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Abstract: The Ejin Oasis is located in the lower reaches of the Heihe River Basin of northwestern
China. It is one of the most arid regions in the world, and Populus euphratica Oliv. is the foundation
species of the desert riparian forests there. The photosynthesis of P. euphratica is one of the first
physiological processes that is most likely to be affected by the extremely arid climate conditions.
The factors impacting photosynthesis can be divided into stomatal and non-stomatal limitations.
In order to investigate whether the photosynthesis of P. euphratica was limited and, if so, whether
this limitation was caused by drought stress in the P. euphratica Forest Reserve on the Ejin River, we
analyzed stomatal, non-stomatal, and relative stomatal limitations (reflecting the relative importance
of the stoma in controlling the processes of photosynthesis) of photosynthesis. The results show that,
at the beginning of the midday depression of photosynthesis, the values of stomatal limitation of
photosynthesis (Ls) peaked, with its predominance being supported by sub-stomatal CO2 concentra-
tions (Ci) being at a minimum. Thereafter, Ls decreased and non-stomatal limitation (Ci/stomatal
conductance (gs)) increased sharply, indicating that the non-stomatal limitation of photosynthesis was
predominant. Both Ls and relative stomatal limitation of photosynthesis increased in the morning,
and then decreased, whereas Ci/gs showed the opposite trend. We concluded that P. euphratica
did not experience drought stress by analyzing leaf water potential, groundwater table, and the
decoupling coefficient (a parameter characterizing the coupling degree between vegetation canopy
and atmospheric water vapor flux); however, the Ls values of P. euphratica were much greater than
those of other species. This was likely because P. euphratica has a relatively conservative water
use strategy even when growing under favorable water conditions. Extremely high temperatures
caused the closure of the stoma to reduce transpiration, resulting in more intense stomatal limitations
of photosynthesis.

Keywords: photosynthesis; stomatal limitation; non-stomatal limitation; relative stomatal limitation

1. Introduction

Water deficit constitutes one of the most critical challenges for species and ecosys-
tems [1], and is an important environmental factor inhibiting the growth and reducing the
yield of plants worldwide [2,3]. Low water availability reduces the plant carbon balance [4]
and limits plant growth through its negative effects on photosynthesis [5]. Previous studies
have shown that photosynthesis is one of the first physiological processes to be affected by
drought stress [6]. Farquhar and Sharkey [7] note that the limitations of photosynthesis
consist of two different processes: (1) stomatal limitation of photosynthesis, wherein the
intercellular CO2 concentration (Ci) cannot meet the needs of photosynthesis owing to the
limitation of stomatal conductance (gs); and (2) non-stomatal limitation of photosynthesis,
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wherein the chloroplast and Rubisco activities and ribulose bisphosphate (RuBP) regener-
ation are decreased. Jones [8] proposed relative stomatal limitation of photosynthesis to
quantify the relative importance of the stoma in controlling the processes of photosynthesis.
Theoretically, stomatal closure can be adopted as an adaption to save water under drought
stress conditions; values of gs will decrease to reduce water loss through transpiration, and
plants will become relatively conservative water users with stomatal limitation of photo-
synthesis as the dominant mechanism. Previous studies have supported this viewpoint,
and have also shown that non-stomatal limitation of photosynthesis will predominate as
drought stress intensifies [9–12].

