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Abstract: Understanding species-specific water use patterns across contrasting sites and how sensi-
tivity of responses to environmental variables changes for different species is critical for evaluating
potential forest dynamics and land use changes under global change. To quantify water use pat-
terns and the sensitivity of tree transpiration to environmental drivers among sites and species,
sap flow and meteorological data sets from three contrasting climatic zones were combined and
compared in this analysis. Agathis australis from NZHP site, Schima wallichii Choisy (native) and
Acacia mangium Willd (exotic) from CHS site, Liquidamber formosana Hance, Quercus variabilis Blume
and Quercus acutissima Carruth from CJGS site were the dominant trees chosen as our study species.
Biological traits were collected to explain the underlying physiological mechanisms for water use
variation. Results showed that the strongest environmental drivers of sap flow were photosyntheti-
cally active radiation (PAR), vapor pressure deficit (VPD) and temperature across sites, indicating that
the response of water use to abiotic drivers converged across sites. Water use magnitude was site spe-
cific, which was controlled by site characteristics, species composition and local weather conditions.
The species with higher sap flow density (Fd) generally had greater stomatal conductance. Native
deciduous broadleaved species had a higher Fd and faster response to stomatal regulation than that
of native evergreen broadleaved species (S. wallichii) and conifer species A. australis. The analysis also
showed that exotic species (A. mangium) consumed more water than native species (S. wallichii). Trees
with diffuse porous and lower wood density had relatively higher Fd for angiosperms, suggesting
that water use was regulated by physiological differences. Water use characteristics across sites are
controlled by both external factors such as site-specific characteristics (local environmental conditions
and species composition) and internal factors such as biological traits (xylem anatomy, root biomass
and leaf area), which highlights the complexity of quantifying land water budgets for areas covered
by different species.

Keywords: sap flow; water use; biological traits; sensitivity

1. Introduction

Transpiration, the process of water movement through a plant and release from the
canopy is the most important component of evapotranspiration [1], integrating physical
and biological processes within the energy, water and carbon cycles of ecosystems [2,3].
There are two main categories of factors that influence transpiration: environmental drivers
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and biological factors [4]. At landscape and regional scales, forest transpiration depends
on a number of site-specific characteristics that are related to the physical properties of
geology, soil type, vegetation and ambient meteorological conditions because of their
influence on water and energy availability [5,6]. The primary environmental drivers for
forest evapotranspiration are solar radiation, vapor pressure deficit and soil moisture [6,7].
The sensitivity of evapotranspiration to these abiotic drivers varies depending on the
physiology of different plant species and site characteristics [6,8,9].

Rising atmospheric concentration of CO2 enhances photosynthesis, but elevated CO2
also causes rising temperatures, and other climatic changes such as significant drought,
causing worldwide forests mortality with atmospheric shifts continuing in the future [10].
Changes in vegetation cover on the land surface and climate change can influence water
and carbon cycles at regional and global scales [11,12]. Under similar environmental
conditions, various species show different water use patterns because of distinguishing
adaptations to water availability. For example, Catovsky et al. [13] found that deciduous
broadleaved species had more than two-fold greater annual water use compared with
temperate evergreen conifers, while the reduction rate of sap flow was lower in some
conifers under drought stress [14]. In a common environment, tropical evergreen forests
have larger daily water consumption and have more sensitive crown conductance responses
to VPD than deciduous species in southwestern China [15]. In contrast, Kaplick et al. [16]
found that gymnosperms displayed convergent behaviors in diurnal gas exchange and
water use efficiency in a southern temperate forest. A global analysis of sap flow patterns
in sites across the world is exploring large-scale patterns in water use, but comparisons
of contrasting sites with different forest functional types can also help us understand the
relative importance of environmental and biological controls of water use patterns [17].

Species-specific water use behavior depends on biological properties such as wood
anatomy, tree size, root depth and stomatal regulation [18–21]. Wood density directly
influences stem composition (xylem density and xylem vessel size), which affects both stem
strength and hydraulic conductivity, as well as its resistance to stem cavitation [22,23]. For
example, trees with lower wood density typically have greater xylem vessel area and size
that could explain higher stem sap flow [24,25]. Many studies show that contrasting stem
anatomy (ring-and diffuse-porous species) results in different biomass growth and water
use patterns seasonally and annually [9,26,27]. Stomatal regulation (isohydric/anisohydric
behavior) and sensitivity of stomata to environmental factors influence plant water sta-
tus and reflects plant water use strategy [28–30]. Isohydric species maintain relatively
consistent leaf water potential by limiting gas exchange, while anisohydric species have
decreased leaf water potentials because of sustained high stomatal conductance [31,32]. As
Feng et al. [33] showed, biological responses often interplay with environmental conditions
but understanding the relative importance of these different factors will help us predict
climate change impacts and define the capacity for plants to adapt to changing conditions.

