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Abstract  
 
Soil moisture is the main limiting factor for vegetation growth at shell ridges in the Yellow River Delta of China. The 
objective of this study was to explore the soil moisture response of photosynthetic parameters and transpiration in Tamarix 
chinensis Lour., a dominant species of shell ridges. Leaf photosynthetic light-response parameters and sap flow were 
measured across a gradient of relative soil water content (RWC), from drought (23%) to waterlogging (92%) conditions. 
Leaf photosynthetic efficiency and stem sap flow of T. chinensis showed a clear threshold response to soil moisture 
changes. Leaf net photosynthetic rate, water-use efficiency (WUE), light-saturation point, apparent quantum yield, 
maximum net photosynthetic rate, and dark respiration rate peaked at moderately high RWC, decreasing towards high and 
low values of RWC. However, peak or bottom RWC values substantially differed for various parameters. Excessively 
high or low RWC caused a significant reduction in the leaf photosynthetic capacity and WUE, while the high 
photosynthetic capacity and high WUE was obtained at RWC of 73%. With increasing waterlogging or drought stress, 
T. chinensis delayed the starting time for stem sap flow in the early morning and ended sap flow activity earlier during the 
day time in order to shorten a daily transpiration period and reduce the daily water consumption. The leaf photosynthetic 
capacity and WUE of T. chinensis were higher under drought stress than under waterlogging stress. Nevertheless, drought 
stress caused a larger reduction of daily water consumption compared to waterlogging, which was consistent with a higher 
drought tolerance and a poor tolerance to waterlogging in this species. This species was characterized by the low 
photosynthetic capacity and low WUE in the range of RWC between 44 and 92%. The RWC of 49–63% was the 
appropriate range of soil moisture for plant growth and efficient physiological water use of T. chinensis seedlings.  

 
Additional key words: drought; gas exchange; light-use efficiency; water consumption; waterlogging. 
 
Introduction 
 
Photosynthetic parameters belong to major indicators 
reflecting a response of physiological processes to water 
stress conditions in plants (Jin et al. 2011, Lang et al. 
2013). Each plant has its own optimal soil water 
conditions, light intensity range, and other environmental 
needs for photosynthesis (Lang et al. 2013, Zhang et al. 
2014). A study on the response of photosynthetic 
characteristics to soil moisture helps clarify the physio-
logical responses of plants to environmental changes 
(Lang et al. 2013). Plant photosynthesis is not only related 
to leaf structure and physiological function as determined 

by the inherent genetic characteristics and phenotypic 
plasticity of species (Hsiao 1973), but it is also affected by 
various ecological factors, such as light, temperature, CO2 
concentration, and soil moisture (Sofo et al. 2009, Zhang 
et al. 2014). Soil moisture is an important ecological factor 
that affects the physiological process (Muller et al. 2011, 
Zong et al. 2014), and it exerts a profound impact on plant 
photosynthesis and water and light use (Zhang et al. 2010, 
Soares et al. 2015). In arid habitats, plants can optimize 
stomatal regulation (Farquhar and Sharkey 1982), regulate 
leaf movement (Du et al. 2010), reduce leaf area, and 
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increase the depth of root systems (Maseda and Fernández 
2006) through morphological and physiological pathways 
in order to maximize carbon assimilation for a given 
amount of water (Mitchell et al. 2008, Gao et al. 2010, 
Gardian et al. 2011), ultimately improving the WUE.  

Studies have shown that the leaf photosynthetic 
parameters of plants, such as Malus pumila cv. Goldspur 
(Zhang et al. 2010) and Campsis radicans (L.) Seem (Xia 
et al. 2011b), do not follow a simple linear relationship 
with soil moisture but exhibit a critical effect of soil 
moisture. In recent years, some research has been 
conducted on drought resistance of different afforestation 
tree species (Du et al. 2010). Relevant studies concerned 
changes in plant anatomic structures and physio-
biochemical factors under different degrees of water 
deficit and their characteristics and mechanisms of 
adaptation to water stress (Farooq et al. 2009, Jin et al. 
2011, Talaat et al. 2015). However, most of the studies are 
limited to polyethylene glycol (PEG) treatments or simple 
pot simulations, not under field conditions, and their 
experimental designs mainly include three to four levels of 
water treatment, such as mild, moderate, and severe 
drought stress. Responses of photosynthesis to soil 
moisture may be complex and cannot be captured by such 
a simple design. Thus, little is known about the response 
of plant photosynthesis to the full range of soil moisture 
conditions. Meanwhile, the photosynthetic productivity 
dependence on soil moisture and suitable moisture 
conditions for tree growth in their actual habitat are not 
fully understood, and the research can present guidance for 
afforestation of tree species. 

The shell ridge is mainly formed by biological shells 
living in an intertidal zone and their debris  transported by 
waves and accumulated near a high-tide line. Two shell 
ridges, roughly parallel with the coast, are located in the 
Yellow River Delta of China. These shell ridges are of high 
elevations, and the shell sand soil shows large porosity, 
high coarse sand content, and poor rainwater storage 
capacity. Moreover, this region lacks freshwater resources, 
together with an uneven distribution of seasonal 

precipitation and a high evaporation-to-precipitation ratio. 
Consequently, soil moisture is the main limiting factor for 
vegetation growth on the shell ridges in this area. Existing 
research has investigated the physiology and ecology of 
plants grown on the shell ridges in this region and focused 
on physiological parameters of photosynthesis in major 
shrub species, such as Periploca sepium (Wang et al. 
2013) and Ziziphus jujuba (Zhang et al. 2014), under a few 
drought gradients of simulated shell sand habitats. 
Tamarix chinensis Lour. has a strong capacity for wind 
break and sand fixation, as well as soil and water 
conservation. It is the major tree species used for 
vegetation restoration and ecological reconstruction of 
shell ridges in the Yellow River Delta, but its physiological 
response to water availability in this habitat has not been 
thoroughly studied. This situation has substantially limited 
research-based and knowledgeable decisions on tree 
species selection and planting management at shell ridges.  

