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ARTICLE INFO ABSTRACT

Keywords: With the intensification of global change, forests are subjected to varying degrees of drought or
Forest succession high-temperature stress, which has an indelible impact on the growth of trees. However,
Sap flow

knowledge on the response of sap flow to environmental changes in different types of forests is
still rare, especially in China’s subtropical forest ecosystem. Consequently, studying how different
tree species regulate their sap flow in response to shifting environmental conditions is essential
for understanding forest transpiration, water use efficiency, and drought stress resilience.
Therefore, this study aimed to investigate the sap flow dynamics of seven tree species in five
forest plots, i.e., pine forest (PF), two types of mixed conifer-broadleaf forests (MF1+MF2),
monsoon evergreen broadleaved forest (MEBF), and montane monsoonal evergreen broad-leaf
forest (MOBF) at Dinghushan National Reserve in Southern China, using the heat dissipation
probe technique and synchronous environmental factor recordings. Results demonstrated a sig-
nificant influence of photosynthetic active radiation (PAR) on sap flow across all tree species,
with mean PAR values ranging from over 1200 to 425 pmol m~2 s~!, establishing it as the
principal driving factor. This observation underscores the heightened responsiveness or sensi-
tivity of tree species to variations in PAR as the forest undergoes development and maturation.
The correlation between vapor pressure deficit (VPD) and tree sap flow decreased as succession
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progressed. Moreover, the influence of soil water content (SWC) on sap flow stability against
environmental changes increased. Similar patterns were also found between the two MF, with
MF-2 displaying ecological characteristics and environmental conditions more closely aligned
with those of the late-successional MEBF. The study reveals the intricate relationship between
environmental factors and sap flow regulation in tree species within a subtropical forest
ecosystem. Addressing a comparative gap in sap flow correlation among dominant tree species at
Dinghushan, it establishes a hydro-physiological foundation for understanding tree species sub-
stitution during forest succession. The results provide key insights for forest management and
climate-related research. Future studies should delve into the long-term implications of observed
sap flow dynamics, exploring their impact on tree species adaptability amid ongoing environ-
mental changes.

1. Introduction

Forests are crucial in the global carbon (C), water, and nutrient cycles, significantly influencing many ecological processes [1].
These ecosystems exchange more water and C with the atmosphere than any other biome, considerably impacting the global climate
[2]. The high water consumption of trees plays a crucial role in the hydrological cycle of ecosystems [1]. Water cycles are strongly
affected by the increasing frequency and intensity of drought events [3]. Global warming exacerbates drought events, significantly
impacting forest ecosystems’ geographical distribution patterns, community structure, and composition, including tree growth and
physiological characteristics [4]. Drought stress reduces tree diameter growth and biomass accumulation, stomatal conductance,
photosynthesis activity, transpiration rate, and water use efficiency [5,6]. Hence, it is critical to understand the regulatory mechanisms
by which trees’ water use responds to climatic variations, determining the environmental stability of forest water consumption.

Various methods are available to quantify tree water use, including eddy covariance measurements [7], models [8], remote sensing
techniques [9], and sap flow measurements [10] Among these, the thermal dissipation probe (TDP) technique is widely used to
quantify forest transpiration [11,12]. Monitoring trunk sap flow provides a reliable and reproducible perspective of tree water uses at
long time scales, helping us to understand trees’ responses to the external environment and prevent their mortality due to climate
change [13]. Several environmental conditions influence the rates of transpiration and sap flow in plants. As VPD increases, tran-
spiration and sap flow initially rise due to greater atmospheric demand for water vapor. This trend continues until a species-specific
threshold is reached. Beyond this point, trees begin to close their stomata to prevent excessive water loss, which can lead to a decline in
transpiration and sap flow. Stomatal regulation is also influenced by intrinsic physiological traits, which varies among species. Iso-
hydric species typically maintain stable water potential by closing their stomata [57], while anisohydric species exhibit more flexible
stomatal behavior to optimize gas exchange under changing environmental conditions [58]. Increased photosynthetic active radiation
(PAR) boosts photosynthesis rates, requiring higher CO3 absorption [59]. To intake more CO», plants open their stomata, which in turn
increases transpiration and water movement from roots to leaves, though plants carefully regulate their stomatal opening to balance
CO,, intake with water loss [60].

Although VPD, integrating temperature and relative humidity [14], is a primary factor affecting transpiration and sap production,
other factors such as soil moisture [15], wind speed [16], and atmospheric CO5 concentration also play crucial roles [17]. Extreme
temperatures, whether very high or freezing, further affect these processes. As VPD increases, transpiration and sap flow initially rise
due to greater atmospheric demand for water vapor [14]. This trend continues until a species-specific threshold is reached. Beyond this
point, trees begin to close their stomata to prevent excessive water loss, which can lead to a decline in transpiration and sap flow [15].
Higher atmospheric CO5 levels reduce stomatal conductance, thereby potentially slowing plant transpiration, though the relationship
is complex and species-dependent. Understanding species-specific responses to these environmental conditions is essential for
assessing potential species extinction and forest dynamics under global change [18,19]. In recent decades, Southern China has
experienced rising atmospheric temperatures and changing rainfall patterns, leading to more frequent and severe droughts, decreased
soil water content, and increased atmospheric water vapor pressure deficits [20-22]. Forests with a subtropical monsoon climate are
susceptible to climate change due to the significant impact of changing environmental conditions on sap flow dynamics [9,10]. Water
supply and atmospheric demand are affected by variations in rainfall patterns, temperature, and humidity [23]. These ecosystems are
disrupted by climate change, which impacts water movement and tree physiology [24]. Therefore, comparative studies of the tree
hydraulics of different subtropical forest species are vital.