Dryland biomes cover approximately 41.5% of Earth’s land surface [13] and are ex-
panding globally [14]. Arid regions are expected to become drier as a result of climate
change [15–17]. Dryland ecosystems represent a dynamic, but poorly understood compo-
nent of the global carbon, water, and energy cycles [18]. In such regions, drought stress may
modify the morphological (leaf size, length, width and mass per area) and physiological
characteristics (maximum photosynthesis rate, electron transfer rate, stomatal conductance,
leaf water potential and transpiration) of plants [19]. The Ejin Oasis, located in the lower
reaches of the Heihe River Basin of northwestern China, is one of the most arid regions
in the world [20]. Annual rainfall is less than 50 mm [21], and little water is released
from the upper and middle reaches of the river basin. Within this water-limited environ-
ment, the riparian zone represents a distinct ecotone between rivers and the surrounding
drylands, and is of considerable ecological importance [22]. Populus euphratica Oliv. is
a rare, ancient, and endangered tree species only presents in inland river basins located
in the desert and semiarid areas of Central Asia. It is a typical phreatophyte, and is also
the foundation species of the desert riparian forest in the lower Heihe River Basin. Its
regular growth is important for protecting the basin ecosystem and biodiversity, preventing
desertification, and forming a natural barrier to support the existence of the Ejin Oasis.
Because of the populace’s excessive use of water resources, the P. euphratica forests in this
region have degenerated in the past century [23]. The Ecological Water Diversion Project
was initiated in 2000 [24,25] to restore these riparian forests, which aimed to increase
runoff to 0.95 billion m3/year [26]. Although the lower Heihe River Basin actually receives
an average of 1.12 billion m3/year of runoff, the recovery of P. euphratica has not been
satisfactory [27,28]. Consequently, we hypothesized that current water resources remain
insufficient to maintain regular physiological processes, such as photosynthesis, that affect
the growth of P. euphratica.

The objective of our research was to identify if the photosynthesis of a desert riparian
P. euphratica forest was limited, and if so, whether this limitation was caused by drought
stress. To this end, we analyzed stomatal, non-stomatal, and relative stomatal limitations
of photosynthesis as well as other related physiological parameters. In recent years, the
photosynthesis of P. euphratica has been studied by Chen et al. [29], Wang et al. [30] and
Zhou et al. [31] in the lower reaches of the Tarim River, and Zheng et al. [32] in the nursery,
while few studies have been conducted in the lower reaches of the Heihe River, especially
after the implementation of the Ecological Water Diversion Project. Zhu et al. [33] studied
the effects of seasonal fluctuations of temperature on the photosynthesis of P. euphratica
in the lower reaches of the Heihe River; however, a comprehensive analysis of the types
of photosynthetic limitations is urgently needed. Moreover, most research has focused
on analyzing water potential (ψL, MPa) [23,34] or depth to the groundwater table (GWT,
m) [34,35] to determine drought stress. Using ψL and GWT depth, we also analyzed the
decoupling coefficient (Ω, 0≤Ω ≤ 1), which indirectly reflects the water supply conditions
of vegetation [36–38].

2. Materials and Methods
2.1. Experimental Site

We recorded measurements of leaf gas exchange in P. euphratica leaves in the P. eu-
phratica Forest Reserve on the Ejin River (Inner Mongolia, China) from June to Septem-
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ber, which is the main growing season of P. euphratica based on phenology according to
Abdurahman et al. [39] in 2013 and 2014 (Figure 1, 42◦21′ N, 101◦15′ E, altitude 920.5 m a.s.l.).
In the forest reserve, the average tree age is 39 years, with good growth status. The trees
have an average height of 10.2 m, an average diameter at breast height of 24.67 cm, and
an average crown breadth of 442 cm × 450 cm. The soil is approximately 2 m deep sandy
loam and has a volumetric water content of 0.35 m3 m−3. The bulk density of the soil is
1.53 g cm−3.
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2.2. Sap Flow and Transpiration

We estimated the sap flow velocity (Vs, cm h−1) by scaling up the sapwood area
(As, cm2) from the tree to the stand based on the relationship between As and diameter
at breast height (DBH, cm) for P. euphratica trees [20]. We selected three trees that were
representative of the surrounding stand; the selected trees did not significantly differ in
height, DBH, or As according to the stand means (t-test) (Table 1). We measured Vs using
the heat ratio method (SFM1, ICT Inc., Armidale, Australia) by inserting two sensors into
the xylem tissue of the trunks at DBH height. Because the thickness of the sapwood was less
than the length of the probe, the outer (22.5 mm depth) Vs was selected for analysis. Data
from the inner (7.5 mm depth) probe were always low and smooth, and even negative (data
not shown), suggesting that it was inserted into heartwood, and the data were discarded.
After insertion, the exposed cambium was covered with aluminum foil to reduce the effects
of ambient temperature fluctuation and direct solar radiation. All probes were connected
to an AM416 multiplexer (Campbell Scientific Inc., Logan, UT, USA) powered by 12 V
car batteries. The heater was set up to send a pulse every 30 min, and temperature ratios
were recorded continuously with a data logger (CR10x, Campbell Scientific Inc., Logan,
UT, USA) connected to the multiplexer by four shielded conductor cables. Then, using
the methods of Jarvis and McNaughton [40], we recorded heat pulse velocity (Vh, cm h−1),
made corrections related to probe wounds and misalignment, and calculated hourly whole-
tree sap flow (Fs, L h−1) as the product of As and Vs of the outer measurement point [22].
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Total daily transpiration (T, mm d−1) during the study periods was calculated by dividing
the 24 h cumulative sum of Fs by the stand area.