In this study, we selected T. chinensis, the dominant 
species on the shell ridges in the Yellow River Delta, as 
the experimental material. Serial moisture gradients were 
simulated and designed under field conditions. Photo-
synthetic light-response parameters and stem sap flow 
characteristics of T. chinensis were measured under 
gradient moisture conditions. The aims of our study were 
to elucidate the soil moisture response of photosynthetic 
parameters and characteristics of water consumption in 
T. chinensis, and to clarify suitable moisture conditions for 
plant growth of T. chinensis at the shell ridges. Further-
more, we established the grading of soil moisture avail-
ability and productivity evaluation based on photosyn-
thetic parameters and stem sap flow characteristics of 
T. chinensis in order to provide a theoretical basis and 
technical reference for a site selection and water 
management of T. chinensis at shell ridges. We hypo-
thesized that leaf photosynthesis and stem sap flow 
parameters of T. chinensis grown on shell ridges did not 
follow a simple linear relationship with soil moisture but 
show a clear threshold effect.  

 
Materials and methods  
 
Site description: Field experiments were performed in 
Jijiabuzi-Wangzidao, which is located at the central and 
eastern coastal lowlands of the Wudi County, Binzhou 
City, Shandong Province, China. The experimental site is 
located in the buffer zone of the Binzhou National Shell 
Ridge Island and Wetland Nature Reserve (N38°13′–
38°14′, E117°52′–117°56′). This area belongs to the East 
Asian monsoon semi-humid continental climate zone in 
the warm temperate region. It has an average annual 
sunshine of 2,849 h, average annual rainfall of 550 mm, 
average annual evaporation of 2,431 mm, and average 
annual temperature of 12.4°C. The shell ridge island has a 
flat terrain. The thickness of shell sand is 1.0–2.5 m on 
average and reaches up to 3.0–4.0 m in local areas. Shell 

ridge soil has the following properties: shell sand content 
> 90%, pH 7.40, soil salt content < 0.3%, soil moisture at 
field capacity 21%, and bulk density 1.25 g cm-3. The 
major vegetation types are xeric herbs and shrubs. 
Dominant shrub species include T. chinensis, P. sepium, 
and Z. jujuba. 

 
Experimental material and design: Three-year-old 
T. chinensis seedlings with a mean height of 1.36 m and a 
mean root diameter of 0.86 cm were selected. Six plots of 
100 cm (length) × 80 cm (width) × 60 cm (depth) each 
were dug near a sparse area of T. chinensis shrub 
communities on shell ridges in the Yellow River Delta. 
The bottom of the plot was covered with an impermeable 
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film. Separating ditches were dug around each plot, and 
ridges were built up using an impermeable film to prevent 
water exchange with groundwater and external soil water. 
One plant was grown in each plot from 20 March, 2015. 
The experimental plants were allowed to grow for 90 d 
under normal irrigation. Irrigation was performed once 
every 10 d, with 5 L of water applied each time. From  
22 June, the gradient moisture was established by a 
combination of artificial water supply and natural water 
consumption. First, the soil was irrigated to reach saturated 
soil moisture. After 2 d of equilibrium, the initial 
gravimetric soil water content (SWC) and relative soil 
water content (RWC) reached 20% and 92%, respectively. 
Soil samples were collected from the main root 
distribution layer at a 10–30 cm depth, using a 1.5 cm 

diameter soil borer in each plot. Gravimetric SWC was 
determined by oven drying method, the SWC at field 
capacity was measured by ring shear testing in laboratory 
(Tika and Hutchinson 1999), and RWC was calculated as 
the ratio of gravimetric SWC to soil moisture at the field 
capacity. Then, the soil surface was covered with a plastic 
film to reduce evaporation. Thereafter, soil moisture was 
reduced mainly through natural physiological water 
consumption by T. chinensis. The SWC was measured in 
each group every 1–2 d, and the measurement lasted until 
the leaf net photosynthetic rate (PN) of T. chinensis became 
zero. In order to maintain the continuum of soil moisture, 
eleven typical levels of SWC were selected according to 
the differences of RWC and D-optimum law (Kiefer and 
Wolfowitz 1952).  

 
Series of soil moisture content. All the values are means of three replications. GSWC  gravimetric soil water content; RWC  relative 
soil water content. Means ± SE, n = 3. 
 

GSWC [%] 20 ± 1.6 17 ± 1.7 15 ± 1.5 13 ± 1.2 12 ± 1.5 10 ± 1.1 9 ± 1.2 8 ± 0.7 7 ± 0.8 6 ± 0.6 5 ± 0.5 
RWC [%] 92 ± 4.3 82 ± 5.1 73 ± 4.2 63 ± 3.7 54 ± 3.8 49 ± 4.1 44 ± 3.7 39 ± 3.1 35 ± 3.3 29 ± 2.5 23 ± 2.4 

 
Photosynthetic light-response parameters: From  
24 June, leaf photosynthetic light-response parameters of 
T. chinensis were measured in each group every 1–2 d 
using an artificial light source. Measurements were made 
at 09:00–11:00 h and ended on 6 July. In order to avoid a 
systematic bias in physiological parameter changes 
introduced by temporal differences, we measured leaf 
photosynthetic parameters using an alternate model of 
different leaves in different plants, which could further 
ensure the comparability and accuracy of the measured 
data among different treatments. At each moisture 
gradient, we randomly selected three plants (one plant per 
plot) as sample plants for fixed observation. PN-light 
responses were measured in 2–3 healthy, mature, sun-
exposed in the mid–upper canopy of each plant. The leaf 
PN light-response process was measured using the LI-6400 
XT photosynthesis system (LI-COR Inc., Lincoln, NE, 
USA). PAR was controlled at 11 gradient levels [1,200–20 
μmol(photon) m−2 s−1] using artificial light (LI-COR Inc., 
Lincoln, USA). At each PAR, the measurement was 
controlled for 120 s; a CO2 controller was used to maintain 
a CO2 concentration of 370 µmol mol–1, the relative air 
humidity was 55%, and the atmospheric temperature was 
28°C. Leaf areas were calculated from photographs 
obtained from the leaf scans taken using CI-400CIAS 
software (Computer Imaging Analysis Software, CID Co., 
Logan, UT, USA). The light response of major leaf 
photosynthetic parameters was measured, including PN, 
transpiration rate (E), and WUE = PN/E (Prior et al. 2010). 
In addition, the leaf gas exchange parameters of PN and 
WUE were analyzed at a PAR of 1,200 µmol(photon) m–2 
s–1.  

