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Abstract: Co-occurring species may adopt different water-use strategies to adapt to limited soil
water. In Jiuzhaigou Valley, a continuous decline in soil water after an initial recharge from the
thawing of snow and frozen soil in early spring was observed, but its effects on the sap flow dynamics
of co-occurring species are not well understood. To clarify the species-specific water-use strategy,
variations in sap flow and environmental conditions were investigated for two co-occurring species
(Betula albosinensis Burk. and Pinus tabuliaeformis Carr.) in a mixed forest during a transition from the
wet to dry period in 2014. Sap flow was measured using Granier-type thermal dissipation probes,
and the soil-water content was measured using time-domain reflectometry probes for a successive
period. Our study showed that B. albosinensis maintained relatively high transpiration until late into
the season regardless of soil moisture, while the transpiration of P. tabuliformis showed a continuous
decrease in response to seasonal soil drying. Sap flow for both species exhibited a marked hysteresis
in response to meteorological factors and it was conditioned by the soil-water status, especially
in the afternoon. We found that P. tabuliformis was sensitive to soil-water conditions, while for
B. albosinensis, the sap flow was not very sensitive to changes in soil-water conditions. These results
indicate that B. albosinensis could manage the water consumption conservatively under both dry and
wet conditions. These results may have implications for evaluating the species-specific water-use
strategy and carrying out proper reforestation practices.

Keywords: sap flow; water-use strategy; meteorological factors; soil-water availability; proper
reforestation practice

1. Introduction

Jiuzhaigou Valley (JZG), located in the upper reach of the Jialing River, is a typical subalpine
river valley in the transition zone between the northeast Qinghai-Tibet Plateau and the Sichuan Basin.
Jiuzhaigou Valley has been rated as a World Heritage, National Nature Reserve and a world-class
place of interest, due to the so-called “color forests” in fall and the fantastic beauty of the water. It was
mainly the color forests that formed and the ratio between the deciduous and conifer species greatly
changed after the forest harvest from 1966 to 1978 [1] Betula albosinensis Burk. in JZG is one of the main
broadleaved species forming the color forests. The local administration is hence greatly concerned
with the succession trend and the rate at which the broadleaved species (e.g., B. albosinensis) are
replaced by the conifers (e.g., Pinus tabuliaeformis Carr.) [2]. In recent years, the local administration
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has intended to increase the broadleaved species, especially Betula species in the subalpine forests
to provide a more fascinating tourist attraction [3]. In addition, it is believed that the ratio change
will lead to changes in evapotranspiration and therefore water balance [4,5]. In recent years, with
runoff decreasing and streams drying up, the water landscape of Jiuzhaigou Valley has ultimately
been affected [6–9]. Therefore, for proper reforestation practices and landscape management, common
species in JZG need to be investigated to understand their water-use strategies under different climatic
and soil-water conditions and to determine whether they are suitable for developing a sustainable
color forest landscape.

The responses of sap flow to soil moisture and meteorological factors, such as solar radiation (Rs)
and vapor pressure deficit (VPD), have been a topic of research in agricultural and forest management
over the last two decades [10–16]. Previous studies have shown that despite a large variation in
the threshold of transpiration responses to the VPD, when Rs, VPD or the variable of transpiration
(VT)—which is defined as an integrated index of Rs and VPD—were below a certain threshold,
transpiration increased rapidly. Then, when it exceeded the threshold value, transpiration maintained
a relatively stable level. However, due to large differences in sensitivity to soil-water conditions, the
transpiration response usually varies greatly among different species in a single wet–dry cycle [16]
and is possibly conditioned by soil-water availability [11,17].

Sap flow characteristics vary not only with meteorological factors and soil water conditions
but also with species. It has been demonstrated that different species showed different responses to
meteorological and edaphic parameters [10,15,16,18]. Based on the different sap flow responses to
meteorological factors under different soil-water conditions, tree species can be distinguished into types
with contrasting drought sensitivity [11,14,19]. For example, by analyzing sap flow characteristics and
climatic responses, Du et al. [11] found that the exotic Robinia pseudoacacia Linn. in a semiarid forest
of China was drought-sensitive, while the naturally dominant Quercus liaotungensis Koidz. and the
indigenous concomitant species Armeniaca sibirica Lam. were drought-insensitive. Similar studies in
the greater Los Angeles area showed that the native California sycamore showed little response to
shallow soil-water content, while the non-native Canary Island pine was sensitive to shallow soil-water
conditions but tolerant of very low soil-water availability [14].

