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Abstract 
 
Pulses of rainfall are particularly pivotal in controlling plant physiological processes in ecosystems controlled by limited 
water, and the response of desert plants to rainfall is a key to understanding the responses of desert ecosystems to global 
climatic change. We used a portable photosynthesis system to measure the responses of the diurnal course of 
photosynthesis, light-response curves, and CO2-response curves of two desert shrubs (Nitraria sphaerocarpa Maxim. 
and Calligonum mongolicum Turcz) to a rainfall pulse in a desert–oasis ecotone in northwestern China. The photo-
synthetic parameters, light- and CO2-response curves differed significantly before and after the rainfall pulse. Their 
maximum net photosynthetic rate (PN) values were 23.27 and 32.92 μmol(CO2) m–2 s–1 for N. sphaerocarpa and 
C. mongolicum, respectively, with corresponding maximum stomatal conductance (gs) values of 0.47 and 0.39 mol(H2O) 
m–2 s–1. The PN of N. sphaerocarpa after the rainfall was 1.65 to 1.75 times the value before rainfall, whereas those of 
C. mongolicum increased to approximately 2 times the prerainfall value, demonstrating the importance of the desert 
plants response by improving their assimilation rate to precipitation patterns under a future climate. 
 
Additional key words: Calligonum mongolicum; Nitraria sphaerocarpa; photosynthetic parameters; rainfall pulse; response curves. 
 
Introduction 
 
In desert regions, rainfall events can be characterized as 
"pulses" that result from the infrequent, discrete, and 
largely unpredictable precipitation events (e.g., Schwin-
ning and Sala 2004). Pulses of rainfall are particularly 
pivotal in controlling plant physiological processes in 
ecosystems controlled by limited water (Ivans et al. 
2006), and have been suggested to be an important driver 
of the arid ecosystem's vegetation structure and function 
(Noy-Meir 1973, Ehleringer et al. 1999). The infrequent, 
high-magnitude pulses are biologically relevant because 
they can trigger a cascade of ecosystem responses that 
affect plant nutrient-, water-, and carbon cycling 
(Schwinning and Sala 2004), and the impacts of these 
pulses depend on the number, timing, and intensity of 

storms (Schwinning and Sala 2004). Therefore, it is 
critical to evaluate the physiological responses of desert 
plant to rainfall pulses. Nevertheless, it is difficult to 
predict specific plant responses to rainfall pulses because 
of the strong effects of and interactions between rainfall, 
antecedent soil moisture, and the responses of different 
plant functional types, all of which vary among species, 
deserts, and seasons (Reynolds et al. 2004). 

However, water availability is directly linked to 
rainfall, and rainfall patterns and soil water availability in 
desert ecosystems affect plant recruitment, photosyn-
thesis and growth, competition, nutrient dynamics, and 
net ecosystem productivity (Stephenson 1990, Reynolds 
et al. 1999). Plants in ecosystems controlled by limited  
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water tend to adapt to drought by means of various 
physiological adjustments, such as changes in leaf water 
status (Arndt et al. 2000, Marron et al. 2002, Franks 
2004) and in stomatal and nonstomatal limitation of 
photosynthesis (Cornic 2000, Flexas et al. 2004). Climate 
change will significantly affect desert plants since it will 
affect the rainfall quantity and frequency, which are 
major drivers of biological processes in arid ecosystems 
(Noy-Meir 1973). Desert ecosystems are predicted to 
exhibit some of the strongest responses to global climate 
change (Smith et al. 2000, Xu et al. 2007). Although 
changes in precipitation patterns under future climates 
will likely affect plant establishment, growth, and 
reproduction (Smith and Nowak 1990, Jackson et al. 
2001), not all species will respond equally to changes in 
soil water content.  

Photosynthesis responds to the initial stage of a rainfall 
pulse. The biochemical photosynthetic model of Farquhar 
et al. (1980) accounted well for responses to temperature 
stress, but did not account for the effect of changes in soil 
water on photosynthetic parameters (Harley and Bal-
docchi 1995). For this reason, subsequent researchers 
performed a series of observations on the response of 
photosynthesis to rainfall pulses and the resulting 
changes in soil moisture. For instance, Xu and Li (2006) 
and Xu et al. (2007) studied the water-use strategies of 
three central Asian desert shrubs and their responses to 
rain pulses. Ignace et al. (2007) found that the photo-
synthetic rate and stomatal conductance of Heteropogon 
contortus and Eragrostis lehmanniana bunchgrasses in 
the Sonoran Desert did not always increase after rainfall 
pulses, and found that the magnitude of the response was 
significantly correlated with the antecedent soil moisture 
and with the plant functional type. However, they did not 
study the relationship between photosynthetic response 
and soil moisture. Loik (2007) found that two widespread 
Great Basin Desert shrub species responded to a range of 
summer rainfall pulse magnitudes within about 2 days, 
and that stomatal conductance increased by about 0.3 mol 
m–2 s–1; Artemisia tridentata generally responded more 
strongly than the co-dominant shrub species Purshia 