Table 1. Summary of biological parameters for the three selected Populus euphratica trees.

Tree Number Height (m) DBH (cm) As (cm2)

1 10.6 23.9 225.6
2 10.4 21.7 206.4
3 10.3 30.4 361.2

Sig. (2-tailed) 0.105 0.623 0.718
Difference was tested by the t-test at a significance level of p = 0.05. DBH diameter at breast height, As
sapwood area.

2.3. Leaf Gas-Exchange and Water Potential

We selected six trees each year to measure leaf gas exchange, on four or five sunny
days every month (for a total of 18 days in 2013 and 19 days in 2014). Based on an LI-
6400 portable photosynthesis system (LI-COR Inc., Lincoln, NE, USA), we measured all
available parameters under ambient conditions using a natural light source, including net
photosynthesis (Pn, µmol CO2 m−2 s−1), stomatal conductance (gs, mol H2O m−2 s−1), sub-
stomatal and ambient CO2 concentrations (Ci and Ca, µmol CO2 mol−1), photosynthetically
active radiation (PAR, µmol m−2 s−1), and vapor pressure deficit (VPD, kPa). We took
hourly measurements in three fully expanded leaves of each tree from the east and west,
and recorded three replications for each leaf. Eventually, the hourly value of each parameter
was averaged from 54 sets of data. We conducted the measurements between 8:00 and
20:00, advancing or postponing the observation sessions by 1 h depending on the specific
timing of sunrise and sunset. We used a sky lift to reach the canopy when measuring the
leaves (Figure 1).

Using a plant pressure chamber (1505D, PMS Instrument Co., Albany, OR, USA), we
measured hourly diurnal variation in ψL in three fully expanded and mature leaves, from
each tree, ensuring the west, south, and east of the crown were exposed to direct solar
radiation. The hourly value of ψL was averaged from 18 sets of data. We wrapped the
samples in a sealed plastic bag, using a moist paper towel to prevent sudden dehydration
under high-temperature conditions before cutting from the petiole with a razor blade. We
measured ψL within a minute after detaching the leaves-.

2.4. Meteorological and Hydrologic Parameters

We recorded meteorological variables, including air temperature (Ta, ◦C), relative
humidity (hs, %), net radiation (Rn, W m−2), and wind speed (u, m s−1), at a height of 20 m
using a CR3000 datalogger at 0.5 h intervals. We measured Rn using a four-component
net radiometer (model CNR-4, Kipp & Zonen, The Netherlands), and Ta and hs using
temperature/relative humidity sensors (model HMP45C, Campbell Scientific, USA). To
measure GWT depth automatically, one well was drilled to about 6 m in depth, and a
pressure transducer (HOBO-U20, Onset Computer Corporation, Bourne, MA, USA) was
installed to monitor the changes in the submerged pressure (Psub, kPa) at 0.5 h intervals.
The barometric pressure was subtracted from Psub to obtain the pressure that was exerted
only by the water column above the sensors. Water head data were then converted to GWT
values, using the measured distance between sensors and ground surface at the well.

2.5. Data Analysis

The observational days for measuring leaf gas-exchange parameters were selected
for analysis. All the data collected on these days, including those manually measured and
those automatically recorded, were processed at 1 h intervals, except those for the GWT
depth (which is given in daily values for 2014). Then, we calculated the averaged values of
each parameter at the same hour on different observational days each month to analyze
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the variation trends. We used SPSS 19.0, Origin 8.0, and SigmaPlot 13.0 for all statistical
analyses and plotting.