Quantifying water use patterns of different vegetation types with respect to climatic
elements, will improve predictions of vegetation responses to future climate and the
resulting influence on forest water cycle. Such research is key for management of water
resources. In order to explain plant water use variation measured as sap flow density
and stand transpiration across multiple sites and species, in the present study, we collated
sap flow measurement data over approximately two year periods. In this international
collaboration, our research sites with different species composition, forest management and
environmental conditions were chosen as an opportunity to study the biological, abiotic
drivers and site-specific impacts on plant water use patterns. Our objectives were to (1)
compare differences in sap flow density among study species, (2) determine how these tree
species vary in water use at daily and seasonal time scales in response to environmental
drivers and examine the most important environmental drivers across sites and species
and (3) explore biological traits and structural factors to explain the observed transpiration
differences in the co-occurring tree species.
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2. Materials and Methods
2.1. Research Sites

Data were collected from four research sites: three in China and the fourth in New
Zealand. All meteorological data including air temperature (◦C), relative humidity (RH %),
wind speed (m/s), photosynthetically active radiation (PAR µmol m−2 s−1) and rainfall
(mm) were collected from meteorological stations near each research site throughout the
respective sample periods. Locations, study period and climate information for each site
are summarized in Table 1.

Table 1. Details of study sites including location, study period, climate and forest characteristics with trees ≥ 3 cm DBH at
each stand. The presented values are means ± SE.

Site New Zealand
NZHP

South China Central China
CJGSCHSS CHSA

Location 36◦47.7′ S
174◦29.5′ E 22◦41′ N, 112◦54′ E 31◦46′–31◦52′ N

114◦01′–114◦06′ E

Study period July 2016–June 2018
24 months

January 2017–November 2018
23 months

April–November 2014,
April–October 2015

15 months
Annual mean temperature (◦C) 14.2 21.9 15.2

Annual rainfall (mm) 1231 1580 1119
Plot size (m2) 2000 900 1600 1600

Stand DBH (cm) 26.2 ± 2.1 20.4 ± 0.8 23.9 ± 1.1 12.6 ± 0.2
Stand height(m) 19.8 ± 1.6 12.5 ± 0.4 14.8 ± 0.5 12.1 ± 0.2

Tree density (N ha−1) 770 867 519 446
Stand basal area (m2 ha−1) 94 31 26.2 55.6

Biological traits and hydraulic data including wood density (WD), leaf nitrogen
content (N) and carbon content (C), leaf stomatal conductance (gs), leaf carbon isotope ratio
(δ13C), photosynthetic rate (A), xylem water potential at 50% loss of hydraulic conductance
(P50), minimum leaf water potential (Ψmin), specific leaf area (SLA) and the maximum
leaf area index (LAI) for each species were collected for this work. Some of these data are
indicated by previous research at the same or nearby research sites and some are indicated
by our own results. All the data were shown in Table 2. Data sources and references were
shown in Supplementary Materials Table S1.

Table 2. Biological traits for six species used in this study. Wood density (WD), leaf nitrogen content (N) and carbon content
(C), leaf stomatal conductance (gs), leaf carbon isotope ratio (δ13C), photosynthetic rate (A), xylem water potential at 50%
loss of hydraulic conductance (P50), minimum leaf water potential (Ψ-min), specific leaf area (SLA), the maximum leaf area
index (LAI) are shown. Letter ‘s’ represents data from seedlings. Letters c, d and r represent conifer, the diffuse porous and
ring porous wood characteristics respectively. An x represents no data available.

Biological Traits A. australis S. wallichii A. mangium L. formosana Q. acutissima Q. variabilis

Wood type
WD (g/cm3)

c
0.45

d
0.60

d
0.46

d
0.59

r
0.91

r
0.82

N (%) 0.73 1.72 2.53 1.89 2.34 2.25
C (%) 51.15 47.87 49.15 42.15 45.57 45.71

gs (mmol/m2/s1) 130–158 130 350 120(s) × 100–400
δ13C (‰) −26.28 −31.40 −33.60 −30.0 −30.7 −30.0

A (µmol/m2/s) 8.20 7.00 9.67 12.63(s) 9.41 2.56–14.54(s)
P50 (MPa) −2.32 −2.8 × −3.5 −3.39 ×

Ψ-min (MPa) −(1.2–1.5) −(1.2–1.7) −(1.6) −(1.7–2.3) −(1.7–1.9) ×
SLA (cm2/g−1) 27.3 × × 238.2 166.9 143.1

LAI × 3.9 2.8 × × ×
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New Zealand-Huapai temperate conifer forest (NZHP): The University of Auckland
Huapai Scientific Reserve in the Waitakere Range is approximately 25 km west of cen-
tral Auckland, New Zealand. The 15 ha research site is dominated by A.australis, which
accounts for 80% of the stand basal area (94m2 ha−1) [34]. Phyllocladus trichomanoides,
Podaocarpus totara and Knightia excelsa contribute 6%, 4% and 2% of the basal area, re-
spectively [16]. Silver ferns (Cyathea dealbata), Geniostoma rupestre, Hedycarya arborea and
Coprosma spp. are highly abundant in the understory. This site is characterized by a warm
temperate climate, with a winter dominant rainfall [7]. NZHP annual weather data in
Table 1 are based on the report during 1981–2010 [35]. Soils are brown granular clays, which
is sticky when wet and hard and fragile when dry [36]. Six sample trees were selected for
this site, and tree size ranged from 21 to 178 cm DBH with the tree height from 20 to 25 m,
covering the range of trees found at the site.