Therefore, the effects of soil-water availability on species distribution, forest structure and stand
composition could be assessed by studying the species-specific sap flow characteristics in relation
to meteorological factors and soil-water availability. This approach is particularly suitable in areas
subjected to higher atmospheric demand precipitation and shallow soils [20]. In JZG, the mean annual
value of precipitation and potential evapotranspiration for 1956–2014 was 762 mm and 806 mm,
respectively (data are from the Songpan meteorological station (32◦39′ N, 103◦34′ E, 2852 m elevation)
of the Chinese Meteorological Association). Additionally, the subalpine mixed forest is characterized by
shallow soil depth, and our previous research showed that after a large amount of soil-water recharge in
early spring, JZG experienced a general decline in soil moisture as the growing season progressed [21].
In this context, the approach is suitable for assessing species’ water-use strategy by evaluating sap
flow characteristics in response to meteorological factors and soil-water availability in JZG. In JZG,
two dominant tree species in the secondary mixed forest are B. albosinensis and P. tabuliformis [1,22].
Both of these species are widely distributed in the subalpine region and are pioneer, shade-intolerant
species [3,23], but B. albosinensis has been regarded as a forest species that prefers a humid climate
and that mostly occurs in hillside and canyon habitats [24]. It has shallower roots and more fine roots
near the surface than the conifer species and could take up sufficient water in a humid subalpine
valley [2]. In contrast, P. tabuliformis prefers a dry and cold climate and is widely distributed in areas
with precipitation ranging from 361–1038 mm [25]. However, the species-specific water-use strategy is
still unknown in the experimental shed. We hence hypothesized that these two species have different
water-use strategies to cope with the limitation of soil-water availability. To test the hypothesis, the sap
flow for two dominant tree species and the relevant environmental data were measured in a secondary
mixed forest of JZG. For the present study, we aimed to (1) investigate the sap flow and the water-use
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characteristics of the typical deciduous and conifer species in cold-limited areas, (2) compare the
difference in sap flow for each species to meteorological factors under different soil-water conditions,
and (3) compare interspecies differences of sap flow responses. The results are expected not only to
enrich the understanding of species-specific water-use strategy, but also to provide insight into species
distribution, forest structure and stand composition.

2. Materials and Methods

2.1. Study Site

The study site is located in Jiuzhaigou County of the Aba Tibetan and Qiang Autonomous
Prefecture, Sichuan Province (32◦53′–33◦20′ N, 103◦46′–104◦05′ E). JZG lies in a transition zone of a
northern subtropical area and a warm temperate area on the Tibet Plateau designated as a highland
temperate monsoon climate. From 1951 to 2009, the mean annual precipitation was 762 mm, and the
mean air temperature was 7.3 ◦C. The mean annual humidity is more than 70%. The mean annual
potential evapotranspiration (806 mm) was slightly higher than the mean annual precipitation.

JZG has an elevation range spanning from 2000 m to 4800 m and the vegetation types and
vegetation compositions show distinct vertical zonation: coniferous and broadleaved mixed forest
below 2800 m, coniferous forest between 2800 and 3800 m, and alpine bush and meadow above
3800 m. The experiment site for the current study was thus selected in a coniferous and broadleaved
mixed forest (33◦9.54′ N, 103◦52.86′ E) with an elevation of 2478 m, which suffered from a forest
harvest during 1964–1979. At the time of study, the forest was dominated by a secondary forest of
pine (P. tabuliformis), oak (Quercus liaotungensis Koidz.), and sub-canopy species (B. albosinensis and
Acer ginnala Maxim.) [1,22]. B. albosinensis was generally dominant in the lower diameter classes, while
P. tabuliformis was present in all diameter classes [3]. To make both species have similar access to
light, all target trees were selected in sparse parts of the mixed forest. The general characteristics of
B. albosinensis and P. tabuliformis in this study are presented in Table 1.

Table 1. Characteristics of study trees and sites. Values given in the parentheses are the range in
diameter at breast height (DBH, cm), and sapwood area at DBH. After extraction of the wood core with
Haglof Increment Borer, the sapwood area was estimated by dyeing the wood core.