 
 

Stem sap flow was measured on the same three plants as 
on which the photosynthetic parameters measurements 
were carried out. The measurements were made using the 
heat-balance packaged stem sap flow measuring system 
(Stem Heat Balance, Dynamax, AUS), which 
automatically and continuously recorded the instantaneous 
rate and daily flux of stem sap flow. A packaged SGA5 
probe was installed at a 0.4-m height (stem diameter of 
0.61 ± 0.06 cm) of each sample plant on the sunny side. 
Installation of the probe strictly followed the instructions 
of Dynamax, mainly including selection and pre-treatment 
of the stem, installation of the probe, and installation of the 
O-ring and radiation projection shield. The data 
transmission cable of the probe was connected to the 
corresponding interface on the data collector (Delta-T 80 
Logger). Stem sap flow was monitored continuously for 24 
h per day, and the data were collected at 30-min intervals. 
 
Data analysis: The modified rectangular hyperbolic 
model was used to simulate the leaf PN light-response 
curve as follows (Ye 2007): 

P (I) = α 1-

1

I

I




 (I – IC)                

where P(I) is net photosynthetic rate (PN); I is 
photosynthetically active radiation (PAR); α, β, and γ are 
coefficients that are independent of I; and IC is the light 
compensation point (LCP). According to the above model 
expression, nonlinear regression analysis was performed 
using SPSS 12.0. Light-response parameters under diffe-
rent soil moisture conditions were obtained by derivative  
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conversion (Ye 2007): quantum yield parameters (α, β, and 
γ), Im is light saturation point (LSP), P(Im) is light-saturated 
net photosynthetic rate (PNmax), and dark respiration rate 
(RD). The apparent quantum yield (AQY) was calculated 
using the linear regression method of the PN-PAR curve 
under PAR ≤ 200 μmol(photon) m–2 s–1.  

Microsoft Excel 2010 and SPSS 12.0 were used for data 
processing and analysis. The photosynthetic and water 
consumption parameters were analyzed by one-way 

analysis of variance (ANOVA) at different RWC. Signifi-
cant levels of differences between means were determined 
by using Least-significant difference (LSD) tests at the 
0.05 or 0.01 significant levels. Cluster analysis was 
performed on 11 soil moisture points according to PN, 
daily cumulative sap flow (DSF) and WUE, and the cluster 
method was between-group linkage according the measure 
of Euclidean distance. 

 
Results 
 
Leaf PN light response under different moisture 
conditions: Leaf PN of T. chinensis increased rapidly with 
the enhancement of light intensity at a PAR of less than 
200 µmol(photon) m–2 s–1 (Fig. 1) under different soil 
moisture conditions. However, PN decreased significantly 
with continuous enhancement of the light intensity at 
above the saturation intensity except for RWC of 92 and 
73%. The leaf PN of T. chinensis peaked at moderately 
high RWC, decreasing towards high and low values of 
RWC. The highest photosynthetic capacity was obtained 
at RWC of 73%, when the optimum irradiance was in the 
range of 800–1,200 µmol(photon) m–2 s–1. PN was 
maintained relatively high at RWC of 49–63%, when the 
optimum PAR was in the range of 600–800 µmol(photon) 
m–2 s–1. The leaf PN was relatively low under moderate 
drought stress (RWC of 29–44%) and mild waterlogging 
stress (RWC of 82%), with a suitable PAR of 400–1,000 
µmol(photon) m–2 s–1. The leaf PN decreased significantly 
under severe waterlogging stress (RWC of 92%) and 
severe drought stress (RWC of 23%), when the optimum 
was within the range of 800–1,200 and 400–800 
µmol(photon) m–2 s–1, respectively.  
 
Response of leaf PN and WUE to soil moisture: Fig. 2A 
shows that at PAR of 1,200 µmol(photon) m–2 s–1, the leaf 
PN and WUE peaked at moderately high RWC, decreasing 
towards high and low values of RWC. Both parameters 
reached the highest values (3.18 and 1.47 µmol m–2 s–1, 
respectively) at RWC of 73%, following a typical 
unimodal curve. As the soil moisture decreased (RWC < 
73%), there was a significant decline in PN and a slow 
reduction in WUE, suggesting that the sensitivity of leaf 
PN to soil moisture was significantly higher than that of 
WUE. At RWC of 35–63%, PN was maintained relatively 
high; the mean PN was 1.28 µmol(CO2) m–2 s–1, which 
decreased by 60% compared with the maximum value. The 
corresponding WUE was also maintained relatively high; 
the mean WUE was 0.82 μmol mmol–1, which was reduced 
by 44% compared with the maximum value. Under low 
moisture conditions (RWC of 29% and 23%), PN and 
WUE both showed significant differences compared with 
the respective maximum values. PN was reduced by 83% 
and 98%, and WUE was reduced by 67% and 97%, 
respectively. Significant differences were also found in PN 
and WUE under high moisture conditions (RWC of 92% 

and 82%); compared with the respective maximum values, 
PN was reduced by 88% and 80%, and WUE was reduced 
by 80% and 84%, respectively.  
 
