steady-state was higher than steady-state before
12:00 and after 18:00.
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Figure 7. Diurnal patterns of transpiration isoforcing via non-steady (Itoc and Irrc) and steady-state
(Itss), evaporation isoforcing (Ie), and evapotranspiration isoforcing (Ier). Itoc and Itec were calcu-
lated by 'Ot which were obtained by using simulated '®OL. with the Dongmann (DG) and Far-
quhar—Cernusak (FC) model into Equation (10), respectively. C.L., P.M., and P.E. indicate C. lanceo-
lata, P. massoniana, and P. elliottii, respectively.

Soil evaporation (E) had the opposite effect and tended to decrease 60Oy during the
day (Figure 7). This may be because the evaporation of soil water releases isotopically
depleted water vapor compared to 6'8Ov (Figure S3) [50]. E isoforcing (Ie) was at about 0
mmol m=2 s %o before 07:00 and after 18:00. Ik first increased and then decreased between
07:00 and 18:00 and reached maximum absolute values of 30 (18 October) and 26 (19 Oc-
tober) mmol m=2 s %o at 13:00, with average absolute values of 19 (18 October) and 16 (19
October) mmol m= s %o. Evapotranspiration isoforcing (Ier) before 07:00 and after 18:00
was small and similar to that of T and E (Figure 7). Ier presented an M-shaped distribution
between 07:00 and 18:00 and the two maxima were 95 mmol m=2 s %, at 09:00 and 58
mmol m=2 s %o at 12:00 on 18 October, and 38 mmol m=2 s %o at 08:00 and 40 mmol m2
s71 %o at 13:00 on 19 October. Therefore, Ier reflected the integrated results of T and E and
the former was more important.

4. Discussion

4.1. Effects of Steady and Non-Steady-State Assumption, and the Péclet Effect on
Estimating 65Ot

Existing research has shown that the isotopic steady-state (SS) only occurs during a
short period (hourly) near midday when the turnover time of leaf water is short [7,13].
Under the assumptions of thin leaves, quick leaf water turnover and uniformly distribute
isotope, the water mass of transpiration is much higher than that of the leaf water, and,
thus, the isotopic composition of water exiting the leaves is equal to that entering the
leaves, namely 6'8Or = 6'80«[3,51]. In this study, 6% Orpc and 0¥Orrc were closer to 6'8Ox at
midday between 12:00 and 15:00 (Figures 3 and 4) when the transpiration rate was high
(Figures 4 and S3) and the turnover time of leaf water was short (0.4-1.8 h). However,
6180rpc and 0¥ Orrc were significantly higher than 6'8Ox in the morning and at night when
the transpiration rate was low, and the turnover times of leaf water were long (5.23-80.15
h) (Figure 3). This illustrated that SS was satisfied between 12:00 and 15:00 [10] and SS
would underestimate 6¥0r in the morning and at night. Although the turnover time of
leaf water was long (4.82-13.13 h) at 18:00, 6'Or based on non-steady-state effects (NSS)
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was closer to 6'80Ox. This may be due to uncertainties associated with estimating 66Ot
based on NSS [8].

Several publications have pointed out that NSS of 6¥Or in the mornings and at night
would be more significant than those in the middle of the day due to low transpiration
rates and long turnover times of leaf water [6,9]. When transpiration rate is low and leaf
water concentrations are high, 6'0r may be more enriched than 6'*Ox due to the accumu-
lation of isotopically-enriched leaf water [9,52]. In this study, there was evidence of NSS
after 18:00 and before 12:00 (Figure 3). 6'*Omc and 6'8Orrc were higher than 00« during
those periods and first increased and then decreased (Figure 3). Long turnover times of
leaf water (5.23-80.15 h) may lead to enriched 6'8OLp due to transpiration in the afternoon
accumulating in the leaf water and increased 6*Or between 18:00 and 06:00 [9,16]. After
06:00, absorption of depleted soil water by roots may lead to depletion of 6'¥OLs, and a
decrease in 6'8Or because water uptake by roots was greater than water loss by transpira-
tion [6,53].

