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Canopy conductance was an important index to measure the process of water exchange
between canopy and atmosphere interface of forest ecosystem, as well as to judge the status
of water use or the degree of drought stress. Therefore, the accurate estimation of forest
canopy conductance was of great significance for the research of water-use efficiency. In the
past, canopy conductance was measured on vegetation types in a single-point region, but
there were few studies on systematic comparison in different climate zones. Based on the
data sets of EC flux and conventional meteorological elements from the eddy covariance (EC)
flux observation station during 2003-2010 in three typical climate zones (temperate
continental monsoon climate zone, south subtropical monsoon climate zone, and mid-
subtropical monsoon climate zone), Penman-Monteith model was used to calculate forest
canopy conductance in different climate regions and analyze the dynamic changes of canopy
conductance in different time scales. At the same time, combined with environmental factors
including temperature, net radiation, soil water content, and vapor pressure deficit to explore
their driving ability on the canopy conductivity of forest ecosystem in different climate regions,
we finally explored the mechanism driving the canopy conductivity of forest ecosystem under
different climates. The results showed that: 1) the driving ability of environmental factors in
different climate regions to the canopy conductance was different, and the contribution rate of
soil water content to the canopy conductance in subtropical monsoon climate zone was the
largest. It was 36.01%, and the contribution rate of vapor pressure deficit to the canopy
conductance in mid-subtropical monsoon climate region was the largest. It was 29.4% and
the contribution rate of temperature to the canopy conductance in temperate monsoon
climate region was the largest; it was 28.14%. 2). Temperature was an important factor
limiting and driving canopy conductance, and there was a synergistic effect between water
and temperature, which jointly drove the change in canopy conductance. 3) Environmental
factors in different climate regions had threshold for the synergistic driving effect of canopy
conductance. When the factors were within the appropriate threshold, the factors had a
strong promoting effect on canopy conductance.

Keywords: canopy conductivity, Penman-Monteith model, driving mechanism, environmental factors, monsoon
climate zones
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1 INTRODUCTION

1.1 Overview of Canopy Conductance
Canopy was the core place of water vapor exchange between plant
and atmosphere in soil-plant-atmosphere continuum (SPAC)
(Evaristo et al,, 2015), and the canopy-atmospheric water vapor
output process could be divided into canopy water vapor export
process and near-leaf turbulent water vapor output process. In the
process of canopy water vapor output, the resistance of water vapor
inside the canopy when it diffused outward through the stomatal
layer and boundary layer is called canopy resistance, which was
usually quantified by canopy conductivity (Wang et al, 2021).
Canopy conductance as an indicator of stomatal regulation at
ecosystem scale had been widely concerned (De Boer et al,, 2011;
Deng and Ding, 2015; Bai et al, 2017), and dynamic changes
reflected stomatal behavior and water regulation mode of plants,
which was the overall index of material and energy exchange in the
plant canopy (Hu et al,, 2019), and had been widely used in the study
of plant stomatal behavior regulation (Chen et al., 2021).

1.2 Effects of Environmental Factors on

Canopy Conductance at Different Scales

Canopy conductance was easily affected by different environmental
conditions which was an important biological factor indicating the
response of ecosystem to environmental factors (Igarashi et al., 2015).
Changes in canopy conductance and control mechanisms had been
applied to different ecosystems, such as poplar plantations (Song
et al,, 2021), tropical rainforest (Yoshifuji et al., 2020), farmland
shelterbelt (Fu et al,, 2016), and temperate deciduous forests (Wehr
et al., 2017) conduct research. In addition to tree species, the reason
for the difference in canopy conductance was that the regional
environment also played a particularly important role in driving
the change in canopy conductance (Saito et al., 2017). It was found
that canopy conductance had different responses to the changes of
vapor pressure deficit (VPD), net radiation (Rn), air temperature (T),
and soil water content (SWC) at different scales (Komatsu et al.,
2012). In addition to tree species, the cause may be related to regional
environment (Saito et al,, 2017). On long time scales, soil moisture
was an important factor affecting canopy conductance. Soil water
content was the controller of canopy conductance on both seasonal
and interannual scales (Harris et al., 2004). When soil moisture was
higher, stomatal sensitivity to various environmental factors was
relatively small, and canopy stomatal conductance was high
(Kumagai et al,, 2008). When soil water was subjected to drought
stress, with the increase of stress degree, stomatal sensitivity to vapor
pressure deficit and solar radiation increases, and canopy
conductance was inhibited (Mo et al, 2014). Therefore, by
exploring the change in canopy conductance, we can judge the
soil water status or the degree of drought stress, which played an
important role in the forest ecosystem to better adapt to the changing
environmental conditions under global climate change (Richardson
et al, 2013). On the daily scale, vapor pressure deficit was the main
dominant factor in environmental variables (Pataki et al., 1998.) As
an important factor affecting canopy conductance, vapor pressure
deficit can significantly affect the sensitivity of stomatal conductance
to transpiration, photosynthesis, and other physiological processes,