Depending on the stage of forest succession, different tree species react differently to water VPD [3]. Because they have less access
to water and less evolved water conservation strategies, early successional stages are more sensitive to VPD. This increases transpi-
ration rates in drier conditions and more prominent stomatal closure. Tree species grow deep roots and better water-use techniques as
succession advances, which lessens the sensitivity of those species to VPD [12]. In mature ecosystems, sap flow dynamics are primarily
regulated by external conditions, particularly light radiation [19]. Trees adjust their crown structure to maximize light absorption,
which in turn affects transpiration and sap flow. Additionally, photosynthetic activity influences transpiration and sap flow through
stomatal regulation and CO, uptake while preserving resources like soil moisture and maintaining optimal temperature conditions [25,
26]. Altitude variations in mountainous areas impact tree physiology, particularly sap flow dynamics, through changes in temperature,
air pressure, and water availability. Higher altitudes can reduce sap flow due to lower temperatures, decreased air pressure, and
changing soil moisture [27,28]. Because of different strategies of stomatal regulation (isohydric vs anisohydric), certain species exhibit
enhanced sap flow rates, complicating the relationship between altitude and sap flow. Species composition and environmental factors,
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especially climatic variables that change with altitude, influence the way sap flow responds to these conditions.

Previous studies have examined tree hydraulics parameters such as sap flow density, whole tree transpiration, and canopy stomatal
conductance of some dominant tree species in certain forest types and their relationship with environmental factors [13,29]. However,
there is a lack of comparative research examining the water usage of identical tree species inhabiting a comprehensive successional
sequence, ranging from pioneer forests such as pine forests (PF) through mid-successional forests like mixed conifer-broadleaf forests
(MF), to late-successional forests, including monsoon evergreen broad-leaved forests (MEBF) in the Dinghushan Mountains, China.
Moreover, the knowledge about the water use of montane evergreen broad-leaved forest (MOBF) tree species formed under low
temperatures and intense light at high altitudes has yet to be reported. Therefore, conducting in-depth sap flow measurement studies
on the dominant tree species of different forest types in the successional series is essential.

Therefore, this study investigates the variations in water use during the growth and decline of species across forests at distinct
successional stages, offering valuable insights into forest dynamics in the context of global change. Employing the TDP technique, we
monitored trunk sap flow within five sample plots across four forest types in the Dinghushan Mountain region. The primary objectives
of this study were to 1) identify the critical environmental factors influencing water usage in tree species across varying successional
forests, 2) assess the differential responsiveness of tree species to environmental changes at different successional stages, and 3)
examine the impact of altitude on water usage in identical or similar forest type tree species. We hypothesized that: 1) water vapor
pressure deficit is the primary environmental driver, with its impact varying across successional stages; 2) as succession advances, sap
flow dynamics in tree species become more sensitive to light radiation, while demonstrating greater conservation in response to other
environmental influences; and 3) SWC plays a critical role in mediating the ecological advancement of forests from mid to late
succession.

2. Materials and methods
2.1. Description of the experimental sites

The research was conducted at Dinghushan National Nature Reserve in western Guangdong Province (23°09'21” - 23°11'30"°N,
112°30'39 - 112°33'41" E), China (Fig. S1). Dinghushan forest reserve covers a total area of 1155 ha and is characterized by a typical
subtropical humid monsoon climate with an average annual temperature and rainfall of 20.9 °C and 1956 mm, respectively [20,30].
Due to environmental variations caused by differences in altitude, various subtropical forest types occur at different altitudes on
Dinghushan Mountain. Gully rainforests have developed on the slopes of both sides of the river valley at altitudes of 50-150 m. Pine
forests (PF) are found in hilly areas below 300m, mixed conifer-broadleaf forests (MF) are distributed at heights of 100-450 m, and
monsoon evergreen broad-leaved forests (MEBF) are the regional, zonal forest vegetation type, distributed at altitudes of 30-400 m.
Montane evergreen broad-leaved forests (MOBF) are located on hillsides above 500 m [31,32]. Among these forest types in Ding-
hushan Mountain, PF, MF, and MEBF are typical monsoon evergreen succession series vegetation. In contrast, MEBF and MOBF
constitute specific natural vegetation types of subtropical evergreen broad-leaved forests at different altitudes [30,33]. Furthermore,
due to complex ecological community interactions, similarly mixed forests have formed at different altitudes, with those located at
lower altitudes being named MF-1 and those at higher altitudes being named MF-2. Data on altitude, forest age, temperature, soil type,
and average diameter at breast height for the various tree species in their respective sites are provided in Table 1.

