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1 Introduction

Cavitation and embolism are very common phenomena in 
the xylem of a plant when it suffers from water stress. They 
are usually followed by a decrease in hydraulic conductivity 
and consequently in physiological metabolism (Milbrn, 1979; 
Tyree and Zimmermann, 2002). Most of the current research-
es have revealed that there is a diurnal and seasonal variation 
in xylem embolism (Mcuully et al, 1998; Shen et al, 1999a, 
1999b; Jaquish and Ewers, 2001), but no report has been 
presented about the relationship between alterations of xylem 
embolism with daily physiological metabolism. Therefore, 
this research was conducted on eight tree species which use 
different strategies in response to drought in three seasons in 
2002. 

2 Materials and methods

Six drought-tolerant tree species: Robinia pseudoacacia L., 
Acer truncatum Bge. (survive through dehydration-induced 
water stress at low tissue water potentials) (Li and Zhang, 
1993); Hippophae rhamnoides L., Ulmus pumila L. (survive 
through dehydration-induced water stress at sub-low tissue 
water potentials) (Li and Zhang, 1993), Pinus tabulaeformis 
Carr., Pinus bungeana Zucc. ex. Endl. (survive through 
drought stress by “dehydration postponement” at high tissue 
water potentials) (Li and Zhang, 1993), and two mesophytic 
tree species Ligustrum lucidum Ait., Salix matsudana Koidz.
f. pendula Schneid (generally do not survive through dehy-
dration-induced water stress) that were growing well in simi-
lar environments on the Xilin campus of the Northwest A & F 
University were used. The trees were all 10–15  years old, 
except for H. rhamnoides which was three years old. 

Measurements were all conducted on one-year-old 
twigs (about 5  mm in diameter, 0.8–1.0  m in length) on the 
southern part of the upper canopy of the trees, since this area 
is sus ceptible to embolism and convenient for measuring. 
First, net photosynthesis rate (Pn, μmol/(m2 · s)), transpiration 
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rate (Tr, mmol/(m2 · s)), and stomatal conductance (Gs, μmol/
(m2 · s)) of the leaves in the selected intact twigs were 
determined, and the temperature (T, °C), relative humidity 
(RH, %) and photosynthetic available radiation (PAR, μmol/
(m2 · s)) of the abiotic environment in situ, were measured 
using the LI-6400 photosynthesis system (LI-COR. USA). 
Then, the twigs were excised from the trees, and were imme-
diately placed in black plastic bags which had a wet towel in 
it and quickly transported from the field to the laboratory. 
Subsequently, xylem water potential (WP, MPa) was deter-
mined by using Scholander’s Pressure chamber (Model 3005, 
Soil Moisture Equipment Corp. USA) (Wang, 1984); xylem 
hydraulic conductivity (L, mg/(MPa · min)) was determinded 
by using the “Flush method” (Shen et al., 1999a, 1999b; 
Sperry et al., 1987). The solution used in the “flushing 
method” was 14.2  mmol/L ascorbic acid which was degassed 
(with ultrasonic cleaner) and filtered (with 0.2  μm micro-
porous membrane). The degree of xylem cavitation and 
embolism was assessed by percentage loss of hydraulic 
conductivity (PLC, %), with the formula

PLC% = 100 · (Lmax-L0) /Lmax

where L0 (mg/(MPa · min)) was the initial hydraulic conduc-
tivity of the twigs, and Lmax (mg/(MPa · min)) was the maxi-
mum hydraulic conductivity after the twigs were repeatedly 
flushed. Each measurement was done twice; the experiment 
was conducted on three predetermined days for each season.

3 Results

3.1 Relationships between xylem embolism and ecological 
indices

Previous researches have indicated that the occurrence of 
xylem embolism is closely related to abiotic factors in the 
environment like temperature, precipitation and sunlight 
(Brodribb and Hill, 2000; Zhang et al., 2000). 

Figures  1a and 1b indicate that there was some correlation 
between the daily variation of xylem WP and PLC, the PAR, 
RH and T. The correlations were similar across different 
seasons. In the morning, because of the higher RH and lower 
T and PAR, WP in the xylem was higher, so the degree of 
xylem embolism was lower. However, as day progressed, 
PAR and T increased, while RH and xylem WP decreased, 
thus raising the PLC at about 9:00  hours. PLC reached its 
maximum value in H. rhamnoides and S. matsudana. The dif-
ferences in water usage strategies and xylem embolism refill-
ing mechanisms of the different tree species affected results. 
At about 12:00  hours, when PAR was at its highest value, 
T continued to increase and RH continued to decrease, 
as did xylem WP’s in R. pseudoacaci, A. truncatum, P. 
tabulaeformis, leading to continued increase of PLC. On the 
other hand, in S. matsudan, L. lucidum (in spring, summer 
and its average value) and U. pumila (in summer, autumn and 
its average value), although xylem WP decreased, xylem 

embolism were refilled to some degree. At about 15:00  hours, 
when the xylem WP’s in S. matsudan, L. lucidum and U. 
pumila (in summer, autumn and its average value) were at 
their lowest daily value, the PLC’s increased to a second daily 
peak. In R. pseudoacaci, A. truncatum and H. rhamnoides, 
although their xylem WP was low, PLC was maintained at 
high levels, their embolized xylem started refilling of. At 
around 18:00 hours, with T and PAR decreased, the atmo-
spheric RH rose again, thus the xylem WP and the embolized 
vessels refilled to some degree.