Canopy Conductance and Driving Mechanism

and had an important impact on evapotranspiration and water-use
efficiency of forest ecosystems (Wang et al, 2016; Rodriguez-
Dominguez et al,, 2019). At high vapor pressure deficit, stomatal
conductance decreased and transpiration increased in most species
(Grossiord et al., 2020). Radiation was another important factor that
regulates the canopy conductance. Increasing solar radiation could
induce pore opening to some extent, resulting in increased tree
transpiration, while under high solar radiation, pores were
partially closed, causing reduced stomatal conductance (Martin
et al,, 1997; She et al., 2013). In addition, studies have found that
high temperatures can lead to lower stomatal conductivity in the tree
canopy (Gillner et al., 2017). It was found that temperature more
often regulates canopy conductance on seasonal and interannual
scales (Yoshida et al., 2010). Therefore, it is crucial to explore the
response of canopy conductance to environmental factors at different
time scales to better understand the adaptation of ecosystems to
climate change. Although there were many studies on canopy
conductance of different vegetation types, there were few studies
on the characteristics of canopy conductance in the macro
perspective, such as the climate areas where different vegetation
types were located, and there were few studies on the relative
contribution rate of various environmental factors driving the
change in canopy stomatal conductance and the impact on the
change process of canopy stomatal conductance in different

thresholds.

1.3 Study Area Selection

Exploring the changes of canopy stomatal conductivity and its
response to environmental variables under different
environmental conditions not only could deepen the
understanding of the environmental control mechanism of
plant stomatal behavior but also be of great significance to
judge the water-use relationship of plants and select the
stomatal regulation mode of tree species. To achieve this goal,
long-term observations were indispensable. The National
Changbai Mountain temperate mixed forest (CBS),
Qianyanzhou subtropical plantation conifer (QYZ), and
Dinghushan subtropical mixed forest (DHS) Critical Zone
Observatory were distributed in the main forest areas and
climate zones in China; the three sites located in different
climate zones were all located in eastern China and belong to
the monsoon climate zone, and the hydrothermal conditions had
obvious latitudinal gradient characteristics from north to south.
Therefore, the selection of these three climate stations could form
a fully representative long-term forest flux observation network in
the monsoon climate region of eastern China.

1.4 Aims and Objectives

This study was based on the carbon water flux and conventional
meteorological element observation dataset of flux observation
station from 2003 to 2010 (Wu et al, 2021; Li et al, 2021; Dai
et al, 2021). Combined with environmental factors such as
temperature (T), net radiation (Rn), soil water content (SWC),
and vapor pressure deficit (VPD), we explored the variation
characteristics of canopy conductance in different climate regions
on different time scales and correlation with various environmental
factors, and quantitatively analyzed the contribution of
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FIGURE 1 | The distribution location and climate area of the research sites.

environmental factors in different climate regions to canopy
conductance variation and forest water vapor exchange.

The aim of this study was to explore the main controlling factors of
canopy conductance change in forest ecosystem in different climate
areas, and reveal the environmental driving mechanism of canopy
conductance change of forest ecosystem in different climate areas.

The results of our study will hopefully provide a theoretical basis
for the study of water and heat exchange in forest ecosystems in
different monsoon climate regions in eastern part of China.

2 MATERIALS AND METHODS
2.1 Study Area

The distribution, location, and climate area of the research sites
are shown in Figure 1. The data of China’s climate zoning came
from the resource and environmental science and data center of
the Chinese Academy of Sciences. Dinghushan National Nature
Reserve (23°09'21"-23°11'30"N, 112°30 '39"-112°33'41"E) was
located in Dinghu District, Zhaoqing City, Guangdong
Province, with an altitude of 100-700 m. The region has
south subtropical monsoon climate (Li et al., 2021). The
vegetation was mainly subtropical zonal vegetation, which
was abundant on the Tropic of Cancer, mainly composed of
Castanopis chinensis, Schim Asuperba, Cryptocarya Chinensis,
and other communities (Li et al., 2021). The eddy covariance
(EC) flux observation system of Qianyanzhou (115°04'E,
26°43'N) is located at Qianyanzhou Station, Guanxi Town,
Taihe County, Jiangxi Province, with an average altitude of

110.8 m. The station area has subtropical monsoon climate (Xu
et al, 2021). The station area belongs to the subtropical
evergreen broad-leaved forest area. The existing forests were
mainly artificial forests built around 1985, and the main tree
species were Pinus Massoniana, P. elliottii, and Cunninghamia
Lanceolata (Wen et al., 2005). Changbai Mountain Nature
Reserve is located in the southeast of Jilin Province
(41°41'49"-42°25'18"N, 127°42'5"-128°16' 48"E). It belongs
to temperate continental monsoon climate, with distinct
seasonal alternations (Wang et al, 2016). The temperate
broad-leaved Korean pine forest in Changbai Mountain is the
main part of mountain forest system in northeast China (Wang
et al., 2016).

