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Abstract: Transpiration is a critical component of the hydrological cycle in the terrestrial forest ecosys-
tem. However, how potential evapotranspiration regulates the response of canopy transpiration
to soil moisture and leaf area index of the boreal larch forest in China has rarely been evaluated.
The present study was conducted in the larch (Larix gmelinii (Rupr.) Rupr.) forest, which is a typical
boreal forest in China. The canopy transpiration was measured using sap flow techniques from May
to September in 2021 and simultaneously observing the meteorological variables, leaf area index
(LAI) and soil moisture (SWC). The results showed that there were significant differences in canopy
transpiration of Larix gmelinii among the months. The correlation and regression analysis indicated
that canopy transpiration was mainly influenced by potential evapotranspiration (PET), while the
effect of soil moisture on canopy transpiration was lowest compared with other environmental factors.
Furthermore, our results revealed that the effect of PET on canopy transpiration was not regulated by
soil moisture when soil moisture exceeded 0.2 cm3 cm−3. More importantly, under the condition of
sufficient soil moisture, it was demonstrated that the response of canopy transpiration to leaf area
index was limited when PET exceeded 9 mm/day. These results provide valuable implications for
supporting forest management and water resource utilization in the boreal forest ecosystem under
the context of global warming.

Keywords: sap flow; boreal forests; atmospheric evaporative; growth index; soil moisture

1. Introduction

The terrestrial forest ecosystem provides a vital link to control the water exchange
between land surface and atmosphere as well as to sequester the carbon by photosynthesis.
In particular, boreal forest biomes cover approximately 11% of the area on the Earth’s
surface [1], which plays an important role in maintaining the stability of the terrestrial
forest ecosystem. Thus, the interest in the functions and role of the boreal forest ecosystem
in water resources is increasing, especially for the transpiration across the globe [2–5].

Canopy transpiration is a crucial process of forest hydrological cycling, which couples
the soil moisture and atmosphere interactions [6–9]. The results at a global scale showed
that canopy transpiration accounts for about 39% of precipitation and more than 60% of
evapotranspiration [10,11]. In past decades, due to the frangibility and sensitivity of the
boreal forest ecosystem to climatic change [2], canopy transpiration has been increasingly
influenced by global climate warming and extreme weather events [12]. With the signif-
icant progress of afforestation projects in China, such as the Natural Forest Protection
Project, the boreal forest coverage in China has been greatly improved, which has greatly
affected the hydrological cycle of the forest ecosystem [5,13]. Thus, determining the canopy
transpiration dynamics of boreal forest in a changing environment is greatly important for
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better understanding the plant survival strategies and the impact of vegetation on related
eco-hydrological processes.

Numerous studies analyze the response of canopy transpiration to environmental
factors including air temperature, vapor pressure deficit, soil moisture, precipitation,
etc. [14–17]. For example, Zhang et al. [18] concluded that increasing vapor pressure
deficit promotes canopy transpiration until a certain threshold, while Han et al. [19] found
the precipitation has a negative effect on canopy transpiration. However, most often, case
studies have only paid attention to the single impact of meteorological factors on canopy
transpiration [17,20,21]. We know that environmental factors occur concurrently under
natural conditions and that canopy transpiration is affected by the interaction effects of
environmental factors. However, the response mechanism of canopy transpiration to the
interaction of environmental factors in the boreal forest of China is not clear.

Canopy transpiration is affected by many environmental factors, which can be divided
into three aspects including atmospheric evaporative demand, such as potential evapotran-
spiration [9,22], soil water supply (such as soil moisture) and vegetation phenophase, such
as leaf expanding or defoliation [9,23]. In previous work, some studies reported the effects
of potential evapotranspiration and soil moisture on transpiration [9,21,22]. For instance,
Wan et al. [24] found that soil moisture limits the response of transpiration to potential
evapotranspiration. However, numerous studies only consider the atmospheric evapora-
tive demand and water supply and ignore the change in vegetation phenophase during
the growing season. Vegetation phenology reflects the dynamic of vegetation growth via
leaf area variations and consequently affects the canopy transpiration [23]. Thus, analyzing
how potential evapotranspiration mediates the influence of soil water supply and leaf
area variation on canopy transpiration is of great significance in the boreal forest regions
of China.