tridentata. Li et al. (2007) found that net photosynthetic 
rate, stomatal conductance, and transpiration rate of 
Ulmus pumila seedlings increased significantly in res-
ponse to simulated precipitation increases from 0 to 
20 mm in the Hunshandak Sandland of China, whereas 
net photosynthetic rate changed only slightly when 
precipitation exceeded 20 mm, indicating that precipita-
tion greater than 20 mm had no significant effects on 
photosynthesis. When soil water content reached 10%, 
photosynthesis decreased as a result of stomatal limita-
tions, but when soil water content exceeded 15%, these 
limitations largely disappeared, indicating that these elm 
seedlings might be able to tolerate moderate drought. 

Although scientists have discussed the effects of 
drought on photosynthetic parameters in plants and the 
responses of photosynthesis to rainfall pulses, little work 
has been done on the responses of photosynthetic 
parameters to the surplus soil moisture that exists for a 
short time after a rainfall. Precipitation has clear regional 
patterns (Noy-Meir 1973, Schwinning and Sala 2004, 
Schwinning et al. 2004), and the photosynthetic respon-
ses of desert plants appear to vary widely both among and 
within species in different regions. For this reason, it is 
important to study the photosynthetic responses of desert 
plants to soil moisture, and particularly the response 
mechanisms, in order to understand the effects of soil 
moisture variations on photosynthetic parameters. Shrubs 
are the dominant plant species in many desert regions 
(Schwinning and Ehleringer 2001), and N. sphaerocarpa 
and C. mongolicum are typical dominant shrubs in the 
desert regions of China's Heihe River Basin. Under future 
climates, changes in the timing and magnitude of summer 
rainfall pulses will determine the extent to which these 
two species undergo changes in water status and 
photosynthetic carbon uptake, with implications for their 
fitness. To better understand these implications, we 
measured the changes in photosynthetic parameters and 
of light- and CO2-response curves in these desert shrubs 
to reveal the response mechanisms of photosynthesis to 
rainfall pulses and changes in soil moisture. 

 
Materials and methods 
 
Study area: Our experiment was conducted in a desert–
oasis ecotone in the middle of China's Heihe River Basin, 
between 39°22'N and 39°23'N and between 100°07' E 
and 100°08'E. The environment is dominated by a conti-
nental arid temperate climate at an elevation of approxi-
mately 1,350 m a.s.l., with a dry, hot summer and a cold 
winter. The annual rainfall averages 116.8 mm, of which 
65% falls between July and September, with low rainfall 
intensity, and only 3% falls during the winter (December, 
January, and February). The annual temperature averages 
7.6°C, and ranges between –27.3°C in January and 
39.1°C in July. The growing season is from May to 
October, and the frost-free period is about 165 days. The 

wind direction is mainly from the northwest, and the 
wind speed averages 3.2 m s–1, with frequent gales (wind 
speed ≥ 21 m s–1). The groundwater table generally 
ranges from 2 to 5 m in depth. The typical zonal soil is 
characterized as a desert soil, with a coarse texture 
(grains between 0.05 and 0.25 mm in diameter account 
for 80 to 90% of the total). The plant cover is low, 
ranging from 5 to 7%. The organic matter content ranges 
from 0.12 to 0.83%, and the soluble salt content is less 
than 0.1% of the total ionic content (Zhao and Liu 2010). 
The vegetation found on fixed and semifixed dunes is 
composed mostly of desert shrubs, dominated by 
Haloxylon ammodendron, C. mongolicum, Tamarix 
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ramosissima, and N. sphaerocarpa, with an average 
height of 3 m. Of these species, N. sphaerocarpa and 
C. mongolicum account for approximately 75% of the 
total number of shrubs in the study area. The interdune 
lowlands are dominated by annual herbaceous species 
such as Bassia dasyphylla, Halogeton arachnoideus, 
Suaeda glauca, and Agriophyllum squarrosum, which 
have shallower roots than the trees. 