3.2 Relationships between xylem water potential, 
embolism and physiological indices

There are close relationships between temperature, precipita-
tion and the degree of embolism, WP. Embolism is mainly 
influenced by the amount of water in the growing season, but 
is both influenced by low temperatures and drought in the 
winter (Zhang et al., 2000). In one day, changes in soil water 
condition in the range of the plant’s root distribution are not 
significant, so in sunny conditions in the growing season, 
fluctuations in WP and the extent of embolism are attributed 
to changes in plant metabolism. 

The daily changing patterns of the xylem WP, PLC, Pn, 
Tr, Gs and water use efficiency (WUE) of the eight tree species 
are shown in Fig.  1(a, c). It can be seen that almost no 
embolisms occurred in P. bungeana and P. tabulaeformis, 
tree species which survive drought stress by “dehydration 
postponement” at high tissue water potentials. There was a 
positive correlation between sporadic xylem embolism and 
Gs, Tr, but this was not consistent across the different seasons 
and the degree of xylem embolism was also noted high in the 
early morning and at dusk. For the mesophytic tree species S. 
matsudana and L. lucidum, the degree of xylem embolism 
was lower when Gs and Tr were small; when Gs increased, 
PLC also increased and appeared to peak at 9:00 hours, 
at which time, the embolism of S. matsudana also reached 
maximum. At about 12:00 hours, when Gs and Tr were at 
relatively high values, their PLC’s were at minimum levels. 
At about 15:00 hours, when Gs and Tr were decreased, PLC 
levels peaked for the second time. At about 18:00 hours, with 
Gs and Tr reduced, WP increased, PLC decreased again. The 
degree of embolism of the two tree species was consistent 
with the changes in their Gs and Tr, i.e. the degree of embolism 
increased with increased Gs and Tr. This may have been due 
to better water conditions in autumn. R. pseudoacacia and A. 
truncatum are tree species that survive dehydration-induced 
water stress at low tissue water potentials. The extent of daily 
changes in xylem embolism of R. pseudoacacia was not sig-
nificant, but a strong correlation was found with the leaf Gs 
and Tr, i.e. with an increase or decrease in Gs and Tr, the extent 
of xylem embolism increased or decreased accordingly. 
For A. truncatum, the extent of xylem embolism was not 
high early in the morning. However, with the opening of the 
stomata and the increase in Gs, xylem embolism increased 
significantly at around 9:00 hours, then, the xylem embolism 
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Fig.  1 Diurnal variation of xylem embolism and several physiological and ecological indices for eight trees in different seasons The 
abscissa of 1–5 in the figure indicated the measuring time, which was every three hours from 6:00 to 18:00. WP (MPa) is the water 
potential and PLC (%) is the percentage loss of conductance in the xylem.
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fluctuating slightly with the changes in Gs and Tr. Though 
both H. rhamnoides and U. pumila are trees that survive 
dehydration-induced water stress at sub-low tissue water 
potentials, they showed different characteristics in the daily 
changes of xylem embolism. The extent of embolism of H. 
rhamnoides showed a positive correlation with the increase or 
decrease of Gs and Tr. Differently the extent of xylem embo-
lism of U. pumila, on the other hand, increased or decreased 
with the increase or decrease in Gs and Tr in spring when WP 
was higher, but during summer and autumn, it showed the 
same change characteristics as the mesophytic tree species 
S. matsudana and L. lucidum. Although the stomatal conduc-
tance and transpiration rates showed single peak curves, the 
changes in the degree of xylem embolism showed a curve 
with double peaks. Since the Pn value has a close relationship 
with Gs, and water consumption due to photosynthesis 
accounts only for a little portion of plant water use, the rela-
tionship between changes in Pn and changes in the extent 
of embolism in one day is consistent with the relationship 
between Gs and the extent of embolism in one day. Xylem 
embolism did not stop photosynthesis, rather, some photosyn-
thesis accumulation was maintained. This is con sistent 
with the research results of Milburn (1979) and Tyree and 
Zimmermann (2002). In most of the tree species, daily WUE 

changes inversely with xylem WP but consistently with 
xylem embolism extent, namely, it is lower in the early morn-
ing and at dusk, and higher in the morning, at noon and in the 
afternoon. However, the time at which the peak appears is 
different, with the maximum WUE value occurring at about 
9:00, but the time at which maximum embolism is achieved 
and minimum WP depends on the tree species and environ-
mental conditions. Our results indicate that the relationship 
between xylem embolism and photosynthetic characteristics 
vary among different tree species and different environmental 
conditions; embolism benefits the stomatal closing and a 
decrease in Tr in some trees such as S. matsudana, L. lucidum 
and U. pumila.