China-Heshan subtropical evergreen broadleaved forest (CHS): This research site is
located in the Heshan National Field Research Station in Guangdong Province, South China.
The region is a typical south subtropical monsoonal climate, with the wet season occurring
from April to September and the dry season from October to March. Annual weather
in Table 1 were the mean values during 1985–2014 [20]. The soil is laterite that has been
significantly eroded because of a lack of forest coverage and the forest is a nitrogen and
phosphorus limited ecosystem [20]. This research site is a secondary forest under the earlier
restoration campaign. Two mono-species plantations of S. wallichii (native) and A. mangium
(exotic) of about 30 years old were used in the experiment. The main understory shrub
species includes Ilex asprella, Clerodendron fortunatum. Psychotria rubra. The main herbaceous
layer includes Adiantum flabellutatum, Dicranoperis dichorama, Blechum orientale. These two
stands are located close to each other with similar soil properties [37] and share one weather
station. The abbreviations CHSS (China-Heshan S. wallichii plantation) and CHSA (China-
Heshan A. mangium plantation) were used for these two stands. Fifteen sample trees of
each stand were selected. Their DBH ranged from 13 to 32 cm with the tree height from 10
to 17 m for S. wallichill species, and tree size spans from 16 to 39 cm with the tree height
from 9 to 18 m for A.mangium species, respectively.

China-Jigongshan temperate mixed deciduous forest (CJGS): This research site is
located in the National Nature Reserve in Henan Province, Central China, which is within
a transitional zone from a warm temperature to subtropical climate [38]. CJGS annual
weather for the last 60 years [38] was shown in Table 1. The forest is about 45 years old
with three dominant species, L. formosana, Q. variabilis and Q. acutissima [39,40], accounting
for 28.6%, 20.0% and 19.1% of the stand basal area respectively. Lindera glauca, Vernicia fordii
and Acer buergerianum seedlings are the main undergrowth shrub layer species. Stand LAI
during the growing season (April to October) ranged from 2.6 to 3.4m2 m−2. The soil type
is yellow-brown sandy loam with an organic matter content of 2.1% [38]. This research site
is a nitrogen manipulation experiment site [38] but we only used data from control blocks
(without N addition). Tree size of L. formosana, Q. acutissima and Q. variabilis species ranged
from 8 to 36 cm, 24 to 53 cm and 33 to 54 cm DBH, with their tree height of 10 to 22 m, 18 to
31 m and 17 to 28 m respectively.

2.2. Sap Flow Measurements and Scaling to Stand Water Use

At all sites, Granier-type sap flow sensors [7,9,37] were installed on sample trees at
breast height on the northern side of the stem to measure sap flow, and sap flux density
(Fd, g/m2/s) was calculated over the study periods at each site (see Table 1) using the
Granier equation as

Fd = 119×
(

∆Tmax− ∆T
∆T

)1.231
(1)

where ∆T was the temperature difference between the heated and unheated probes
and ∆Tmax was the difference between the six-day rolling maximum T and each sap
flow measurement.
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Total daily water use of individual trees (Qt, g/d) was then calculated by multiplying
Fd and sapwood area (As). The As of each tree in our sites was derived through the
allometric equation (Table 3) based on the relationship between diameter at breast height
(DBH cm) and sapwood area of 10 to 15 trees around each site [37,41–43]. Then the daily
whole stand-scale transpiration (EC, mm/d) was estimated by summing Qt for all the trees
in the plot and dividing by the plot area.

Table 3. Overview of sapwood area equations for six studied species and average tree height and tree size of sample trees at
each site. Values are mean ± SE.

