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Abstract: This paper measured the ecophysiological responses of Populus cathayana Rehd., Salix
longistamina C. Wang et P. Y. Fu., and Ulmus pumila L. to high altitude in the Tibetan Plateau based on
changes in water relations, gas exchange, and chlorophyll fluorescence. P. cathayana and U. pumila
have higher survival rates than S. longistamina, but the latter has highest biomass. S. longistamina has
higher water-use efficiency (WUE), lower transpiration rates (E), higher water potential (Ψ), highest
light saturation point (LSP) and higher photosystem II (PSII) photochemistry efficiency (Fv’/Fm’) and
non-photochemistry quenching (NPQ) than the other species, and is thus adapted to its habitat for
afforestation. U. pumila has lower E, light compensation point (LCP), dark respiration (Rd), Fv’/Fm’
and electron transport rate (ETR), with higher Ψ, apparent quantum yield (AQY), net photosynthetic
rate (Pn) and non-photochemical quenching (NPQ), which helps it maintain water balance and utilize
weak light to survive at high altitude. Relative low WUE, Ψ, Rd, NPQ, with high E, Pn, Fv’/Fm’ and
biomass, imply that P. cathayana is more suitable for shelterbelt forests than for a semi-arid habitat.
These three species can adapt to high-altitude conditions by different physiological mechanisms
and morphological characteristics, which can provide a theoretical basis for afforestation and forest
management in the Qinghai Tibetan Plateau.

Keywords: high-altitude environment; gas exchange; water relation; chlorophyll fluorescence; water
use efficiency

1. Introduction

Climate change affects the distribution, population structure, and growth dynamics of plants [1,2].
Survival of a species in a particular environment requires the ability to adapt to the habitat’s
characteristics, and, plants have developed a wide range of physiological responses to cope with
environmental stresses [3]. Plants either adjust their photosynthetic performance to their environment
or adjust their morphological and physiological traits to maintain a homeostatic photosynthetic
performance [4,5]. The Tibetan Plateau of western China (also known as the Qinghai-Tibetan Plateau) is
the world’s largest and highest plateau. Its harsh and complex climatic conditions limit the distribution
and diversities of plants due to the effects of high altitude (above 3000 m asl), which include high
solar irradiance, reduced CO2 and O2, exposure to strong winds, shallow soils, low temperatures, and
low availability of water and nutrients [6,7]. Although these characteristics are not favorable for plant
growth, many species survive and grow under these conditions by developing special adaptation
mechanisms [6]. Understanding how these adaptations affect tree growth is important for researchers
interested in predicting the response of forests of the Tibetan Plateau to future climate change.
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Three tree species are important parts of the plateau’s vegetation. Populus cathayana Rehd. is
a native Chinese species that is distributed mainly in northern, southwestern, and central China,
covering a large geographic range [8,9]. The species has strong resistance to stressful environments and
is an important genetic resource, particularly for forest shelterbelts and planting to restore degraded
land [10]. Ulmus pumila L. is also a native Chinese species, with a long history of cultivation. It
develops a deep and widespread root system, and is highly resistant to drought and cold, especially in
harsh environments such as that of the Tibetan Plateau [11]. It provides important ecosystem services
such as soil and water conservation and the prevention of wind erosion and blowing sand, and also
provides high-quality timber; in many of the regions where it grows, it cannot be replaced by other
species [12]. Salix longistamina C. Wang et P. Y. Fu is mainly distributed in the Tibetan Plateau and
the surrounding region, where it mainly grows in valleys and river plains [13]. The species can be
used for protection of river banks against erosion, stabilization of sandy soils, and as a windbreak [14].
The species has strong resistance against pests and diseases, and high tolerance of drought and poor
soils [15]. Like U. pumila, it has a deep and widespread root system [16].

Despite the ecological importance and many favorable characteristics of these species, their
ecophysiology and adaptive mechanisms have been poorly studied, particularly at the high altitudes
of the Tibetan Plateau. Plant species adapt to adverse environments by different plastic responses,
such as physiological or morphological adjustments [17].