The native larch (Larix gmelinii (Rupr.) Rupr.) forest represents the typical zonal
vegetation and prominent community of boreal forest ecosystems in northeast China,
which is the southern margin of the Siberian zone and one of the largest boreal forests
underlying wide permafrost in the world [25,26]. In the present study, a consecutive
measurement of sap flow from May to September in 2021 in the natural forest of Larix
gmelinii was performed: (1) to investigate the dynamics of canopy transpiration of Larix
gmelinii forest in the growing season at different timescales, (2) to clarify the relationships
between canopy transpiration and environmental factors, (3) to identify the role of soil
moisture in canopy transpiration of Larix gmelinii forest, and (4) to reveal how potential
evapotranspiration mediates the influence of leaf area variation on canopy transpiration
of Larix gmelinii forest. These can be exploited to improve forest-water management and
ecologically sustainable development, as well as to predict the effect of climate change on
vegetation growth in the future.

2. Materials and Methods
2.1. Study Site

The present study was performed in the Mohe Forest Ecosystem Research station
(MFERs, 53◦27′59′′ N, 122◦20′06′′ E), and the native forest is dominated by the Larix gmelinii,
which represents the principal community of boreal forest ecosystems in China (Figure 1).
The study site has a typical cold temperate continental monsoon climate with mean annual
precipitation and temperature being 460.8 mm and −5.5 ◦C, respectively, from 1959 to 2017.
The distribution of intra-annual precipitation was uneven and accounted for approximately
70% of the precipitation that occurred during the growing season. The soil in the study area
is the Gleyic Cambisols (https://www.fao.org/soils-portal/soil-survey/soil-maps-and-
databases/, accessed on 2 January 2022), and its thickness varies between 20–50 cm [27].

https://www.fao.org/soils-portal/soil-survey/soil-maps-and-databases/
https://www.fao.org/soils-portal/soil-survey/soil-maps-and-databases/
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Figure 1. (a) The region north of 40◦ N (Globcover2009: http://due.esrin.esa.int/page_globcover.php,
accessed on 2 January 2022). (b) The DEM of study site; (c) Sample plot. Note that the CBE/SDF, CBDF,
OBDF/W, CNEF and OND/EF are closed to open (>15%) broadleaved evergreen or semi-deciduous
forest (>5 m), closed (>40%) broadleaved deciduous forest (>5 m), open (15–40%) broadleaved
deciduous forest/woodland (>5 m), closed (>40%) needleleaf evergreen forest (>5 m) and open
(15–40%) needleleaf deciduous or evergreen forest (>5 m), respectively.

2.2. Forest Structure Characteristics

The field experiment was conducted in the natural forest of Larix gmelinii from May
to October in 2021. A sample plot with 20 × 20 m was established and the stand density
was 1250 trees per hectare. Meanwhile, the forest structure characteristics were measured,
which include mean diameter at breast height (DBH), tree height, tree age and total sap-
wood area (SA) of sample plot, which were 13.1 ± 6.74 cm, 17.35 ± 2.56 m, 75–90 years
and 2950.53 cm2 (Table 1), respectively. The main understory of the experiment plot is
mainly dominated by Dahurian rhododendron (Rhododendron dauricum), which covered
approximately 70% of the area in the study sample plot.

Table 1. Detailed information of forest structure in the Larix gmelinii forest.

Forest Structure Characteristics

Plot area
(m2)

Stand density
(tree/ha)

Tree age
(year)

Mean DBH
(cm)

Total SA
(cm2)

Mean height
(m)

Mean LAI
(m2 m−2)

400 1250 75–90 13.1 ± 6.74 2950.53 17.35 ± 7.56 1.96 ± 0.36

The leaf area index (LAI, m2 m−2) is an important indicator of vegetation canopy struc-
ture to characterize the growing status and water use of forests [8,9]. In the present study,
the LAI of the experiment stand was measured every 5–7 days on sunny days from May
to September in 2021 using Plant Canopy Analyzer (LAI-2200, Li-Cor, Lincoln, NE, USA).
For each measurement, 25–30 points within the sample plot were selected and we obtained
the mean LAI. Subsequently, the functional relationship between LAI and the measurement
date (day of the year, DOY) was established. As shown in Figure 2, the coefficient of de-
termination (R2) reached 0.938 (LAI = −0.0002 × DOY2 + 0.0811 × DOY−5.8637, p < 0.01,
and consequently the daily LAI value was derived from interpolation using this functional
relationship [9].

http://due.esrin.esa.int/page_globcover.php
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Figure 2. Plot showing the (a) LAI variations in the study period; (b) frequency distribution of the
DBH in study sample plot.