 
Photosynthetic measurements: The experiments were 
carried out during the summer growing season. We chose 
the samples of N. sphaerocarpa and C. mongolicum that 
ranged between 2.2 and 2.5 m in height, with canopies 
that were largely intact and free of obvious signs of 
damage. In the sample plot (100 m × 100 m), we selected 
the youngest mature and healthy assimilative organs of 
each shrub species, and measured the diurnal course of 
photosynthesis using a portable photosynthesis system 
(LI-6400, Li-COR Inc., Lincoln, NE, USA) at 1 d before 
a 21.6-mm rainfall pulse and 1, 3, 5, 7, and 15 d after the 
rainfall. Each set of diurnal measurements was carried out 
at 1-hour intervals from 07:00 to 19:00 h, with mea-
surements of ten shrubs per species. We measured the 
following photosynthetic parameters: net photosynthetic 
rate (PN), stomatal conductance (gs), transpiration rate 
(E), the intercellular CO2 concentration (Ci), and photo-
synthetically active radiation (PAR). Simultaneously, we 
calculated the light-use efficiency (LUE) = PN/PAR, 
physiological water-use efficiency (WUE) = PN/E, and 
CO2-use efficiency (CUE) = PN/Ci. In addition, we 

calculated the light- and CO2-response curves from 10:00 
to 16:00 h 1 d before the rainfall, 3 and 7 d after the 
rainfall, using light intensities and CO2 concentrations of 
0, 50 , 100, 200, 300, 600, 1,000; 1,500; and 2,000 μmol 
m–2 s–1 (light) and μmol(CO2) mol–1(CO2). Simultane-
ously, we measured meteorological data using a auto-
matic weather station (Onset Computer Corporation, 
Pocasset, MA, USA) (Fig. 1). 
 
Meteorological measurements: Meteorological data 
were measured at the study site using an HG1000 
automatic weather station (Onset Computer Corporation, 
Pocasset, MA, USA). Rainfall was measured with a 
tipping-bucket rain gauge (model TE525, metric; Texas 
Electronics, Dallas, TX, USA). Volumetric soil moisture 
was measured using the EnviroSMART™ Soil Water 
Content Profile Probes (Campbell Scientific Inc., Logan, 
UT, USA) from the weather station installed at eight 
depths below the soil surface (10, 20, 30, 40, 50, 60, 80, 
and 100 cm). Soil water content was calculated as the 
mean value of these readings for the top 100 cm of the 
soil. The meteorological data were measured at a 
frequency of 10 Hz and recorded every 5 min using a 
CR1000 datalogger (Campbell Scientific Inc., Logan, UT, 
USA), then stored as the 30-min mean data, whereas 
rainfall data were stored as the 10-min mean data. Soil  
water content was measured every 2 d by means of oven-
drying to validate the soil moisture data provided by the 
automatic weather station during the study period. 

 
 

 
 
Fig. 1. The changes of (A) air temperature (T), (B) relative humidity (RH), (C) vapour pressure deficit (VPD), and (D) cell CO2 
concentration (Cs) during the rainfall pulse. 
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Data analysis: We analyzed the light- and CO2-response 
curves using the Photosyn Assistant 1.1 software 
(http://www.scientific.force9.co.uk/photosyn.htm). The 
response of net photosynthetic rate (PN) to light level (Q) 
can be modeled using a non-rectangular hyperbola in the 
Farquhar model (Prioul and Chartier 1977). We also 
calculated the following parameters from these curves: 
apparent quantum efficiency (QE), the light compen-
sation point (LCP), the light saturation point (LSP), the 
light-saturated maximum assimilation (PNmax), and the 
photorespiration (day respiration) rate (Rday). 

All of these parameters can be determined by fitting 
data to the model, which is expressed as the following 
equation (Prioul and Chartier 1977): 

K

PKPP
P

2

QQE4)QQE(QQE Nmax
2
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

                                                                                        (1) 

where K is the progressive rate of curvature between the 
linear gradient and the maximum value (0,1). 

The response of assimilation is modeled as a function 
of leaf Ci. This fits a model curve described by a 
rectangular hyperbola (Olsson and Leverenz 1994): 

PN = (CE × Ci × Amax)/(CE × Ci + Amax) – Resp                (2) 

where CE is the carboxylation efficiency, Amax is assimi-
lation at saturating CO2 and is respiratory processes (dark 
and light), and Resp is leaf respiration.  