Sites Species Sample Trees Height
(m)

DBH
(cm) As e Equation Reference

NZHP A. australis 6 23.5 ± 0.8 83.6 ± 24.4 0.2971 × DBH1.4226 [7,44]
CHS S. wallichii 15 12.85 ± 0.43 20.3 ± 1.3 0.2077 × DBH2.2168 [37]

A. mangium 15 14.61 ± 0.63 28.48 ± 1.78 0.4936 × DBH1.761

CJGS L. formosana 6 17.4 ± 2.1 18.8 ± 3.8 0.0068 × exp 0.0677DBH

[39,45]Q. acutissima 11 25.7 ± 1.0 40.3 ± 2.6 0.0071 × exp 0.0512DBH

Q. variabilis 7 24.0 ± 1.2 40.7 ± 2.6 0.0083 × exp 0.0495DBH

For NZHP research site, a modified Granier-type sap flow sensor [7] was used for
sap flux measurements at a depth of 3.5 cm in the sapwood. The temperature difference
between the upper and lower probes was measured and recorded with a data logger (CR10x,
Campbell Scientific, Logan UT, USA) for 15 min averages. Because of the significant sap
flow variation along the radial profile of A. australis [34], the following model based on sap
flow density from different depths [42,43] was used to calculate whole tree water use:

Qt = (2.02× Fd ×A1) + (Fd ×A2) +
(Fd × (Asw−A1−A2))

2
(2)

where Fd is measured at 3.5 cm depth, A1 is sapwood area between the vascular cambium
and 2.5 cm depth of sapwood, and A2 is sapwood area between 2.5cm and 4.5 cm depths.

For the other two sites, Granier type sap flow sensors were installed at a depth of
2 cm and the instantaneous temperature difference between the two probes was measured
and recorded using a Delta-T logger (DL2e, Delta-T Devices, UK). The following model
equation proposed by Pataki and others (2011) [46] was used to calculate radial variation
of Fd with sapwood depths.

Fi

F0
= 1.033× exp

[
0.5 ·

(
x− 0.09963

0.4263

)2
]

(3)

where Fi/Fo is the ratio of sap flow density at the depths of outermost (2 cm) and x is the
relative sapwood depth.

Soil volumetric water content (VMC%) was measured at 10, 30 and 60 cm depth with
water content reflectometers (CS616, Campbell Scientific) and recorded with a data logger
(CR10x) as 30 min averages for the NZHP site [7]. For CHSS and CHSA sites, VMC was
measured at 5, 10, 20, 30, 40, 50, 60, 90, 120 and 150 cm depths using soil moisture sensors
(A755 GPRS, Adcon, Klosterneubury, Austria) and recorded with a data logger at 30 min
intervals [37].

2.3. Data Analysis

Because our sites span the equator, sap flow seasonal pattern was identified based
on local weather. Four seasons at NZHP site in the southern hemisphere are identified as
spring (September—November), summer (December—February), autumn (March—May)
and winter (June—August). Seasonal patterns in the northern hemisphere are identified
as spring (March—May), summer (June—August), autumn (September—November) and
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winter (December—February) for the other three sites. Tukey’s post hoc test with one-way
ANOVA was used for analysis of daily maximum sap flow density among species. We
used two methods to explore the influence of environmental drivers on sap flow. First,
Principle Component Analysis (PCA) was used to determine how environmental variables
combine to drive daily sap flow and to explore which variables were the important factors
among four research forest sites in three contrasting climatic zones during our research
period [47]. Because there were no daily measurements of soil moisture for JGS research
site, we were limited to using six daily environmental variables in the PCA models for
JGS research site, while seven variables were used for the other research sites. PCA was
conducted using the “prcomp” function in R (Version 4.0.2). The second analytical method
we used was multiple linear regression for each stand with daily whole tree water use.
This allowed us to determine the proportional influence of each environmental driver. Soil
moisture at 10 cm depth was used for all the analysis.

An exponential saturation model Fd= a (1 − exp−bx)) was used to describe the rela-
tionship between daily sap flow and the two main drivers of sap flow, PAR and VPD [4]
for each species. In the exponential saturation model, parameter a is the approximate
maximum transpiration and parameter b is the sensitivity to environmental variables. The
model was performed using “aomisc” package in R (Version 4.0.2).

3. Results
3.1. Environmental Conditions across Three Climatic Zones

The environmental conditions showed a clear seasonal trend for each research site
(Figure 1). Total rainfall during the two years (24 months) were 3034.8 mm, 3458.9 and
2027.9 mm, for NZHP, CHS and CJGS respectively. Rainfall was mostly concentrated
from April to September, accounting for about 63%–73%, 77%–87%, and 85%–86% of total
annual precipitation for NZHP, CHS and CJGS. Seasonal patterns of temperature showed
good agreement with rainfall patterns at CHS and CJGS and maximum precipitation in
summer coincided with high air temperatures. These conditions provided high efficiency
of forest water use. In contrast, wintertime (around July) had more consistent rainfall
rather than summer and early autumn at NZHP. These misaligned rainfall and temperature
patterns resulted in seasonally dry soil when the driving factors for tree transpiration
were strong [7]. The temperature range was −2.2 to 30.1 ◦C with the mean temperature
of 14.9 ◦C during the study period at NZHP. CHS temperature varied between 3.5 and
38.6 ◦C, with an average temperature of 22.2 ◦C over two years. The coldest recorded
temperature was −3.1 ◦C and the maximum was 41.4 ◦C during the growing season from
April to November at the CJGS site.