2.3. Sap Flow Measurement, Sapwood Area Determination and Estimation of Canopy Transpiration

In the present study, the nine sample trees were selected for sap flow measurement
from 1 May to 30 September in 2021 (Table 2). We adopted the Granier’s thermal dissipation
probes [28] to monitor the sap flow density (Js, g cm–2 s−1). Each thermal dissipation probe
sensor was inserted into the trunk at a height of 1.3 m above the ground and minimizes the
effect of radiation on sap flow [28]. The data were saved at 30 min intervals using a CR1000
datalogger (Campbell Scientific, Logan, UT, USA). The sap flow density (Js, g cm–2 s−1) can
be expressed as follows:

Js = 0.0119 × (
∆Tmax − ∆T

∆T
)1.231 (1)

where Js is sap flow density; ∆Tmax is the maximum ∆T between sensors at nighttime,
for which the sap flow density is close to zero. ∆T is the temperature difference between
the two thermal dissipation probes [21,29].

Table 2. Detailed information of sample trees for sap flow measurement.

NO. DBH (cm) SA (cm2) Tree Height (m)

1 23.7 143.12 19.24
2 23.2 137.89 17.90
3 20.1 107.35 17.33
4 15.1 65.17 15.37
5 12.1 44.28 14.43
6 11.5 40.51 13.50
7 9.2 27.45 11.25
8 9.0 26.41 10.99
9 8.1 21.98 10.38

The 25 trees around the sample plot were selected to estimate the relationship between
the DBH and SA using an exponential regression. Firstly, the DBH of each tree was
measured using a digital caliper. Then, the sapwood thickness of each tree was determined
through distinguishing from the heartwood using the color change method [21,30]. Finally,
the relationship between DBH and SA can be expressed as follows:

SA = a × DBHb (2)

where SA and DBH are sapwood area and diameter at breast height, respectively, a and b
are parameters.
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The canopy transpiration was estimated from sap flow density. Daily canopy tran-
spiration per unit ground area (EC, mm/d) and canopy transpiration per unit leaf area
(EL, mm/d) can be calculated [21,31–33] as Equations (3) and (4):

Ec = Jsa ×
SAcum

AS
(3)

EL =
Ec

LAI
(4)

where Jsa is the average sap flow density of all sample trees, SAcum is the cumulative
sapwood area of the sample plot and As is the sample plot area (Table 1). LAI is the leaf
area index (Figure 2a). Meanwhile, the day-time Ec and night-time Ec were determined by
the local time of sunrise (at 6:00) and sunset (at 18:00), respectively.

2.4. Canopy Conductance Estimation

Canopy conductance (GL, mmol m−2 s−1) was estimated from EL using a simplified
inverted Penman–Monteith equation [21] can be expressed as follows:

GL =
KGEL

VPD
(5)

KG = 115.8 ± 0.4236 × Ta (6)

where, VPD is the vapor pressure deficit (KPa); Ta is the air temperature (◦C); KG is the
conductance coefficient (kPa m3 kg−1). Furthermore, the data were excluded on rainy days
and when VPD < 0.4 kPa to minimize relative errors [17,21,22]