Under high illumination levels such as those on the Tibetan Plateau, damage to a plant’s
photosynthetic apparatus can be severe; this damage can be revealed by a reduction in the variable
fluorescence parameter [18]. The photosynthetic efficiency of many plants decreases under stress,
which is correlated with a decrease in photochemical quenching of chlorophyll fluorescence and an
increase in non-photochemical quenching (NPQ) [19,20]. Thus, studies of chlorophyll fluorescence
provide insights into a plant’s responses to stress. These measurements have the advantage of being
non-destructive and rapid, and they also provide information on the utilization and dissipation of
light energy [21].

In the present study, our goal was to assess the physiological adaptations of the three local species
to the stresses they encounter at high elevation in the southeastern Tibetan Plateau by examining the
responses of their morphological characteristics (i.e., survival rate, biomass, height), water relations,
gas exchange, and photosynthetic apparatus (i.e., fluorescence properties). Thus, we have proposed
two main hypotheses: (1) these three species can adapt to high-altitude conditions using different
physiological mechanisms; and (2) Salix longistamina is more adapted to harsh conditions with higher
WUE and photosynthetic activity. The results of this study will contribute to our understanding of
the adaptation mechanisms of three species in high altitude and light intensity, low temperature and
soil moisture environment. Moreover, the present study could provide some guidance for forest
management, cultivation and afforestation in the Tibetan Plateau.

2. Materials and Methods

2.1. Study Site

Our field measurements were carried out in 2010 near Sangye town in the middle reaches of
Tibet’s Yarlung Zangbo River (29◦19′ N, 91◦30′ E), at an elevation of approximately 3500 m asl. The
area has a cool-temperate semi-arid continental monsoon climate, but with considerable variation
within the plateau. The total annual precipitation ranges between 300 and 450 mm. The mean annual
temperature ranges between 5 and 9 ◦C, with maximum temperatures in June and July of 18 to 32 ◦C
and minimum temperatures in February and January of −16 to −37 ◦C. The frost-free period averages
140 days, and the average total number of sunlight hours reaches 3092 annually.

Seedlings of the three species were from local seed nursery and planted in the spring of 2007 to
stabilize an area of sandy soils and improve the ecological environment of a pediment on the northern
slopes of the Nyainqentanglha Mountains that are covered with sand sheets, on the northern bank of
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the Yarlung Zangbo River. The planting density was about 625 trees per hectare. The species were
planted in separate stands with one species of each stand at the same site, separated by at least 10 m
to avoid competition between the mature trees (Figure 1). U. pumila and P. cathayana seedlings were
planted with 1m height. The shoots of S. longistamina were cut into 15-cm long pieces, each containing
three to four buds and soaked in water for 12 h. Then, the cuttings of S. longistamina were planted at
the site. The study site was located about 20 m above the river, and the local water table was about
8 m below the surface. At the time of our measurements, sunrise occurred at around 08:00 and sunset
occurred at around 20:00.
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and the mass was expressed as a percentage of the water content. The water content was very low 
(Table 1). The water content is highest at 0–10 cm depth in all three stands of these tree species. 
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measured on clear, cloudless days (14 and 15 July) in 2010 between 08:00 and 20:00 using an LI-6400 
portable photosynthesis system (LI-COR, Lincoln, NE, USA). Each set of three plants came from one 
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Figure 1. Photos of three species grown in the study site, Yarlung Zangbo River area, Tibet. (A) Study
site; (B) Populus cathayana; (C) Ulmus pumila; (D) Salix longistamina.

Soil water content was determined from soil samples taken from the center of the root zone (a
depth of 60 cm) on the dates of measurement. The samples were dried to constant mass at 105 ◦C and
the mass was expressed as a percentage of the water content. The water content was very low (Table 1).
The water content is highest at 0–10 cm depth in all three stands of these tree species.

Table 1. Soil water content of 4 depths in 3 stands at the study site.

Species Depth (cm)

0–10 10–20 20–40 40–60

Populus cathayana 2.78 1.94 2.32 1.38
Ulmus pumila 1.28 0.55 0.79 1.52

Salix longistamina 2.34 2.15 1.23 0.95

2.2. Leaf Gas Exchange

Leaf gas exchange of mature, fully expanded leaves of three individuals of each species was
measured on clear, cloudless days (14 and 15 July) in 2010 between 08:00 and 20:00 using an LI-6400
portable photosynthesis system (LI-COR, Lincoln, NE, USA). Each set of three plants came from one of
the three stands. Five replications were measured for the current mature foliage on each individual.
For these individuals, we measured net photosynthetic rate (Pn), transpiration (E), the intercellular
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CO2 concentration (Ci), stomatal conductance (gs), the relative humidity (RH), air temperature (Ta),
and leaf temperature (Tl). Water use efficiency (WUE) of each species was then obtained by the
following equation.