2.2 Data Observation and Processing

2.2.1 Observation of Eddy Covariance Flux and
Micrometeorological Elements

Each platform was equipped with micro meteorological observation
tower and open eddy covariance (EC) flux observation system (OPEC).
A set of microclimate gradient observation system was installed on the
observation tower to simultaneously observe conventional
meteorological elements such as wind speed, temperature, humidity,
precipitation, light, and effective radiation, as well as CO, and water and
heat flux at the canopy-atmosphere interface. The main observation
devices were vorticity correlation system by ultrasonic anemometer and
OPEC system by ultrasonic anemometer (CAST3, Campbell Scientific
Inc., Logan, Utah, United States), and open-loop CO,/H,O infrared gas
analyzer (Li7500, Licor Inc., Lincoln, Nebraska) was used to measure
three-dimensional wind speed and CO,/H,O concentration pulse
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TABLE 1 | Basic information of site.
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Site Dinghushan Qianyanzhou Changbai Mountain
Geographical 23°09'21"-23°11'30"N, 115°04E, 26°43N 41°41'49"-42°25"18"N, 127°42'5"-128°16'48"E
coordinates 112°30'39"-112°33'41"E

Altitude/m 100 110.8 738

Climate type South subtropical monsoon climate Mid-subtropical monsoon climate Temperate continental monsoon climate

Annual average 225 17.9 3.6

temperature/°C

Average annual 1714 1489 695

precipitation/mm

Vegetation types Coniferous and broad-leaved mixed forest

Latosolic red
Schima superba, Castanopsis chinensis,
Pinus Massoniana

Soil type
Dominant species

(Alistair et al.,, 2017), sensible/latent heat flux (Li-7500A, Li-COR), air
temperature, relative humidity (HMP45C, VAISALA, Finlang), and
wind speed WS (A100R, Campbell, United States), effective radiation
(Li-190SB, Licor), soil water content (CS615-L, Campbell Scientific Inc.,
Logan, Utah, United States), and air temperature/humidity (HMP45C,
CR23X, Campbell) (Wu et al,, 2021; Li et al., 2021; Dai et al., 2021).

2.2.2 The Data Collection

The flux observation data used in this paper were from the
continuous flux observation data of three EC flux observation
stations (DHS, QYZ, CBS) in recent 8 years (2003-2010) of China
terrestrial ecosystem flux observation network (ChinaFLUX).
The flux station adopts a unified open circuit vorticity
correlation system and observation technology to observe the
fluxes of CO,, water and energy between vegetation and
atmosphere for a long time. In order to ensure better
comparability between ecosystem carbon exchange data
obtained by different observation stations, instruments, data
collectors, and data storage formats of vorticity-related systems
at all flux observation stations of ChinaFLUX adopt unified
standards (Yu et al,, 2006). The dataset was downloaded from
the National Science and Technology Basic Conditions Platform -
National Ecological Science Data Center (http://www.nesdc.org.
cn), and for a small number of missing records, linear
interpolation or the correlation between meteorological
elements and the internal relationship of physical quantities
were used for interpolation. Table 1 provides the basic
information of each research and observation station.

2.3 Calculation of Vapor Pressure Deficit
Vapor pressure deficit (VPD/kPa) refers to the difference between the
saturated vapor pressure and the actual vapor pressure at a certain air
temperature (Yu et al,, 2006). It is one of the important driving factors
of evapotranspiration and one of the most important climatic factors
for simulating plant water and carbon fluxes in ecological models.
VPD could be estimated from atmospheric relative humidity (RH/%)
temperature (T/°C) (Endler et al., 1999).
Calculation formula:

RH) )

VPD = 0.611 x eli573 x (1 il
100

Avrtificial coniferous forest

Red earth
Pinus Massoniana, P. Elliottii, and
Cunninghamia Lanceolata

Temperate primitive coniferous broad-leaved mixed
forest

Mountain dark brown soil

Tiliaamurensis, Pinus koraiensis, Fraxinus
mandshurica, Quercusmongolica

2.4 Calculation of the Aerodynamic

Resistance

Aerodynamic resistance was caused by the turbulent motion in
the turbulent layer above the canopy, which was regarded as the
irregular fluctuation motion of an independent vortex. The
aerodynamic conductivity could be calculated according to
Monin-Obukov formula (Granier et al., 2000).

K -u
(i)

zy

8 = )

Z, is the surface roughness (about 0.1 h, h was forest average
tree height), d is the zero plane displacement (about 0.75 h); K is
the von Karman’s constant (0.4) and u (m/s) is the wind speed at
height Z (m).

2.5 Calculation of Canopy Conductance
In the flux tower, vorticity correlation technology was used to
measure latent and sensible heat fluxes of the two stands, and
instruments were installed for meteorological observation,
including air temperature (Ta/°C), relative humidity (RH/%). H is
the sensible heat flux (W/M?), and AE is the latent heat flux (W/M?3).
The canopy conductivity g; (mm/s) was calculated using
Penman-Monteith equations (Xu et al., 2018):

— éE_l +
gs_ Y AE ga

A is the function slope of saturated vapor pressure and
temperature (Pa/K); C,, is the specific heat of dry air at constant
pressure (J/(kgK)) and the value in this study was 1,005; y is the dry
and wet gauge constant (Pa/K); and the value in this study was
0.067; VPD is the vapor pressure deficit (kPa); p is the air density
(kg/m3); H and AE are sensible heat flux and latent heat flux (W/
m®) calculated by vorticity covariance method; g, is the
aerodynamic resistance (m/s).