Tree Species n Diameter at Breast Height (DBH, cm) Tree Height (H, m) Sapwood Area at DBH (AS, cm2)

B. albosinensis 10 5.9–20.6 6–11 75.24 (19.60–284.16)
P. tabulaeformis 10 5.6–26.8 6–15 461.47 (23.30–479.53)

2.2. Sap Flow Measurement

The sap flux density of the target trees was measured using the thermal dissipation method [26].
Sap flow sensors (SF-G, Ecomatik, Munich, Germany) were installed in both species (B. albosinensis
and P. tabuliformis), and all probes (length: 20 mm, diameter: 2 mm) were installed at DBH on both
the northern and the southern sides of the trees to avoid azimuthal variations. A radiation protection
shield was installed around the sensors to minimize temperature fluctuations in the sapwood, and the
top of the shield was sealed off with silicon paste to protect the sensors from dripping rainwater. Sap
flow data were sampled every minute, and 10-min averages were recorded on a data logger (CR1000,
Campbell Scientific, Inc., Logan, UT, USA).

Sap flux density (Fd, g m−2 s−1) was calculated using the empirical equation from Granier [26]
(Equations (1)):

Fd = 119
(

∆Tm − ∆T
∆T

)1.231
(1)

where Fd is sap flux density (g m−2 s−1), ∆T is the temperature difference between the heated and the
unheated probe, and ∆Tm is the maximum temperature difference between the two probes when sap
flow was expected to be zero.
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For further analysis, the measured sap flux density was averaged out from all probes for each tree
species and then the normalized Fd was used to minimize the differences resulting from replicated
measurement [11]. It was calculated by dividing all Fd data by the maximum value throughout the
study period.

2.3. Meteorological and Soil-Water Content Measurements

Several meteorological instruments were installed on a 30-m tower over the stands. Measured
climatic data included downward solar radiation and upward solar and longwave radiation (CNR-4,
Kipp & Zonen, Delft, The Netherlands), air temperature and relative humidity from a thermo recorder
(SKH2060, Skye, Inc., Powys, UK), and precipitation from a rain gauge (7852M-AB, Davis, CA, USA).
All data were sampled every 1 min and 30-min means were recorded on a CR3000 datalogger (Campbell
Scientific, Logan, UT, USA).

Considering the soil type above 85 cm is brown loam and it mainly contains stones below a depth
of 85 cm, we only installed soil-water probes above 85 cm. The volumetric soil-water contents (θ)
and soil temperature were measured at 3 cm, 10 cm, 20 cm, 30 cm, 40 cm and 50 cm depths using
six time-domain reflectometry probes (SM300, Delta-T Devices Ltd., Burwell, Cambridge, UK). The
volumetric soil-water contents at 60 cm and 80 cm depth were also measured using another two
time-domain reflectometry probes (ML-2X, Delta-T Devices Ltd., Burwell, Cambridge, UK). All the
sensors were installed in a flat area which was about 2 m away from the surrounding tree. These data
were sampled every 1 min, and the 10-min averages were stored on a CR1000 datalogger (Campbell
Scientific, Logan, UT, USA).

2.4. Data Analyses and Parameters Calculation

For investigation on the responses of sap flow to environmental factors, the solar radiation (Rs),
the vapor pressure deficit (VPD) as well as an integrated index defined as the variable of transpiration
(VT) were used. The VPD was calculated from the air temperature and the relative humidity [27], and
the VT was determined from the Rs and the VPD as follows [11,28–30] (Equations (2)):

VT = VPD(Rs)
1/2 (2)

Soil-water content was also a critical factor for stomatal control and could affect the response of
sap flow to meteorological variables [16]. The soil-water status was expressed as relative extractable
water (REW) [17,26,31], which was calculated as Equations (3):

REW = (θ − θmin)/(θmax − θmin) (3)

where θmax and θmin are the saturated water content (maximum measured θ) and the minimum
measured θ, respectively, during the study period. The REW ranges from 0 to 1, representing dry
soil to fully saturated soil status. Water stress was considered to occur when the REW was below
0.4 [26,32–34]. Thus, the datasets under two soil-water conditions (REW ≥0.4 and REW <0.4) were
analyzed separately.