Many experimental studies have confirmed the existence of the Péclet effect, namely
leaf water is not thoroughly mixed and a gradual decrease of leaf water ¥O occurs from
the evaporation sites to leaf veins [13,18]. Due to the Péclet effect, simulated leaf water 180
with the assumptions of uniformly distributed isotope may always be higher than the
observed values [3]. In this study, 0"*Orp simulated with the DG model was higher than
0¥0Lb simulated with the FC model and, thus, 6'*Orpc also was higher than 6'®Orrc (Fig-
ures 2 and 3). However, the FC model improved the simulation performance of 6'®Ovp of
P. massoniana but not of 6'80Lp of C. lanceolata or P. elliottii, compared with the DG model
(Figure 2). There were two reasons for the discrepancy: (1) leaves of P. massoniana may
have a stronger Péclet effect than those of C. lanceolata and P. elliottii; (2) the FC model is
not suitable for simulating 6'®Ocb of C. lanceolata and P. elliottii.

On the one hand, the Péclet effect in the FC model was mainly affected by the effec-
tive path length for water movement through the mesophyll (L), transpiration rate, and
canopy temperature [19]. Leaf temperatures of the three species were similar and the same
as canopy temperature. Due to the similar stomatal conductance of the three species [54],
the same transpiration rate was assumed. Therefore, this discrepancy may be mainly be-
cause the differences in leaf anatomy between species lead to the differences in the path-
ways of water movement within the leaf [7]. Specific leaf areas of C. lanceolata, P. massoni-
ana, and P. elliottii were 10.53 m2 kg1, 8.70 m2 kg, and 6.71 m2kg-!, and their leaf thickness
were 0.28 mm, 0.53 mm, and 0.77 mm, respectively. The existing research found that if
multiple parallel pathways in the liquid phase obscure the Péclet effect at the bulk leaf
level, then leaves with a high proportion of vapor phase transport and few parallel liquid
pathways would have a stronger Péclet effect. The different leaf anatomy of P. massoniana
may lead to a strong Péclet effect, compared to C. lanceolata and P. elliottii.

On the other hand, changes in L and the location of evaporating surfaces with the
change in transpiration rate were not considered in the FC model. These assumptions may
be not suitable for C. lanceolata and P. elliottii due to their leaf anatomy. However, the
reason for the differences in the Péclet effect among the three species needs to be further
studied. The Péclet effect was less important to leaf water 0 enrichment than the non-
steady-state effect at the canopy level. It indicated that the implicit assumptions of the DG
model —that the O content is well mixed in leaf water—are good approximations for
canopy-level applications [13].

4.2. Effects of 08Ot with Non-Steady-State Assumption on Atmospheric Water Vapor 6180

Due to decreasing atmospheric vertical mixing and the appearance of an inversion
layer, the most obvious local influence on 6'80Ov was the positive T isoforcing in the morn-
ing and at night [10,22]. In this study, 1.43, 1.17, and 1.10%. enrichment of 680Ov was ob-
served before 09:00 and after 18:00 on 18 October, and after 18:00 on 19 October, respec-
tively (Figure 7). The enrichment of 6'*Ov may be attributed to a significant amount of
positive T isoforcing with 267 mmol m= s %o (before 09:00 on 18 October), 56 mmol m=2
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s71 %o (after 18:00 on 18 October), and 64 mmol m=2 s %, (after 18:00 on 19 October) mmol
m2 s into the canopy. The decrease in atmospheric vertical mixing and the appearance
of an inversion layer led to a greater contribution from positive T isoforcing and a lower
contribution from the depleted atmosphere above the canopy [9,23]. The variability in air
temperature and relative humidity with different observation heights indicated the ap-
pearance of an inversion layer (Figure 5). In addition, 6'®0Ov was first enriched by 0.64%o
and then depleted by 0.53%o before 08:00 on 19 October. During this period, a decreasing
difference between relative humidity at 1.6 and 27 m from 29% to 18% indicated that the
inversion layer changed from strong to weak (Figure 5). Therefore, positive T isoforcing
increased 0'®0Ovwhen the inversion layer was strong, while the depleted atmosphere above
the canopy decreased 0*Ovwhen the inversion layer became weak.

The contribution from the positive T isoforcing first increased and then decreased
during the daytime due to strong vertical mixing and a corresponding pattern in transpi-
ration rate [9,22]. In this study, 680w first increased and then decreased between 10:00 and
18:00 on 18 October (Figure 7). On the one hand, positive T isoforcing was higher than the
negative E isoforcing and increased 6'*Ov when the transpiration rate increased [9]. On
the other hand, when vertical mixing was strong and transpiration rate decreased, the
contribution from positive T isoforcing decreased and the contribution from the depleted
atmosphere above the canopy increased, thus decreasing 6'80Ov [22,23]. Similar results
were also observed between 08:00 and 18:00 on 19 October. In addition, 6'*Ov was depleted
by 1.49%. at 10:00 on 18 October and it may be due to the mixing of the depleted atmos-
phere above the canopy or negative ET isoforcing of -10 mmol m= s (Figure 7).