2.6 The Data Analysis

Based on the calculated canopy conductance, this study
analyzes the changes in canopy conductance in different

LCP VPD

AE ®
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climate regions on different time scales, combined with 3 RESULTS
environmental factors such as temperature, net radiation, Lo .
soil water content, and vapor pressure deficit. SPSS 3.1 Characteristics of Meteorological
Statistics 23 was used to analyze the correlation between  Factors

canopy conductance change and environmental factors in
different  climate regions.  OriginPro2018 software
(OriginLab, Northampton, MA, United States) was used to
fit the generalized linear regression, logarithm, and logical
model of canopy conductance to each factor. Finally, the well-
fitting function with higher value and lower p-value was
selected, and the contribution rate of each factor to driving
canopy conductance was calculated. In this study, we used the
factor contribution rate to clarify the driving ability of
environmental factors on canopy conductance, and
quantitatively analyzed the contribution of environmental
factors in different climate regions to the change of forest
ecosystem canopy conductance and forest carbon and water
exchange.

The interannual variation characteristics of environmental
factors in different climate zones are shown in Figure 2. As
can be seen from the figure, canopy temperature has a
parabolic seasonal characteristics with an obvious peak
value. The temperature rises gradually from growing season
every year, reaches the maximum in June to July, and then in
non-growing season begins to decline. The temperature of
Dinghushan was higher than Qianyanzhou and Changbai
Mountain. The temperature of Changbai Mountain was
lower. The highest temperature appeared in July 2008, and
the temperature was 20.1°C, and the temperature fluctuates
greatly. Net radiation had a similar trend with temperature,
and net radiation in temperate climate zone was significantly
lower than that in Subtropical climate zone, which accorded
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FIGURE 3 | Interannual variation characteristics of canopy conductance. (DHS: Dinghushan; QYZ: Qianyanzhou; CBS: Changbai Mountain)

with the law of latitudinal gradient hydrothermal change. In
the non-growing season, the change and the value were small,
and reached the maximum value in summer, but Dinghushan
had a lag response to this, and the variation of soil bulk water
content also had obvious seasonality, which varies with the
change of precipitation with a small range. However, there
were also seasonal droughts with mismatched rainfall and
temperature, resulting in low soil water content.

3.2 Characteristics of Canopy Conductance

in Different Climate Zones

3.2.1 Variation Characteristics of Canopy
Conductance

There were significant differences in the interannual variation
characteristics of canopy conductance in different climate
types, which reflected the response of canopy conductance
to environmental factors in different climate regions. As
shown in Figure 3, on the whole, the seasonal variation of
subtropical canopy conductance was obvious, reaching the
peak in spring and the minimum in winter. In 2003 and
2007, the seasonal variation pattern of canopy conductance
in Qianyanzhou did not follow the general law, and decreased
in July. The vegetation phenology and climate conditions with
four distinct seasons of Changbai Mountain area made the
canopy conductance of temperate coniferous and broad-leaved
mixed forest ecosystem in Changbai Mountain and showed

obvious seasonal changes. The peak value of canopy
conductance in Changbai Mountain was from July to
August, and the change in canopy conductance was more
active in summer, followed by spring and autumn, and the
weakest in winter.

3.2.2 Characteristics of Monthly Canopy Conductance
The variation in average monthly canopy conductance in
different climatic regions is shown in Figure 4, which
shows that the canopy conductance value increased
gradually from May to September, while it decreased
gradually from October to next April. However, in the
subtropical climate area, the canopy conductance did not
reach the peak in July, and the value of canopy conductance
was small. The variation dynamics of canopy conductance in
Changbai Mountain was consistent with the seasonal variation
and the variation trend of meteorological factors. Specifically,
the canopy conductance began to increase gradually in spring,
and it showed that the canopy conductance gradually increases
in spring, fluctuates, and then decreases after reaching the
maximum in summer, and returns to a lower level in winter.
The mean variance of monthly canopy conductance was small
and the change was stable, that is, the coupling degree between
the change of canopy conductance and the change of
environmental factors was high in temperate monsoon
climate area. However, the subtropical monsoon climate
region showed an obvious changing trend similar to but not
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completely corresponding to the seasonal change, which was
also related to the seasonal growth change of leaves and the
influence of forest’s underlying surface. The variation degree of
the average value of monthly canopy conductance in the
subtropical climate region was also high,
especially in Qianyanzhou, and the trend showed a
fluctuating decline.

monsoon

3.2.3 Characteristics of Annual Canopy Conductance
In the variation of annual average canopy conductance
(Figure 5), the annual average canopy conductance in
subtropical monsoon climate area was higher than that in
the temperate monsoon climate area. The average canopy

conductance of Dinghushan was 4.82mm/s™', that of
Qianyanzhou was 5.3 mm/s ', and that of Changbai
Mountain was 4.41 mm/s"'. The variation rate of

interannual canopy conductance in subtropical zone was
also higher than that in temperate monsoon zone, and the
interannual variability of canopy conductance in
Dinghushan, Qianyanzhou, and Changbai Mountain was
12.24, 13.94, and 5.51%, respectively. The average annual
variation of canopy conductance increases with passing years
on the whole. Global warming may lead to an overall trend of
temperature rise. Climate change will affect forest canopy
transpiration and increase the transpiration rate of forest
ecosystem.