Response of leaf photosynthetic light-response para-
meters to soil moisture  
LCP and LSP: As shown in Fig. 2B, the leaf LCP of  
T. chinensis declined to a minimum at RWC of 54% and 
then rose with RWC decreasing. Relatively low LCP  
(72–78 µmol m–2 s–1) appeared at RWC of 44–73%. The 
leaf LSP of T. chinensis peaked at moderately high RWC, 
decreasing towards high and low values of RWC. A 
relatively high LSP (934–1,013 µmol m–2 s–1) was found 
at a RWC of 35–73%, and the highest value appeared at 
RWC of 49%.  
AQY and PNmax: Fig. 2C shows that the leaf AQY and 
PNmax of T. chinensis both reached a peak at moderately 
high RWC and then declined towards high and low values 
of RWC. AQY reached the maximum value of 0.025 at 
RWC of 73% and then slowly decreased with decreasing 
RWC. AQY was maintained at relatively high levels of 
0.018–0.025 with RWC in the range of 35–92%. AQY was 
significantly lower at RWC < 35%. The reduction in AQY 
 

 
 
Fig. 1. Leaf photosynthetic light-response curves of Tamarix 
chinensis under different soil moisture conditions. PAR – 
photosynthetically active radiation; PN – net photosynthetic rate; 
RWC – relative soil water content. 
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Fig. 2. Leaf net photosynthetic rate and water use efficiency at a PAR of 1,200 µmol m–2 s–1 (A), leaf light compensation point and light 
saturation point (B), leaf apparent quantum yield and maximum net photosynthetic rate (C), and leaf dark respiration rate (D) of Tamarix 
chinensis under different soil moisture conditions. The values represent the means of 3 replications and the bars represent SE. PN – net 
photosynthetic rate; RWC – relative soil water content; WUE – water-use efficiency; LCP – light-compensation point; LSP – light-
saturation point; AQY – apparent quantum yield; PNmax – light-saturated net photosynthetic rate; RD – dark respiration rate. 
 

 
 
Fig. 3. Daily cumulative sap flow of Tamarix chinensis stems 
under different soil moisture conditions. DSF – daily cumulative 
sap flow; RWC – relative soil water content.  
 
relative to the maximum value was 68%, and the low-light 
use capacity was markedly reduced at RWC of 23%. PNmax 
reached the highest value of 2.81 µmol(CO2) m–2 s–1 at 
RWC of 63% and then declined significantly with 
decreasing RWC. Leaf photosynthetic capacity was 
significantly reduced at RWC > 82% and RWC < 39%; the 
reduction in PNmax relative to the maximum value was 50% 
and 35% at RWC values of 92% and 23%, respectively. 
The analysis showed that the leaf light-use efficiency of 
T. chinensis was significantly higher under high water 
contents (RWC > 54%) than under drought stress; how-

ever, the photosynthetic capacity appeared to be signifi-
cantly higher under severe drought stress (RWC < 35%) 
than that under waterlogging stress (RWC > 82%), 
indicating the water adaptability of T. chinensis, namely to 
drought stress in contrast to waterlogging.  
RD: Fig. 2D shows that the leaf RD of T. chinensis peaked 
at moderately high RWC, decreasing towards high and low 
values of RWC. Relatively high values of RD (1.44–1.66 
µmol m–2 s–1) were maintained at RWC > 49% and the 
maximum value (1.81 µmol m–2 s–1) appeared at RWC of 
54%. Furthermore, RD significantly declined with decreas-
ing RWC. The minimum value of 0.87 µmol m–2 s–1 
appeared under severe drought stress (RWC of 23%). On 
balance, the leaf RD was significantly higher under high 
water conditions (RWC > 49%) than that under low water 
conditions (RWC < 44%).  
 
Daily cumulative sap flow (DSF): As shown in Fig. 3, 
under different soil moisture conditions, DSF in the stems 
of T. chinensis followed similar trends in an “S” pattern, 
with highly significant variations between day and night. 
Under waterlogging stress (RWC of 92%) and severe 
drought stress (RWC of 23%), T. chinensis exhibited no 
sap flow activities from 13:00 to 07:30 in the next morning 
(18 h), indicating that the excessively high or low water 
content inhibited water use by T. chinensis. The DSF 
showed highly significant differences with RWC change. 
The DSF reached a peak at a RWC of 73% and then 
declined greatly with increasing drought stress. At RWC 
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of 49–82%, T. chinensis maintained relatively high DSF at 
219–286 g d–1. Under RWC of 29–44%, DSF reached  
79–96 g d–1. At a RWC of 92% and 23%, the DSF 
markedly dropped to 55 and 32 g d–1, respectively. The 
analysis showed that under suitable moisture conditions, 
T. chinensis could maintain stem sap flow activities for a 
long time, even at night, and DSF was maintained at higher 
levels. The results showed that increasing drought stress 
inhibited to some extent a water loss of T. chinensis, 
reflecting the survival strategy of this species as adaption 
to drought stress. Drought resulted in a decline in stem sap 
flow velocities of T. chinensis more easily than did 
waterlogging stress. 
 

 
 
Fig. 4. Cluster analysis of soil moisture for Tamarix chinensis 
seedlings. RWC – relative soil water content.  
 

Table 1. Grading criterion of soil water productivity for Tamarix chinensis Lour using cluster analysis. All the values are means of three 
replications. Means ± SE, n = 3. Different lowercase letters indicate significant differences (P<0.05). DSF – daily cumulative sap flow; 
PN – net photosynthetic rate; WUE – water-use efficiency. 
 

Cluster Grading of soil water productivity Cluster mean±SE 
PN [μmol m–2 s–1] WUE [μmol mmol–1] DSF [g d–1] 

I High photosynthetic capacity and high WUE 3.18 ± 0.59a 1.46 ± 0.43a 286 ± 26a 

II Medium photosynthetic capacity and medium WUE 1.34 ± 0.43b 0.70 ± 0.39b 247 ± 22b 

III Low photosynthetic capacity and low WUE 0.55 ± 0.15c 0.44 ± 0.21c 65 ± 17c 

 
Grading of the soil moisture productivity: Cluster 
analysis was performed on 11 soil moisture points 
according to PN, DSF, and WUE. When the number of soil 
moisture clusters was 3 using cluster analysis, the results 
are summarized in Fig. 4 and Table 1. The physiological 
significance of different soil moisture was clarified in 
order to establish the grading of soil moisture availability 
and evaluation criteria for T. chinensis seedlings, based on 
the response of the plant photosynthesis process and water 
consumption capacity to soil moisture (Figs. 2A, 3). 
According to the cluster means, the soil moisture 
productivity and availability for T. chinensis seedlings 
were divided. Cluster I: RWC was ranked to a high PN, 
DSF, and WUE type. In this cluster, all three parameters 
reached the highest values at RWC of 73%. Despite high 
water consumption, the T. chinensis seedlings showed the 
highest production efficiency, called high photosynthetic 
capacity and high WUE. Cluster II: RWC was ranked to 
the medium PN, DSF, and WUE type; RWC was in the 