WUE = Pn/E (1)

2.3. Leaf Water Potential

After the gas-exchange measurements, we measured leaf water potential (Ψ) with a WP4
Dew-point Potential Meter (Decagon Devices, Pullman, WA, USA). We used six fully expanded
leaves from the tops of each individual, with three individuals per species. Calibration of the device
was checked hourly.

2.4. Photosynthetic Light Response Curves

We obtained photosynthetic light-response curves at 2-h intervals from 9:00 to 11:00 at a range
of light intensities (from 0 to 2600 µmol m−2 s−1) using a LI-6400-02 Portable Photosynthetic System
(LI-COR, Lincoln, NE, USA). The irradiance response was measured at 25 ◦C and an RH of 50%. CO2

concentration (400 µmol mol−1) and photosynthetic parameters of each species were obtained after
fitting the light response data [22]:

A = [Amax (I − Ic) αc] / [Amax + (I − Ic) αc] (2)

where A is net photosynthesis rate, Amax the maximal net photosynthesis rate, Ic the light compensation
point, I the light intensity, and αc the quantum efficiency. Dark respiration rate Rd is calculated from
the relationship describing the light-limited part of the photosynthesis light response curves:

A = αcI − Rd (3)

For I = Ic, A = 0 and Rd = αcI.

2.5. Diurnal Course of Chlorophyll Fluorescence

Variable chlorophyll a fluorescence was measured with a LI-COR portable LI-6400-40
pulse-amplitude-modulation fluorometer (Li-Cor 6400; Li-Cor, Lincoln, NE, USA). For these
measurements, we maintained mature, fully expanded leaves, still attached to the branch, in darkness
overnight. Before each measurement, samples were held in darkness for more than 30 min at
ambient temperature. We measured maximum fluorescence (Fm) and minimum fluorescence (Fo)
simultaneously in the dark. We then exposed the leaves to a photosynthetic photon flux density
(PPFD) of 1000 µmol photons m−2 s−1 for more than 3 min to measure the maximum fluorescence
(Fm’) and steady-state fluorescence (Fs) in the light-adapted state after Pn stabilized. We performed
these measurements every 2 h from 08:00 to 20:00 on sunny days.

We calculated the maximum photochemical efficiency of PSII using the formula (Fm − Fo)/Fm =
Fv/Fm, where Fv represents variable fluorescence. We estimated the effective quantum yield of PSII
(ΦPSII) using the equation ∆F/F’m = (F’m − Fs)/F’m [23]. We calculated photochemical quenching
(qP) as (F’m − Fs)/(F’m − Fo) [24], and non-photochemical quenching (NPQ) as Fm/Fm’ − 1 [25]. We
calculated the electron transport rate (ETR) as ΦPSII × PAR × 0.5 × 0.84 [26].

2.6. Survival Rate, Height, Biomass

We examined survival rate, crown and height of three species in the middle of growing season
in 2010. At the end of growing season, biomass production and allocation of the three species were
measured by means of destructive sampling with three replicates. Then, biomass samples were dried
at 75 ◦C to constant weight.
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2.7. Data Analysis

Measurements for each species were compared using analysis of variance (ANOVA). Differences
among the species were evaluated using the least significance difference (LSD) method and Tukey test
with a significance level of p < 0.05, including morphological characteristics (height, biomass, survival
rate and crown), water relations (water potential, WUE, E and VPD), gas exchange characteristics
(Pn, gs, Ci), chlorophyll fluorescence parameters (i.e., Fv/Fm, NPQ). Data were standardized before the
analysis. All statistical analyses were performed using SPSS 18.0 software (SPSS Inc., IBM, Chicago,
IL, USA).

3. Results

3.1. Morphological Characteristics

The survival rates (over 3 years), crown, height and biomass among the three species in the study
are significantly different (p < 0.05). U. pumila has the highest survival rate (Table 2, p < 0.05). The
survival rates of P. cathayana, U. pumila and S. longistamina are 93.80%, 83.83% and 71.70% respectively.
The crown diameter of the three species ranges from 45.00 cm × 45.00 cm to 78.00 cm × 63.00 cm
(p < 0.05). S. longistamina has the largest crown and biomass, and P. cathayana has the highest height
among the three species (p < 0.05).