3.3 Correlation Analysis Between Canopy

Conductance and Environmental Factors
Correlation analysis was conducted between canopy conductance
values and environmental factors such as temperature (Ta), net
radiation (Rn), vapor pressure deficit (VPD), and soil water
content (SWC) (as shown in Figure 6) in different climate
zones. The results showed that net radiation and temperature
had different responses to canopy conductance in different
climate regions. Although the change of canopy conductance
in subtropical monsoon climate region had a positive correlation
with the response of net radiation and temperature, the
correlation coefficient was small. The response of a single
factor to canopy conductance was weakened, and in 2003,
2004, and 2006, the change in canopy conductance was
inconsistent with the changing trend of net radiation and
temperature. They decreased with the increase in net
radiation. Similarly, the temperature also had such a changing
trend. In the temperate monsoon climate area, the canopy
conductance increased with the increase of net radiation and
temperature, and there was a significant correlation between it
and the change of canopy conductance, R* was 0.715 and 0.780.
Therefore, the change of canopy conductance in the temperate
monsoon climate was sensitive to the change of temperature and
net radiation, that is, net radiation and temperature play an
important role in the change of forest canopy conductance in the
temperate monsoon climate area.

Frontiers in Environmental Science | www.frontiersin.org

July 2022 | Volume 10 | Article 935926


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Wu et al.

Canopy Conductance and Driving Mechanism

Aup P>0.01 B ur P20.01 C uy P<0.01
. R¥=0.153 R=0.168 » R=0.503
~12}f ~ oz ity 5
i . o e il
E E E .
E 10f E 10 E 10 .
K] & K S
@ @ @ . o %%,
R g of g sf .
8 £ 8
E ] s e
E of £ ot £ ot
o e H °
H g 3 .
z . e. o o z z *
I gt st g ! .
= - E = oo
9] o7 . o <
.
2f 2 2
L . . , . \ . , L )
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Net radiation Rn (W-m'z) Net radiation Rn (W'm.z) Net radiation Rn (W-m'z)
ur " r
P<0.01 P>0.01 P<0.01
- R=0.228 R*=0.106 o R=0.780
=~ a2k Cl P e ooz
A . T ° T,
E £ e 2 ]
E 10 £ 10 < £ 10
£ o s . o
g ® g s 8
= 8r = 8r ° . e . = 8r
k-] g . -]
] s s ¢ ® oges s
L L . o® s b
‘E 6 'E 6 o s o o e § 6
> > . ) > . >
E i . § s o ®® e° o t.l" . ". £ 4t
F] H 4 e o ° LY g
9] o Qe ®e . ® . ® o
2| 2 2
L L | \ L L ) \ \ . \ L L ) L )
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 20 25 30
Canopy temperature T (°C) Canopy temperature T (°C) Canopy temperature T (°C)
Ur P<0.01 1T P>0.01 Wr P<0.01
¥ R=0.405 R=0.264 . R'=0.417
- r adB i o ~p
0 . D
id 4 o)
E E e £
E0F E 10 Elof
] 3 3
o0 oL =L
g © @
£ 8r IR £ 8
8 g 8
T ] S
= = =
T 6t g 6t 2 6f
B e e
3 g 3
z = =
gt £t E 4}
= = =
= = =
o o -
2| 2f 2
L s L L s L , " n L s ) )
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.2 0.4 0.6 0.8 1.0
Vapor pressure deficit Vapor pressure deficit Vapor pressure deficit
VPD(kPa) VPD(KkPa) VPD(kPa)
ur “r r
P<0.01 P<0.01 P<0.01
R=0.598 R=0.579 . R=0.365
~ 12k ~ 12} ~ 12}
oo . Ealt % A lpt]
» » »
g 5 . ® £
E 10r E 10 E 10
> 7 >
= L =L
@ @ @
g 8f g 8r g st
= = =
z z 3
= = =
2 ot g of 2 ot
B e °
3 g 3
z z z
& 4t & at g st
= = =
= = s
%] o o
2 b 2t 2t g
L L . L L L \ L L L L L L ) ),
0.00 0.05 0.10 015 0.20 0.25 0.30 0.35 0.00 005 010 0.15 0.20 0.25 030 0.35 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Soil water content Soil water content Soil water content
SWC(m3 *m™) SWC(m3 *m™) SWC(m3 *m™)
[« Dhs] [« az (e cBs
FIGURE 6 | Correlation between canopy conductance and environmental factors. (A): Dinghushan; (B) Qianyanzhou; (C) Changbai Mountain).

The canopy conductance also had a strong correlation with the

Therefore, the vapor pressure deficit was an important factor

vapor pressure deficit, and the canopy conductance of subtropical

affecting the change in subtropical canopy conductance. R* of
forest also decreased with the increase in vapor pressure deficit.