3.2. Sap Flow Density and Stand Scale Transpiration

Annual patterns of Fd for each species varied among six species along with the local
weather of different climatic zones (Figure 2). Sap flow density increased and reached
peak values in summertime, concurrent with increasing values of environmental drivers
(temperature, PAR, VPD) for all species (Figure 3). The seasonal patterns of Fd within each
species were consistent across the two years, the interannual variation in the magnitude
of Fd can be attributed to different site characteristics and plant functional types. The
evergreen conifer species, A. australis showed lower Fd values throughout the two years
(Figures 2 and 4), with a daily maximum Fd value of about 15 g H2O m−2 s−1, compared to
the angiosperm species with maximum values of 40–60 g H2O m−2 s−1 (Figure 2; Figure 3).
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during two years of study period. Dashed line in each panel represents average value for that species.

Although some species were measured at the same site with the same weather condi-
tions, A. mangium had the highest Fd year-round, with less seasonal fluctuations compared
to S. wallichii (Figures 3 and 4). For those three temperate deciduous species at CJGS site,
Fd reduced in July 2014 because of an insect attack causing a huge reduction of leaf area [9].
For 2015, daily Fd increased progressively during spring and peaked during summer, then
dropped again in autumn (Figure 3).

textls[-15]Daily stand transpiration showed seasonal variation among four research
sites (Figure 5), which changed synchronously with their local environmental conditions
(Figure 1) and had a similar pattern with daily sap flow density (Figure 2). There was
greater annual transpiration variation at NZHP and CJGS sites, which is consistent with
more distinct seasonal changes compared to CHS sites at the subtropical location. Over the
two-year study period, average stand daily water use was 1.10 mm for the NZHP, 0.74 mm
for CHSS, 0.95 mm for CHSA and 1.48 mm for CJGS site. CHSS and CHSA subtropical
evergreen broadleaved forests had lower values of average stand daily water use, while
deciduous broadleaved forest of CJGS site had higher values.
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Although Fd value of the conifer species was the lowest, the NZHP stand water use
was higher than that of the subtropical stand throughout the study period. The reason was
mainly attributed to the larger tree size and stand total basal area (Table.1) because whole
tree water use (Qt) strongly increased with tree diameter (R2 = 0.57–0.85, p < 0.001) for our
research sites (Figure 6). In addition, trees with DBH bigger than 50 cm contributed 45.6%
of total stand sapwood area in NZHP site.
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3.3. Environmental Variables for Stand Scale and Key Drivers Affecting Tree Sap Flow

Principle components analysis (PCA) on all our research sites showed that the first
three factors explained 78%–86% of the total variation in tree transpiration based on local
environmental variables across three climatic zones (Table 4). The first component (PC1)
explained 38%–53% of the variance and was positively correlated with temperature, PAR
and VPD and negatively correlated to rain and RH or soil moisture, suggesting that high
evaporative demand with dry, sunny and warm climatic conditions would cause a strong
atmosphere-canopy reaction [8]. The second and third component explained between 13%
and 26% of the total variance in the dataset and were related to precipitation and wind, as
well as soil moisture.
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Figure 6. Relationship between DBH and daily whole tree water use with standard error for sample
trees in each site during two-year period. We transformed DBH values for each stand to allow
comparison across the sites.

Table 4. The first three principal components describing the daily sap flow of four research forest stands over two years of
study period. Eigenvalues, variance explained (%) and correlations between each variable and principle component are
loaded. The strongest term for each component is shown in bold.

Category
NZHP CHSS CHSA CJGS

PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3

Eigenvalue 1.76 1.25 0.96 1.70 1.37 0.96 1.64 1.34 0.99 1.78 1.08 0.92
Variance

(%) 44.44 22.24 23.30 41.27 26.81 13.11 38.50 25.58 14.01 52.76 19.55 13.90

Cum.var
(%) 80.00 81.19 78.10 86.22

Variables Loadings
Tem 0.351 0.500 0.285 0.564 −0.020 −0.005 0.573 0.111 −0.004 0.451 −0.392 0.204
PAR 0.435 −0.183 −0.097 0.471 −0.240 −0.036 0.520 −0.110 −0.106 0.501 −0.134 0.103
VPD 0.512 0.188 0.022 0.370 −0.497 −0.170 0.472 −0.383 −0.131 0.532 −0.027 0.145
Rain −0.314 0.117 0.748 0.043 0.493 −0.538 −0.038 0.487 −0.250 −0.274 −0.255 0.876
RH −0.396 0.476 −0.002 0.199 0.587 0.348 0.072 0.644 0.292 −0.429 −0.339 0.004

