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Abstract

According to soil and atmospheric moisture conditions, drought can be categorized into
soil drought, atmospheric drought, and compound drought. The effects of soil drought
on evapotranspiration (ET) and canopy conductance (Gc) are extensively investigated in
forests, but the responses of ET and Gc to atmospheric drought and compound drought
still remain unclear in plantations. Environmental factors and ET were continuously
measured in a Pinus sylvestris var. mongolica plantation located in the semi-arid areas of
Northeast China during the growing seasons (May—September) in 2020-2024. Compared
with non-drought, ET increased by 34.96% under atmospheric drought, and decreased by
23.58% and 28.86% under soil drought and combined drought, respectively. Compared
with non-drought, Gc decreased by 29.27%, 15.19%, and 68.74% under atmospheric
drought, soil drought, and combined drought, respectively. Different from other three
water conditions, relative extractable water (REW) replaced net radiation as the most im-
portant influencing factor of ET under combined drought. And vapor pressure deficit
(VPD) always had a relatively lower contribution to ET under the four water conditions.
Unlike the other three water conditions, the dominant controlling factor of Gc was REW
instead of VPD under combined drought. This study proved that different drought types
have different effects on ET and Gc. Under warmer and drier climates, management prac-
tices such as pruning and thinning should be used to cope with the increasing water stress
to ensure the sustainable development of the Pinus sylvestris var. mongolica plantations in
the semi-arid areas of Northeast China.

Keywords: drought types; evapotranspiration; canopy conductance; Pinus sylvestris var.
mongolica plantation
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1. Introduction

The “Three-North Shelter Forest Program” covers an area of 4.07 x 106 km?, which is
the largest artificial forest ecological protection project in China [1]. The cumulative pre-
served afforestation area amounts to 3.01 x 107 ha in this program, which is of great sig-
nificance for ensuring China’s ecological security [2]. This program is mainly located in
arid and semi-arid areas for the purpose of windbreak, sand fixation, and soil and water
conservation [3,4]. Drought events are among the most important threats to the healthy
growth of plantations, and dieback and mortality have begun to emerge in some planta-
tions as water stress increases in some areas in northern China [4]. The magnitude, fre-
quency, duration and areal extent of drought events will all increase in the arid and semi-
arid areas of China in the context of global warming [5,6]. Therefore, thoroughly investi-
gating the relationship between the water consumption of vegetation and drought is an
urgent need for the sustainable development of plantations in the water limited areas in
China [7].

In terrestrial ecosystems, about 60% of precipitation is consumed by evapotranspira-
tion (ET) [8], which is equivalent to the latent heat flux (LE) in the energy cycle; thus ET
links energy exchange and hydrological processes at the ecosystem scale [9,10]. Gross pri-
mary productivity is usually coupled with ET at the ecosystem level, because both tran-
spiration and photosynthesis take place through leaf stomata [3,11]. Canopy conductance
(Gc) is an important index reflecting the weighted integration of the stomatal aperture of
individual leaves; hence it is closely related to ET and gross primary productivity [3,12].
Exploring the roles of ET and Gc in the complex feedback between plantations and climate
change is crucial for predicting potential changes in carbon budget, hydrological pro-
cesses, and the energy cycle in the reforestation areas under future biological and physical
disturbances [3,13,14]. Though lots of ecologists have studied the effects of drought on
temporal variations in ET and Gc in forest ecosystems [9,11,15], few studies focus on the
plantations in the arid and semi-arid areas of China.