range of 49–63% and 82%, called medium photosynthetic 
capacity and medium WUE. Cluster III: RWC was ranked 
to the low PN, DSF, and WUE type; RWC ≤ 44% or ≥ 92%, 
called low photosynthetic capacity and low WUE. The 
cluster means of high and medium photosynthetic capacity 
of PN were 5.8 and 2.4 times, respectively, that of low PN. 
The cluster means of DSF under high water consumption 
and medium water consumption were 4.4 and 3.8 times, 
respectively, that of DSF under low water consumption. 
The cluster means of high-efficiency and medium-
efficiency WUE were 3.3 and 1.6 times, respectively, that 
of low-efficiency WUE. The analysis of variance results 
revealed that the above division of soil moisture had a 
great impact on the PN, DSF, and WUE of T. chinensis, 
showing significant differences. Thus, different soil 
moisture conditions significantly affected the photo-
synthetic characteristics and water consumption of 
T. chinensis seedlings. 

 
Discussion 

 
Photosynthetic light-response parameters: With in-
creasing RWC, the leaf AQY, LSP, PNmax, and RD of 
T. chinensis reached a peak at moderately high RWC and 
then declined towards high and low values of RWC, while 
LCP followed the opposite trend. However, the critical 
water point for peak or bottom values of these parameters 
showed certain differences. A similar phenomenon has 
been found in photosynthetic light-response parameters of 
shrubs Z. jujuba (Xia et al. 2014), Prunus sibirica (Xia et 
al. 2011a), Hippophae rhamnoides L., and Pinus tabulae-

formis Carr. (Lang et al. 2013), as well as in Campsis 
radicans (Xia et al. 2011b). Under different soil moisture 
conditions, the leaf LCP of T. chinensis was in the range 
of 72–118 µmol m–2 s–1, and LSP was in the range of 769–
1,013 µmol m–2 s–1, being characteristic of heliophytes 
(Meng 2000). AQY was between 0.008 and 0.025, lower 
than the range (0.03–0.05) of AQY in most plant species 
under suitable growth conditions, and it showed that the 
capability of T. chinensis for using low light was low. The 
leaf LCP showed significant variations under drought 
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stress and waterlogging stress. The lowest LCP of 72 µmol 
m–2 s–1 appeared at RWC of 54%, the corresponding AQY 
was 0.021, indicating a relatively strong low-light use 
capacity of leaves of T. chinensis under this moisture 
condition (RWC of 54%).  

The leaf AQY and RD of T. chinensis seedlings were 
both markedly higher under waterlogging stress than under 
drought stress. However, PNmax and LCP followed the 
opposite trend, higher namely under drought than under 
waterlogging stress. These results indicated that  
T. chinensis maintained a better photosynthetic potential 
under drought than under waterlogging stress. This species 
can adapt to drought stress by the strategy of increasing 
LCP, weakening low-light use, and reducing respiratory 
consumption. The leaf LSP of T. chinensis seedlings 
showed no significant variations under drought and 
waterlogging stress. The parameter of LSP was maintained 
at low values of 769–794 µmol m–2 s–1, indicating that 
under drought and waterlogging stress, the leaves of  
T. chinensis can easily reach light saturation, while the 
excessive absorption of light quanta may be dissipated 
through fluorescence and heat dissipation (Gardian et al. 
2011, Ye and Kang 2012), showing the adaptability of  
T. chinensis to withstand high-light intensity. This mecha-
nism may be a survival strategy for T. chinensis in order to 
protect photosynthetic organs from high-intensity light 
damage under extreme drought or waterlogging stress. The 
highest LSP was found in leaves of T. chinensis at RWC 
of 49%; under such a moisture condition, the light 
inhibition was relatively weak, and the light-use efficiency 
was the highest, showing an optimum photosynthetic 
performance. The highest PNmax in the T. chinensis leaves 
appeared at RWC of 63%; under this moisture condition, 
the enhancement of leaf photosynthetic capacity might be 
associated with an increase in stomatal conductance, 
improvement in the plant water status, and enhancement of 
inorganic ion uptake and transport capacity (Gardian et al. 
2011, Wang et al. 2012). Leaf PNmax values of T. chinensis 
were markedly higher under drought stress than under 
waterlogging stress (Fig. 2C). Indeed, T. chinensis 
retained a certain photosynthetic capacity under drought 
habitats, exhibiting its water adaptability with strong 
drought tolerance and no waterlogging tolerance.  
 
Leaf PN and WUE: Different results have been obtained 
with respect to the response relationship of the leaf PN and 

WUE in plants to soil moisture, depending on the numbers 
of simulated moisture gradients. Suitable soil moisture can 
significantly increase the photosynthetic capacity of plants 
at community and leaf levels. An increase or decrease in 
the soil moisture to some extent inhibits photosynthesis in 
plants. For example, it has been found that the physio-
logical parameters of photosynthesis in plant species, such 
as Malus pumila cv. Goldspur (Zhang et al. 2010),  
C. radicans (Xia et al. 2011b), and Z. jujuba (Xia et al. 
2014), follow a certain threshold response relationship 
with soil moisture. The leaf photosynthetic efficiency 
parameters of T. chinensis grown at shell ridges also 
showed a similar threshold effect of soil moisture. Studies 
have revealed different soil moisture critical values for the 
highest PN values of different plant species (Table 2). 
These findings indicate that the critical value of soil 
moisture for the highest PN is substantially different with 
varying plant types and habitat conditions. 