2.2. Measurements

2.2.1. Plot survey

Five experimental plots with similar aspects and slopes were selected as trunk sap flow plots in the above five forest plots (Fig. S1,
Table 1, Table S1). Each of the 5 (PF, MF-1, MF-2, MEBF, and MOBF) trunk sap flow plot was sub-divided into six plots with dimensions
of 10 m x 10 m of smaller plots, except MEBF, which was sub-divided into 12 sub-plots. A vegetation survey was conducted for each
sub-plot, with the leading survey indicators including species composition, tree height, diameter at breast height, crown width, and the
coordinates of the trees within the sample square. At least three trees for each species were selected as sample trees with straight

Table 1
Brief introduction of study sites.
PF MF-1 MEF-2 MEBF MOBF
Altitude (m) 60 30 320 215 600
Succession stage primary Intermediate intermediate late late
Stand age (a) 70 70 70 400 100
Tree canopy cover (%) 70-80 70-80 80-90 80-90 80-90
Main tree species P. massoniana P. massoniana S. superba M. breviflora
S. superba C. chinensis M. seguinii
C. chinensis M. chinensis R. henryi
M. chinensis
Soil type red soil red soil red soil red soil yellow soil

Note: PF, MF, MEBF, and MOBF refer to pine forest, mixed conifer-broadleaf forest, monsoon evergreen broadleaved forest, and montane monsoonal
evergreen broad-leaf forest respectively.
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trunks, free from pests and diseases, in good growth condition, and with relatively little canopy shading from the surrounding
vegetation. Based on the tree survey data, seven dominant tree species; Pinus massoniana L., Schima superba L., Machilus chinensis L.,
Castanopsis chinensis L., Machilus breviflora L., Myrsine seguinii L., and Rhododendron henryi L. were selected for continuous measurement
of trunk sap flow.

2.2.2. Microclimate monitoring

Monitoring systems were established at five sampling sites to measure microclimate. Soil moisture sensors (CS616, Campbell
Scientific, Utah, USA) were placed at a depth of 20 cm in each plot. The soil was stratified to maintain its natural state after digging and
filling the pits. Observation points for atmospheric temperature and humidity (HMP155A, Vaisala, Helsinki, Finland) and photo-
synthetically active radiation (PQS1, Kipp & Zonen, Delft, Netherlands) were set up on a flat field surrounding the sample plot.
Temperature and humidity sensors were mounted at a height of 2 m, while the radiation sensor was installed horizontally in an open
location with a height of 3 m to ensure that its sensing surface was not obstructed. All sensors were connected to a data logger (CR1000,
Campbell Scientific, Utah, USA), and mean values were calculated and recorded every 30 min.

The Vapor Pressure Deficit (VPD) indicator reflects the combined effect of air temperature and relative humidity. The saturated
water vapor pressure, denoted as es(T), was calculated using Equation (1):

bT
e(T) = a x expT+e 1
The VPD was then determined using Equation (2) [29,34]:
VPD = e(T) —ea =e5(T) x (1 — RH) 2)

where, the formula es(T) represents the saturated water vapor pressure (kPa) at the temperature of T(°C), e, was the actual water vapor
pressure (kPa). Parameters a, b, and c were equivalent to 0.611 kPa, 17.502, and 240.97 °C, respectively. RH was the relative humidity,
and VPD was the vapor pressure deficit (kPa) between the leaves and the air.

2.2.3. Sap flow measurements

Sap flow measurements were conducted using the Granier heat dissipation probe method from August 2019 to March 2020. Due to
variations in installation times, the commencement dates for data collection differed across sites. Technical issues resulted in data loss
at specific locations; consequently, data collection at the MEBF site commenced in October 2019, whereas it concluded at the PF site in
October 2019. The sensor, comprising a pair of 20 mm-long probes, was installed at a height of 1.3 m on the northern side of the tree
trunk. For large diameter tree classes, probes were set at sapwood depths of 0-20 mm and 20-40 mm. To install the probes, two holes
were drilled 10 cm apart at breast height on the sample tree using an electric drill. An aluminum tube was inserted into the hole for
protection and optimal heat conduction, followed by the insertion of a TDP pair. Silicone grease was applied to prevent friction
damage, rusting, and to ensure uniform heat distribution to the tree trunk. To avoid erosion by rainwater and minimize the influence of
sunlight, the probes were covered with a foam box and wrapped with radiation protection film. The upper probe was continuously
heated (0.2W) with a 12V DC voltage, while the lower probe served as a reference. The thermoelectric potential between the two
probes was recorded and stored automatically using a data collector (CR1000, Campbell Scientific, Utah, USA) at one reading every 10
s, with the average value stored every 30 min. Sap density was calculated from the thermoelectric potential using an empirical formula
(Equation (3)) developed by Granier [35] based on research on various tree species:

3

1.231
J, =119 x (M)

AT

Where ATy, was the maximum day-night temperature difference between the upper and lower probes, AT was the instantaneous
temperature difference and J; was the instantaneous sap flux density (g-H,0-m 2 s~ 1).

2.2.4. Average stomatal conductance
Since it was difficult to obtain the leaf area data of the monitored trees, assuming that the sap flow density is equal to canopy
transpiration, the stomatal canopy conductance (g, mmol-m~2-s~1) was calculated using the following formula (Equation (4)) [36]:

— Js
§€=VrD

(€))

2.2.5. Time lag and inflection points measurement

Time lag measurement was analyzed by cross-correlation, which was computed with the stats package in R from the codes like: ‘ccf
(data$sapflow, data$TA, lag.max = 4) %>% with (lag[which.max(abs(acf))]). Inflection points were measured by quadratic fit with
codes such as 'Im(sap flow ~ poly(vpd, 2, raw = T), data = mydata)'.

Normalized hysteresis curves between half-hourly sap flux density and environmental factors also been analyzed using method
from Pappas [37].