According to soil and atmospheric moisture conditions, drought can be categorized
into soil drought (linked to low soil water content), atmospheric drought (associated with
high atmospheric evaporative demand), and compound drought (soil drought accompa-
nied with atmospheric drought) [7,15,16]. Many previous studies proved that soil water
deficit has a negative effect on ET and Gc in various plantations [9,11,17]. For instance, ET
and Gc generally decrease when soil water content decreases in a Pinus tabuliformis plan-
tation [3]. Related to atmospheric drought, vapor pressure deficit (VPD) is the most com-
mon indicator representing atmospheric evaporative demand [15,16]. The relationship be-
tween VPD and Gc is usually a logarithmic curve, and Gc generally decreases when VPD
increases [16,18,19]. There are two opposing effects of VPD on ET: one side is VPD increas-
ing ET by improving atmospheric evaporative power, the other is VPD decreasing ET by
closing leaf stomata, but the former is usually dominant according to the Shuttleworth—
Wallace model [20]. Furthermore, the results of some studies showed that the synergistic
effect of compound drought on water consumption is weaker than those of soil drought
and atmospheric drought [7,16]. For example, the inhibitory effect of soil drought on ET
is stronger than that of compound drought in a boreal larch forest [15]. However, the neg-
ative effect of compound drought on Ge is usually stronger than that of either atmospheric
drought or soil drought in a Mongolian pine plantation [7,16]. Though some studies re-
ported the effects of drought types on ET and Gc in the plantations in the semi-arid areas
of China [7,16], the mechanisms of ET and Gc response to different drought types are ur-
gently needed to be elucidated in the context of global warming.

Pinus sylvestris var. mongolica is naturally distributed in the northern Da Hinggan
Mountains and the Hulunbeier sandy land of China [4]. Due to its physiological charac-
teristics of cold-, drought-, and low-fertility resistance, Pinus sylvestris var. mongolica is
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widely used in the “Three-North Shelter Forest Program” for windbreak and sand fixa-
tion, and has become the most important tree species for the reforestation in the semi-arid
areas of Northeast China [1,4]. In this study, long-term measurements of ET and environ-
mental factors were conducted using the eddy covariance (EC) system and environmental
variable sensors during the growing seasons (May—September) in 2020-2024 in a Pinus
sylvestris var. mongolica plantation in Northeast China. Our objectives were to: (1) quantify
the differences in ET and Gc under different drought types, and (2) determine the effects
of environmental factors on ET and Gc under different drought types.

2. Materials and Methods
2.1. Study Area

The study was conducted at the state-owned Jianping County Heishui Mechanized
Forest Farm (41°58'33" N, 119°25'32" E, 550 m a.s.l.), Chaoyang City, Liaoning Province,
Northeast China (Figure 1). The climate is a semi-arid temperate continental monsoon
climate with a mean annual temperature of 5.76 °C and mean annual precipitation of 440
mm (data on 1958-2024 from Jianpingzhen weather station, 30 km from our study site).
The Pinus sylvestris var. mongolica plantation is 39 years old, with a stand density of 1044
trees ha, a mean tree height of 10.00 m, and a mean diameter at breast height of 14.26 cm.
The study area is flat and uniform, and the soil texture is gray-brown with a field capacity
of 28%. The understory is dominated by Cleistogenes squarrosa, and the coverage (10-70%)
changes with soil moisture changing [21].

120°E 130°E

-50°N

- Low

130°E
Figure 1. Location of the study site (a) and the observation tower (b).

2.2. Measurements

The EC system and environmental variable sensors were housed on an 18 m flux
tower, and more details were shown in Table 1. All data used in this study were collected
by a CR1000X data logger (Campbell Scientific Inc., Logan, UT, USA). The distance from
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the flux tower to the nearest plantation boundary was approximately 300 m, which en-
sures that the measurement information originated from our plantation [21].

Table 1. Details of the eddy covariance system and environmental variable sensors in the Pinus

sylvestris var. mongolica plantation.

Observations Height/depth (m) Model Manufacturer
Latent heat flux (LE), fraction velocity (Ux), CSAT3B! Campbell Scientific Inc., Logan, UT, USA
wind speed (U), air density (pa), the specific 15m LI-7500 1 Li-COR Inc, Lincoln, NE, USA
heat of the dry air (cp)

Air temperature (Ta) and relative humidity 15m HMP45C  Vaisala Co., Ltd., Helsinki, Finland

Net radiation (Rn) 16 m CNR4 Kipp&Zonen B.V., Delft, Netherlands

Soil water content (SWC) 2 0.1 m3 HydraProbe Stevens Inc. Portland, OR, USA
Soil heat flux (G) 2 0.05 m HFP01SC Hukseflux B.V., Delft, Netherlands

1Eddy covariance system consisting of a 3D sonic anemometer (CSAT3B) and an infrared H2O/CO:
gas analyzer (LI-7500). 2 Three repetitions. ® According to a previous study [1].