2.6. Formulae
2.6.1. Stomatal, Non-Stomatal, and Relative Stomatal Limitations of Photosynthesis and
Related Parameters

Stomatal limitation of photosynthesis, LS, can be calculated according to the following
formula described by Berry and Downton [41]:

Ls = 1− Ci/(Ca − Γ), (1)

where Γ is the CO2 compensation point of assimilation in the presence of dark respiration.
Γ can always be neglected as its value is always much smaller than that of Ca and Ci [42–44].
The formula can be expressed as:

Ls = 1− Ci/Ca, (2)

Kicheva et al. [45] took the occurrence of high Ci values at reduced gs as an indication
of non-stomatal limitation of photosynthesis. Ramanjulu et al. [46] also found that severe
water stress treatment resulted in increased Ci in two mulberry genotypes, while partial
stomatal closure at moderate water stress did not cause a decline in Ci in both cultivars,
and the non-stomatal limitation of photosynthesis could be calculated by Ci/gs.

The relative stomatal limitation of photosynthesis, RLs, can be calculated using the
resistance-based method:

RLs = rs/(rs + ra + r∗), (3)

where rs is the stomatal resistance, ra is the boundary layer resistance, and r∗ is the slope of
the tangent to the Pn/Ci curve at the operating point.

rs and ra can be calculated by:

rs =
1
gs

, (4)

ra =
n

0.02

√
lw
uh

1
1− e−n/2 , (5)

n =


2.5 h� 1

2.306 + 0.194h 1 < h < 10

4.25 h� 10

, (6)

where lw is the leaf width, uh is the wind speed at the top of the canopy, and h is the mean
height of the canopy.

2.6.2. Decoupling Coefficient and Related Parameters

We calculated Ω according to the method of Jarvis and McNaughton [40]:

Ω =
(∆/γ + 1)

(∆/γ + 1 + ga/gc)
, (7)

where gc is the canopy conductance, ga is the aerodynamic conductance, ∆ is the changing
rate of saturation vapor pressure with temperature, and γ is the psychometric constant. The
canopy affecting the transpiration of P. euphratica is highly coupled with the atmosphere,
and P. euphratica is well-supplied with water if Ω tends to 0 [47].
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The value of gc is calculated by the inversed Penman–Monteith equation and ga is
obtained according to the method of Granier et al. [48].

gc =
gaγλT

∆Rn − λT(∆+ γ) + ρcpgaVPD
× 1000, (8)

ga =
k2uh

ln[(z− d)/z0]
2 , (9)

where λ is the latent heat of vaporization, ρ is air density, Cp is the specific heat at constant
pressure, z is the reference height above the forest at which meteorological measurements
are available, d is the zero-plane displacement of a forest with complete canopy cover, z0 is
the roughness length of a forest with complete canopy cover, and k is a constant.

3. Results
3.1. Diurnal Variations in Main Environmental Factors

Detailed information on the key environmental variables is essential to assess diurnal
variations in stomatal and non-stomatal limitations of photosynthesis. Average values for
environmental factors (PAR, Ta, VPD, and hs) at the same hour on different observational
days in each month were analyzed during the main growing seasons of P. euphratica in 2013
and 2014 (Figure 2). Generally, the distribution patterns of PAR, Ta, and VPD all presented
single-peak curves. PAR, Ta, and VPD all increased in the morning, peaked between 13:00
and 15:00, and then decreased (Figure 2a–c). During the study periods in both years, the
daily average PAR was 941.74 W m−2, varying from 11.62 to 1689.33 W m−2. The daily
average Ta was 31.60 ◦C, which was very near to values obtained for previous years (data
not shown). The hs values decreased gradually after 10:00 (Figure 2d), mainly a result of
the increase in Ta, which enhanced evaporation and water loss to the air. The daily average
hs was 46.63%, varying between 17.54% and 75.21%. The values of the four parameters did
not show significant differences between 2013 and 2014 (Figure 2).