The average values of xylem PLC, WP, Pn, Tr, Gs, and 
WUE of the eight tree species are given in Table  1. The data 
indicate that the season at which the extent of embolism 
appeared maximal was exactly at the time when Gs, Pr, Tr and 
water consumption were maximal. The tree species in which 
embolism easily occurred was not always the species that had 
the smallest average Gs, Tr, Pn and water consumption. For 
example, U. pumila has a low vulnerability to embolism, but 
xylem embolism occured in almost every season. With aver-
age PLC values of 58.37%, lower only than L. lucidum, the U. 
pumila’s average Gs, Pn, Tr were the highest among the eight 

Table 1 Daily average values of xylem embolism, water potential, net photosynthesis, and other physiological indices for the eight tree species in 
different seasons

Tree species  WP /MPa PLC /% Pn /(μmol · m–2 · s–1) Tr /(mmol · m–2 · s–1) Gs /(mmol · m–2 · s–1) WUE /(μmol · mmol–1)

S. matsudana Spring –0.80 56.52 8.48 3.11 0.164 2.59
 Summer –1.27 37.93 2.47 1.85 0.057 1.14
 Autumn –1.16 4.90 2.50 0.99 0.058 2.70
 Average –1.07 33.12 4.48 1.98 0.093 2.14
L. lucidum Spring –0.85 81.56 4.28 0.96 0.076 4.31
 Summer –2.22 53.19 1.34 0.33 0.015 2.10
 Autumn –1.06 44.10 3.53 0.54 0.033 4.92
 Average –1.38 59.62 3.05 0.61 0.038 3.78
P. bungeana Spring –0.70 0 3.86 0.95 0.037 4.54
 Summer –1.23 2.05 1.09 0.38 0.009 3.69
 Autumn –0.69 0 1.16 0.33 0.012 2.94
 Average –0.87 0.68 2.04 0.55 0.020 3.73
P. tabulaeformis Spring –0.71 5.14 4.04 1.13 0.046 3.42
 Summer –1.26 0.45 1.18 0.58 0.017 2.11
 Autumn –0.84 3.53 2.89 0.79 0.029 2.49
 Average –0.94 3.04 2.70 0.83 0.031 2.68
H. rhamnoides Spring –0.91 68.87 4.25 1.07 0.06 4.15
 Summer –1.65 40.84 2.55 0.91 0.024 2.15
 Autumn –1.33 32.04 6.05 1.68 0.069 2.63
 Average –1.30 47.25 4.28 1.22 0.051 2.98
U. pumila Spring –0.78 37.88 8.53 2.49 0.123 3.15
 Summer –1.58 82.97 11.6 4.62 0.274 2.24
 Autumn –1.44 54.27 6.15 3.80 0.235 1.31
 Average –1.27 58.37 8.76 3.63 0.211 2.23
R. pseudoacacia Spring –0.83 79.59 5.14 1.58 0.065 2.59
 Summer –1.86 41.04 2.9 0.99 0.032 2.81
 Autumn –2.02 33.36 2.58 0.95 0.053 2.69
 Average –1.57 51.33 3.54 1.17 0.050 2.69
A. truncatum Spring –0.91 68.55 3.31 1.11 0.047 2.42
 Summer –1.23 61.2 1.40 0.45 0.013 2.60
 Autumn –1.65 22.08 1.43 1.24 0.072 1.28
 Average –1.26 50.61 2.05 0.93 0.044 2.10



202

tree species. Embolism vulnerability of L. lucidum was the 
highest; its average PLC was also the highest, and although 
its Gs, Tr, Pn were not high, its WUE was the highest among 
the eight species. If the tree species P. bungeana and P. tabu-
laeformis, in which embolism does not easily occur, were not 
considered, the WUE order of the 8 tree species would be: L. 
lucidum>P. bungeana>H. rhamnoides>R. pseudoacacia
>P. tabulae formis>U. pumila>S. matsudana>A. trunca-
tum, which becomes totally consistent with the order of 
embolism vulnerability of their branches, i.e., L. lucidum> 
H. rhamnoides>R. pseudoacacia>U. pumila>S. mat-
sudana.>A. truncatum>P. tabulaeformis>P. bungeana. 
Results thus showed that the occurrence and refilling of 
xylem embolism may be beneficial to the plants’ growth and 
is a possible water-saving strategy of some plants under water 
stress.