2.3. Data Processing

The 30 min flux data were processed from the 10 Hz raw data using the EddyPro
software (version 7.07, Li-COR Inc., Lincoln, NE, USA). The correction of the turbulent
flux data included planar fit correction, sonic temperature correction, density fluctuation
correction, and spectral correction. The calculated flux data were quality controlled by
deleting the data with a quality flag of “2”. Because of quality control and instrument
failure, 15% of LE data were rejected during the growing seasons in 2020-2024. The data
gaps of LE were filled using the “REddyProc” R package, and energy budget components
were forced to close using the Bowen ratio closure method [22].

The ET was calculated as follows [9]:

LE
ET = = 1)

where A is the latent heat of water vaporization (2.45 kJ g).
The Gc was calculated as follows [23]:

U AN
Ga = (—2 + 6.2U, 3) 2)
U
_ Y-LE-Ga
Ge = A(RN—G)+pg-cp'VPD-Ga—LE(A+Y) ®)

where Ga is the aerodynamic conductance (m s), U is the wind speed (m s), and U- is
the friction velocity (m s™), y is the psychrometric constant (kPa °C™), A is the slope of the
water vapor pressure curve (kPa °C™), Rn is the net radiation (W m2), G is the soil heat
flux (W m2), p. is the air density, and ¢, is the specific heat of the dry air.

The VPD was calculated as follows [24]:

VPD = 0.611exp(——ri) x (1 — %) @

Ta+237.3
where Ta is the air temperature (°C) and RH is the air relative humidity (%).
The relative extractable water (REW) was calculated as follows [25]:

SWC—-SWCpi
REW = ————&un_ (5)
SWCmax—SWCmin

where SWC is the soil water content at a depth of 10 cm (cm? cm3), and SWCiin and SWCiiax
are the minimum and maximum SWC in our observation period, respectively. Many pre-
vious studies proved that SWC is a valid indicator of the soil water status of this planta-
tion, and topsoil moisture has also been used to identify drought events in various plan-
tations [3,21,24,26].
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2.4. Definition of Drought Types

According to previous studies [7,15,16], the following steps were used to define
drought types. Firstly, ET was bin-averaged into 0.05 REW (Figure 2a) and 0.15 kPa VPD
(Figure 2b) increments, respectively. Secondly, the inflection points of REW (0.4) and VPD
(0.8 kPa) on ET were determined by the general trends of ET changing with REW and
VPD. Finally, based on the inflection points, non-drought, atmospheric drought, soil
drought, and combined drought were classified in the study (Figure 3). The occurrence
frequency of non-drought, atmospheric drought, soil drought, and combined drought
were 25.82%, 11.41%, 17.82%, and 44.95%, respectively.
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Figure 2. Identifying the turning points of (a) relative extractable water (REW) and (b) vapor pres-
sure deficit (VPD) controlling evapotranspiration (ET) in the Pinus sylvestris var. mongolica planta-
tion. Dark blue points are ET bin-averaged into 0.05 REW and 0.15 kPa VPD increments, respec-

tively.
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Figure 3. The occurrence frequency of non-drought, atmospheric drought, soil drought, and com-

bined drought during the growing seasons in 2020-2024.