2.5. Meteorological Variables Measurements

In the present study, the meteorological variables were measured by the Gradient
meteorological observation system installed on a 36 m tower, including the air tem-
perature (Ta, ◦C), relative humidity (RH, %), wind speed (Ws, m s−1). Precipitation
(P, mm) was measured at the 23 m height of the tower. Photosynthetically active radiation
(PAR, mol m−2 d−1) and net radiation (Rn, W m−2) was measured by an automatic weather
station located in open areas neighboring the study plot. Soil moisture was measured at
5, 10, 20 and 40 cm soil depth using CS650 probes (Campbell Scientific, Logan, UT, USA)
in the study plot, respectively. The profile soil moisture (SWC), which refers to the soil
moisture covering the depth range between 0–40 cm, was expressed as Equation (5) [34].
All the data were saved at 30 min intervals using a CR3000 datalogger (Campbell Scientific,
Logan, UT, USA). Meanwhile, the vapor pressure deficit (VPD, KPa) was calculated using
the air temperature and relative humidity [35].

SWC =
θ1 × L1 + ∑4

i = 2
θi − 1 + θi

2 × Li

L
(7)

where SWC is the mean of SWC at depths of 0–40 cm. θi at Li (i = 1, 2, 3, and 4) represents
the soil moisture contents at depths of 5, 10, 20, and 40 cm, and L denotes the observation
depth of the soil profile (40 cm).

VPD = 0.611 × (1 − RH) × exp(
17.502 × Ta
Ta + 240. 97

) (8)

where VPD represents the vapor pressure deficit (KPa), and RH and Ta are air temperature
(Ta, ◦C) and relative humidity (RH, %), respectively.
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The FAO Penman–Monteith equation was used to estimate the potential evapotranspi-
ration (PET) during the study period [36,37]:

PET =
0. 408 ∆(Rn − G) + γ ×

( 900
Ta + 273

)
× U2 − (es − ea)

∆ + γ × (1 + 0.34 × U2)
(9)

where ∆ is the slope of the vapor press curve ((kPa ◦C−1), Rn is the net daily radiation
(W m−2), G is the soil heat flux into the ground (MJ m−2), γ is the psychrometric constant
(kPa ◦C−1), es is the saturation vapor pressure (kPa), ea is the actual vapor pressure (kPa), U2
is the mean wind speed (m s−1) at 2 m height, and Ta is the air temperature at a 2 m height.
The detailed calculation procedure of each parameter can be found in McMahon et al. [37].

2.6. Statistical Analysis of Data

To analyze the role of soil moisture in the response of canopy transpiration to atmo-
spheric evaporative demand, canopy transpiration per unit leaf area (EL) was selected to
minimize the effect of vegetation growth in the growing season.

The relationship between canopy transpiration and environmental factors was de-
tected by Person correlation coefficient and linear or nonlinear regression. All statistical anal-
yses were performed using IBM SPSS 24.0 statistics software (SPSS Inc., Chicago, IL, USA)
and figures were prepared with Origin Pro 2021 software (Origin Lab Inc., Northampton,
MA, USA). All statistical analyses were at the 0.05 significance level.

3. Results
3.1. Relationship between SA and DBH

In the present study, 25 trees of different DBH around the sample plot were selected to
establish the relationship between SA and DBH using an exponential regression. As shown
in Figure 3, the coefficient of determination (R2) reached 0.96 (SA = 0.5708 × DBH1.7452,
p < 0.01), which demonstrated that the SA was significantly related to DBH. According
to the exponential regression, the total SA of the study plot was obtained, which was
2950.53 cm2.

Figure 3. Plot showing the relationship between SA and DBH of the Larix gmelinii forest.

3.2. Atmospheric, Soil Moisture and Growth Index

It can be seen from Figure 4 that the daily Ws varied between zero and 0.65 m/s
(Figure 4a). The mean daily VPD was 0.39 KPa during the study period (Figure 4b).
The daily mean RH and Ta were 77.51% (Figure 4c) and 14.51 ◦C (Figure 4d), with a range
of 34.08% to 99.90% and 2.60 ◦C to 24.04 ◦C, respectively. Meanwhile, the mean daily PAR
and Rn were 342 µmol m−2 s−1 and 103.4 W m−2 in the growing season ranging from
51.6 to 646.5 µmol m−2 s−1 (Figure 4e) and 16.6 to 189.6 W m−2 (Figure 4h), respectively.
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A similar trend was found in PET (Figure 4g), which ranged from 0.3 to 11.9 mm, with mean
daily PET being 4.7 mm. As shown in Figure 4f, the SWC in the early stage of the study
period was increased due to the soil thawing processes, and subsequently, the change in
SWC was significantly related to the precipitation event. The cumulative P (Pcum) from
May to September was 557.9 mm (Figure 4j), of which the monthly precipitation was
unevenly distributed and the highest monthly precipitation was 131.7 mm, occurring in
June (Figure 4i).