3.2. Diurnal Variations in the Main Physiological Factors

Physiological factors (Pn, gs, and Ci) were measured by an LI-6400 portable photosyn-
thesis system on the same days with environmental factors collected from the meteorologi-
cal station (Figure 3), and the average values of each physiological factor at the same hour
on different observational days in each month were analyzed. The distribution patterns of
Pn and gs were similar (Figure 3a,b). Pn increased in the morning, peaked around 14:00, and
then decreased. In August and September, the values of Pn were much greater changes than
those in June and July (Figure 3a). The gs values increased rapidly in the morning, peaked
between 10:00 and 12:00, and then gradually decreased in the afternoon. The peak values of
gs in different months were reasonably close to one another (0.40–0.46 mol H2O m−2 s−1)
(Figure 3b). There were fluctuations in Pn and gs between 11:00 and 14:00 on several typical
sunny days from July to September (Figure 3a,b); Ci presented a contrasting pattern of
diurnal changes to Pn and gs (Figure 3c), with the minimums appearing between 14:00 and
16:00. The ranges of gs and Ci values in different months were similar, with gs ranging from
0.02 to 0.47 mol H2O m−2 s−1 and Ci ranging from 126.78 to 401.21 µmol CO2 mol−1.

3.3. Relationships between Environmental Parameters and Pn

Pearson coefficients between environmental parameters and Pn are shown in Table 2.
Pn was significantly positively correlated to all of the environmental parameters (PAR, VPD
and Ta) except for hs, and the Pearson coefficients between Pn and PAR were both highest
in 2013 (0.820) and 2014 (0.709). Besides the fluctuations in Pn between 11:00 and 14:00
on several typical sunny days, Pn showed the same tendency as PAR in the morning and
afternoon (Figures 2a and 3a).
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observational days in each month.

Table 2. Pearson coefficients between environmental parameters and net photosynthesis (Pn).

Year PAR VPD Ta hs

Pn
2013 0.820 ** 0.463 ** 0.489 ** −0.180
2014 0.709 ** 0.470 ** 0.464 ** −0.370 **

** p = 0.01. PAR photosynthetically active radiation, VPD vapor pressure deficit, Ta air temperature, hs
relative humidity.



Forests 2022, 13, 2096 9 of 17

3.4. Diurnal Variations in Stomatal, Relative Stomatal, and Non-Stomatal Limitations of Photosynthesis

Diurnal variations in Ls, RLs, and Ci/gs during the main growing seasons of P. euphrat-
ica in 2013 and 2014 are shown in Figure 4. Both Ls and RLs increased in the morning, and
then decreased. The Ls values in the afternoon were significantly greater than those in the
morning. Generally, the average values of RLs were greater than those of Ls, while Ci/gs
presented a contrasting pattern of diurnal changes to Ls and RLs, remaining generally low
in the morning and increasing sharply after 17:00. The highest values of these parameters
in 2013 and 2014 were 0.70 and 0.51 for Ls, 0.75 and 0.55 for RLs, and 5.86 and 4.83 for
Ci/gs, respectively.
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3.5. Variations in Parameters Related to Water Conditions

We analyzed variations in the parameters indicating water conditions, −ψL and Ω
(Figures 5 and 6), and the GWT depth (Figure 7), for the P. euphratica forest during the
main growing season in 2014. Diurnal variations in ψL in each month were similar from
June to September, decreasing in the morning, reaching a minimum around noon and
then increasing. The minimum value of −2.3 MPa occurred in July, and the maximum
of nearly −0.2 MPa occurred in the evening in June (Figure 5). The trend of Ω showed a
contrasting pattern to ψL, with the maximum value occurring at 9:00 or 10:00 and being
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slightly greater than 0.1. The Ω values in the afternoon were significantly lower than those
in the morning (Figure 6). The depth of the GWT gradually decreased to a minimum
(2.22 m) on 18 September, and then increased suddenly to 158 mm above ground following
a flood irrigation event that was released from the upper and middle reaches of the Heihe
River. After the 10 days of flooding, the depth of the GWT decreased again and fell below
the surface water level (Figure 7).
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4. Discussion
4.1. Variations in Physiological Factors and the Phenomenon of Midday Depression of Photosynthesis

Because Ci is a critical physiological factor, the analysis of its variations is indispensable
for judging the stomatal and non-stomatal limitations of photosynthesis [49]. In our study,
the diurnal variations in Ci presented v-shaped curves (greater Ci values in the morning
and evening, and lower values at noon); this is consistent with findings from studies on
switchgrass [50] and Haloxylon ammodendron [51] in arid regions. The similarity between
the distribution patterns of Pn and gs found in our study (the correlation coefficients were
both 0.69 in 2013 and 2014, p = 0.01**) and previous studies indicates that gs is the main
factor influencing Pn under extremely arid conditions [52].