2.5. Statistical Analysis

Repeated measures ANOVA was used to examine differences in environmental fac-
tors, ET, and Gc under different drought types. The calc.relimp() function of the
“relaimpo” package based on the Lindeman-Merenda-Gold (Img) method in R software
was used to assess the relative importance of each environmental factor to ET. Given that
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Gc was calculated from some environmental factors (i.e., Rn, VPD, Ta, and U), the sensi-
tivity analysis was used to evaluate the effects of environmental factors on Gc. Partial least
squares regression (PLSR) combines the advantages of multiple regression analysis, ca-
nonical correlation analysis, and principal component analysis, and can effectively solve
the problem of multicollinearity. The high correlation between independent variables did
not exist in this study (variance inflation factor, VIF < 9). The regression coefficients of
PLSR were used to quantify the sensitivity of Gc to each environmental factor. All varia-
bles were normalized before PLSR analysis, which was performed using the “pls” pack-
age in R software.

3. Results

3.1. Environmental Factors

Seasonal variations in environmental factors during the growing seasons in 2020-
2024 are shown in Figure 4, and the average values of VPD, REW, Rn, Ta, and U are shown
in Table 2. The VPD was usually higher in May and June (Figure 4a—e), and the average
values of VPD ranged from 0.82 kPa to 1.17 kPa during the growing seasons in 2020-2024
(Table 2). Cumulative precipitation (P) during the growing season was 359.10 mm, 562.20
mm, 477.10 mm, 273.20 mm, and 468.80 mm in 20202024, respectively (Table 2). The sea-
sonal pattern of REW was mainly dominated by P events (Figure 4f—j), and the maximum
and minimum values of average REW during the growing season were 0.19 and 0.45 in
2023 and 2021, respectively (Table 2). Overall, the seasonal patterns of Rn and Ta were
unimodal curves (Figure 4k-t), with average values of 12.32-13.11 MJ m=2 d-! and 19.61-
21.27 °C, respectively, during the growing seasons in 2020-2024 (Table 2). The U fluctu-
ated above 1.00 m s (Figure 4u-y), and the average values of U during the growing sea-
son ranged from 1.71 m s to 1.91 m s over the five years (Table 2).

Table 2. Summary of environmental factors, evapotranspiration (ET), and canopy conductance (Gc)
during the growing seasons in 2020-2024. VPD, vapor pressure deficit; REW, relative extractable

water; Rn, net radiation; Ta, air temperature; U, wind speed.

Year (May to September)

Variable 2020 2021 2022 2023 2024

VPD (kPa) 1.05 0.82 0.98 117 0.86

REW 0.23 0.45 0.36 0.19 0.39
P (mm) 359.10 562.20 477.10 273.20 468.80

Rn (M] m2 d-) 12.55 12.32 13.52 12.99 13.11
Ta (°C) 20.32 19.61 20.07 21.27 20.32

U (ms) 171 1.75 191 175 1.79
ET (mm) 26121 280.02 370.68 311.45 407.26

Ge (mm ) 3.70 456 481 4.05 6.08
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Figure 4. Seasonal variations in (a—e) VPD, (f-j) REW and precipitation (P), (k—0) net radiation (Rn),
(p-t) air temperature (Ta), and (u-y) wind speed (U) during the growing seasons in 2020-2024.

In our study period, VPD values under non-drought were similar to those under soil
drought, and were significantly lower than those under atmospheric drought and com-
bined drought. The VPD was greatest under combined drought (Figure 5a). The REW was
greatest and lowest under non-drought and combined drought, respectively. The REW
varied significantly among the four water conditions (Figure 5b). The Rn and Ta had sim-
ilar trends with VPD, but were greatest under atmospheric drought (Figure 5c¢,d). The U
was lowest and greatest under non-drought and combined drought, respectively. The U
values under non-drought and combined drought were significantly different from those
under soil drought and atmospheric drought (Figure 5e).
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Figure 5. Differences in VPD (a), REW (b), Rn (c), Ta (d), and U (e) under non-drought, atmospheric
drought, soil drought, and combined drought. Identical lowercase letters represent non-significant

differences (p > 0.05), while the opposite indicates significant differences (p < 0.05).