In this study, the maximum leaf WUE of T. chinensis 
grown on shell ridges appeared at RWC of 73%; however, 
the WUE values were relatively low at RWC ≥ 82% and 
RWC ≤ 29%. This result indicates that excessively high or 
low moisture can significantly inhibit the efficient use of 
water by T. chinensis. The reason is that the normal 
physiological metabolism of the plant roots is inhibited or 
that plants maintain a limited water consumption in order 
to obtain carbon for growth, making the leaves obtain the 
maximum CO2 assimilation by limited water loss. Leaves 
exhibit stomatal optimization behavior (Farquhar and 
Sharkey 1982), resulting in gradual stomatal closure in 
order to reduce transpiration loss. Although stomatal 
closure reduces the absorption of CO2 and the associated 
photosynthetic capacity is decreased, photosynthesis is 
limited by various factors, namely at its limiting process 
that is a carboxylation reaction (Jin et al. 2011). Therefore, 
under drought stress, the leaves of T. chinensis reduce 
transpiration, stomatal conductance, and intercellular CO2 
concentrations to reduce water loss and meanwhile 
enhance CO2 assimilation (Xia et al. 2014), resulting in a 
higher WUE under drought stress (RWC of 29%) than that 
under waterlogging stress (RWC of 82–92%) (Fig. 2A). 
This finding is similar to conclusions of other studies 
regarding the strategy through which a water deficit 
increases the plant WUE to adapt to a drought habitat in 
the early stages of mild drought or drought (Gao et al. 
2010, Zhang et al. 2010). The leaf WUE of T. chinensis  

Table 2. The different soil moisture critical values for the highest PN values of different plant species. PN – net photosynthetic rate; 
RWC – relative soil water content. 
 

Functional types Plant species The highest PN values at RWC [%] Reference 

Shrub H. Ammodendron 50 Gao et al. 2010 
Shrub  P. sibirica 68 Xia et al. 2011a 
Liana  C. radicans 71 Xia et al. 2011b 
Shrub  T. chinensis 73 In this study 
Tree  M. pumila cv. Goldspur 76 Zhang et al. 2010 
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exhibited great differences following changes in RWC, 
mainly because PN and E showed an asynchronous 
response to soil moisture and an inconsistent sensitivity to 
moisture changes. Under water stress, the leaf PN and E of 
T. chinensis both followed a downward trend; however, PN 
showed a more sensitive response to RWC under 
waterlogging stress (Fig. 1). The reduction in the leaf PN 
was far greater than that in the leaf E of T. chinensis, 
accounting for the relatively low WUE. The opposite trend 
was found under drought stress. Thus, waterlogging stress 
can lead more easily to a reduction in the leaf 
photosynthetic capacity and WUE of T. chinensis com-
pared to drought stress. This finding suggests that 
T. chinensis possesses weak waterlogging tolerance but 
prefers a certain drought environment. In summary, the 
leaf photosynthetic efficiency parameters (e.g., PN and 
WUE) of T. chinensis did not follow a single linear 
relationship with soil moisture. T. chinensis seedlings did 
not show the highest PN and WUE under saturated 
moisture conditions (Figs. 1, 2A), possibly because the 
short-term waterlogging stress led to root anoxia and water 
imbalance, causing leaf stomatal closure and increased 
CO2 diffusion resistance (Gautam et al. 2015). 
 
Transpiration and water consumption capacity: The 
stem sap flow velocities of T. chinensis seedlings initially 
increased and then decreased with decreasing RWC. Only 
under fully saturated moisture conditions (RWC > 92%), 
T. chinensis grown on shell ridges limits its transpiration 
to some extent, while T. chinensis grown in the desert can 
take full advantage of water resources (Xu et al. 2007). 
The results indicated that T. chinensis grown on shell 
ridges was not well adapted to a high moisture 
environment, and Cui et al. (2010) reported that 
T. chinensis could not survive under waterlogging for a 
long period of time. Under drought stress, the stem sap 
flow velocities of T. chinensis seedlings followed a 
markedly decreasing trend with the decrease in RWC 
below 49%. This trend was similar to conclusions obtained 
from S. superba (Zhou et al. 2011) and Z. jujuba (Xia et 
al. 2014), possibly because increased soil-to-shoot 
hydraulic resistance and lower soil hydraulic conductance 
caused limited water uptake by plant roots (Irvine et al. 
1998). It has been reported that different soil moisture 
conditions in wet and dry seasons yielded significant 
differences in the stem sap flow of Schima superba; the 
sap flow density decreased significantly with decreasing 
soil moisture (Zhou et al. 2011). In contrast, an increase in 
soil moisture markedly improved the sap flow velocity in 
T. ramosissima (Xu et al. 2007) and Z. jujuba (Xia et al. 
2014). However, other studies (Pataki and Oren 2003, 
Otieno et al. 2005) have demonstrated that drought does 
not reduce the stem sap flow of certain deciduous tree 
species but it only causes leaf senescence and fall to occur 
earlier in the late growing season.  

More than 99.8% of stem sap flow is used for 
transpiration (Yue et al. 2006), and the daily cumulative 

sap flow directly reflects the capacity of trees for daily 
water consumption by transpiration. The daily water 
consumption of Haloxylon ammodendron is significantly 
correlated with soil moisture, and its daily cumulative sap 
flow increases with increasing soil moisture (Li et al. 
2012). In this study, the daily water consumption for the 
transpiration of T. chinensis seedlings grown on shell 
ridges showed a certain threshold effect of soil moisture; 
the maximum daily water consumption for transpiration 
occurred at RWC of 73%, rather than under saturated 
moisture conditions. The stem sap flow of T. chinensis was 
significantly reduced under severe drought stress. This 
phenomenon reflects that a soil moisture deficit affects 
water uptake by roots, leading to a significant reduction in 
the daily cumulative sap flow of T. chinensis; it is a water 
adaptation strategy for drought stress adaption. The daily 
cumulative sap flow of T. chinensis seedlings exhibited the 
“S” shaped pattern under different moisture conditions, 
with substantial variations between day and night. These 
trends are similar to the response of stem sap flow of 
Z. jujuba grown on shell ridges (Xia et al. 2014). The daily 
cumulative sap flow curve of Haloxylon ammodendron is 
different, as a linear trend under sufficient moisture 
conditions; however, a similar change process is found 
under moisture deficiency (Li et al. 2012).  