Previous studies analyzed the relationships between the sap flow and the Rs, the VPD and the
VT mostly using the exponential saturation function [11,35–37] and the logarithmic function with
saturated points [10,15,28,38]. Considering one high and one low asymptote for the relation in the
study, three logarithmic functions (DoseResp function) were used to fit for the correlations between the
sap flux density and the Rs, the VPD, and the VT under different soil-water conditions (Equations (4)):.

Y = A1 + (A2− A1)/(1 + 10q(b−X)) (4)

where X and Y are the corresponding environmental factor and sap flow, b is the inflection point, q is
the slope at the inflection point, and A1 and A2 are the function low value and the function high value,
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respectively. Moreover, the Wald test was used to compare the parameter difference for the fitting
curve under different soil-water conditions. For the present study, sap flow started from 0, so the
parameter A1 equals 0. According to Du et al. [11], the fitting parameter q can be used to evaluate
the hydraulic conductance from soil to atmosphere. A high q for the regression curve indicates a
high conductance, and larger change in q upon the drying of the soil suggests a higher sensitivity to
soil drought.

Based on the seasonal pattern of soil water from 2013 to 2015, pronounced divisions of a wet
period, a dry period and a transition period could be observed every year [21]. To elucidate the
water-use strategy for each tree species to the daily Rs and the daytime mean VPD, the transition
period was hence selected as the study period.

3. Results and Discussion

3.1. Meteorological and Soil-Water Conditions

Based on the meteorological data from the Nuorilang Central Station (approximately 2 km away
from the study site), annual precipitation in 2013 was 653 mm and was 109 mm less than the mean
annual value. We also found less precipitation and slightly lower relative humidity from August to
October in 2013 compared to the value averaged for years, suggesting that it was a dry year in 2013.

At the study site, meteorological conditions were also observed during the study period. As shown
in Figure 1a, small rain events (less than 10 mm day−1) as well as heavy rainfall events (more than
20 mm day−1) were the main cause of the pronounced change of soil water in the surface layer
(Figure 2). Figure 1b shows two important climatic factors controlling the sap flow, the daily solar
radiation and the daytime mean VPD for the same period of sap flow measurement.
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Figure 1. Daily values of (a) the precipitation and the air temperature (Tair), and (b) the solar radiation
(Rs) and the daytime vapor pressure deficit (VPD) in the sap flow measurement period.

Soil-water conditions for the entire growing season in 2013 are shown in Figure 2. Soil-water
contents for all soil depths declined since the start of the growing season. Volumetric soil-water
contents near the surface fluctuated more at deeper depths, coincident with rainfall events (Figure 2),
indicating that precipitation mainly recharged the surface soil layer (30 cm beneath the surface).
In addition, tree transpiration was reported to be associated with soil-water content at a depth of
10~20 cm in a semi-arid pine forest [39]. Sun et al. [40] found that in a humid forest, transpiration
was related to soil moisture at a depth of 5~15 cm and soil evaporation was generally related to soil
moisture in the topsoil (5 cm depth). The seasonal pattern of soil-water content at our site was similar
to these previous studies. Thus, in this study, soil-water content at a depth of 10 cm was used to
analyze sap flow response.
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Figure 2. Trends of volumetric soil-water contents (m3 H2O m−3 soil × 100%) for all measurement
depths of soil precipitation throughout the growing season. The period division based on soil-water
conditions was obvious. Note that the study period for the present research is marked on top.