3.2. ET and Gc

Seasonal variations in ET and Gc during the growing seasons in 20202024 are pre-
sented in Figure 6; cumulative ET and average Gc are shown in Table 2. The ET of our
Pinus sylvestris var. mongolica plantation varied greatly (Figure 6a—e), and cumulative ET
during the growing season was 261.21 mm, 280.02 mm, 370.68 mm, 311.45 mm, and 407.26
mm in 2020-2024, respectively (Table 2). The Gc was relatively high in July 2022, and in
other years it was relatively high in August and September (Figure 6f-i). The average
value of Gc during the growing season was 3.70 mm s, 4.56 mm s, 4.81 mm s, 4.05 mm
s, and 6.08 mm s in 2020-2024, respectively (Table 2).
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Figure 6. Seasonal variations in ET (a—e) and Gc (fj) during the growing seasons in 2020-2024.

The mean diurnal courses of ET were similar and revealed bell-shaped curves under
the four water conditions (Figure 7a). The mean diurnal courses of Gc increased sharply
after sunrise, and peaked in the morning, thereafter decreasing till sunset under the four
drought types (Figure 7b). Average ET was 2.46 mm d-', 3.32 mm d, 1.8 mm d-, and
1.75 mm d~' under non-drought, atmospheric drought, soil drought, and combined
drought, respectively. The ET under atmospheric drought was significantly higher than
under other drought types. The ET under soil drought was not significantly different from
under combined drought, but was significantly lower than under non-drought (Figure
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8a). Average Gc was 8.03 mm s, 5.68 mm s7, 6.81 mm s, and 2.51 mm s under non-
drought, atmospheric drought, soil drought, and combined drought, respectively. The Gc
varied significantly among the four water conditions (Figure 8b).
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Figure 7. Mean diurnal variation in ET (a) and Ge (b) under non-drought, atmospheric drought, soil
drought, and combined drought. Identical lowercase letters represent non-significant differences (p

> 0.05), while the opposite indicates significant differences (p < 0.05).
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Figure 8. Differences in ET (a) and Gc (b) among non-drought, atmospheric drought, soil drought,
and combined drought.

3.3. Effects of Environmental Factors on ET and Gc

The responses of ET to environmental factors were different under different drought
types (Figure 9). Under the four water conditions, the effects of U and Ta on ET were
relatively weak with a relative contribution of 0.13-2.41% and 2.31-10.31%, respectively
(Figure 9). Under non-drought, ET was mainly controlled by Rn with a relative contribu-
tion of 41.78%, followed by VPD with a relative contribution of 12.92% (Figure 9a). Under
atmospheric drought and soil drought, Rn was still the most important factor influencing
ET with a relative contribution of 44.67% and 30.88%, respectively, and the following fac-
tors were VPD and REW, contributing 10.15% and 13.53% to ET, respectively (Figure 9b,c).
Under combined drought, the top two factors influencing ET were REW and Rn with a
relative contribution of 47.97% and 14.87%, respectively (Figure 9d).
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Figure 9. Relative importance of VPD, REW, Rn, Ta, and U to ET under non-drought, atmospheric
drought, soil drought, and combined drought.

Under the four water conditions, Ta had no significant effect on Gc (Figure 10a—d). U
only had a significant effect on Gc under non-drought (Figure 10a). For all drought types,
all daily VPD had significant negative effects on Gc, and the sensitivity of Gec to VPD was
higher under non-drought and atmospheric drought compared to the other two drought
types (Figure 10a—d). The Rn had significant positive effects on Gc under non-drought,
atmospheric drought, and combined drought with a sensitivity coefficient of 0.49, 0.21,
and 0.13, respectively (Figure 10a,b,d). Under non-drought, REW had a significant nega-
tive effect on Gc, but under atmospheric drought and combined drought, it had significant
positive effects (Figure 10a,b,d).
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Figure 10. Sensitivity of Gc to VPD, REW, Rn, Ta, and U under non-drought, atmospheric drought,
soil drought, and combined drought. Stars above or below each bar indicate statistical significance
(p <0.05).