VMC −0.399 −0.218 −0.306 0.341 0.259 −0.530 0.099 0.307 −0.806 x x x
wind 0.084 −0.063 0.506 −0.407 −0.201 −0.527 −0.403 −0.287 −0.418 0.052 0.805 0.399

3.4. Response of Individual Daily Sap Flux to VPD and PAR for Different Species

All predicted environmental variables together explained between 45 and 66% of daily
whole tree water use (Table 5) by multiple linear regression. Both VPD and PAR were
the strongest indicators influencing whole-tree water use for all the stands, though they
had different partial effects (Partial R2) for each stand. Temperature was the third most
powerful driver (Table 5).
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Table 5. Results of multiple linear regression for daily whole tree water use over two years of study
period at each site. Daily PAR, daily VPD, daily temperature, daily RH, total rain, wind speed and
daily VMC (if available) are shown. For JGS, we used average whole tree water use for three species
here because of the weak relationship between predicted variables and whole tree water use.

Sites Variables Estimate p Value Partial R2

NZHP (Intercept) −1.071 <0.001 0.607

PAR 0.0406 <0.001 0.386
VPD 11.43 <0.001 0.488

T
RH

−0.8699
0.0797

<0.001
<0.001

0.0896
0.1038

VMC 0.5095 <0.001 0.1036
P −0.1355 <0.001 0.205

Wind −5.842 <0.001 0.0004

CHSS (Intercept) −1.5678 <0.05 0.6601

PAR 0.0073 <0.001 0.4645
VPD 5.991 <0.001 0.3969

T 0.0817 <0.05 0.2372
VMC 0.0484 <0.05 0.0504

CHSA (Intercept) 0.8410 0.7400 0.4562

PAR 0.0039 <0.01 0.2377
VPD 4.9375 <0.001 0.3023

T
RH

0.4816
−0.0108

<0.001
<0.001

0.1564
0.0577

VMC 0.2483 <0.001 0.0439

CJGS (Intercept) 0.4163 <0.01 0.4977

PAR 0.0017 <0.001 0.3895
VPD 0.4959 <0.001 0.3644

T 0.0279 <0.001 0.2474
P −0.0089 <0.05 0.0952

Wind −0.2431 <0.001 0.0035

The relationship between Fd and the most important key drivers, VPD and PAR, for
the six species are well described by using an exponential saturation model (Table S1).
The responses of Fd to increasing VPD showed that daily Fd of L. formosana was higher
than the other species, as described by the highest value for parameter a in the exponential
saturation models (Table 6). For the two oak species, Q. acutissima and Q. variabilis, and
A. mangium species, daily Fd reached peak values when VPD was about 1 kPa (Table S1)
and sustained a high level of sap flux, with larger values for parameter b, indicating higher
sensitivity of leaf transpiration (stomatal conductance) to VPD in those species, followed by
L. formosana. A distinctive response curve occurred in A. australis and S. wallichii whereby
Fd did not plateau over the measured VPD range. These two species also had smaller
values of parameter b, indicating less sensitivity of leaf transpiration to rising VPD.

Table 6. Parameters for the Exponential Saturation Model Fd = a (1 − exp−bx) for six species, where
a and b are the fitted parameters.

Species Fd vs. VPD Fd vs. PAR

n a b p a b p

A. australis 6 18.73 0.67 <0.001 1.33 0.0016 <0.001
S. wallichii 15 38.15 0.71 <0.001 5.61 0.0015 <0.001

A. mangium 15 41.23 1.89 <0.001 4.26 0.0035 <0.001
L. formosana 6 44.25 1.09 <0.001 5.08 0.0011 <0.001
Q. acutissima 12 35.94 1.68 <0.001 3.81 0.0018 <0.001
Q. variabilis 7 35.11 2.26 <0.001 4.01 0.0016 <0.001
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The relationships between daily Fd and PAR for all the species showed a distinctive
asymptotic response (Table S1). During the research periods, A. mangium showed the
highest parameter b, indicating the most sensitivity of Fd to increasing PAR, compared to
the other species.

4. Discussion
4.1. Climate—Depend Water Use Variation across Sites

Due to the differences in geographic and climatic zones, the response characteristics
of species in various research sites were different as expected. Species in the same area
usually had similar functional and structural behavior, showing convergence in response to
site-specific characteristics [8,16,48]. For example, NZHP site has a maritime climate with a
low daily VPD and relatively low summer temperatures compared to the other two regions.
Several co-occurring species including conifers and angiosperms here showed similar
gas exchange rate and tree hydraulic conductance, indicating the functional convergence
in water relations [16]. Temperate deciduous forest faced higher evaporative demand
(Figure 1) and usually had higher water use efficiency than subtropical forests [49].