Figure 4. Plots displaying the changes in environmental factors during growing season.

3.3. Seasonal Variation in Canopy Transpiration
3.3.1. Daily Dynamics of Ec and EL

Figure 5 exhibits the canopy transpiration dynamics that shows that the changing
trend in the daily Ec, daily EL and day-time Ec was similar, which increased gradually
from May to July, and then decreased from August to September, while the variations in
night-time Ec was relatively stable in the study period as compared with others. The range
of daily Ec in the study period was 0.04 to 1.25 mm, with a mean value of 0.60 mm. For the
daily EL, the mean value was 0.29 mm, with a range of 0.02 to 0.58 mm. In addition, the
mean values of day-time and night-time Ec were 0.52 and 0.08 mm, with the maximum
values reaching 1.12 and 0.19 mm occurring in August and September, respectively, while
the minimum values of day-time and night-time Ec both reached 0.01 mm, which was
found in September.

Figure 5. Plot showing the daily dynamics of transpiration in growing season. DOY refers to day of
the year.
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3.3.2. Monthly Ec Dynamics

As shown in Figure 6a, the mean daily Ec, day-time Ec and night-time Ec in June, July
and August were significantly higher (p < 0.01) than for May and September. However, no
statistically significant (p > 0.05) difference was found between May and September. Fur-
thermore, monthly Ec, day-time Ec and night-time Ec show a single peak trend (Figure 6b).
The highest monthly Ec and day-time Ec occurred in July, while the highest night-time
Ec was found in June. Aside from that, Figure 6c shows that the percentage of monthly
Ec, day-time Ec and night-time Ec to P is about 7.37% to 22.49%, 6.30% to 19.60% and
1.06% to 2.90%, respectively. In addition, the total Ec, day-time Ec and night-time Ec were
92.04, 80.20 and 11.84 mm, accounting for 16.50%, 14.38%, and 2.12% of P in the growing
season, respectively.

Figure 6. Plot showing the monthly dynamics of Ec in growing season. (a) mean daily Ec; (b) monthly
Ec; (c) Percentage of P.

3.4. Relationship between Canopy Transpiration and Environmental Factors
3.4.1. Correlation Analysis

To reveal the relationship between canopy transpiration and environmental factors,
Pearson correlation analysis was used. At a monthly scale, the atmospheric evaporative
demand indices including VPD, PET, PAR and Rn were significantly positively correlated
with Ec in each month (Table 3); however, the RH was negatively related to Ec. For the
SWC and LAI, the significant correlation with Ec was only observed in the early and later
stages of the growing season. For the whole study period, the correlation between PET and
Ec was highest than that for the SWC and LAI (Table 3).

Table 3. Correlation coefficients between environmental factors and canopy transpiration.

Period VPD PET PAR Ws Ta RH Rn SWC LAI

May 0.60 ** 0.81 ** 0.64 ** 0.78 ** 0.83 ** −0.44 * 0.66 ** 0.66 ** 0.72 **
June 0.85 ** 0.91 ** 0.89 ** 0.49 ** 0.82 ** −0.81 ** 0.86 ** 0.25 0.40 *
July 0.88 ** 0.83 ** 0.91 ** 0.71 ** 0.33 −0.90 ** 0.88 ** −0.14 −0.03

August 0.74 ** 0.84 ** 0.85 ** 0.30 0.40 * −0.62 ** 0.85 ** −0.06 0.02
September 0.46 * 0.94 ** 0.75 ** 0.54 ** 0.74 ** −0.02 0.85 ** −0.31 0.67 **

Whole period 0.66 ** 0.86 ** 0.58 ** 0.74 ** 0.78 ** −0.27 ** 0.76 ** 0.43 ** 0.67 **

Note: * and ** means significance level at the 0.05 and 0.01, respectively.