4. Discussion
4.1. Variations in ET and Gc

Consistent with many previous studies [13,18,21], seasonal variations in ET were sim-
ilar to those of Gc in the Pinus sylvestris var. mongolica plantation. During the five growing
seasons, although VPD and Rn were relatively high in May and June (Figure 4a-e k—-o),
ET and Gc were relatively low in this period (Figure 6), which was mainly due to the
shortage of soil water. Conversely, ET and Gc were relatively high in the rainy season,
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when VPD and Rn were relatively low in this study (Figure 4a—e,k—0). In the same study
area, the effect of top soil water content on ET is much greater than that of VPD and Rn in
a Pinus tabuliformis plantation [9]. Therefore, our results suggest that soil water supply is
more important for water consumption than atmospheric evaporative demand and en-
ergy supply in plantations in semi-arid areas. Moreover, the effects of drought on ET and
Gc also occur during the subsequent period following the drought [3,17]. This phenome-
non is mainly due to the fact that the drought in the early growing season is unfavorable
for vegetation establishment and even affects the stability of plantations [12,25,27]. The
seasonal legacy effect of drought should be partly responsible for the result that ET values
were still relatively lower during the periods of REW>0.4 in 2020 and 2021 compared to
the other three years (Figure 6a—e).

Previous studies indicated that cumulative ET is positively correlated with cumula-
tive P during the growing season in plantations [28-30]. However, cumulative ET did not
increase when cumulative P increased during the five growing seasons in this study (Ta-
ble 2). Our results suggested that the following two factors led to this result. Firstly, the
plantation might use the soil water accumulated in the previous year [9,31,32], which
caused cumulative P to be lower than cumulative ET during the growing season in 2023
(Table 2), and the carryover effect of soil water is very important for plantations to go
through the drought period before the rainy season in semi-arid areas [33]. Secondly, the
interannual legacy effect of drought on water consumption could lag by 3—4 years in forest
ecosystems [34], which may be a reason for the result that cumulative ET was much lower
than cumulative P during the growing seasons in 2020 and 2021 (Table 2), as annual P in
2019 (327.4 mm) was much lower than the mean annual P (440 mm) in the study area. In
short, the carryover effect of soil water and the legacy effect of drought caused the com-
plex relationship between cumulative ET and cumulative P during the growing season in
this study. Average Gc generally increased with cumulative ET during the growing sea-
sons in 2020 and 2022-2024 (Table 2). Average Gc was relatively higher with lower cumu-
lative ET during the growing season in 2021, which was mainly due to a relatively lower
average VPD compared to the other four years.

4.2. Effects of Drought Types on ET and Gc

According to the result shown in Figure 3, the frequency of drought periods in the
growing season was 74.18%, indicating that the Pinus sylvestris var. mongolica plantation
is usually affected by drought in the semi-arid areas of Northeast China. Low P and high
free water surface evaporation cause the plantations to be vulnerable to water shortage
during the growing season in semi-arid areas. It is worth noting that the mean annual P
of 2020-2024 (509 mm) is higher than that of 1958-2024 (440 mm), which may result in an
underestimation of drought frequency in this study. In addition, a previous study pointed
out that mean annual Ta and annual P have an increasing and decreasing trend, respec-
tively, in our study area [9]. This climate changing trend may increase the magnitude,
frequency, and duration of drought, and water shortage will be more serious in the Pinus
sylvestris var. mongolica plantation in the future.

Similar to previous studies [7,15,16], ET under atmosphere drought was higher than
under non-drought in this study (Figure 7a). As shown in Figure 5, VPD, Rn, and Ta val-
ues under atmosphere drought were significantly higher than those under non-drought,
while REW was at a relatively high level. Notably, higher atmospheric evaporative de-
mand and energy supply combined with sufficient soil water will inevitably result in ET
increasing [35]. Consistent with previous studies [9,36], ET under soil drought was lower
than under non-drought in this study (Figure 7a). Under soil drought, REW was signifi-
cantly lower than under non-drought, but VPD, Rn, and Ta were similar under the two
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conditions. Soil water shortage has a negative effect on soil evaporation and canopy tran-
spiration, ultimately leading to ET decreasing [20]. In this study, ET under combined
drought was nearly equal to under soil drought. The reason is that compared with soil
drought, the negative effect of lower REW on ET counteracted the positive effects of
higher VPD, Rn, and Ta under combined drought. Overall, soil water shortage was the
main reason for ET decreasing in the drought periods in the Pinus sylvestris var. mongolica
plantation.