Our study covering three contrasting climatic zones with six dominant species re-
vealed an overall control of weather effects on plant transpiration for all sites both at
the individual tree scale and stand-level water use (Figures 1, 2 and 4). Applying PCA
to daily sap flux datasets, the impacts of local environmental conditions on the transpi-
ration of each site might be depicted by a set of composite variables, namely the main
transpiration demand drivers (air temperature, PAR, VPD), precipitation, soil moisture
and wind (Table 4). The strongest drivers for all the research sites were PAR, VPD and air
temperature, indicating that tree transpiration increased with higher evaporative demand
index (when the environment became warmer, brighter and less humid) [8,47]. The strong
positive correlation of sap flow and environmental predictors (Table 4; Table 5) confirmed
that atmospheric control contributes as the main external drivers for transpiration [50,51].

Spatial water use variation was shown to be site-specific in the influence of charac-
teristics such as tree species, tree size, plant density, leaf area index, as well as climate
conditions [5,6]. During the two-year study periods, CJGS site showed the highest daily
stand water use from higher sap flow density and higher stand basal area (Table 1), stand-
scale water use accounting for 37.9% of total rainfall during its growth season. Stand-scale
water use of NZHP site accounted for 26.5% of total rainfall, followed by CHSA site (18.7%
of total rainfall) and CHSS site (14.5% of total rainfall) during the studied period. Higher
stand transpiration was associated with higher stand basal area (Table 1), a finding sup-
ported by the positive relationship between daily whole tree water use and basal area
across all sites (Figure 6). This is consistent with the relationship observed in many other
studies [6,52]. Therefore, NZHP conifer forests had the second greatest stand transpiration
resulting from the biggest sapwood area among the four sites, even though it had the
lowest sap flow density (Figure 4).

4.2. Response of Tree Transpiration to Environmental Drivers

Generally, the main environmental drivers of transpiration are VPD and PAR [5–7,53].
Soil moisture is another important factor causing variation in transpiration across sites [6]
and is a limiting factor in semiarid or arid regions [54]. The importance of soil moisture
can be greater for smaller trees and during dry periods [7,55]. Multiple regression analyses
of whole tree water use and environmental factors showed that VPD and PAR were the
strongest drivers for our research sites followed by temperature and soil moisture (Table 5).
Our results were consistent with previous studies at the same research sites [7,9,37]. Whitley
et al. [6] also found transpiration patterns over five contrasting Australian research sites
were more responsive to VPD and PAR than soil moisture. Soil moisture did not become
a limiting factor at all our research sites, but its importance was greater for A. australis
trees than for other species (Table 5). Potential reasons for these differences may be the
misaligned rainfall and growing season in the southern hemisphere and the frequency of
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summer droughts under climate change across the region of A. australis [7], as there was
only 27% to 37% of annual rainfall during October to the following March; however, it was
the fastest stem growth season during summer with the highest evaporative demand.

Competition for light is considered the main competition process within forest stands,
especially in single-species stands [56]. VPD and PAR were the key drivers for the
two subtropical evergreen forests, while PAR was shown more influential for whole tree
transpiration of CHSS as light availability competition became a limiting factor within
the stand. There was higher plant density in the CHSS stand with LAI monthly values
ranging from 1.4 to 3.9 m2 m−2 compared to CHSA stand with LAI values between 1.3 to
2.8 m2 m−2 (Table 2) [37].

4.3. Transpiration Differences among Tree Species

There were marked differences in both the magnitude and pattern of daily Fd charac-
teristics among the six species, mainly due to differences in biological parameters among
plant functional types and hydraulic architecture [4,57]. Biological characteristics and
hydraulic traits for each species are available in Table 2. The evergreen conifer (A. australis)
generally has less water use, large sapwood area offering high capacity of stem water
storage and more conservative stomatal regulation than angiosperms, to avoid severe
hydraulic failure [7,16,54–58]. This is in agreement with our results that A. australis showed
the smallest Fd in daily and seasonal variation (Figures 3 and 4).

Although some species were located at the same site, exploring Fd patterns for those
co-occurring species reflected the various water and growth competition strategies [59].
At CJGS site, the ring porous species (Q. acutissima and Q. variabilis) showed no difference
in daily Fd and seasonal average Fd, but Fd values were lower than those of the diffuse
porous species L. formosana (Figure 4) which had lower wood density (Table 2) during the
period of well-watered conditions like the second study year. However, when soil moisture
was limiting and the trees experienced an insect attack (after July) during the first study
year, Fd declined substantially in those oak species and did not totally recover compared to
L.formasana. The higher Fd before the drought and the increased nocturnal sap flow during
drought might be the reason of fast recovery [40] in any disturbance under current climatic
conditions. Besides that, tree height of L. formasana was significantly shorter than other
co-occurring species, with smaller leaf area (p < 0.05) (Table 3). At CHS site (subtropical
evergreen broadleaved forest region), A. mangium showed higher Fd values than those of
S. wallichii (Figure 3; Figure 4) both at wet and dry season, which is in agreement with the
previous study results within the same site [35]. Both of those species are diffuse porous
species but wood density of S. wallichii is higher than A. mangium wood density. Root depth
and light resource availability within the stand might be the main reasons for Fd variation
between these species. S. wallichii was reported to have most root biomass concentrated in
the top 50 cm layer based on studies in south China [55], whilst A. mangium was thought
have deeper roots to extract deeper soil water [37,60]. Because of the high planting density,
fierce competition for light resources within the S. wallichii stand (867 trees per ha) was
more intensive than the A. mangium stand (519 trees per ha). Moreover, A. mangium is
less tolerant of wet soil and more adaptable to good drainage sites [37], as it is shown the
negative relationship between soil moisture and daily water use in Table 4. As an exotic
and fast-growing species, it is more competitive in warmer and drier conditions than native
species [61], for example, S. wallichii in this study.