We tested for significant changes in the photosyn-
thetic parameters in response to the rainfall pulse period 
by means of repeated-measures ANOVA using version 
13.0 of the SPSS software (SPSS Inc., Chicago, IL, USA). 
Where we found significant differences, we used the 
least-significant-difference (LSD) test to compare 
specific pairs of values. 

 
Results  
 

Response of photosynthetic parameters to rainfall 
pulse: The photosynthetic parameters of N. sphaerocarpa 
and C. mongolicum responded significantly to the rainfall 
pulse (P<0.001; Table 1), but the two species did not 
differ significantly, indicating that the response resulted 
from the rainfall pulse rather than differences between the 
species. The maximum value of most photosynthetic 
parameters appeared on the seventh day after rainfall, 
except for PAR and E. PN and gs of N. sphaerocarpa 

decreased immediately after the rainfall and then re-
covered, and the response resembled an S-curve, whereas 
PN and gs of C. mongolicum increased immediately after 
the rainfall and then followed a bimodal curve 
(Fig. 2A,B). Their maximum PN values were 23.27 and 
32.92 μmol(CO2) m–2 s–1 for N. sphaerocarpa and 
C. mongolicum, respectively, with corresponding maxi-
mum gs values of 0.47 and 0.39 mol(H2O) m–2 s–1. The 
response curve for E of N. sphaerocarpa also resembled 

 

 
 
Fig. 2. The responses of (A) net photosynthetic rate (PN), (B) stomatal conductance (gs), (C) transpiration rate (E), and (D) 
intercellular CO2 concentration (Ci) were simultaneously measured when we measured the photosynthetic parameter using a portable 
photosynthesis system. 
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Fig. 3. The responses of (A) photosynthetically active radiation (PAR), (B) water-use efficiency (WUE), (C) CO2-use efficiency 
(CUE), and (D) light-use efficiency (LUE) to the rainfall pulse. 
 

 
 
Fig. 4. The responses of (A) net photosynthetic rate (PN), (B) stomatal conductance (gs), (C) transpiration rate (E), and (D) 
intercellular CO2 concentration (Ci) to the pulse of soil moisture. 
 
an S-curve, with the maximum E [13.19 mmol(H2O)  

m–2 s–1] occurring on the seventh day after rainfall, whe-
reas the curve for C. mongolicum more closely resembled 
a parabola, with the maximum [14.49 mmol(H2O) m–2 s–1] 

occurring on the third day after the rainfall (Fig. 2C). 
However, the changes in Ci for N. sphaerocarpa 
resembled a parabola, whereas those of C. mongolicum 
resembled the S-curve, and the two species did not differ 
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significantly, with maximum values of 249.00 and 203.22 
μmol(CO2) mol–1, respectively. 

The response of LUE to the rainfall pulse was 
significant (P<0.001; Table 1), but did not differ signifi-
cantly between the species, nor was there a significant 
interaction effect. PAR increased immediately after the 
rainfall, and the differences were significant (P<0.001; 
Table 1). The response curve for PAR resembled a para-
bola. The maximum PAR for N. sphaerocarpa appeared 
on the third day after the rainfall, but for C. mongolicum, 
it occurred on the first day, with values of 1,575.11 and 
1,617.00 μmol m–2 s–1, respectively (Fig. 3A). The WUE 
of both shrubs followed a bimodal curve (Fig. 3B), but 
CUE followed different patterns; for N. sphaerocarpa, it 
followed the S-curve whereas for C. mongolicum, it 
followed a bimodal curve, with maximum values of 0.16 
and 0.025 mol m–2 s–1, respectively (Fig. 3C). LUE 
followed a parabola for N. sphaerocarpa and the bimodal 
curve for C. mongolicum, with maximum values of 0.018 

and 0.025, respectively (Fig. 3D). 
 