The effect of drought types on Gc was different from that of ET in this study (Figure
7), which is consistent with the results in previous studies [7,16]. The reason is that the
important controlling factors of Gc were different from those of ET under different
drought types. In this study, Gc under non-drought was higher than under drought stress
(Figure 7b). Evidence has proven that higher VPD and/or lower REW can cause canopy
stoma closing, ultimately resulting in decreased Gc [9,18]. Therefore, Gc under combined
drought was lowest in our plantation, which is to be expected. Similar to the results in a
Platycladus orientalis plantation [16], Gc under soil drought was higher than under atmos-
phere drought in the Pinus sylvestris var. mongolica plantation. Our results suggested the
reason for this phenomenon was that the sensitivity of high VPD to Gc was stronger than
that of low REW in this study (Figure 10).

4.3. Environmental Controls on ET and Gc Under Different Drought Types

In this study, the relative contributions of Ta and U to ET were relatively lower under
different drought types (Figure 9). The possible reason is that Ta and U were relatively
higher during the growing season, and the two environmental variables were not the lim-
iting factors for the water consumption of the Pinus sylvestris var. mongolica plantation.
Many studies have proven that the effects of solar energy supply, atmospheric evapora-
tive demand, and soil water availability on ET are different under different atmospheric
and soil water conditions [7,15]. Under non-drought, soil water availability was relatively
higher, and Rn and VPD dominated water consumption in this study (Figure 9a), which
is similar to the results in other studies [15,35]. Under atmospheric drought, atmospheric
evaporative demand was relatively higher, and ET was mainly controlled by Rn and REW
in the Pinus sylvestris var. mongolica plantation. The water consumption of two coniferous
forests in the Loess Plateau is also mainly controlled by solar energy supply and soil water
availability under atmospheric drought [16]. Under soil drought, REW and Rn were the
dominant controlling factors in this study, and many ET models proved that when soil
water availability is lower than the inflection point, it will become an important control-
ling factor of ET in various ecosystems [20,37]. Significantly, the relative contribution of
Rn to ET was much higher than that of other environmental factors under non-drought,
atmospheric drought, and soil drought (Figure 9a—c), which indicates that solar energy
supply is still the most important driver of water consumption under the three water con-
ditions in plantations in semi-arid areas. Under combined drought, REW and Rn were the
main environmental factors controlling ET, but the relative contribution of REW was the
highest in this study, and a similar result was found in a Mongolian pine plantation [7].
The possible explanation should be that most of the days during the compound drought
period were sunny, and solar energy supply and atmospheric evaporative demand were
relatively sufficient, which highlighted the controlling effect of soil water availability on
ET in this study.

The effects of environmental factors on Gc were different from that of ET under dif-
ferent water conditions in the Pinus sylvestris var. mongolica plantation. A possible expla-
nation is that the sensitivity of Gc to environmental factors measures the marginal effect
per unit change in the environmental factors, whereas the relative importance of environ-
mental factors to ET accounts for both the sensitivity and the observed range of variation
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in environmental factors. According to many Gc models [38], U is not a key driver of G,
but U had a significant effect on Gc under non-drought in this study (Figure 10a). The
possible reason is that U was relatively lower under non-drought, which might influence
the turbulent exchange over the canopy and further Gc. Under different drought types,
Ta was not an important controlling factor of Ge in this study, which might be because Ta
was relatively high and close to the optimal temperature of the Pinus sylvestris var. mon-
golica. The sensitivity of Gc to VPD was the highest under non-drought, atmospheric
drought, and soil drought, and only slightly lower than REW under combined drought,
which indicates that Gc was mainly controlled by VPD during the growing season in this
study. Previous studies had proved that Gc decreases logarithmically with VPD increas-
ing in various ecosystems [16,18,19]. The significant positive effect of REW on Gc was
found under atmospheric drought and combined drought, which is consistent with the
result in a Mongolian pine plantation [7]. However, Gc was negatively correlated with
REW at the significance level of p < 0.05 under non-drought. The possible explanation is
that higher REW was usually accompanied by lower Rn and VPD, which had significant
positive and negative effects on Gc, respectively, under non-drought. In many Gc models
[38], Gc increases with increasing solar radiation, which agrees with our result that Rn
had a significant effect on Gc with a positive sensitivity coefficient under non-drought,
atmospheric drought, and combined drought in the Pinus sylvestris var. mongolica planta-
tion.