Dinghushan, Qianyanzhou, and Changbai Mountain were 0.405,
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0.264, and 0.417,respectively, p < 0.01, while in Changbai Mountain,
under the obvious climate conditions of hydrothermal
synchronization, when the vapor pressure deficit was low, with
the increase in temperature and the increase in vapor pressure in the
substomatal cavity, water escaped from the plant leaves,
strengthened the transpiration rate, and increased the canopy
conductance. When the vapor pressure deficit was higher than
0.5 kPa, the canopy conductance decreased gradually.

Soil water content was a physical quantity indicating the
degree of soil dryness and wetness in a certain depth of soil
layer, and soil humidity determines the water supply of
vegetation. Canopy conductance in different climatic areas was
more sensitive to soil water content, R*> was 0.598, 0.579, and
0.365, p < 0.01. With the increase of soil water content, the canopy
conductance in subtropical monsoon climate area obviously
increased in logarithmic function. The influence of the change
of soil water content in Changbai Mountain on canopy
conductance was different from that in subtropical monsoon
area. The change of soil water content in Changbai Mountain had
a certain threshold. When the soil water content was lower than
0.3, the canopy conductance increased with the increase in water
content, but when the soil water content was higher than 0.3, the
canopy conductance decreased gradually with the increase in
water content.

3.4 Driving Ability of Environmental Factors

to Canopy Conductance Change

3.4.1 Estimation of Contribution Rate of Environmental
Factors to Canopy Conductance Change

In order to deeply study the driving force of various
environmental factors on canopy conductance under different
climate types, this study used the factor contribution rate to
clarify the driving ability of environmental factors on canopy
conductance. The contribution rate of various environmental
factors of different climate types to driving the change of canopy
conductance is shown in Figure 7. The factor with the strongest
driving force of Dinghushan environmental factors on canopy
conductance was soil water content, with a contribution rate of
36.01%, followed by temperature. In terms of net radiation and
vapor pressure deficit, the strongest driving force of Qianyanzhou
environmental factors on canopy conductance was vapor
pressure deficit, with a contribution rate of 29.4%, followed by
temperature, net radiation, and soil water content. The strongest
driving factor of environmental factors on canopy conductance in
Changbai Mountain was temperature, with a contribution rate of
28.14%, followed by net radiation, vapor pressure deficit, and soil
water content, that is, soil water content was the first driving
factor of canopy conductance change in subtropical monsoon
climate area, and vapor pressure deficit was the first driving factor
of canopy conductance change in subtropical monsoon climate
area, The first driving factor of canopy conductance change in
temperate monsoon climate area was temperature.

Canopy Conductance and Driving Mechanism

3.4.2 Synergistic Driving Effect Among Environmental
Factors

The driving effect of various factors on canopy conductance was not
invariable, and the change in canopy conductance was not only
driven by a single factor but also driven by other factors. Therefore,
we selected the environmental factors with the highest and second
highest contribution rate to the change in canopy conductance in
different climate regions, and conducted a three-dimensional two-
factor analysis (as shown in Figure 8) to explore the synergistic
driving ability of factors in different climate regions on the change in
canopy conductance. In this study, when the canopy conductance
value in the climate area was greater than 4 mm s™", it indicated that
the canopy conductance was high.

Soil water content was the factor driving the change in canopy
conductance in the South subtropical monsoon climate zone, and
temperature was the factor contributing the second; when soil water
content was 0.12-0.3 m> m >, and the temperature was 13-24°C, it had
a strong synergistic driving effect on the canopy conductance in the
south subtropical monsoon climate zone. However, with the increase
in water content and temperature, the canopy conductance increased.
When the temperature was too low, plants would be subjected to low-
temperature stress and the canopy conductance decreased.

Vapor pressure deficit is the environmental factor with the largest
driving contribution to the change in canopy conductance in the mid-
subtropical monsoon climate area, and there was a significant
negative correlation between it and the change of canopy
conductance. The vapor pressure deficit will affect the opening of
stomata and the change of canopy conductance. Compared with the
south subtropical climate area, the suitable threshold of tree species
for temperature was wide in the mid-ssubtropical climate area, and
the suitable temperature threshold was 5-28°C. With the increase in
temperature, the canopy conductance increased, but when the
temperature exceeded the threshold range, it had a strong
inhibitory effect on the canopy conductance, and the canopy
conductance value was low. Therefore, when the vapor pressure
deficit was 0.2-1.5kPa and the temperature was 5-28°C, it had a
strong synergistic driving effect on the canopy conductance in the
mid-subtropical monsoon climate area.

Temperature contributed greatly to driving changes of canopy
conductance in monsoon climate region. Changbai Mountain
belongs to the temperate monsoon climate zone, and the heat
conditions on the canopy conductance change driving effect was
greater than the water condition, and the optimum temperature
range was narrow and for 5-20°C, the suitable threshold of net
radiation was 80-180 W m™ To the temperate monsoon climate
zone, canopy conductance synergy drive effect was stronger, as with
the increase in temperature and net radiation, canopy conductance
exponential function to increase, but the different climate zones
environmental factors driving action had a certain threshold, when
factor in climate zones outside environmental factors suitable
threshold value, lower canopy conductance instead. Therefore,
temperature in different climatic regions was an important factor
limiting and driving canopy conductance, and there was a strong
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synergistic driving effect among the factors, thus jointly affecting the
change in canopy conductance.