Responses of photosynthetic parameters to soil 
moisture: The responses of the photosynthetic para-
meters to changes in soil moisture were significant for 
both species after the rainfall pulse (P<0.001; Table 1). 
The response curves as a function of soil moisture were 
generally parabolic (Fig. 4). The maximum of most pho-
tosynthetic parameters appeared when soil water content 
reached 4.08% after the rainfall (Fig. 4), except for E 
(Fig. 4C). The response of PN to soil moisture was lower 

for N. sphaerocarpa than for C. mongolicum, with mean 
values of 15.64 and 23.70 μmol(CO2) m–2 s–1, 
respectively (Fig. 4A). The curves for gs differed from 
those for PN. The gs values of N. sphaerocarpa were 
larger than those of C. mongolicum at soil water contents 
less than 4.5%, and vice versa at soil water contents 
greater than 4.5%. The average values were similar after 
the rainfall pulse, with values of 0.24 and 0.26 mol(H2O) 
m–2 s–1, respectively (Fig. 4B). The E value of N. sphaero-
carpa reached its highest value at a soil water content of 
4.08%, vs. 5.09% for C. mongolicum (Fig. 4C). However, 
the pattern of the Ci response to soil moisture did not 
differ significantly between the two species, although the 
response for N. sphaerocarpa was larger than that for 
C. mongolicum (Fig. 4D). 

The relationship between PAR and soil moisture 
resembled a parabola, and PAR averaged 1,397.82 and 
1,396.16 μmol m–2 s–1 

for C. mongolicum and N. sphaero-
carpa, respectively (Fig. 5A). The responses of WUE and 
CUE to soil moisture were stronger for C. mongolicum 
than for N. sphaerocarpa (Fig. 5B,C), and LUE of both 
species responded significantly but similarly to soil 
moisture (Fig. 5D). 
 
Changes in the light- and CO2-response curves in res-
ponse to the rainfall pulse: The photosynthetic capacity 
of both shrubs was significantly affected by the rainfall 
pulse and the resulting changes in soil moisture 
(P<0.001; Table 2), and the light- and CO2-response 
curves differed significantly before and after the rainfall. 

 

 
 
Fig. 5. The responses of (A) photosynthetically active radiation (PAR), (B) water-use efficiency (WUE), (C) CO2-use efficiency 
(CUE), and (D) light-use efficiency (LUE) to the pulse of soil moisture. 
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Fig. 6. The responses of the photosynthetic light-response curves to the rainfall pulse. PN – net photosynthetic rate; PAR – 
photosynthetically active radiation. 
 

 
 

Fig. 7. The responses of the photosynthetic CO2-response curves to the rainfall pulse. PN – net photosynthetic rate; Ci – intercellular 
CO2 concentration. 
 
The response curves fitted the MnMolecular function 
well (R2 = 0.99; Figs. 6, 7). The PN values of N. sphaero-
carpa after the rainfall were 1.65 to 1.75 times the value 
before rainfall, whereas those of C. mongolicum in-
creased to approximately 2 times the prerainfall value 
(Table 2). However, the PN of both shrubs did not 
decrease at high light intensity (2,000 μmol m–2 s–1; Fig. 6) 

or high CO2 concentration [2,000 μmol(CO2) mol–1; 

Fig. 7], which indicates that neither shrub experienced 
inhibition by high light or CO2 levels. The values of all 

the parameters of the light-response curves for the two 
shrubs were significantly different before and after the 
rainfall, except for LCP and Rday of C. mongolicum 
(P<0.05; Table 2). The magnitude of the response of 
PNmax and QE were smaller for N. sphaerocarpa than for 
C. mongolicum (Table 2), which means that the photo-
synthetic capacity and light-use efficiency were higher, 
and their responses to improved soil moisture were 
stronger, for C. mongolicum than for N. sphaerocarpa. 
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Discussion  
 
Pulses of rainfall can trigger a cascade of ecosystem 
responses that affect plant nutrient, water, and carbon 
cycling (Ivans et al. 2006), these responses ultimately 
affect the balance of ecosystem respiration and photosyn-
thate accumulation in low-rainfall ecosystems (Huxman 
et al. 2004). In the present study, the photosynthetic 
parameters of the two desert shrubs responded signi-
ficantly to rainfall pulse, but the maximum value of most 
photosynthetic parameters appeared on the seventh day 
after rainfall, which indicated that the response of the 
shrubs to the rainfall pulse exhibited a time-lag and 
compensated for the removal of the drought stress. 
Because water stress has a characteristic hysteresis effect 
(Boyer 1970), the compensation effect exhibited a time-
lag in the recovery process after the rainfall event. The 
antecedent soil moisture and the change in soil moisture 
after the rainfall were both important for explaining the 
responses of the desert plants to the rainfall pulse (Ogle 
and Reynolds 2004, Reynolds et al. 2004). However, the 
magnitude of the response of the photosynthetic para-
meters is determined by the drought duration and the 
water availability (Yan et al. 2000, Schwinning et al. 
2002). And, the PN values of the two desert shrubs 
increased with increasing soil moisture, then decreased 
when soil water content exceeded ca. 4.08%, because the 
surplus soil moisture interferes with gas exchange. 
Although the two species generally showed similar 
patterns of response to changes in soil moisture, 
N. sphaerocarpa and C. mongolicum differ in their res-
ponses with different values of soil moisture when their 
photosynthetic parameters reach their maximum level.  