2.2.6. Tree species’ light saturation point using unary quadratic fit
We define the light saturation point in plants as the intensity of light (photosynthetically active radiation or PAR) at which
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photosynthesis reaches its maximum rate and does not increase further with additional light, using a unary quadratic fit (Equation (5)):

y=a® +bx+c %)
Where y was sap flow density and x was environment factor. Then -b/2a would be the light saturation point.
2.3. Data processing, statistical analysis, and graphing

Baseliner 4.0 software [38] was used for the calibration and quality control of the raw trunk sap flow data. R 3.5.3 software [39]
was used to analyze, process, graph flow, and environmental data. Cross-correlation was used for time lag analysis using the ccf
function in the stats package, step function in the same package was used for multiple stepwise regression analysis. The “pcor” function
from ppcor package was used to analyze partial correlation. Statistical parameters were obtained using the ’stargazer’ function from
the stargazer package [40]. Statistical smoothing of climate factors shown in Fig. 1 is conducted by Generalized Additive Models using
ggplot2: ‘geom_smooth (method = *gam’). All figures were made using the ggplot2 package and its derivative packages.

3. Results
3.1. Environmental variability of the four forest types

The mean T, PAR, and VPD values recorded for the five measurement plots (Fig. S1) during the experimental period are shown in
Fig. 1. During the research period, the mean PAR and VPD values decreased from PF to MF to MEBF. At different elevations, the mean
value of PAR increased by 8.2 %, while the mean value of VPD decreased by 19.8 % in MF at a high elevation (MF-2) compared with a
low one (MF-1). The mean value of VPD in MOBF was the lowest among all sample plots, while PAR was high, 90.4 % and 321.8 % of
that in MEBF, respectively (Table 2).

PF MF-1 MEBF MF-2

20

Temperature (°C)

10701 10715 10701 700 12700 1701 2701 3701

9701 9718

2000 2000

1500 4

1500 1500

1000

1000 1000

500
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0
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RH (%)
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Date Date Date Date Date

Fig. 1. Comparisons of climate factors between sites during the study period. The hourly average value of climate factors is shown in the
figure, where the blue line shows the statistical smoother. Each horizontal row corresponds to an environmental factor, from top to bottom,
temperature, PAR, VPD, and RH. Each vertical column corresponds to a forest type, from left to right, PF, MF-1, MEBF, MF-2 and MOBF,
respectively. PAR = photosynthetic active radiation; RH = relative humidity; VPD = vapor pressure deficit; PF = pine forest; MF = mixed conifer-
broadleaf forest; MEBF = monsoon evergreen broadleaved forest; MOBF = montane monsoonal evergreen broad-leaf forest.
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Table 2
Diurnal variation of climate data in five study sites during the measuring period.
PAR (umol m2 s’l) Temperature (°C) RH (%) VPD (kPa)

PF 581.6 + 548.2 28.2+4 73.2 £18.3 1.15 + 0.89
MF-1 450.8 + 475.1 22.6 + 6.4 68.6 +£19.3 0.95 £+ 0.72
MEF-2 487.8 + 480.0 21.4+6.2 71.6 £17.2 0.79 £+ 0.59
MEBF 167.4 + 256.3 21.6 +£ 6.0 72.5 £ 17.5 0.75 £ 0.54
MOBF 538.7 + 502.5 18.0 + 4.6 69.6 £ 17.6 0.68 + 0.46

Note: Data in the table were presented as mean =+ standard deviation. PAR = photosynthetic active radiation; RH = relative humidity; VPD = vapor
pressure deficit; PF = pine forest; MF = mixed conifer-broadleaf forest; MEBF = monsoon evergreen broadleaved forest; MOBF = montane monsoonal
evergreen broad-leaf forest.

3.2. Time lags and inflection points of sap flow response to environmental factors

Cross-correlation analysis was applied between environmental factors and the sap flow density of each dominant tree species in
each plot to study the time-lag relationship (Table 3). Time dynamics of sap flow density of P. massoniana species in PF plot lagged
behind PAR by 1 h; P. massoniana and S. superba lagged behind PAR in plot MF-1 by1 hour, while C. chinensis and M. chinensis had a
non-hysteretic relationship with RH and VPD by1 hour. There was a non-significant time-lag relationship between the sap flow density
of each dominant tree species and environmental factors in the MF-2.

In MEBF, no time-lag relationship was observed between sap flow and PAR, while for RH, T, and VPD, there was a 1-2 h (s) time lag
in sap flow. The daily dynamics of the sap flow density of the four dominant tree species in MOBF all lag behind PAR by 2 h but with a
non-significant time-lag relationship with other environmental factors.

Unary quadratic fitting between flow density and PAR and VPD is shown in Table 4. P. massoniana was not restricted by PAR in PF,
MF-1, and MF-2. The light saturation points of S. superba and C. chinensis in two MF plots were high (more than 1200 pmol-m 251,
while those of all tree species in the MEBF were low, with M. chinensis being the lowest (400 pmol~m_2~s_1). The dominant tree species
of MOBF were not limited by light, with the perspective of a straightly fitting line.

The quadratic adjustment between the sap flow and the VPD showed that the VPD saturation point of S. superba in MF-1, MF-2, and
MEBF was higher than that of C. chinensis. On the other hand, M. chinensis had the lowest saturation point in MF-1 and MEBF. The a
values of species in MOBF were positive, and -b/2a values were all negative except for R. henryi (0.11 kPa). Given that the mean VPD in
MOBF was 0.68 kPa, the limitation imposed by VPD was not severe for this site.