 
Grading and evaluation of soil moisture availability: 
Cluster analysis was performed on series of soil moisture 
points measured, mainly using photosynthetic parameters, 
such as PN, E, WUE, and light-use efficiency. The soil 
moisture threshold grading and evaluation were performed 
according to the cluster means in combination with the 
response of physiological parameters of plant photo-
synthesis to soil moisture (Xia et al. 2014, Zhang et al. 
2014). Some studies (Zhang et al. 2010) used a constraint 
solving method or critical value classification method, 
which solve the critical moisture content for photo-
synthetic parameters and then divide the soil moisture 
availability. This method requires a significant quanti-
tative relationship between photosynthetic parameters and 
soil moisture. In the present study, the soil moisture 
availability was graded using the cluster analysis. Taking 
into consideration the autocorrelation between WUE and 
E, we introduced the daily cumulative sap flow instead E, 
in order to improve further the accuracy of clustering 
results. Using this method, T. chinensis was classified as 
of the high photosynthetic capacity and high WUE for 
growth on shell ridges at RWC of 73%. This moisture 
condition maintained a relatively high photosynthetic 
capacity of T. chinensis and inhibited low-efficiency water 
consumption caused by transpiration, thereby ensuring 
efficient physiological water use in T. chinensis leaves. 
Cui et al. (2010) reported that sites with shallow water 
table depth (less than 1.5 m) and lower soil salinity (less 
than 30 practical salinity unit) were more suitable for the 
growth of T. chinensis. According to the soil water 
conditions, beach ridge zone is considered the suitable 
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habitats for T. chinensis seedlings grown for restoration 
processes on shell ridges. 
 
Conclusions: The leaf photosynthetic efficiency and stem 
sap flow parameters of T. chinensis showed a clear 
threshold response to soil moisture changes and this 
response was synchronous to a large extent. T. chinensis 
exhibited a complex variation of photosynthesis and water 
use parameters under contrasting water availability on 
shell ridges. Excessively high or low moisture markedly 
reduced the leaf photosynthetic efficiency of T. chinensis. 
T. chinensis seedlings exhibited a relatively high 
photosynthetic capacity and WUE under suitable moisture 
conditions, and high photosynthetic capacity and high 
WUE was obtained at RWC of 73%. Under drought stress, 
the leaf photosynthetic capacity and WUE were higher 
than those under waterlogging stress. Water stress 
significantly inhibited the daily water consumption of 
T. chinensis seedlings; however, drought stress caused a 
larger reduction in daily water consumption compared to 

waterlogging stress. With increasing waterlogging or 
drought stress, T. chinensis delayed the start time of stem 
sap flow in the morning and ended the sap flow activity 
earlier in the day time in order to shorten the daily 
transpiration period and reduce daily water consumption, 
thus showing a good capacity for regulating the water 
physiology under drought stress. 

The most prominent ecological feature of shell ridges 
in the Yellow River Delta is drought and water shortage. 
Vegetation construction in such habitats should aim to 
improve effectively the water-use efficiency, but not to 
achieve the highest photosynthetic productivity with full 
supply of water. Therefore, we combined the actual water 
resources on shell ridges and began from the perspective 
of high photosynthetic productivity and high-efficiency 
water use of T. chinensis to determine suitable soil 
moistures for WUE. RWC of 49–63% was found as the 
suitable range of soil moisture for T. chinensis seedlings 
grown on shell ridges.  

 
References 
 
Cui B.S., Yang Q.C., Zhang K.J. et al.: Responses of saltcedar 

(Tamarix chinensis) to water table depth and soil salinity in the 
Yellow River Delta, China. – Plant Ecol. 209: 279-290, 2010. 

Du N., Guo W.H., Zhang X.R., Wang R.Q.: Morphological and 
physiological responses of Vitex negundo L. var. heterophylla 
(Franch.) Rehd. to drought stress. – Acta Physiol. Plant. 32: 
839-848, 2010. 

Farooq M., Wahid A., Kobayashi N. et al.: Plant drought stress: 
effects, mechanisms and management. – Agron. Sustain. Dev. 
29: 185-212, 2009. 

Farquhar G.D., Sharkey T.D.: Stomatal conductance and 
photosynthesis. – Annu. Rev. Physiol. 33: 317-345, 1982. 

Gao S., Su P.X., Yan Q.D., Ding S.S.: Canopy and leaf gas 
exchange of Haloxylon ammodendron under different soil 
moisture regimes. – Sci. China Life Sci. 53: 718-728, 2010. 

Gardian Z., Tichý J., Vácha F.: Structure of PSI, PSII and antenna 
complexes from yellow-green alga Xanthonema debile. – 
Photosynth. Res. 108: 25-32, 2011. 

Gautam P., Lal B., Raja R. et al.: Effect of simulated flash 
flooding on rice and its recovery after flooding with nutrient 
management strategies. – Ecol. Eng. 77: 250-256, 2015. 

Hsiao T.C.: Plant responses to water stress. – Annu. Rev. Plant 
Physiol. 24: 519-570, 1973. 

Irvine J., Perks M.P., Magnani F. et al.: The response of Pinus 
sylvestris to drought: stomatal control of transpiration and 
hydraulic conductance. – Tree Physiol. 18: 393-402, 1998. 

Jin X., Xu J., Bai K.D. et al.: [Comparison of drought strategies 
of three co-existing woody plants by their hydraulic structures.] 
– J. Beijing Forest. Univ. 33: 135-141, 2011. [In Chinese] 

Kiefer J., Wolfowitz J.: Stochastic estimation of the maximum of 
a regression function. – Ann. Math. Stat. 23: 462-466, 1952. 

Lang Y.,Wang M., Zhang G.C. et al.: Experimental and 
simulated light responses of photosynthesis in leaves of three 
tree species under different soil water conditions. – 
Photosynthetica 51: 370-378, 2013. 

Li M.L., Zhou H.F., Sun P.F.: [Comparative study on the rule of 
stem-sap flow of Haloxylon ammodendron in the southern 

marginal zone of Junggar Basin.] – Arid Zone Res. 29: 101-
108, 2012. [In Chinese] 

Maseda P.H., Fernández R.J.: Stay wet or else: three ways in 
which plants can adjust hydraulically to their environment. – J. 
Exp. Bot. 57: 3963-3977, 2006. 