3.2. Variations in the Diurnal Course of Sap Flow

Figure 3 shows the diurnal courses of the normalized sap flux density for both tree species, the Rs,
and the VPD on three typical days, two of which represent pre-rainfall days under different soil-water
conditions (15 and 23 August); the other represents post-rainfall days (31 August). Although the
dynamics of the normalized Fd were similar in pattern to the Rs and the VPD, they were not necessarily
synchronized. We found that there was a 130–140 min time lag between the Rs and the VPD for all
typical days via cross correlation analysis. The normalized Fd for P. tabuliformis increased 60–80 min
after the Rs while it was 40–50 min for B. albosinensis. The peak time for B. albosinensis was close to the
Rs, while for P. tabuliformis, it was close to the VPD (Figure 3). In addition, the normalized Fd started
with rising solar radiation when the VPD exceeded a certain value. It was approximately 0.2 kPa and
0.3 kPa for B. albosinensis and P. tabuliformis, respectively. Then, it gradually decreased with the Rs and
the VPD until midnight, when it decreased to 0.
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Figure 3. Diurnal courses of the Rs (black line in (a–c)), the VPD (red lines in (a–c)), and the normalized
sap flux density for each tree species on three typical days—i.e., two pre-rainfall days with different
soil-water contents, 15 August and 23 August, and a post-rainfall day on 31 August. On 28 August,
a heavy rainfall event occurred (22.8 mm). Note that figures on the left, middle and right column
represent diurnal courses on 15 August, 23 August and 31 August, respectively. Rs, solar radiation;
VPD, vapor pressure deficit; REW, relative extractable water.
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During the continuous rain-free period with changing soil-water conditions, the variations for
the normalized Fd for P. tabuliformis and B. albosinensis were different (Figure 4d,e). Under similar
conditions of the Rs and the VPD (as shown in Figure 3a,b), the normalized Fd of P. tabuliformis showed
a decrease in response to soil moisture decrease, while the normalized Fd of B. albosinensis under
different soil-water statuses rarely changed. However, compared to the pre-rainfall days (Figure 3e,f),
there was a lower normalized Fd for B. albosinensis and a similar Fd for P. tabuliformis, which could be
attributed to the lower VPD (Figure 3b,c). The effects of the soil-water change on the entire hysteresis
loop between the normalized Fd and the Rs/VPD were observed for both species, and we found a larger
loop under dry conditions (Figure 4). These results were consistent with previous studies, in which the
hysteresis tended to be larger upon soil drying to avoid extremely high sap flow and adapt to tough
conditions [41–43]. The interspecies differences in the diurnal sap flow response to soil drying can
be possibly attributed to different water-use strategies. To further investigate the water-use strategy
among species, the integrated effects of multiple factors (the REW, the Rs and the VPD) should be
considered on the entire hysteresis loop for the given continuous drying period.
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Figure 4. The diurnal hysteresis of the normalized Fd-Rs (a,c) and the normalized Fd-VPD (b,d) for
B. albosinensis (upper row) and P. tabuliformis (lower row) on three typical days—i.e., two pre-rainfall
days with different soil-water contents, 15 and 23 August, and a post-rainfall day on 31 August.
On 28 August, a heavy rainfall event occurred (22.8 mm). Note that the normalized Fd-Rs hysteresis
was counter-clockwise and the normalized Fd-VPD hysteresis was clockwise. Each dot represents the
normalized sap flux density converted from the sap flux density averaged from all probes for each
species. Fd, Sap flux density.

3.3. Response of Sap Flow to Meteorological Factors under Different Soil-Water Conditions

The seasonal variations in the sap flux density for P. tabuliformis and B. albosinensis during the soil
drying period are shown in Figure 5. The Fd dynamics mainly reflected the variations in the Rs and
the VPD (Figures 1b and 5). However, B. albosinensis maintained a relatively high sap flux density of
15–20 g m−2 s−1 in the middle–late period of the growing season, and it decreased immediately to
less than 5 g m−2 s−1 in mid-October, while sap flow for P. tabuliformis typically showed a gradual
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reduction in response to the decline in soil water. This finding likely reflects the difference in the
habitats to which each species is adapted [14,44]. B. albosinensis prefers a humid climate. It has
shallower roots and more fine roots near the surface than the conifer species and is therefore able to
take up sufficient water in a humid subalpine valley. In contrast, P. tabuliformis prefers a dry and cold
climate, indicating its adaptability and its tolerance of dry conditions. Moreover, plants growing under
high relatively humidity tend to lack stomatal control, and the stomata show little response to light
or drought but tended to remain open [45]. The leaves of B. albosinensis fully expand under a high
humidity of more than 80% (mean annual value over the growing season from 2000 to 2013; data are
from the Nuorilang Central Station, which is approximately 2 km away from the study site) and is
hence to show small stomatal control. Differently, P. tabuliformis has a strong stomatal control [46].
Similar studies in Populus tremuloides also showed the smallest seasonal reductions in transpiration in
comparison to the conifer species, caused by a lack of stomatal control in Populus tremuloides [20]. These
results were consistent with the previous reports of the strongest stomatal control of transpiration in
conifer species [47,48]. Therefore, the difference in the stomatal responses to soil water was responsible
for the different seasonal patterns among species.
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Figure 5. Seasonal variations in (a) the relative extractable water (REW), (b,c) sap flux density for both
species over the study period. The vertical black dashed line represents the division of soil-water
storage and the horizontal black line stands for the threshold of soil-water potential (−0.8 MPa) when
REW equals to 0.4. Note that soil-water potential was not directly measured and was estimated from
mean measured soil-water contents for all depths by using the soil-water characteristic curve proposed
by Yin et al. [49]. Sap flux density was averaged out from all probes for each species.