Table 2. Morphological characteristics of the three species grown at the study site.

Species Survival Rates (%) Crown Diameter
(cm × cm) Height (cm) Total Biomass (g)

Populus cathayana 83.83 ± 2.75 45.00 × 45.00 182.33 ± 3.18 381.41 ± 7.08
Ulmus pumila 93.80 ± 5.52 56.00 × 67.00 167.00 ± 5.77 209.61 ± 4.73

Salix longistamina 71.70 ± 3.06 78.00 × 63.00 122.75 ± 1.73 608.97 ± 29.94

3.2. Water Relations

The water potential, transpiration and water use efficiency are significantly different in the species
(p < 0.05). The diurnal course of water potential shows similar circadian rhythms in all three species
with clear diurnal changes (Figure 2A). The Ψ of P. cathayana is lower than those of the other species
throughout the day (Figure 2A, p < 0.05). The VPD of the species is not significant. The difference in
vapor pressure (VPD) follows a similar diurnal pattern in all stands, with the lowest value at sunrise
and VPD increasing to a maximum at around 14:00 to 16:00 (Figure 2B).

The diurnal changes in E of S. longistamina and U. pumila show two peaks, the first of which
appears at about 12:00 and the second appears at about 18:00, whereas P. cathayana shows a single peak
at about 12:00; P. cathayana has the highest E and U. pumila the lowest (Figure 2C, p < 0.05).

The water use efficiency of S. longistamina is generally higher than that of other two species, but
the diurnal course of WUE differs among the three species (p < 0.05). In the morning, the WUE of
P. cathayana is lower than that of the other two species, and increases slowly to a maximum at about
14:00 and18:00. WUE in the morning follows similar patterns for S. longistamina and U. pumila, with
two peaks at about 10:00 and 14:00 (Figure 2D).

3.3. Gas Exchange

The net photosynthetic rate, stomatal conductance and intercellular carbon dioxide concentration
reach a significant level among the species (p < 0.05). Pn is highest for P. cathayana and lowest for
U. pumila (Figure 3A, p < 0.05). However, the diurnal changes of Pn show a similar pattern with two
peaks in all three species. The diurnal trends are similar for gs, but U. pumila and S. longistamina differ
little in their patterns, with the first peak appearing at 12:00 for S. longistamina, which is 2 h earlier
than peak Pn for this species. Populus cathayana has a higher gs than the other two species until about
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16:00 (Figure 3B,C, p < 0.05). The diurnal changes of Ci are decreased first and increased later. The Ci
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Figure 3. Diurnal course of (A) net photosynthetic rate (Pn); (B) leaf stomatal conductance (gs); and
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represents the mean and standard error of five replicates.



Forests 2018, 9, 48 7 of 15

3.4. Pn-Light Response Curves

The Pn of the three species initially increases with increasing irradiance, and eventually reaches the
LSP (Figure 4). The curve and Pmax for P. cathayana is obviously higher than those for the other species
(p < 0.05). The differences of LSP, LCP and Rd of three species are significant (p < 0.05). S. longistamina
and P. cathayana have higher LSP and LCP than U. pumila (Table 3, p < 0.05). S. longistamina has the
higher Rd (3.31 µmol m−2 s−1) than other species (p < 0.05). P. cathayana and S. longistamina have the
lower AQY than U. pumila (p < 0.05).

Forests 2018, 9, x FOR PEER REVIEW  7 of 14 

 

3.4. Pn-Light Response Curves 

The Pn of the three species initially increases with increasing irradiance, and eventually reaches 
the LSP (Figure 4). The curve and Pmax for P. cathayana is obviously higher than those for the other 
species (p < 0.05). The differences of LSP, LCP and Rd of three species are significant (p < 0.05).  
S. longistamina and P. cathayana have higher LSP and LCP than U. pumila (Table 3, p < 0.05).  
S. longistamina has the higher Rd (3.31 µmol m−2 s−1) than other species (p < 0.05). P. cathayana and  
S. longistamina have the lower AQY than U. pumila (p < 0.05). 

 
Figure 4. The light saturation curves for net photosynthesis (Pn) as a function of irradiance (PPFD) for 
the leaves of P. cathayana, S. longistamina, and U. pumila. Values represent the means of five replicates. 