4 Discussion

PAR, T and RH can influence xylem embolism. In a study on 
Fagus sylvatica it was found that branches which adapt to 
light are not vulnerable to embolism, and their WP values 
which reach 50% of xylem embolism are lower than for those 
kept under shady conditions (Cochard et al., 1999). Cochard 
et al. (2000) also studied the influence of temperature on 
xylem water conductance in Quercus robur, with results 
showing that a higher temperature can increase xylem water 
conductance. When changes in soil water conditions are not 
significant, PAR, T and RH are the main factors which influ-
ence stomatal movement, Pn and Tr. The changes in PAR, Pn 
and Tr are always accompanied by changes in WP, degree of 
embolism, stomatal movement, Pn and Tr. So we can say that 
the fluctuating ecological indices PAR, T and RH changed 
a plant’s physiological metabolism, such as stomatal move-
ment, thus altered the water condition and embolism 
characteristics. The effect of fluctuating ecological indexes 
on trees varies with species.

Many researches have proven that there is some correlation 
between stomatal movement and xylem embolism. In 
revealing the threshold of WP when embolism starts and 
water conductance (ψt) decreases, and the WP at maximum Gs 
(ψg max) in 11 plants, Jones and Sutherland (1991) found that 
xylem embolism did not affect stomatal closing in five tree 
species, with its ψt<ψg max, but other six species had ψtiψg 

max, implying that there was xylem embolism and the xylem 
water conductance rate decreased before stomatal conduc-
tance reached maximum. Salleo et al. (2000) studied Laurus 
nobilis under good water supply conditions but at different 
radiation levels. Results showed that an increase in leaf Gs led 
to WP decreasing to a level where stem embolism occurred. 
At this WP level, if no further WP decreases were noted, Gs 
would decrease 25%. Sperry and Pockman (1993) found that 
xylem embolism could reduce Gs and Tr when they induced 
embolism by using air injection. Their results indicated that 
xylem embolism increases water transport resistance, reduces 
water conductance, and leads to stomatal closing, which in 

turn could prevent the increase in xylem tension so as to 
limit the further development of xylem cavitation and 
embolism. Thus, xylem embolism can reduce xylem water 
conductance and close the stomata to some degree in order 
to maintain a certain amount of biomass accumulation and 
survival. In our research, this kind of relationship between 
embolism changes and the Gs in S. matsudana and L. lucidum 
was seen in that an increase in the degree of embolism 
induced closing of the stomata so as to prevent the unlimited 
decrease of WP and the further development of embolism by 
refilling the embolus quickly. Mccully et al. (1998) found this 
phenomenon in maize root embolism as well. There is thus a 
correlation between embolism and physiological metabolism, 
showing a kind of adaptive mechanism in plants in response 
to changes in water conditions. This paper studied different 
species during different seasons. Since there is no comparison 
of species under different water conditions and with limited 
measurements, we cannot compare the degree of influence of 
embolism had on stomatal activities. We thus recommend 
more studies on xylem embolism and plant metabolism 
using water control experiments to unravel the relationships 
between plant metabolism and the occurrence and refilling of 
xylem embolis.

Many researchers thought that xylem cavitation and embo-
lism reduce the xylem water conductance rate, thus directly 
influencing plants’ natural growth (Milburn, 1979; Tyree and 
Zimmermann, 2002), but Jones and Sutherland (1991) sug-
gested that the loss of part of the water conducting tissues 
induced by embolism is beneficial for maximal stomatal 
opening and closing and also for the productivity of plants in 
drought seasons. Appropriate xylem embolism is beneficial to 
the natural growth of plants under drought stress and it may 
be a water-saving strategy of some plants in drought environ-
ments (Zhang et al., 1997; Tyree et al., 2002). This research 
shows us that xylem embolism occurs commonly and fluctu-
ated continuously in the daily growth of plants. Embolism 
can influence the plant’s physiological metabolism and the 
closing of the stomata but it will not make the stomata close 
completely and it will not stop the plant’s growth and 
metabolism. During the period of measurement, the trees had 
the most active physiological metabolism during the season 
in which they had maximal degree of embolism. The tree 
species most vulnerable to xylem embolism was the species 
that had the highest WUE. Hence, the occurrence and refilling 
of xylem emboli are adaptive mechanisms and water-saving 
strategies of some plants in response to changes in water 
conditions. Meanwhile, the order of embolism vulnerability 
of the six broadleaved tree species easily embolized at their 
xylems is consistent with the order of their average water use 
efficiency in the growing seasons. The results testify to the 
standpoint of Zhang (1997) and Tyree and Zimmermann 
(2002) by showing that the occurrence and recovery of xylem 
embolism is a drought resisting strategy of some plants.
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