To further assess the effect of soil-water storage on transpiration in response to meteorological
factors for the entire hysteresis loop, datasets of the normalized Fd-Rs, the VPD and the VT in August
were divided and analyzed based on soil-water conditions and time. (Figure 6). Thus, sap flow
datasets were divided into four groups (the REW ≥0.4 and before peaking time, the REW ≥0.4 and
after peaking time, the REW <0.4 and before peaking time, and the REW <0.4 and after peaking time).
To prevent the effect of the nighttime transpiration characteristics in relation to the environmental
factors, only daytime datasets were used in each analysis.

As shown in Figure 6, the normalized Fd-Rs datasets showed a counter-clockwise hysteresis loop,
which has also been noted in the conductance–irradiance relationship [50]. Zheng and Wang [51]
reported that the hysteresis between sap flow and irradiance was counter-clockwise under wet
conditions but that it shifted to clockwise under dry conditions. This result suggests that in JZG,
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although soil was drying, there was probably no water stress on growing plants. Figure 6 also shows
that in the morning, the transpiration rate of P. tabuliformis dramatically increased within a short range
of radiation, while the sap flow of B. albosinensis started earlier and maintained a longer period of
increase, suggesting that P. tabuliformis had a faster stomatal response rate to light and the stomata for
B. albosinensis were open at a lower Rs. In addition, the normalized Fd-Rs datasets for all species showed
saturation at a high Rs. The saturation values for B. albosinensis were almost the same under different
soil-water conditions, while for P. tabuliformis a higher saturation value was observed under wet
conditions. These results further indicated that the stomata for B. albosinensis showed little response to
light or drought, but tended to remain open and that P. tabuliformis had a strong stomatal control.
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Figure 6. Normalized Fd in relation to the Rs, the VPD and the variable of transpiration (VT) in the
daytime hours in August for each species under different soil-water conditions and time. Note that
the upper row is for B. albosinensis and the lower row is for P. tabuliformis. The black filled circles and
the black solid line indicate the relationships with the REW <0.4 and before 14:00, respectively; the
black open circles and the black dotted line indicate the REW <0.4 and after 14:00, respectively; the
red filled squares and the red solid line indicate the REW <0.4 and before 14:00, respectively; and the
red open squares and the red dotted line indicate the REW ≥0.4 and after 14:00, respectively. The
DoseResp curves were well fitted to all the Fd-VPD and Fd-VT datasets (refer to Tables 2 and 3). Each
dot represents the normalized sap flux density converted from the sap flux density averaged from all
probes for each species.

Figure 6 also depicts the fitted curves for the normalized Fd-VPD and the normalized Fd-VT
datasets, respectively, under different soil-water conditions. The normalized Fd for both species
exhibited a marked hysteresis in response to the VPD/VT. By comparing the magnitude of the hysteresis,
which was calculated as the area enveloped by the hysteresis loop using Origin [43,52], we found that
the hysteresis area was larger under dry conditions. These results were consistent with the conclusion
proposed by O’Grady et al. [42] and Zhang et al. [43].

In addition, there were different responses of transpiration to soil drought during different time
periods of the day. In the morning, the responses of transpiration to soil drought were similar for both
species. Normalized sap flux densities were found to be initially higher in periods with lower soil
water. This result was contrary to expectations based upon soil drying in arid areas of China [11,28]
but was similar to studies in Europe that revealed that transpiration increased during the dry season
due to a high VPD but sufficient water access [42]. Hence, the initially higher sap flow under the lower
REW in JZG could also be attributed to higher VPDs (Figure 1), and trees could have had access to
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sufficient water even in the given dry period. However, in the afternoon, the transpiration responses
to the VT under different soil-water conditions were different between the species. The transpiration
for B. albosinensis tended to decrease immediately after the first half loop in the morning, while for
P. tabuliformis, it maintained the saturation level for a period of time in spite of the decreasing VT.
The asymptote period for P. tabuliformis was longer under wet conditions.