The effect of atmospheric drought on water consumption should receive more atten-
tion in the plantations. Under atmospheric drought, ET was the highest in this study,
which resulted in rapid soil water consumption, and atmospheric drought might convert
to combined drought. Soil water availability under combined drought was significantly
lower than under soil drought, but ET was similar under those two water conditions. The
phenomenon is more likely to cause dieback and even mortality emerge under combined
drought in the Pinus sylvestris var. mongolica plantation. The frequency, magnitude, and
duration of combined drought will increase under warmer and drier climates in our study
area [6]. Management practices, such as pruning and thinning, can be used to ensure the
health and sustainable development of the Pinus sylvestris var. mongolica plantation. In
addition, the effects of drought types on carbon sequestration should be determined in
the future, which is beneficial to ascertain the mechanism of the tradeoff between carbon
sequestration and ET during the periods of the Pinus sylvestris var. mongolica plantation
coping with drought.

4.4. Uncertainty

Uncertainty in this study mainly lay in the classification of drought types. In this
study, we used the general trends of ET changing with REW and VPD to determine
thresholds of REW and VPD, which were determined by piecewise linear regression in
previous studies [15,16]. We believe that the inflection point of REW (0.4) can accurately
identify the impact of soil drought on ET in this study, as many previous studies proved
that plantations are subjected to soil water stress when REW is lower than 0.4 [3,24,26].
The inflection point of VPD was set as 0.8 kPa, which might not be extremely accurate in
this study, but this does not affect the results and conclusions in this study [7]. Unlike
REW, the threshold of VPD varies in the plantations with different tree species in different
study areas [7,15,16]. For example, the ET of a boreal larch forest in China decreased sig-
nificantly when VPD was higher than 1.00 kPa [15]. In addition to tree species specificity,
the higher VPD threshold should be due to higher soil moisture in the boreal larch forest,
resulting in ET reaching its maximum later with increasing atmospheric evaporative de-
mand. In addition, artificial forest ecological protection projects in water-limited areas
should pay more attention to the use of diverse tree species. Hence, water consumption
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of more tree species and their response to different drought types should be studied for
understanding the drought adaptation mechanism of different tree species to guide tree
species selection in the semi-arid areas of Northeast China.

5. Conclusions

This study quantified the differences in ET and Gc and determined the effects of en-
vironmental factors on ET and Gc under different drought types during the growing sea-
sons of 2020-2024 in a Pinus sylvestris var. mongolica plantation in Northeast China. Com-
pared with non-drought, ET increased under atmospheric drought, and decreased by a
similar degree under soil drought and combined drought. Compared with non-drought,
Gc decreased under soil drought, atmospheric drought, and combined drought, with the
degree of decrease increasing successively. Under non-drought, atmospheric drought,
and combined drought, Rn was the most important controlling factor of ET. Under com-
bined drought, the relative contribution of REW to ET was much higher than those of
other environmental factors. Under non-drought, the most important controlling factor of
Gc was VPD, followed by Rn. Under atmospheric drought and soil drought, the effect of
VPD on Gc was much higher than those of other environmental factors. Under combined
drought, the dominant controlling factor of Gc was REW, followed by VPD. In warmer
and drier climates, the impact of water stress can be reduced through pruning and thin-
ning to ensure the health and sustainable development of the Pinus sylvestris var. mongolica
plantation in Northeast China.
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