During our study periods, we can see a temporary decrease followed by an increase
in both Pn and gs between 11:00 and 14:00 (e.g., July and September in 2013 and July
and August in 2014, Figure 3a,b), while PAR increased continually, which indicates the
phenomenon of midday depression of photosynthesis (MDP) occurred. This was mainly a
result of high transpiration rates caused by high vapor pressure deficit values, which led to
an intense leaf water deficit. In turn, the water deficit led to a decrease in gs and limited
the entry of Ca; this caused a decrease in mesophyll conductance (gm), which decreased
the CO2 concentration in chloroplasts to a very low level, and reduced Pn. For P. euphratica
growing in extremely arid regions from July to September, the highest values of Ta and
highest transpiration rates occurred near noon. MDP can protect the trees from losing too
much water.

4.2. Stomatal, Relative Stomatal, and Non-Stomatal Limitations of Photosynthesis of P. euphratica

Although Ls decreased after noon, it remained at a high level and was the main reason
for the decrease in Pn in the afternoon. During the MDP periods, Ls peaked and Ci was at a
minimum, exhibiting apparent stomatal limitation of photosynthesis. This is consistent with
the work of Farquhar and Sharkey [7], who proposed that a simultaneous increase in Ls and
decrease in Ci is the criterion for determining stomatal limitation of photosynthesis. The low
soil moisture content limited P. euphratica’s water uptake, and the intense solar radiation
and high VPD values increased the water loss from the trees. Because of the combination of
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transpiration and photosynthesis, the stoma closed to maintain the water balance inside the
plant and limit the CO2 entering the leaves. Therefore, stomatal limitation of photosynthesis
was predominant. Afterward, Ls decreased and Ci/gs increased sharply, with non-stomatal
limitation of photosynthesis predominating. Other researchers have proposed a variety
of criteria for judging stomatal and non-stomatal limitations of photosynthesis; however,
these were tested and found to be inappropriate through data and theoretical analysis by
Xu [49] (Table 3).

Table 3. Criteria that were tested and found to be inappropriate for judging stomatal and non-stomatal
limitations of photosynthesis.

Objectives Criteria Source of Data

Stomatal limitation The decreasing range of Ci is much
lower than that of Pn

[53]

Non-stomatal limitation Ci remains almost constant [54,55]
Stomatal and non-stomatal

limitation
Comparing the values of Ls and

Ci/gs
[56]

Several studies [57–59] have shown that gm is a main factor controlling the non-
stomatal limitation of photosynthesis, especially under stress. The structure of leaves
determines the maximum value of gm [60] that can be achieved, and gm also changes
rapidly according to environmental conditions [61]. In extremely arid regions, where the
soil moisture content is very low, water stress is the main factor limiting gm [62–64]. Because
a greater VPD usually leads to lower gm [65], we can infer that the gm values in the morning
were greater than those in the afternoon, as the VPD changed inversely (Figure 2b). In the
morning, it was much easier for Ci to enter the chloroplast through the cytomembrane and
cytoplasm, and supply CO2 for photosynthesis, subsequently leading to low Ci/gs values.
In the afternoon, gm decreases and restricts the diffusion of CO2 entering the chloroplast,
and subsequently, Ci/gs increases [51].

Figure 4 shows that the average values of RLs were greater than those of Ls, mainly
as a result of the nonlinearity of the Pn/Ci curve. Such an occurrence often leads to a
large overestimation of the importance of the stoma in controlling photosynthesis [8].
Consequently, Ls is more applicable than RLs for representing the stomatal limitation
of photosynthesis.