In general, isotopic steady-state assumption underestimated the contribution from
positive T isoforcing to 6'%Ov in the morning and at night [9,10]. Namely, positive T
isoforcing was underestimated with the assumption of isotopic steady state by 146 and 19
mmol m=2 s on 18 October and by 172 and 38 mmol m= s on 19 October before 09:00
and after 18:00, respectively (Figure 7). There were no significant differences in positive T
isoforcing with the assumption of isotopic steady state and that with non-steady-state
during 12:00 to 15:00. However, transpiration and evaporation fluxes and their isotope
compositions have prominent seasonal variability in the subtropical regions, and, thus,
diurnal patterns of T and E isoforcing during the different seasons may exist. The existing
study found that the premonsoon season released a greater number of '*O into the atmos-
phere through the transpiration process, while during the monsoon season an increase in
the 1O because of the incursion of the marine water vapor depleted in isotopic value of
the atmosphere water vapor [53]. However, the change in diurnal patterns of transpiration
and E isoforcing with the different seasons needs to be studied.

5. Conclusions

The results of this study indicate that the isotopic steady-state assumption was satis-
fied between 12:00 and 15:00 in this subtropical forest plantation. The non-steady-state
effect was significant and 6'80r was underestimated with the isotopic steady-state as-
sumption before 12:00 and after 18:00 during the course of a whole day. The FC model
improved the simulation performance of 6'®*Ovv of P. massoniana, but not of 6'*Ovp of C.
lanceolata or P. elliottii, compared with the DG model. At the canopy level, the Péclet effect
was less important to leaf water 80 enrichment than the non-steady-state effect. The de-
creasing atmospheric vertical mixing and appearance of an inversion layer resulted in a
greater contribution of positive T isoforcing to 56Oy in the morning and at night. During
the daytime, the contribution from positive T isoforcing first increased and then decreased
due to strong vertical mixing and a similar pattern in transpiration rate. However, the
isotopic steady-state assumption underestimated the contribution of positive T isoforcing
to 6180v in the morning and at night. Our results highlight the importance of estimating
O180r via isotopic non-steady -state and the contribution of transpiration to atmospheric
water vapor in the morning and at night.
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Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/w14172648/s1, Figure S1: Diurnal variation of !0 in xylem
(XW) and leaf (LW) water of C. lanceolata (C.L.), P. massoniana (P.M.), and P. elliottii (P.E.), and soil
water at 0-5 (SW 0-5 cm), 15-20 (SW 15-20 cm) and 40-45 (SW 40-45 cm) cm depths, and water
vapor at heights of 17 (WV 17 m) and 27 (WV 27 m) m; Figure S2: 8?H-5'%0 plots of xylem (XW) and
leaf (LW) water of C. lanceolata (CL), P. massoniana (PM), and P. elliottii (PE), and soil water at 0-5
(SW 0-5), 15-20 (SW 15-20) and 40-45 (SW 40-45) cm depths, and water vapor at heights of 17 and
27 m; Figure S3: Diurnal patterns of (a) transpiration 8'0 via non-steady (5'*O1toc and d'®Orec), (b)
transpiration 00 via steady-state (0!¥Orss), evaporation 080 (dOk), evapotranspiration 50
(9'%0kr), and water vapor d'%0 (0'®0v), and (c) transpiration, evaporation and evapotranspiration
flux; Table S1: Mean, minimum and maximum values, and standard deviation (SD) of %0 in xylem
and leaf water of C. lanceolata, P. massoniana, and P. elliottii, and soil water at 0-5, 15-20 and 40-45
cm depths, and water vapor at heights of 17 and 27 m; Table S2: Correlation factor (R) among 080
of xylem (XW) and leaf (LW) water of C. lanceolata (C.L.), P. massoniana (P.M.), and P. elliottii (P.E.),
and soil water at 0-5 (SW 0-5), 15-20 (SW 15-20) and 4045 (SW 40-45) cm depths, and water vapor
at heights of 17 (WV 17) and 27 (WV 27) m.
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