3.3. Partial correlation between sap flow and microclimate

Since the hydrothermal conditions of MF-2 were more like those of MEBF, MF-1 was used as a representative of mixed forest to
compare the common species sap flow response to environmental factors among PF, MF-1, and MEBF (Fig. 2). The sap flow of all tree
species was strongly partially correlated with VPD, and this correlation was decreased in the next successional forest type. Corre-
spondingly, the correlation between sap flow and PAR was increased and was the primary environmental driver in C. chinensis and
M. chinensis. On the other hand, there was not a strong correlation between sap flow and SWC for all tree species. However, they did
increase in the next successional forest except for M. chinensis, though the resultant R*-values remained very low, except for
P. massoniana.

Table 3
Time lags between sap flow density and environmental factors occurred in the dominant tree species at different study sites.
Site names Species PAR RH T VPD
PF P. massoniana 1 0 0 -1
MEF-1 P. massoniana 1 0 0 0
S. superba 1 0 0 0
C. chinensis 0 0 -1 -1
M. chinensis 0 0 -1 -1
MF-2 P. massoniana 0 0 0 0
S. superba 0 0 0 0
C. chinensis 0 0 0 0
M. chinensis 0 0 0 0
MEBF S. superba 0 2 -1 -2
C. chinensis 0 -2 -1 -1
M. chinensis 0 -2 -1 -1
MOBF M. breviflora 2 0 0 0
M. seguinii 2 0 0 0
R. henryi 2 0 0 0

Note: The unit in the table is hour, in which a positive value means that the sap flow lags the environmental factor, and the negative value means the
sap flow was ahead of the environmental factor. PAR = photosynthetic active radiation; RH = relative humidity; VPD = vapor pressure deficit; PF =
pine forest; MF = mixed conifer-broadleaf forest; MEBF = monsoon evergreen broadleaved forest; MOBF = montane monsoonal evergreen broad-leaf
forest.
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Table 4
Quadratic model parameters between sap flow density and PAR and VPD for the dominant tree species at different study sites.
Site Species Jo=ax®>+bx+c
x = PAR(umol-m~2 :s71) x = VPD(kPa)
a b -b/2a R? a b -b/2a R?
PF P. massoniana —0.00000%*** 0.016** - 0.532 14.330%** 2.58 0.783
MF-1 P. massoniana 0.00000%*** 0.005%* - 0.495 7.424% %% 95.18 0.675
S. superba —0.00001*** 0.029%** 1450 0.652 19.554%*** 2.78 0.713
C. chinensis —0.00001*** 0.024%** 1200 0.744 —2.752%** 15.134%*** 2.75 0.711
M. chinensis —0.00001*** 0.032%** 1600 0.68 —3.908%** 19.129%** 2.45 0.609
MF-2 P. massoniana 0.00000%** 0.010%%** - 0.665 —0.413%* 12.250%** 14.83 0.766
S. superba —0.00001*** 0.026*** 1300 0.774 —2.897*** 16.807*** 2.90 0.602
C. chinensis —0.00001 *** 0.028%** 1400 0.787 —3.989*** 18.027%*** 2.26 0.551
M. chinensis 0.00000%** 0.013%%** - 0.579 0.887%* 12.890%** -7.27 0.668
MEBF S. superba —0.00002*** 0.027*** 675 0.257 —4.163*** 15.034*** 1.81 0.25
C. chinensis —0.00001 *** 0.022%** 1100 0.462 —2.461%** 9.477%** 1.93 0.379
M. chinensis —0.0001*** 0.080*** 400 0.399 —10.123** 30.162%** 1.49 0.253
MOBF M. breviflora 0.00000* - 0.238 * —2.24 0.732
M. seguinii 0.00000 - 0.207 —0.40 0.589
R. henryi 0.00000%** - 0.149 2.710%** —0.599%** 0.11 0.741

Note: *p < 0.1; **p < 0.05, ***p < 0.01. J; represents the sap flow density, a quadratic fit was made to the two kinds of x. On the left side, x represents
PAR, and the x on right side represents VPD. a, b were the fitting parameters, from which -b/2a was calculated. PAR = photosynthetic active radiation;
VPD = vapor pressure deficit; PF = pine forest; MF = mixed conifer-broadleaf forest; MEBF = monsoon evergreen broadleaved forest; MOBF =
montane monsoonal evergreen broad-leaf forest.

The sap flow of tree species was also strongly influenced by VPD at MF at different altitudes (Fig. 3). Except for M. chinensis, the
partial correlations between sap flow and VPD and SWC in P. massoniana, S. superba, and C. chinensis all decreased at high altitudes. In
contrast, the correlation between sap flow and PAR was increased, with S. superba and C. chinensis being more affected by PAR than
VPD at high altitudes. For evergreen broad-leaf forests on different elevation gradients, the sap flow of dominant tree species in MEBF
showed a stronger correlation with PAR. In MOBF, the predominant driving factor for sap flow in the dominant tree species was VPD
(Fig. 4).

3.4. Multivariate regression between sap flow and microclimate

In the multivariate regression model analysis (Table 5), the dominant environmental factor affecting the sap flow of common
species present in PF, MF-1, and MEBF forests without exception changed from VPD to SWC in the following successional sequence.
Comparing MF at different elevations and thus different environmental conditions (MF-1 and MF-2), it was found that the dominant
environmental factor of P. massoniana sap flow was SWC (p < 0.01) at both elevation gradients. However, higher altitude decreased the
weight of VPD effects on the sap flow of all dominant tree species. On the other hand, SWC was the dominant environmental influence
factor (p < 0.01) for the sap flow of all dominant species in evergreen broad-leaf forests at different elevations (MEBF and MOBF). The
M. breviflora sap flow data had non-significant correlation with SWC, and the model residuals were large, which might be caused by
systematic errors.