4.3. Is the Photosynthesis of P. euphratica Limited by Drought Stress?

Table 4 summarizes the maximum Ls values of different species from this and previous
studies. The maximum Ls values in our study (0.70 in 2013 and 0.51 in 2014) were greater
than in others. However, P. euphratica was well-supplied with water in our study area, and
thus the high values of stomatal limitation of photosynthesis could not be attributed to
drought stress, for the following reasons. (1) The minimum ψL (−2.3 MPa) was similar
to the woody phreatophytes in riparian zones [66,67], and was greater than the hydraulic
safety margin (~−2.7 MPa) defined by Pan et al. [34]. (2) Previous studies have shown that
a GWT depth of less than 4 m is not a limiting factor in the growth of P. euphratica [68], as
it can grow vigorously with a GWT depth of up to 12 m [66,69]. Hao et al. [70] reported
that the GWT depth must be a minimum of 6 m for regular growth of P. euphratica in the
lower reaches of the Tarim River; this is consistent with the conclusion of Wang et al. [71]
regarding the lower Heihe River Basin. The maximum GWT depth in our study was 2.27 m,
never exceeding the 6 m threshold. (3) The Ω values in our study were close to 0 (the
maximum was slightly greater than 0.1), indicating that the canopy of P. euphratica was
highly coupled with the atmosphere, and P. euphratica was well-supplied with water. This
may also explain why gs remained stable during the growing seasons in 2013 and 2014
(Figure 3b). Additionally, from the initiation of the Ecological Water Diversion Project
(2001) to the year before our study (2012), the water flow from Langxin Mountain ranged
from 2.04 to 6.99 m3 s−1 (Figure 8, data provided by the Heihe River Bureau). These flows
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are greater than the lower limit of 1.84 m3 s−1 required to maintain the current scale of Ejin
Oasis, as noted by Wang and Cheng [72].

As P. euphratica did not experience water stress, we may infer that the stomatal lim-
itation of photosynthesis was likely a result of the conservative water use strategy of
P. euphratica. Pan et al. [34] and Yu et al. [23] made similar conclusions for the lower reaches
of the Tarim and Heihe River, respectively. Additionally, under the high-temperature
conditions of the study periods (with mean Ta values at 31.6 ◦C in 2013 and 29.9 ◦C in 2014),
the stoma of P. euphratica closed to reduce transpiration, resulting in the predominance of
stomatal limitation of photosynthesis. Since P. euphratica was well-supplied with water, the
unsatisfactory recovery of P. euphratica is not connected with the water resources. Jiang
and Liu [73] concluded that P. euphratica simply recovered along the watercourses, while in
other areas (especially 1 km from the watercourses), the recovery of P. euphratica was not
significant. Therefore, optimizing the rational allocation of water resources both along the
watercourses and at a distance from them would be a key step for the further recovery of
P. euphratica in the lower reaches of the Heihe River.

Table 4. Maximum values of stomatal limitation of photosynthesis (Ls) under natural conditions for
different species.

Species Maximum Ls Values Location Source of Data

Dacrydium cupressinum Lamb. 0.29

New Zealand [74]
Meterosideros umbellate Cav. 0.41

Weinmannia racemosa L.f. 0.42
Quintinia acutifolia Kirk. 0.41

Quercus robur L. 0.17
Italy [57]

Fraxinus oxyphylla Bieb. 0.21
Spring wheat 0.64 China [51]

Populus euphratica Oliv. 0.70 (2013)
0.51 (2014) China This study
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5. Conclusions

We originally attributed the high values of stomatal limitation of photosynthesis to
our hypothesis that P. euphratica experienced water stress, limiting the photosynthesis
processes. However, we concluded that P. euphratica was well-supplied with water in our
study area based on the analysis of the parameters that indicate water conditions. The
stomatal limitation based on photosynthesis values in our study was much greater than that
seen in other studies. This can mainly be attributed to the conservative water use strategy
of P. euphratica, even when growing under favorable water conditions, and extremely high
temperatures that induced closure of the stoma to reduce transpiration.

As our data were obtained using the LI-6400 portable photosynthesis system, some
parameters were not measured (e.g., chloroplast structure, photosynthetic pigment content,
Rubisco activity, RuBP regeneration capacity) to represent the non-stomatal limitation of
photosynthesis. Future work will include these parameters.
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