Desert plants engage both long-term adaptations and 
short-term modulations to maintain their water balance by 
depressing metabolic activity, thereby shielding them-
selves from the adverse effects of insufficient soil 
moisture (Eagleson 1982). The desert shrubs N. sphaero-
carpa and C. mongolicum are typical super-xerophytic 
shrubs, with deep root systems, and both can usually 
continue to photosynthesize at low levels of soil 
moisture. Water absorption is directly affected by plant 
and soil water status, and this may explain why plant 
responses to rainfall pulses are temporally and spatially 
heterogeneous (Meiresonne et al. 2003, Zeppel et al. 
2004). Photosynthetic organs can respond quickly to 
environmental changes through changes in stomatal con-
ductance (Farquhaar and Sharkey 1982, Dai et al. 2000). 
After the rainfall pulse, gs for N. sphaerocarpa ap-
proached that for C. mongolicum, whereas PN of the latter 
remained higher, and this difference agrees with the 
WUE of multifunctionalization reported by Gebauer and 
Ehleringer (2002), Ivans et al. (2003). Rainfall can also 
increase the rate of enzyme response in the Calvin cycle 
(Woodrow et al. 1984), thereby increasing PNmax of  
 

N. sphaerocarpa and C. mongolicum. Simultaneously, the 
rainfall pulse will enhance the activation of proteins in 
photosystem II in the chloroplasts (Siefermann-Harms 
1992), this will accelerate the rate of electron transport in 
photosystem I (Okada et al. 1976), thereby decreasing 
CCP and increasing CSP of N. sphaerocarpa and 
C. mongolicum. However, the LCP of N. sphaerocarpa 
was lower than that of C. mongolicum both before and 
after the rainfall, whereas the Rday was larger. This means 
that N. sphaerocarpa can adapt well to a low-light 
environment and maintain its metabolism by consuming 
the photosynthate that accumulates during favourable 
periods to alleviate the environmental stress caused by 
drought and high temperatures.  

Desert plants can adapt to environments controlled by 
limited water by increasing their WUE and closing 
stomata during periods of drought stress (Flexas and 
Medrano 2002, Silva et al. 2004). These changes affect 
electron transport and photophosphorylation in the photo-
synthetic system, and the reaction mechanisms respon-
sible for CO2 assimilation (Kaiser 1987). C. mongolicum 
had a lower CCP, higher CSP, and higher PNmax, and a 
larger response magnitude, than N. sphaerocarpa, 
suggesting that C. mongolicum can adapt well to changes 
in CO2 concentration after a rainfall pulse. CE increased 
significantly after the rainfall, and the CE values for 
N. sphaerocarpa were higher than those for C. mongo-
licum both before and after the rainfall (P<0.05; Table 2). 
This means that the ribulose-1,5-bisphosphate carboxy-
lase/oxygenase (Rubisco) activity and carboxylase 
activity of N. sphaerocarpa were higher, and that rainfall 
can relieve the photophosphorylation and Rubisco 
activity, resulting in decreased PN. In addition, the 
magnitude of the response to rainfall of all parameters in 
the light- and CO2-response curves for N. sphaerocarpa 
was smaller than those for C. mongolicum. This 
suggested that C. mongolicum had a strong compensation 
effect and strong response to the rainfall pulse. 

The photosynthetic rates of C. mongolicum and 
N. sphaerocarpa were increased significantly in response 
to rainfall pulses when soil moisture increased by 15% in 
desert regions of China (Figs. 4, 5). Changes in preci-
pitation patterns under a future climate are predicted to 
result in a 15% increase in annual rainfall in arid regions 
(Arritt et al. 2000). Under a future climate, the timing and 
magnitude of rainfall pulses will determine the extent to 
which these desert shrubs will undergo changes in their 
photosynthetic carbon uptake (i.e., Easterling et al. 2000, 
Loik 2007). Our results suggest that both shrubs can take 
advantage of rainfall pulses by improving their 
assimilation rate, though details of their response 
mechanisms differ, and may therefore benefit from the 
predicted climate change that will occur in arid regions. 
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