Table 3. Differences in photosynthetic parameters between P. cathayana, S. longistamina, and U. 
pumila: maximum photosynthetic rate (Pmax), light-saturation point (LSP), light-compensation point 
(LCP), dark respiration rate (Rd), and apparent quantum yield (AQY). Values represent means and 
standard errors of six replicates. 

Species Pmax (µmol CO2 m−2 s−1) LSP (µmol m−2 s−1) LCP (µmol m−2 s−1) Rd (µmol m−2 s−1) AQY (µmol CO2 µmol−1) 
P. cathayana 22.30 ± 2.14 1791.67 ± 33.29 39.89 ± 3.69 1.02 ± 0.09 0.0448 ± 0.0012 

S. longistamina 12.80 ± 3.11 2290.00 ± 28.35 73.01 ± 4.54 3.31 ± 0.15 0.0454 ± 0.0014 
U. pumila 14.90 ± 2.32 998.33 ± 13.58 26.35 ± 2.25 2.23 ± 0.12 0.0686 ± 0.0011 

3.5. Chlorophyll Fluorescence Parameters 

We observed distinct patterns in the diurnal course of the potential quantum yield of PSII  
(i.e., Fv/Fm) (Figure 5A). Fv/Fm in P. cathayana and U. pumila isn’t significantly different, but both show 
a mid-day depression. U. pumila shows an especially strong reduction in Fv/Fm during the day, 
reaching a minimum of 0.59 at around 18:00; thereafter, it increases slowly and recovers to near its 
value at the start of the day. However, Fv/Fm in S. longistamina decreases throughout the day, with 
neither a mid-day depression nor full recovery at sunset. Of the three species, S. longistamina has the 
highest Fv/Fm during most of the day (p < 0.05). 

Fv’/Fm’ in S. longistamina and U. pumila shows similar diurnal changes (Figure 5B). Among the 
three species, Fv’/Fm’ is highest in S. longistamina and lowest in U. pumila (p < 0.05). 

In response to the rapid increase in PPFD, ΦPSII decreases sharply after sunrise (Figure 5C). 
ΦPSII in S. longistamina and U. pumila increases rapidly later in the day, reaching values similar to 
the pre-dawn values by sunset. ΦPSII of P. cathayana does not show full recovery by sunset. ΦPSII is 
generally higher in S. longistamina and P. cathayana than in U. pumila (p < 0.05). 

The diurnal course of ETR shows different patterns for the three species (Figure 5D). ETR of U. 
pumila initially increases to a peak at 10:00, then decreases until about 12:00 and subsequently 
recovers. ETR of P. cathayana and S. longistamina has similar patterns, but the maximum value 
reaches at 14:00 and 16:00, respectively. ETR is significantly higher in S. longistamina and P. cathayana 
than in U. pumila (p < 0.05). 

In all three species, 1 − qp is significantly different, and increases sharply after sunrise, reaching 
a maximum value by around 10:00, then decreases slowly (Figure 5E, p < 0.05). At 16:00 and 18:00, 

Figure 4. The light saturation curves for net photosynthesis (Pn) as a function of irradiance (PPFD) for
the leaves of P. cathayana, S. longistamina, and U. pumila. Values represent the means of five replicates.

Table 3. Differences in photosynthetic parameters between P. cathayana, S. longistamina, and U. pumila:
maximum photosynthetic rate (Pmax), light-saturation point (LSP), light-compensation point (LCP),
dark respiration rate (Rd), and apparent quantum yield (AQY). Values represent means and standard
errors of six replicates.

Species Pmax (µmol CO2 m−2 s−1) LSP (µmol m−2 s−1) LCP (µmol m−2 s−1) Rd (µmol m−2 s−1) AQY (µmol CO2 µmol−1)

P. cathayana 22.30 ± 2.14 1791.67 ± 33.29 39.89 ± 3.69 1.02 ± 0.09 0.0448 ± 0.0012
S. longistamina 12.80 ± 3.11 2290.00 ± 28.35 73.01 ± 4.54 3.31 ± 0.15 0.0454 ± 0.0014

U. pumila 14.90 ± 2.32 998.33 ± 13.58 26.35 ± 2.25 2.23 ± 0.12 0.0686 ± 0.0011

3.5. Chlorophyll Fluorescence Parameters

We observed distinct patterns in the diurnal course of the potential quantum yield of PSII (i.e.,
Fv/Fm) (Figure 5A). Fv/Fm in P. cathayana and U. pumila isn’t significantly different, but both show a
mid-day depression. U. pumila shows an especially strong reduction in Fv/Fm during the day, reaching
a minimum of 0.59 at around 18:00; thereafter, it increases slowly and recovers to near its value at
the start of the day. However, Fv/Fm in S. longistamina decreases throughout the day, with neither a
mid-day depression nor full recovery at sunset. Of the three species, S. longistamina has the highest
Fv/Fm during most of the day (p < 0.05).