Tables 2 and 3 summarize the regression results for the normalized Fd-VPD and the normalized
Fd-VT datasets, respectively. Significant difference in the coefficients between periods with the REW
≥0.4 and the REW <0.4 in the afternoon suggests that the afternoon transpiration process is sensitive
to soil moisture conditions for both species. In contrast, it showed less difference in the morning,
especially for B. albosinensis, suggesting less amplitude of morning transpiration in response to soil
drought. These results indicated that the decline of soil-water storage mainly resulted in accelerated
decreases in the normalized Fd in response to the decreasing VPD or VT in the afternoon.

Table 2. Results of regression analyses for the relationships of the normalized Sap flux density (Fd)
in response to vapor pressure deficit (VPD) in the daytime hours for respective species in Figure 7.
The datasets of the normalized Fd and VPD covered periods with relative extractable water (REW)
<0.4 and REW ≥0.4 at different times in August, respectively. The e logarithmic function (DoseResp
function) Y = A1 + (A2− A1)/(1 + 10q(b−X)) was well fitted (p < 0.001) to each dataset. Note that
A1 for all datasets equals to zero. Significance for regression analyses was checked using t-test and
parameter differences between the fitting curves under different soil-water conditions were checked
via the Wald test. In the significance test of regression analyses, p < 0.001 represents that the nonlinear
relationship between normalized Fd and VPD/VT (the variable of transpiration) was statistically
significant. In the significance test of parameter differences, p < 0.05 stands for statistical difference,
p < 0.01 for significant statistical difference, and p < 0.001 for extremely significant statistical difference.

Species Parameter

Before 14:00 After 14:00

REW <0.4 REW ≥0.4 Parameter
Difference REW <0.4 REW ≥0.4 Parameter

Difference

B. albosinensis

A2 0.85 0.86 p = 0.46 0.98 0.89 p < 0.001
b 0.79 0.89 p < 0.001 1.71 1.52 p = 0.04

p < 0.001q 2.48 2.57 p = 0.9 1.52 1.40
R2 0.9468 0.9688 0.7881 0.9383

P. tabulaeformis

A2 0.80 0.87 p < 0.001 0.79 0.84 p < 0.001
b 0.85 0.92 p < 0.001 1.57 1.36 p < 0.001
q 2.75 2.89 p = 0.8 2.37 1.98 p = 0.03

R2 0.9437 0.8784 0.7954 0.9540

Table 3. Results of regression analyses for the relationships of the normalized Fd in response to VT in
the daytime hours for respective species in Figure 7. The datasets of the normalized Fd and VT covered
periods with REW <0.4 and REW ≥0.4 at different times in August, respectively. The e logarithmic
function (DoseResp function) Y = A1 + (A2− A1)/(1 + 10q(b−X)) was well fitted (p < 0.001) to each
dataset. Note that A1 for all datasets equals to zero. Significance for regression analyses was checked
using t-test and parameter differences between the fitting curves under different soil-water conditions
were checked via the Wald test.

Species Parameter

Before 14:00 After 14:00

REW <0.4 REW ≥0.4 Parameter
Difference REW <0.4 REW ≥0.4 Parameter

Difference

B. albosinensis

A2 0.85 0.861 p = 0.6 0.82 0.75 p < 0.001
b 21.52 24.63 p < 0.001 15.02 12.37 p < 0.001
q 0.07 0.07 p = 0.9 0.04 0.07 P < 0.001

R2 0.9570 0.9758 0.9562 0.9134

P. tabulaeformis

A2 0.80 0.86 p < 0.001 0.79 0.83 p < 0.001
b 23.69 25.71 p < 0.001 12.75 9.50 p < 0.001
q 0.08 0.09 p = 0.9 0.06 0.010 p < 0.001

R2 0.9584 0.9837 0.9050 0.9610
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In addition, according to Oren et al. [53] and Du et al. [11], the slope of the Fd–VPD relationship can
be used to evaluate the hydraulic conductance from the soil to the atmosphere. A steeper slope indicates
a higher conductance. This is consistent with the parameter q in the regression function. Significant
difference in parameter q for both species was observed in the afternoon (Table 2). It changed by 7.7%
and 16.8% for B. albosinensis and P. tabuliformis, respectively, implying a larger change of hydraulic
conductance between periods with the REW ≥0.4 and the REW <0.4 and a more sensitive response of
stomata to soil-water status for P. tabuliformis. Moreover, the function high value (parameter A2) was
similar for B. albosinensis regardless of soil drought in the morning, but it was significantly larger for
P. tabuliformis under wet conditions for both the morning and afternoon time. This result supported
the phenomenon of continuous high sap flux density for B. albosinensis and declining sap flow for
P. tabuliformis upon soil drying.