4 DISCUSSION

4.1 Differences of Canopy Conductance in
Different Climatic Regions

There were significant differences in canopy conductance at
different time scales in different climatic regions. On the
whole, canopy conductance increased gradually in rainy
season and decreased gradually in dry season. In the
temperate monsoon climate zone, the seasonal variation is
obvious, so the change of canopy conductance also conforms
to the trend of gradually increasing from spring, fluctuating
and decreasing after reaching the maximum in summer, and
finally recovering to a lower level in winter. However, the
subtropical regions of China had abundant annual rainfall
but frequent seasonal droughts (Xu et al., 2021). In summer,

high temperature and insufficient precipitation result in
mismatch between rainfall and temperature, and seasonal
droughts often occur. If drought stress occurs, for example,
when Qianyanzhou drought occurred in summer (2003 and
2007), the seasonal pattern of canopy conductance did not
follow the general law and decreased in July, which is
consistent with the results obtained by M. Xu et al. (Xu
et al., 2021). If the seasonal rainfall decreases, the leaf
stomata will close, and the transpiration rate will show a
downward trend, that is, the stomata tended to close under
water stress, resulting in the decrease of canopy conductance.
The peak value of canopy conductance in Changbai Mountain
was generally from July to August, which is consistent with
the research results of Xiaofei Lu’s study (Lu, 2018). When
the temperature increased, the increase of the vapor pressure
in the lower stomatal cavity was greater than that of the air
vapor pressure, so the increase of the vapor pressure deficit

marked the water escape in the leaves of plants and
strengthened the transpiration rate.
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The canopy conductance in different climatic regions had an
overall trend of increasing with the passing of the year on the
annual scale, which was related to the overall rising trend of global
warming temperature. Climate change will affect the canopy
transpiration of forest ecosystem and increase the plant
transpiration rate. Compared with the temperate monsoon
climate area, the growth trend of annual average canopy
conductance in the subtropical monsoon climate area was
more obvious. The three stations in different climate areas
were located in the east of China and belong to the monsoon
affected area. The hydrothermal conditions had obvious
latitudinal gradient characteristics from north to south.
Therefore, with the decrease in latitude, the temperature
increased and the forest structure was complex, which would
affect the plant transpiration rate.

The difference of canopy conductance was also related to the
structural characteristics of leaves and xyloids of tree species. The
annual canopy conductance of Dinghushan was lower than that
of Qianyanzhou, which was also related to the main vegetation of
Dinghushan, this being evergreen broad-leaved forest, and the
increase in canopy leaf area will hinder air flow, so the canopy
conductance will be affected. In Qianyanzhou, coniferous species
such as Masson pine and Cunninghamia lanceolata were the main
species, and their stomata were round and large in diameter,
while in Dinghushan, there were more broad-leaved species such
as Schima superba and Castanea, and the broad-leaved stomata
were slender and small (Zhang et al., 2017). During the day,
coniferous forest showed a stronger stomatal sensitivity, and
stomatal conductance fluctuated greatly. In addition, the xylem
structure of coniferous forest was non-porous wood, which could
maintain higher water transport efficiency under high vapor
pressure deficit conditions (Peters et al., 2010).

4.2 Correlation Between Canopy

Conductance and Environmental Factors
Canopy conductance had a corresponding response to the changes in
various environmental factors, and the main driving factors of canopy
conductance were different with different vegetation types. For
example, in the subtropical monsoon climate zone, the response
of canopy conductance to net radiation and temperature was weak,
and the change of canopy conductance in 2003, 2004, and 2006 was
inconsistent with the changed trend of net radiation and temperature.
In case of high-temperature stress, the high-temperature stress will
cause photoinhibition, and the transpiration between canopy will be
weakened, thus affecting canopy conductance. Or when the net
radiation is too strong, leaves lose more water, trees will adjust
stomata to maintain their own water, so stomata opening threshold
become smaller, the canopy conductance decreases. However,
temperature and net radiation were the important factors affecting
the change of canopy conductance in the temperate monsoon climate
zone, which showed that with the increase in temperature and net
radiation, the stomata of vegetation opened to exchange matter and
energy, and the canopy conductance increased.

The canopy conductance in subtropical climate area increased
significantly as the soil water content increased. In the dry season, less
rainfall and low soil humidity will lead to soil drought, less vegetation

Canopy Conductance and Driving Mechanism

water content, weak forest transpiration, and low canopy
conductance. However, with the change of seasons and the advent
of rainy season, the rainfall increased, the temperature increased, the
transpiration became stronger, and the canopy conductance also
increased. The temperate monsoon climate region had different
response to canopy conductance. Although the rainfall in the
subtropical monsoon region was more than temperate monsoon
region, the higher temperature in the subtropical region promotes the
increase of evaporation. Therefore, the soil water content promoted
the increase of canopy conductivity within an appropriate threshold.
When the soil water content was more than 0.3, the temperate
monsoon climate region will have the phenomenon of soil
overwetting due to thermal conditions, and the soil overwetting
will reduce the soil aeration, affect the activities of soil
microorganisms, inhibit the respiration, growth, and other life
activities of vegetation roots, and weaken the transpiration of
plants, thus affecting the change of canopy conductance, that is,
higher soil water content cannot promote the maintenance of large
opening or infinite increase of plant stomatal conductance.