Fv’/Fm’ in S. longistamina and U. pumila shows similar diurnal changes (Figure 5B). Among the
three species, Fv’/Fm’ is highest in S. longistamina and lowest in U. pumila (p < 0.05).

In response to the rapid increase in PPFD, ΦPSII decreases sharply after sunrise (Figure 5C).
ΦPSII in S. longistamina and U. pumila increases rapidly later in the day, reaching values similar to
the pre-dawn values by sunset. ΦPSII of P. cathayana does not show full recovery by sunset. ΦPSII is
generally higher in S. longistamina and P. cathayana than in U. pumila (p < 0.05).

The diurnal course of ETR shows different patterns for the three species (Figure 5D). ETR of
U. pumila initially increases to a peak at 10:00, then decreases until about 12:00 and subsequently
recovers. ETR of P. cathayana and S. longistamina has similar patterns, but the maximum value reaches
at 14:00 and 16:00, respectively. ETR is significantly higher in S. longistamina and P. cathayana than in
U. pumila (p < 0.05).
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In all three species, 1 − qp is significantly different, and increases sharply after sunrise, reaching
a maximum value by around 10:00, then decreases slowly (Figure 5E, p < 0.05). At 16:00 and 18:00,
respectively, 1 − qp reaches the second, lower peak in P. cathayana and S. longistamina; thereafter,
it decreases again. S. longistamina has lowest 1 − qp during a day (p < 0.05).

After sunrise, the NPQ of all three species increases (Figure 5F), and the diurnal changes show
two peaks and a mid-day depression. NPQ of S. longistamina is significantly higher than other species
at 12:00 (p < 0.05).
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4. Discussion

4.1. Morphological Characteristics

The survival rate of plants is influenced by many biotic and abiotic factors such as pests, water
shortage, and high irradiance [27]. A high survival rate of plants suggests high adaptation ability [28].
The survival rates of P. cathayana, U. pumila and S. longistamina in the study are 93.80%, 83.83%
and 71.70%, indicating these species have strong adaption ability in the Qinghai-Tibet Plateau [29].
S. longistamina has highest biomass and crown among the species, suggesting a strong tolerance to
resource-limited conditions [30]. The reason probably is the strong root system and high Pn and
WUE of S. longistamina. The root system of Salix is sensitive to external stress such as salinity [31].
S. longistamina may increase its root-to-shoot ratio in high irradiance conditions, which helps it absorb
water and nutrients for accumulating larger biomass [32].

4.2. Water Relations

Water is one of the fundamental factors for plants influencing their growing process. However,
in many regions like the Qinghai-Tibetan Plateau, water resources are becoming seriously limited.
Thus, plants will utilize water sources more efficiently by changing their water regimes [33]. Ψ reflects
a plant’s water status, and determines the plant’s ability to maintain its water balance by absorbing
water from the soil and from neighboring cells. The higher Ψ of S. longistamina and U. pumila suggests
that they sustain better water relations under water-limited conditions than P. cathayana, probably as
a result of their massive root system, which can exploit deep soil moisture [34,35]. The root system
of Salix has strong root anchorage, which helps roots embed in soils, and Ulmus can generate new
roots rapidly and thus increase root surface area [36]. These characteristics indicate the strong water
absorption capacity of these three species.