4.4. Sensitivity and Vulnerability to Environmental Drivers

Physiological traits related to water transport have a critical role in predicting a
tree’s vulnerability and resilience to extreme events, such as drought and higher tem-
peratures [62,63]. A cross-species study of leaf traits revealed that stomatal conductance,
specific xylem hydraulic conductivity and cavitation resistance were closely correlated with
leaf nitrogen content and leaf area, while stomatal control parameters were unassociated
with leaf economics spectrum [64]. A meta-analysis across 475 species showed that low
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wood density was a significant predictor of mortality anomalies in angiosperms but not
gymnosperms because of their fundamentally different wood anatomy. In addition, trees
with less negative P50 values experienced higher rates of mortality [62]. How plants re-
spond to environmental drivers is related to species’ differences in their water use strategies
such as their vulnerability to xylem cavitation and stomatal sensitivity to transpiration
demand [4]. In this study, the sensitivity index (parameter b of the exponential saturation
model) of transpiration to VPD is lower in A. australis and S. wallichii species (Table 6),
indicating that those two species probably had lower soil-leaf hydraulic conductance and
less sensitivity to environmental variables than others [20,65]. A. australis was found highly
vulnerable to hydraulic failure, described by low P50 values and architectural structure,
but they have a highly conservative water use strategy, including tight stomatal regulation
with low stomatal conductance (Table 2) in both wet and dry soil conditions and large
water capacitance in stems [7,42].

Plants with strong stomatal control can adapt well to mesic environments because they
can increase transpiration under low VPD or increase their growth rate [59]. Trees with
a high transpiration rate under low VPD were more competitive with respect to growth
and reproductive rate [1], for example, deciduous species and A. mangium in this study.
For angiosperms, evergreen species had significantly lower values of maximum hydraulic
conductivity and lower P50 values than deciduous species (see Table 2 and [64]) based
on research at our Chinese sites. Ring-porous species (Q. variabilis and Q. acutissima) with
large earlywood vessels [66] have a higher risk of embolism or cavitation than L. formosana,
therefore they had higher sensitivity of stomatal regulation to reduce embolism at high
stem tension [45]. Diffuse porous species (L. formosana) have narrower vessel diameters and
greater conducting sapwood with a lower wood density and higher hydraulic capacitance
according to previous studies at the same research site [9,67]. Species with high capacitance
guarantee hydraulic safety and buffer fluctuations in tension by releasing stored water and
maintaining minimum xylem water potentials above critical values [57,68]. Teasing apart
the relative importance of biotic controls and abiotic drivers of plant water use by different
species across different climatic zones requires more datasets to build up a comprehensive
picture of plant responses to environmental conditions. The work of the SAPFLUXNET
team [17] will help to build global models of sap flow but our paper provides a snapshot of
three contrasting climatic forests as an example of different plant response patterns.

5. Conclusions

Our study showed that water use responses to environmental factors were simi-
lar across sites, with VPD and PAR playing the strongest role in driving transpiration.
However, the patterns and magnitude of sap flow of our six species differed signifi-
cantly according to the variety of site-specific conditions and biological attributes. Conifer
species (A.australis) showed the most conservative water use characters. The exotic species
(A. mangium) revealed higher Fd all year round even in the dry season, suggesting higher
water resource needs and higher adaptive ability to some warmer and drier conditions than
the native species (S. wallichii). L. formosana species displayed fast recovery possibilities
after disturbance compared to the oak ring-porous species at CJGS site. These observed
results indicate that biophysical characteristics such as canopy structure, xylem anatomy,
wood density and root depth and other physiological traits such as water use conservation,
water storage capacity, stomata sensitivity to environmental drivers combined with site
conditions together contribute to the water use patterns for individual trees and at the
stand scale. For better predictions of forest dynamics under future climate scenarios, we
need to take these biological traits, site factors and climatic conditions into account.

Supplementary Materials: The following is available online at https://www.mdpi.com/1999-4907/
12/2/161/s1, Table S1: Biological and hydraulic data sources and references.
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