The same was true for the vapor pressure deficit. Vapor pressure
deficit was easily affected by hydrothermal conditions. When the
vapor pressure deficit was low, with its increases, the vapor pressure
in the lower stomatal cavity increased, which made the water escape
from the plant leaves, strengthened the transpiration rate, increased
the transpiration rate of the forest ecosystem, and the canopy
conductance gradually increased. When high temperature stress
occurred in summer, the vapor pressure deficit increased, resulting
in the closure of some stomata and the decrease of canopy
conductance. When high-temperature stress was easy to occur in
summer, the vapor pressure deficit increased, resulting in the closure
of some stomata, and when the vapor pressure deficit was higher than
0.5, the canopy conductance no longer increased with the increase of
the vapor pressure deficit. The vapor pressure deficit was the key
factor limiting the opening and closing of pores. Therefore, an
appropriate vapor pressure deficit ensured the appropriate
threshold of pore opening and maintained a large degree of pore
opening to ensure the efficient flow of water vapor.

4.3 Synergistic Driving Effect Among

Environmental Factors

In this study, the factor contribution rate was used to clarify the
driving ability of environmental factors on canopy conductance in
different monsoon climate regions. The results showed that in
different climate regions, the driving ability of environmental
factors on canopy conductance change was different, but
temperature was an important factor limiting and driving canopy
conductance, and there was a synergistic effect between water and
temperature factors to jointly drive the change of canopy
conductance. The driving ability of heat factor on the change of
canopy conductance in temperate climate area was greater than that
of water factor. There was a synergistic driving effect between
temperature and net radiation, which jointly affected the change
of canopy conductance. The first factor driving the change of canopy
conductance in the South subtropical monsoon climate area was soil
water content. There was a significant correlation between the change
of canopy conductance and the change of soil water content, and the
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synergistic driving effect was obvious. When the value of temperature
or soil water content was not within the threshold that was conducive
to driving the increase of canopy conductance, as the factor changed,
its driving effect on canopy conductance would be inhibited. During
the study period, Qianyanzhou was subjected to more drought stress,
resulting in increased evapotranspiration and increased vapor
pressure deficit. In order to reduce water dissipation, plants will
close some stomata and reduce canopy conductance. Therefore, the
first factor driving the change of canopy conductance in the mid-
subtropical monsoon climate area was vapor pressure deficit;
temperature was still a synergistic factor, which drove the change
of canopy conductance together. When the temperature was at a
threshold favorable to drive the change in canopy conductance, the
canopy conductance also increased with increasing temperature. But
when the temperature was above or below this threshold, the driving
effect of temperature on canopy conductance was suppressed.
Therefore, the change of the canopy conductance in each climate
area did not depend on only one main factor, but there are significant
synergistic driving phenomena among all factors, which jointly affect
the change of canopy conductance.

5 CONCLUSIONS

1) The driving ability of environmental factors in different climate
regions to the canopy conductance was different. The contribution
rate of soil water content to the canopy conductance in South
subtropical monsoon climate region was the largest, it was 36.01%,
and the contribution rate of vapor pressure deficit to the canopy
conductance in mid-subtropical monsoon climate region was the
largest, and it was 29.4%, and the contribution rate of temperature
to the canopy conductance in temperate monsoon climate region
was the largest, it being 28.14%.

For different climate regions, temperature was an important
factor limiting and driving canopy conductance, and there was
a synergistic effect between moisture and temperature factors to
jointly drive the change of canopy conductance. In the south
tropical monsoon climate region, the synergistic effect of soil
water content and temperature on canopy conductance was
stronger. In the mid-subtropical monsoon climate region,
vapor pressure deficit and temperature played a synergistic
role in driving canopy conductance. In the temperate
monsoon climate region, the net radiation and temperature
synergistically drove the change of canopy conductance.

The synergistic driving effects of environmental factors in
different climatic regions all had a certain threshold. When
the soil water content was 0.12-0.3m’m™ and the
temperature was 13-24°C, there was a strong positive
synergistic driving effect on the canopy conductance in the
subtropical monsoon climate zone. In the mid-subtropical
monsoon climate zone, when the water vapor pressure deficit
was 0.2-1.5kPa and the temperature was 5-28°C, there was a
strong synergistic driving effect on the canopy conductance,

2)

3)

Canopy Conductance and Driving Mechanism

which showed that the canopy conductance increased with the
increase of temperature. When the temperature was 5-20°C and
the net radiation was 80-180 wem™>, the temperature and net
radiation had a stronger effect on the canopy conductance in the
temperate monsoon climate zone.
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