4. Discussions
4.1. Sensitivity of sap flow to environmental changes across forest succession stages

Photosynthetically active radiation (PAR) substantially impacted sap flow more than other weather conditions, exhibiting a
decreasing trend across the three successional stages (PF to MF-1 to MEBF) (Fig. 1, Table 2). Conversely, the responses of sap flow to
relative humidity (RH) and temperature (T) were inconsistent among forest types. The vapor pressure deficit (VPD) showed a
downward trend, which we initially attributed to the prevalence of shade-tolerant trees in later successional stages [41]. However,
further analysis suggests that elevation plays a more critical role, as MEBF is situated approximately 150 m higher than PF/MF-1,
leading to lower temperatures and thus lower VPD. Additionally, canopy cover and structure could significantly influence these
climate variables, with higher temperatures and VPD at PF compared to MF-1 at similar elevations. MF-1 was selected as the repre-
sentative mixed forest type for further comparative analysis (Tables 1 and 2).

All tree species in this study exhibited synchronous or lagged responses to PAR (Table 3), suggesting that PAR was the primary
driver for trunk sap flow [42]. Sap flow onset lagged behind PAR in early successional stages, while it was nearly simultaneous for
light-loving species like S. superba in middle successional stages. Previous research has also shown a time lag effect of sap flow in
response to light, similar to our findings. For example, Larch trunk sap flow in a Greater Khingan Mountains forest exhibited lagged
responses to PAR [25], and sap flow in an artificial Poplar Forest on sandy land lagged behind solar radiation but led T, RH, and VPD
[42]. As succession advanced, the time lag effect of sap flow in response to light decreased until it disappeared. MOBF, characterized by
high light intensity and a similar vertical community structure to PF due to small tree size (Table S2), demonstrated a comparable sap
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Fig. 2. Par-correlation between sap flux density and environmental factors at the PF, MF-1, and MEBF sites. Each horizontal row represents
a tree species, each vertical column represents an environmental factor, and different colors indicate different sample sites. All variables, including
Js, PAR, VPD, and SWC, were transformed using natural logarithm to eliminate the influence of statistical units. All horizontal and vertical co-
ordinates are linear regression residuals of the corresponding environmental factors and sap flow of the tree species with the remaining environ-
mental factors, respectively. The green down arrows to the right of each set of R* and P indicate a smaller partial correlation coefficient for the forest
type below, while the red arrows indicate the opposite. The purple pentagram on the left side indicates that this environmental factor’s partial
correlation coefficient with the current tree species was the largest among all environmental factors. PAR = photosynthetic active radiation; VPD =
vapor pressure deficit; SWC = soil water content; PF = pine forest; MF = mixed conifer-broadleaf forest; MEBF = monsoon evergreen broad-
leaved forest.

flow response rate to light in early successional stages.

Our results were consistent with a study on the light saturation points of dominant tree species in Tiantong Mountain, located in
Zhejiang Province, China, which demonstrated a decreasing trend as succession progressed [43]. In Dinghushan Mountain,
P. massoniana exhibited a higher yet unsaturated light saturation point in PF and MF-1, while tree species like M. chinensis had lower
PAR and VPD saturation points. It is important to note that PAR measurements were taken within the canopy, which can significantly
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Fig. 3. Par-correlation between sap flux and environmental factors at two MF sites. Each horizontal row represents a tree species, each
vertical column represents an environmental factor, and different colors indicate different sample sites. All variables, including Js, PAR, VPD, and
SWC, were transformed using natural logarithm to eliminate the influence of statistical units. All horizontal and vertical coordinates are linear
regression residuals of the corresponding environmental factors and sap flow of the tree species with the remaining environmental factors,
respectively. The green down arrows to the right of each set of R? and P indicate a smaller partial correlation coefficient for the forest type below,
while the red arrows indicate the opposite. The purple pentagram on the left side indicates that this environmental factor’s partial correlation
coefficient with the current tree species was the largest among all environmental factors. PAR = photosynthetic active radiation; VPD = vapor
pressure deficit; SWC = soil water content; MEBF = monsoon evergreen broadleaved forest; MOBF = montane monsoonal evergreen broad-
leaf forest.

influence the values due to the canopy structure. Therefore, while our findings align with those of other studies, caution should be
exercised when making direct comparisons. This suggests a higher PAR saturation point in MF-1 but reduced capacity in other
physiological aspects, such as sap flow density and crown stomatal conductivity, potentially limiting growth and decreasing vital
values [28,44]. MOBEF species did not display distinct PAR and VPD saturation points, implying more restrained stomatal behavior,
leading to slow and continuous water vapor exchange with the atmosphere.
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Fig. 4. Par-correlation between sap flux and environmental factors at the MEBF and MOBF sites. Each horizontal row represents a tree
species, each vertical column represents an environmental factor, and different colors indicate different sample sites. All variables, including Js,
PAR, VPD, and SWC, were transformed using natural logarithm to eliminate the influence of statistical units. All horizontal and vertical coordinates
are linear regression residuals of the corresponding environmental factors and sap flow of the tree species with the remaining environmental factors,
respectively. The green down arrows to the right of each set of R2 and P indicate a smaller partial correlation coefficient for the forest type below,
while the red arrows indicate the opposite. The purple pentagram on the left side indicates that this environmental factor’s partial correlation
coefficient with the current tree species was the largest among all environmental factors. PAR = photosynthetic active radiation; VPD = vapor
pressure deficit; SWC = soil water content; PF = pine forest; MF = mixed conifer-broadleaf forest; MEBF = monsoon evergreen broadleaved forest.