3.4.2. Regression Analysis

To better understand the effects of environmental factors on Ec, the atmospheric
evaporative demand indices (PET, VPD, PAR, RH, Ta, Rn and Ws), water supply indicator
(SWC) and vegetation growth index (LAI) were selected. For atmospheric evaporative
demand indices, Figure 7 shows that the PET impact on Ec was greater than that for the
other atmospheric evaporative indices (VPD, PAR, RH, Ta, Rn and Ws), which explained
71% of the variation in Ec. Furthermore, the Ec increased with increased LAI (Figure 7i)
and explained 46% of the variation in Ec during the study period. For the water supply
indicator (Figure 7h), however, the SWC only explained 19% of the Ec change, which was
lower than for the atmospheric evaporative demand indices and vegetation growth index.
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Figure 7. Plot exhibiting the function relationships between environmental factors and Ec in the
growing season. (a) VPD; (b) PET; (c) PAR; (d) Ws; (e) Ta; (f) RH; (g) Rn; (h) SWC; (i) LAI.

3.5. Relaotionship between Canopy Conductance and Vapor Pressure Deficit

The relationship between GL and VPD was estimated using the linear logarith-
mic function. As shown in Figure 8, the coefficient of determination (R2) reached 0.54
(GL = −55.15 × ln (VPD) + 61.21, p < 0.01), which demonstrated that the GL significantly
decreased with an increasing VPD during the study period. In other words, the VPD
explained 54% of the GL change.

Figure 8. Plot exhibiting the relationship between VPD and canopy conductance. Note that the data
were excluded on rainy days and when VPD < 0.4 kPa.
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3.6. The Interaction Effects of SWC, LAI and PET on Canopy Transpiration
3.6.1. Responses of Canopy Transpiration to PET under Varying SWC

Through the analysis of Section 3.4, the PET as a compound index can effectively
characterize the atmospheric evaporative demand rather than a single climate variable. We
used the exponential function to fit the relationship between PET and EL in varying SWC.
The R2 of each regression was higher than for the 0.51 (Table 4), which reflected that the
results were reliable. Meanwhile, Figure 9a exhibits that the response of EL to PET was
similar and mainly restricted by PET when SWC was more than 0.2 cm3 cm−3. To test this,
we also investigated the relationships between the EL and SWC (more than 0.2 cm3 cm −3)
at varied PET levels (Figure 9b and Table 5). Our results indicated that the EL was not
affected by the SWC at different PET levels when SWC was greater than 0.2 cm3 cm−3

(Figure 9b) and the R2 of each regression was lower than that the 0.085 (Table 5). These
results demonstrated that the PET is the dominant factor controlling the change of canopy
transpiration when SWC is more than 0.2 cm3 cm−3.

Table 4. The response of Ec to PET under varying SWC.

Level Regression R2 Sig.

SWC < 0.2 EL = 0.06 × (1-e−1.57 × PET) 0.51 p < 0.01
0.2 ≤ SWC < 0.3 EL = 0.64 × (1-e−0.16 × PET) 0.69 p < 0.01
0.3 ≤ SWC < 0.4 EL = 0.59 × (1-e−0.16 × PET) 0.83 p < 0.01

SWC ≥ 0.4 EL = 0.59 × (1-e−0.19 × PET) 0.81 p < 0.01

Figure 9. Plot showing the role of SWC in response of canopy transpiration to PET in the study
period. (a) PET; (b) SWC.

Table 5. The response of Ec to PET under varying SWC.

Level Regression R2 Sig.