The distribution of root systems may also have an effect on the sensitivity of sap flow responses to
soil-water change [31,54–57]. Most of these studies showed that inherently shallow rooted species may
show large reductions of sap flow or conductance in response to VPD as the soil dries, while deeply
rooted species may maintain moderate rates of transpiration regardless of soil moisture. However,
soil-water storage in JZG was not a limiting factor and trees had sufficient access to soil water for
the transpiration. Thus, the different distribution of root systems in JZG may not contribute to
water-use strategies.

To further elucidate the effect of soil-water status on the normalized sap flux density, the mean
normalized Fd was also calculated from the datasets at a VT ≥40 kPa (W m−2)1/2 under different
soil-water conditions over the three dry months for each species. As shown in Figure 7, a significant
difference was found in the average maximum rates of the normalized Fd over the study period under
different soil-water conditions for P. tabuliformis, but for B. albosinensis they were of a similar level
in spite of different soil-water availabilities. The results were consistent with the findings of a more
sensitive response to soil moisture for P. tabuliformis in comparison to B. albosinensis.
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Figure 7. Normalized sap flux density of each species for datasets with a VT ≥40 kPa (W m−2)1/2 on
different soil-water conditions over the three months. Error bars represent standard errors (n was 144
when the REW ≥0.4 and it was 431 when the REW <0.4). Means with different letters are significantly
different at p < 0.01.

Similar studies in arid and semi-arid areas of China also revealed that the transpiration of
P. tabuliformis was sensitive to soil-water conditions [58–60]. In a comparative study on the co-occurring
species in a western subalpine forest of North America, it was found that the deciduous species showed
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less sensitivity to soil moisture than the conifer species, with relatively high transpiration continuing
late into the season and moderate change in the response of transpiration to meteorological with
decreasing soil moisture [20]. McCarthy and Pataki [14] also noted that the conifer species Canary
Island pine was more sensitive to soil-water conditions than the deciduous species California sycamore.
It was also demonstrated that species less sensitive to drought showed a moderate reduction in
transpiration than species sensitive to soil drought [11,19]. Our results agreed that, in JZG, the conifer
species P. tabuliformis is more sensitive to temporal changes in soil-water conditions than the deciduous
species B. albosinensis.

4. Conclusions

Tree species need to manage water-use when facing soil drying, and they may adopt different
water-use strategies to cope with soil-water change. This study showed species-specific behaviors of
P. tabuliformis and B. albosinensis, in JZG, in response to meteorological factors and soil-water availability.
The transpiration rate of P. tabuliformis showed a pronounced decrease in response to seasonal soil
drying. B. albosinensis showed less sensitivity to soil water than the other species, maintaining relatively
high transpiration until late in the season regardless of soil moisture.

Our results showed that sap flow is not only affected by meteorological factors (the Rs, the
VPD or the VT) such as solar radiation and vapor pressure deficit but is also conditioned by
soil-water conditions. The normalized Fd for both species exhibited a marked hysteresis in response
to meteorological factors, and the hysteresis was conditioned by soil-water status, especially in the
afternoon. The logarithmic function (DoseResp function) could be well applied for the transpiration
response to the meteorological factors. According to the regression results, a pronounced decline of
sap flow at a high VPD or VT appeared in P. tabuliformis, implying a strong stomatal control in relation
to soil moisture [11,20].

Based on the different sap flow responses to meteorological factors under different soil-water
conditions, these two species could be characterized as having different water-use strategies.
P. tabuliformis was sensitive to soil-water conditions, while B. albosinensis was insensitive to soil
moisture and needed access to similarly high amounts of soil water in the growing season after leaf
expansion. These results suggest that B. albosinensis was able to extract water from dryer soil than
P. tabuliformis and could manage the water consumption conservatively under both dry and wet
conditions. These results may have implications for evaluating the water use of different forest stands
and selecting sustainable reforestation species.
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