Table 5
Results of multiple regression models of sap flow density and environmental factors for tree species in different forests.
Plots In(Js) = 1 x In(VPD) + P2 x In(PAR) + p3 x In(SWC) + «
P. massoniana S. superba C. chinensis M. chinensis M. breviflora M. seguinii R. henryi
PF B1 (VPD) 0.699%¥* - - - - - -
B2 (PAR) 0.236%** - - - - - -
Ps (SWQ) 0.114%** - - - - -
R? 0.725 - - - - - -
MF-1 p1 (VPD) 0.660%** 0.592%** 0.568%*** 0.623%** - - -
P2 (PAR) 0.182%** 0.319%** 0.349%** 0.284*** - - -
Ps (SWQ) 0.266*** 0.082%** 0.053*** 0.134%** - - -
R? 0.682 0.695 0.693 0.707 - - -
MF-2 P1 (VPD) 0.328%** 0.341%** 0.409%** 0.353*** - - -
P2 (PAR) 0.546%** 0.580%*** 0.517*** 0.384+*** - - -
Ps (SWQ) 0.124%** —0.022 0.007 0.128%*** - - -
R? 0.606 0.683 0.674 0.421 - - -
MEBF P1 (VPD) - 0.275%** 0.362%** 0.258%*** - - -
P2 (PAR) - 0.588%*** 0.514%*** 0.556%*** - - -
B3 (SWQ) - 0.406%** 0.177%* 0.236%*** - - -
R? - 0.488 0.447 0.413 - - -
MOBF P1 (VPD) - - - 0.422%** 0.284*** 0.368***
P2 (PAR) - - - - 0.329%** 0.254%** 0.190%**
B3 (SWQ) - - - - —0.088*** 0.077** 0.011
R? - - - 0.401 0.216 0.229

Note: *p < 0.1; **p < 0.05; ***p < 0.01; R-squared adjusted. The bolded coefficient represents the largest coefficient of sap flow density and each
environmental factor in this tree species. PF = pine forest; MF = mixed conifer-broadleaf forest; MEBF = monsoon evergreen broadleaved forest;
MOBF = montane monsoonal evergreen broad-leaf forest.
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4.2. Sap flow response to microclimate at different successional stages

Numerous studies have highlighted that PAR is the primary environmental factor for regulating sap flow, especially in forest
ecosystems [10,26,29,36,45]. However, sap flow responses to microclimate factors may vary between wet and dry or growing and
non-growing seasons [12,29]. In our study, we observed a strong correlation between the sap flow of all tree species and VPD, which
decreased as succession progressed (Fig. 5). As forests mature, trees often develop physiological adaptations such as greater fine root
production [46,47], reducing their reliance on immediate atmospheric conditions and making them less sensitive to changes in VPD.
This suggests that the influence of a single environmental factor on tree species may diminish with succession.

Additionally, prior research has primarily focused on the short-term temporal scale when examining the relationship between sap
flow and environmental factors [48,49]. By comparing the sap flow relationship across different forest types, we discovered a weak
partial correlation (R? < 0.15) between tree species’ sap flow and SWC (Figs. 2-4). Indicating a weak direct association when other
environmental variables like PAR and VPD were controlled for. Conversely, adjusting the contributions of multiple environmental
variables simultaneously, the multivariate regression analysis demonstrated that SWC becomes a significant predictor in the later
stages of forest succession (Table 5). This finding revealing a more substantial role for SWC in conjunction with other factors, suggests
that the resistance of tree water transport function to environmental changes may increase over time, or trees may need to enhance
their ecological resistance capacity to better adapt to the following succession sequence [30].

4.3. Successional versus altitude effects on sap flow within mid-successional forest

In this study, the distinctions between the mid-successional stages MF-1 and MF-2 are particularly noteworthy. Although both are
categorized under the mid-successional stage, MF-2 shares a closer resemblance in environmental conditions (Table 1) and tree hy-
draulics (Table 4) to MEBF, a late-successional forest. This similarity suggests that MF-2, while still technically a mid-successional
forest, exhibits ecological characteristics that are more advanced compared to MF-1.

When comparing the two MF forests (Fig. 3), the partial correlation between the sap flow of tree species in MF-2 and both VPD and
SWC decreased, with VPD’s influence on the sap flow of all dominant tree species reduced at MF-2, which aligns with the hydraulic
changes across different successional forests (Table 4). However, the growth of M. chinensis in MF-2 was restricted, exhibiting smaller
tree height and DBH than its MF-1 counterpart (Table 1). A possible explanation is that Dinghushan’s MF-2 environment remains
suitable for mixed forest species, with PAR and VPD conditions still needing to reach the saturation point for each dominant species
(Table 4). Simultaneously, MF-2 had stronger solar radiation, which enabled other intermediate tree species to obtain better growth
opportunities and occupy the living space of shade tree species like M. chinensis.