WUE is the ratio of Pn and E, which is an important physiological parameter that can help to
explain a plant’s ability to maintain water equilibrium [37]. Increased WUE has been proved an
adaptation to semi-arid and arid environment [38]. The higher WUE in S. longistamina indicates that
it conserves water better than the other species. Its low E and high Pn support this conclusion [39].
S. longistamina and U. pumila have higher Ψ and WUE with lower E, which suggests their better water
relations under water-limited conditions, and their suitability for afforestation in the Qinghai Tibetan
Plateau [40]. Adversely, WUE of P. cathayana is lower because of its higher Pn and E. The higher gs

of P. cathayana may result in higher E. It opens stomata to assimilate carbohydrates rapidly at first
then closes to avoid water loss. This diurnal trend indicates that P. cathayana is sensitive to changes
in the external environment and can utilize resources optimally [41]. The higher Pn of P. cathayana,
combined with its low WUE and high −E and a large leaf area, make this species more suitable for use
in a forest shelterbelt where water is abundant for the purpose of preventing erosion and decreasing
wind speed to protect crops and soils [42]. These physiological adaptions help the species to survive in
the semi-arid, high-altitude area.

4.3. Gas Exchange

Plant survival in a given environment depends on the plant’s ability to adapt to the habitat,
moreover, plants can develop different ecophysiological characteristics even in similar habitats [43].
In the present study, three species show different gas-exchange characteristics. The higher Pn of P.
cathayana and S. longistamina indicates that they have higher photosynthetic capacity than U. pumila
under the conditions [44]. However, Pn of all three species remains greater than 0 µmol CO2 m−2 s−1

throughout the day during this part of the growing season, suggesting that they are capable of adapting
to a high-irradiance environment. The diurnal changes in Pn show a similar pattern with two peaks in
all three species. A similar phenomenon was reported for other high-altitude plants [44]. Farquhar
and Sharkey [45] suggested that a reduction in photosynthetic capacity is caused by stomatal closure,
as well as by non-stomatal factors. When gs and Ci decrease simultaneously, the decline in Pn is caused
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mainly by stomatal closure. During the mid-day depression in Pn for P. cathayana and S. longistamina,
both gs and Ci decrease, so stomatal limitation of photosynthesis may explain the mid-day depression in
these species. The temperature at noon reaches its peak so that these two species close stomata to avoid
water loss and reduce CO2 absorption [46]. In contrast, the mid-day depression of Pn for U. pumila
occurs when Ci changes in the opposite direction to gs, suggesting that the mid-day depression is
primarily attributable to non-stomatal factors. High light intensity resulted in non-stomatal limitation,
as well as lower Rubisco activity, electron transport rates, carboxylation efficiency and damage to PSII
reaction center, which is also influenced by some biochemical indexes (e.g., plant hormone) [47]. Plants
growing in the field are susceptible to photoinhibition under environmental stress [48]. Photoinhibiton
decreases the photosynthetic efficiency under stress, in which input of photons exceeds demand [49].
In the present study, Fv/Fm, Fv’/Fm’, and ΦPSII of all three species decrease with increasing PPFD and
then recovered in the afternoon as PPFD decreases, suggesting that photoinhibition occurs in all three
species and may be another cause for the depression in Pn [50]. We will discuss this in more detail in
the section Photosynthetic efficiency.

4.4. Photosynthesis Curve

Pmax has been widely used to compare the ecophysiological characteristics of plants [51].
Pn of the three species increases with increasing irradiance, and reaches the LSP in all three
species. Consequently, they are likely to be able to protect their photosynthetic apparatus against
photo-degradation [52]. P. cathayana has higher Pmax and LSP and lower LCP and Rd, suggesting
its better light use ability. P. cathayana can grow fast in high altitude conditions with higher Pn

and biomass. The largest LSP of S. longistamina indicates that it has higher light-use efficiency in
the study area, and largest biomass and WUE of S. longistamina suggests a better adaptation to
the high irradiance [53]. LCP reflects the ability of plants to make use of low irradiance [28]. The
higher the value of AQY, the more efficiently photosynthesis converts light energy and the higher the
photosynthetic capacity [54]. U. pumila cannot make full use of the available PPFD for much of the
day. However, the lower LCP and Rd of U. pumila with highest AQY suggests that the species can
tolerate shade and utilize weak light better than the other species, thereby increasing the accumulation
of photosynthate [55]. These are the main reasons why U. pumila can survive on the Tibetan Plateau
despite obvious photoinhibition and low biomass compared with the other species. Therefore, the
three species have different photosynthesis mechanisms to utilize light to form more carbon assimilate
to survive under high-altitude conditions.