PET < 3 EL = 0.10 × SWC + 0.10 0.003 p > 0.05
3 ≤ PET < 6 EL = 0.18 × SWC + 0.27 0.019 p > 0.05
6 ≤ PET < 9 EL = 0.22 × SWC + 0.36 0.085 p > 0.05

PET ≥ 9 EL = 0.15 × SWC + 0.44 0.051 p > 0.05

3.6.2. PET Mediates the Response of Canopy Transpiration to LAI

According to the results of Section 3.6.1, the SWC had no significant effects on the Ec
when SWC was more than 0.2 cm3cm−3. Thus, providing an excellent opportunity to assess
how the PET regulates the response of Ec to LAI under the elimination of the effect of soil
moisture is crucial. Figure 10a and Table 6 show that the significant linear relationship
between Ec and LAI was observed (p < 0.05) when PET < 9 mm/day, for which Ec increases
when LAI increases. However, when PET > 9 mm/day, there was no statistically significant
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relationship between Ec and LAI (p > 0.05). Moreover, as shown in Figure 10b and Table 7,
when PET > 9 mm/day, the Ec did not increase, but showed a slightly decreasing trend
with the increase in PET (p > 0.05). These results demonstrated that the PET limits the effect
of LAI on Ec when PET > 9mm/day.

Figure 10. Plot showing the role of PET in response of canopy transpiration to LAI in study period.
(a) LAI; (b) PET.

Table 6. The response of Ec to LAI at varied PET levels.

Level Regression R2 Sig.

PET < 2 EC = 0.14 × LAI − 0.13 0.19 p < 0.05
2 ≤ PET < 4 EC = 0.40 × LAI − 0.30 0.23 p < 0.01
4 ≤ PET < 6 EC = 0.41 × LAI − 0.12 0.34 p < 0.01
6 ≤ PET < 9 EC = 0.25 × LAI + 0.40 0.18 p < 0.05

PET ≥ 9 EC = 0.21 × LAI + 0.64 0.11 p > 0.05

Table 7. The response of Ec to PET.

Level Regression R2 Sig.

PET < 9 EC = 0.13 × PET + 0.05 0.71 p < 0.01
PET ≥ 9 EC = −0.01 × PET + 1.23 0.01 p > 0.05

4. Discussion

Canopy transpiration is one of the crucial methods of water consumption in the forest
ecosystem, which affects the forest hydrological processes [19,38]. Knowledge of canopy
transpiration is greatly important for the forest–water relationship under the background
of carbon neutrality. In the present study, the daily mean Ec was 0.60 mm/day accounting
for 16.50% of P during the measurement period, which was in a reasonable range compared
with previous studies [9,17,19,21]. For instance, Wang et al. [9] reported that the mean
daily canopy transpiration of Larch was 0.70 mm/day, ranging from 0.02 to 1.55 mm in
the growing season of 2018. However, we also found that the canopy transpiration of the
present study was lower than the same tree species in the previous study [26]. The difference
in Ec may be caused by forest structure and climate condition of the measurement period. In
the present study, the stand density was 1250 trees ha−1, which was significantly lower than
that for the 2350 trees ha−1 of Liu et al. [26]. Wang et al. [4] demonstrated that the thinning
significantly reduced daily transpiration at a stand scale. Moreover, the precipitation in
the study period was greatly higher than the mean annual precipitation from 1957 to 2017.
Wullschleger and Hanson [39] indicated that excessive precipitation limited the level of
transpiration. These reasons largely account for the lower daily canopy transpiration in the
present study.
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During the growing season, there were significant monthly dynamics in canopy tran-
spiration. The higher canopy transpirations were found in June, July and August, which is
consistent with other studies [19,38,40]. However, previous studies also suggested that the
canopy transpiration of Mongolian pine trees in May was higher than the other months at-
tributed to the high-growth period [41]. It is maybe closely related to the monthly dynamic
of vegetation growth and climate conditions. It can be seen from Figure 4 that the LAI and
Ta in June, July and August were significantly higher than that of May and September in
the present study, which leads to the higher canopy transpiration. Additionally, although
the VPD and PAR in August were similar to May and September, the LAI and Ta were
higher and subsequently promote canopy transpiration.