Meng F.J.: [Plant Physiology.] Pp. 63-65. Huazhong Univ. Sci. 
Technol. Press, Wuhan 2000. [In Chinese] 

Mitchell P.J., Veneklaas E.J., Lambers H., Burgess S.S.O.: Leaf 
water relations during summer water deficit: differential 
responses in turgor maintenance and variation in leaf structure 
among different plant communities in south-western Australia. 
– Plant Cell Environ. 31: 1791-1802, 2008. 

Muller B., Pantin F., Génard M. et al.: Water deficits uncouple 
growth from photosynthesis, increase C content, and modify 
the relationships between C and growth in sink organs. – J. Exp. 
Bot. 62: 1715-1729, 2011. 

Otieno D.O., Schmidt M.W.T., Kinyamario J.I. et al.: Responses 
of Acacia tortilis and Acacia xanthophloea to seasonal changes 
in soil water availability in the savanna region of Kenya. – J. 
Arid Environ. 62: 377-400, 2005. 

Pataki D.E., Oren R.: Species differences in stomatal control of 
water loss at the canopy scale in a mature bottom land 
deciduous forest. – Adv. Water Resour. 26: 1267-1278, 2003. 

Prior S.A., Runion G.B., Rogers H.H. et al.: Elevated 
atmospheric carbon dioxide effects on soybean and sorghum 
gas exchange in conventional and no-tillage systems. – J. 
Environ. Qual. 39: 596-608, 2010. 

Soares M.L.G., Tognella M.M.P., Cuevas E., Medina E.: 
Photosynthetic capacity and intrinsic water-use efficiency of 
Rhizophora mangle at its southernmost western Atlantic range. 
– Photosynthetica 53: 464-470, 2015. 

Sofo A., Dichio B., Montanaro G. et al.: Photosynthetic 
performance and light response of two olive cultivars under 
different water and light regimes. – Photosynthetica 47: 602-
608, 2009. 

Talaat N.B., Shawky B.T., Ibrahim A.S.: Alleviation of drought-
induced oxidative stress in maize (Zea mays L.) plants by dual 



WATER CONSUMPTION AND PHOTOSYNTHESIS OF TAMARIX CHINENSIS 

377 

application of 24-epibrassinolide and spermine. – Environ. 
Exp. Bot. 113: 47-58, 2015. 

Tika T.E., Hutchinson J.N.: Ring shear tests on soil from the 
Vaiont landslide slip surface. – Géotechnique 49: 59-74, 1999. 

Wang R.R., Xia J.B., Yang J.H. et al.: [Comparison of light 
response models of photosynthesis in leaves of Periploca 
sepium under drought stress in sand habitat formed from 
seashells.] – Chin. J. Plant Ecol. 37: 111-121, 2013. [In 
Chinese] 

Wang Z.X., Wei H., Li C.X. et al.: [Effect of soil moisture 
variations on photosynthetic charanteristics of slash pine 
seedlings.] – Acta Bot. Boreali-Occident. Sin. 32: 980-987, 
2012. [In Chinese] 

Xia J.B., Zhang G.C., Sun J.K., Liu X.: [Threshold effects of 
photosynthetic and physiological parameters in Prunus sibirica 
to soil moisture and light intensity.] – Chin. J. Plant Ecol. 35: 
322-329, 2011a. [In Chinese]  

Xia J.B., Zhang G.C., Wang R.R. et al.: Effect of soil water 
availability on photosynthesis in Ziziphus jujuba var. spinosus 
in a sand habitat formed from seashells: Comparison of four 
models. – Photosynthetica 52: 253-261, 2014. 

Xia J.B., Zhang S.Y., Zhang G.C. et al.: Critical responses of 
photosynthetic efficiency in Campsis radicans (L.) Seem. to 
soil water and light intensities. – Afr. J. Biotechnol. 10: 17748-
17754, 2011b. 

Xia J.B., Zhang S.Y., Zhu L.P. et al.: [Response characteristics 
of stem sap flow and leaf photosynthesis of Ziziphus jujuba var. 
spinosus in response to soil moisture in Shell Ridge Island.] – 
Sci. Silvae Sin. 50: 24-32, 2014. [In Chinese] 

Xu H., Zhang X.M., Yan H.L., Yao S.J.: [Stem sap flow and 

water consumption of Tamarix ramosissima in hinterland of 
Taklimakan Desert.] – Chin. J. Appl. Ecol. 18: 735-741, 2007. 
[In Chinese] 

Ye Z.P., Kang H.J.: [Study on biological significance of 
coefficients in modified model of photosynthesis–irradiance.] 
– J. Yangzhou Univ.-Agric. Life Sci. Edit. 33: 51-57, 2012. [In 
Chinese] 

Ye Z.P.: A new model for relationship between irradiance and 
the rate of photosynthesis in Oryza sativa. – Photosynthetica 
45: 637-640, 2007. 

Yue G.Y., Zhang T.H., Liu X.P., Yi X.Y.: [Development and 
application of thermal methods in measuring stem sap flow.] – 
Sci. Silvae Sin. 42: 102-108, 2006. [In Chinese] 

Zhang S.Y., Xia J.B., Zhang G.C. et al.: Threshold effects of 
photosynthetic efficiency parameters of wild jujube in response 
to soil moisture variation on shell beach ridges, Shandong, 
China. – Plant Biosyst. 148: 140-149, 2014. 

Zhang S.Y., Zhang G.C., Gu S.Y. et al.: Critical responses of 
photosynthetic efficiency of Goldspur apple tree to soil water 
variation in semiarid loess hilly area. – Photosynthetica 48: 
589-595, 2010. 

Zhou C.M., Zhao P., Ni G.Y. et al.: [Whole-tree water use 
characteristics of Schima superba in wet and dry seasons based 
on sap flow and soil-leaf water potential gradient analysis.] – 
Chin. J. Ecol. 30: 2659-2666, 2011. [In Chinese] 

Zong Y.Z., Wang W.F., Xue Q.W., Shangguan Z.P.: Interactive 
effects of elevated CO2 and drought on photosynthetic capacity 
and PSII performance in maize. – Photosynthetica 52: 63-70, 
2014. 

 