4.5. Photochemistry Efficiency

Photoinhibition has been observed in many plants growing naturally in the field, and is revealed
by a mid-day decrease in Fv/Fm [56]. In our study, there are clear differences in Fv/Fm among the three
species. Fv/Fm of P. cathayana and U. pumila decreases to a lower level than that of S. longistamina at
mid-day, but recovers almost completely at sunset, suggesting that photoinhibition in these species is a
photoprotective mechanism accomplished through thermal dissipation of excess energy, as suggested
by the mid-day increase of NPQ in both species [57]. Photoinhibition can be caused by photodamage
not only to the photosynthetic apparatus but also to photoprotective mechanisms through thermal
dissipation of excess energy [58]. In our study, Fv/Fm remains lower than 0.80 throughout the day,
indicating that all three species are stressed by the high irradiance. This suggests the presence of
chronic photoinhibition and damage to PSII’s reaction centers, resulting in photodamage during the
summer at the high altitude of the study area [59]. Thus, we hypothesize that photoinhibition in all
three species resulted both from a photoprotective process and from photodamage.

The maximum PSII efficiency (Fv’/Fm’) can be thought of as the efficiency with which PSII’s
antennae absorb photons and deliver them to open PSII reaction centers [60]. Fv’/Fm’ is higher for
S. longistamina and P. cathayana than for U. pumila, and shows a proportionally smaller decrease during
the day than occurs for U. pumila. This suggests that U. pumila has less capacity to utilize the high
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excitation energy that is available through photosynthetic electron transport. This is supported by the
lower ETR for U. pumila [61].

The actual PSII efficiency can be used to estimate the rate of photochemical reactions in terms of
the absorbed light that is utilized in photochemistry [23]. ΦPSII and ETR are both high in S. longistamina
and P. cathayana and low in U. pumila, indicating a high degree of phenotypic plasticity of the
photosynthetic apparatus in these species [62]. Our study supports previous results, in which the
operating efficiency is often linearly related to Pn [23]. The decrease in actual PSII efficiency under
excess light can be caused by two processes: an increase in closure of PSII reaction centers and a
decrease in the efficiency of excitation capture in PSII through photoprotective thermal dissipation of
excess excitation energy before it reaches the PSII reaction centers [63]. With higher photosynthetic
efficiency and with lower NPQ and a lower degree of closure of the PSII reaction centers, P. cathayana
exhibits less thermal dissipation and closure of the PSII reaction centers than the other species,
combined with high LSP and LCP and lowest Rd, which means that it captures more excitation
energy to drive photosynthetic electron transport and larger biomass [64]. In contrast, S. longistamina
has higher NPQ and a lower degree of closure of the PSII reaction centers than in P. cathayana. This
suggests that the higher biomass in P. cathayana and S. longistamina results, at least in part, from higher
photochemical efficiency [65]. In contrast, U. pumila has higher NPQ and a higher degree of closure
of the PSII reaction centers, in addition to lower ETR and LCP, implying a higher degree of thermal
dissipation [66]. These results suggest that all three species can compensate for high irradiance by
changing their utilization of absorbed light through changes in electron transport, but to different
extents [67]. The decrease of PSII efficiency in the three species under high irradiance results from a
decrease in the efficiency of excitation capture in PSII and by an increase in the degree of closure of the
PSII reaction centers [68].

5. Conclusions

Our study suggests that P. cathayana, S. longistamina and U. pumila acclimate efficiently to field
conditions in the semi-arid, high-altitude study area. Of the three, S. longistamina has the highest
WUE, LSP, biomass, photochemistry efficiency and lowest water loss; therefore, this species is
drought-tolerant and capable of surviving well in semi-arid habitats. Despite its lower WUE, U. pumila
has lower E and comparable higher water potential, AQY and lowest LCP, which lets it maintain
its water balance and utilize weak light to survive at high altitude. These two species can be used
in afforestation for a series of ecosystem services such as soil and water conservation. In contrast,
because of low WUE, LCP and Rd and highest Pn and E, P. cathayana is more suitable for sites with
abundant water like forest shelterbelts than for a desert habitat. These three species all can tolerant
high-altitude conditions via different physiological mechanisms and morphological characteristics.
Above all, S. longistamina can utilize resources optimally in the Tibetan Plateau. Our results can provide
understanding of physiological mechanisms about these species’ survival in this area. In future forest
management in the region, S. longistamina can be considered as an economically important species for
cultivation to prevent soil erosion and improve the harsh environment.
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