In addition, the results of correlation and regression analysis showed a significant
relationship between Ec and environmental factors (Table 3 and Figure 7), which was con-
sistent with the previous studies [42–45]. For instance, the relationship between Ec and PET
has exhibited the exponential threshold function (Figure 7) and indicated that Ec increases
rapidly with the increasing of PET and then tended to be saturation when PET continued to
increase. Wieser et al. [42] suggested that the canopy stomatal conductance decreased with
the increase in VPD. As shown in Figure 8, our study also demonstrated that the canopy con-
ductance (GL) significantly decreased with the increase in VPD. Another possible reason is
that the stomata need to be closed through the plant self-protection mechanism to maintain
canopy transpiration to avoid excessive water consumption at higher atmospheric evap-
orative demand [42,46,47]. Furthermore, in the present study, PET as a compound index
is the major driver of transpiration rather than a single environmental variable. Similarly,
Song et al. [21] reported that the effects of PET on transpiration in three forest management
areas of NE China were stronger than those of the other environmental variables. It is
revealed that the compound index characterizing the atmospheric evaporative demand
can better explain the change in transpiration. However, we found that the effect of soil
moisture on the Ec of the Larix gmelinii forest was lowest compared with other environment
variables. Similar results were observed in the semiarid region and boreal forest [3,21,48,49].
On the contrary, some studies revealed that canopy transpiration is significantly influenced
by soil moisture [50]. These different results may be closely attributed to the different tree
species, root distribution and climate conditions. Chu et al. [51] reported that the root of
Larix gmelinii forest was mainly distributed in topsoil [52] combined with the excessive
precipitation in the study period, which led to sufficient soil moisture in topsoil to maintain
water consumption of canopy transpiration and consequently the soil moisture was not the
main limiting environmental factor of canopy transpiration of Larix gmelinii forest.

Generally, canopy transpiration is influenced by the interaction effects of multiple
environmental variables under natural conditions [53]. In the present study, when soil
moisture was more than 0.2 cm3cm−3 (accounting for 94.77% (145 days) of the whole study
period (153 days)), we found that the effect of PET on canopy transpiration was not limited
by soil moisture. It is indicated that the water supply can meet the water consumption of
canopy transpiration of Larix gmelinii in the current soil moisture conditions. In addition,
when PET was higher than the threshold value (PET > 9 mm/day), the response of canopy
transpiration to LAI will be limited. For example, Song et al. [45] reported that the soil
moisture limits the response of transpiration to atmospheric water demand in seasonal
drought, while the effect was not significant in the well-water soil moisture conditions of
subtropical coniferous. Some similar results were also observed in Clausnitzer et al. [33] and
Zha et al. [54]. Numerous studies have indicated that the limitations of soil moisture on the
response of canopy transpiration to atmospheric evaporative demand will occur in drought
conditions [45,54,55]. When the soil moisture supply is insufficient or in high atmospheric
evaporation demand, the leaf stomata and leaf water content of plants was closed and
declined to prevent excessive water consumption [56–58], which is consistent with the
results in Figure 8. On the other hand, it is well known that the most important water source
of the forest ecosystem is from precipitation input. However, for the above-mentioned
result that total canopy transpiration only accounts for 16.50% of P during the measurement
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period, this indicates that the water input though excessive precipitation can effectively
increase soil moisture to maintain canopy transpiration in the present study. Moreover,
the age of Larix gmelinii in the study sample plot ranged from 75 to 90 years, which means it
is a relatively mature stand [59]. Bretfeld et al. [60] reported that transpiration is more likely
to be limited by soil moisture in young forests than that of old forests due to plant root
volume difference. Altogether, Larix gmelinii forest adjust its water consumption through
canopy transpiration by responding to changes in the external environment.

5. Conclusions

The present study was performed to evaluate the effects of soil moisture, poten-
tial evapotranspiration and leaf area index on the canopy transpiration of a boreal larch
(Larix gmelinii) forest in China. Results showed that the average canopy transpiration was
0.60 mm/day during the study period and exhibited significant monthly change. The dom-
inant driving force of canopy transpiration is potential evapotranspiration, while the effect
of soil moisture on canopy transpiration was weakest compared with other environmental
factors. Meanwhile, canopy transpiration was not limited by soil moisture when soil mois-
ture exceeded 0.2 cm3cm−3. Furthermore, under the condition of sufficient soil moisture,
the response of canopy transpiration to the changes in leaf area index can be limited by
potential evapotranspiration when potential evapotranspiration exceeded 9 mm/day. Thus,
we conclude that the ecological benefits such as carbon sequestration and water resource
consumption of Larix gmelinii forest could be largely decided by future climate warming.
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