In our study, we noted that MF-1 and MF-2 were located at different elevations. This observation aligns with existing research that
investigates elevation effects on tree hydrology. For instance, Obojes et al. [50] observed that short-term drought had minimal effects
on L. decidua sap flow and plant growth in high-altitude areas in Northern Italy, resembling our observation that sap flow of tree species
relied more on SWC in later succession stages. Moreover, Zhu et al. [51] noted decreased crown width and leaf water potential of
high-altitude plants in mixed forests at varying elevations. We partially replicated these patterns in our study at MF-1 and MF-2, where
the influence of elevation on tree hydrology appeared mediated by shifting environmental conditions rather than having a direct effect.
These findings suggest that the comparison between MF-1 and MF-2 offers a unique perspective on ecological progression within the
mid-successional stage. By examining these dynamics, we can gain deeper insights into forest succession and its implications for
ecosystem management and resilience in adapting to global environmental shifts.

Early Succession Subtropical Forest Successia» Late Succession

Fig. 5. Sap flow reacts to the environment in different succession stages and different elevations. Sun, vapor, and water droplets represent
the effects of PAR, VPD, and SWC on the sap flow, respectively. Number and size of the icons indicate the magnitude of the effects.
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4.4. Specialized water hydraulic in MOBF

In our study, the partial correlation between MOBF sap flow and environmental factors resembled that of early succession stages,
suggesting that the environment of MOBF plays a critical role. This forest experiences a lower VPD yet high PAR intensity (Fig. 4,
Tables 1 and 5), a combination aligning with the findings of Zhu et al. [51]. This environmental characteristic may be highly
specialized, as Wu et al. [52] reported that M. breviflora species exhibit decreased biomass and nutritional productivity at lower al-
titudes, suggesting a specialization that may not favor growth if MOBF species were moved to lower altitudes.

Such environmental specificities found in MOBF not only underline the unique ecological dynamics within this forest but also
enhance our understanding of forest succession across different biomes. The specialized environmental conditions of MOBF - char-
acterized by lower VPD and higher PAR - offer a distinct contrast to typical monsoon evergreen broadleaf forests, providing a pivotal
case study in adaptive ecological strategies and resilience. This distinct environment may contribute to a unique microclimate that
supports certain physiological adaptations in the resident flora, potentially influencing everything from leaf morphology to root
systems. Understanding these adaptations can shed light on the evolutionary pressures that shape forest ecosystems and guide us in
predicting their responses to global climate change.

4.5. Limitations

This study has several limitations; first, it only utilized dry season data, and previous research indicates that sap flow responses to
microclimate factors can vary between dry and wet seasons, as well as growing and non-growing seasons [12,29]. Moreover, the
relationship between the sap flow rate and microclimate factors may differ across time scales [53]. Thus, re-examining on longer scales
is necessary to comprehensively understand the interactions between microclimate factors and sap flow dynamics. Another limitation
is the exclusive focus on daytime sap flow, while some studies highlight nocturnal sap flow in plants [10,42,54]. However, nocturnal
sap flow in S. superba, a dominant tree species in South China, is reportedly smaller than diurnal sap flow [55,56]. Future research
should investigate both daytime and nocturnal sap flow better to understand tree water use patterns and responses to microclimate
factors.

Additionally, two major limitations should be noted: (1) Climate variables were measured within the canopy, making PAR mea-
surements likely heavily influenced by canopy structure, as evidenced by the very low PAR at MEBF. (2) The experimental design
makes it challenging to distinguish elevation effects from forest type/succession effects. Comparisons between MF1 and MF2, as well as
MEBF and MOBF, can provide insights into elevation effects since these are similar forest types. For succession effects, comparisons
between PF and MF1, as well as MF2 and MEBF, are more appropriate as they grow in similar elevation ranges. The current approach
mixes succession and elevation effects, as MEBF is located higher than PF and MF1. Overall, this study provides insight into sap flow
dynamics and environmental factor interactions across forest succession stages in subtropical forests. However, future research should
examine the multi-dimensional forest ecosystem response to climate change and global warming, such as the impacts of changing
precipitation patterns or extreme weather events on sap flow dynamics. This study lays the foundation for further exploring the
complex interactions between microclimate factors and sap flow dynamics in subtropical forest ecosystems. Despite the limitations
inherent in the study, the research successfully uncovered several interesting insights as followed, underscoring the critical need for
further comprehensive research to explore how these nuanced interactions and adaptations influence forest resilience and productivity
under changing climatic conditions.

5. Conclusion

The present study elucidates the primary influences on sap flow within the Dinghushan subtropical forest, pinpointing PAR as the
predominant driver, with its impact varying significantly across different forest succession stages. A notable delay in sap flow response
to PAR was observed, which was more pronounced in late-successional forests, indicating increased sensitivity. As forests progress
from early to late succession, the influence of VPD on sap flow diminishes, whereas SWC becomes increasingly predictive of sap flow
dynamics. This shift suggests a more complex hydrological adaptation in mature forests, particularly evident in the distinct hydraulic
traits of broadleaf species during the transition from middle to late succession stages. These adaptations may reflect broader ecological
strategies for coping with environmental stressors associated with climate change.

Acknowledging these findings, it becomes imperative to consider the potential differential impacts of climate change on various
forest types. Late-successional forests, with their refined sensitivity to PAR and reliance on SWC, might be more vulnerable to shifts in
drought patterns compared to their early-successional counterparts. The study highlights the critical need for further comprehensive
research to explore how these nuanced interactions and adaptations influence forest resilience and productivity under changing cli-
matic conditions. This deeper understanding is vital for developing targeted forest management and conservation strategies aimed at
mitigating the impacts of global climate change on diverse forest ecosystems.
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