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Abstract 
 
Syntrichia caninervis Mitt. is the dominant species in the moss crusts of the Gurbantunggut Desert, Northwestern China. 
We experimented with this species under controlled environmental conditions. Modulated chlorophyll (Chl) 
fluorescence was used to test the speed of recovery as evidenced by the time course of photosynthetic activity following 
remoistening. Transmission electron microscopy was used to explore the cytological characteristics of the leaf cells. 
Minimum and maximum fluorescence (F0 and FM) and photosynthetic yield (FV/FM) of photosystem II (PSII) recovered 
quickly when shoots were remoistened in the dark. This was especially the case of FV/FM; within the first minute of 
remoistening this reached 90% or more of the value attained after 30 min. These physiological changes were closely 
paralleled by cytological changes that indicated no damage to membranes or organelles. Correlation analysis showed 
that Chl fluorescence decreased both above and below a narrow moisture optimum. Our results underline the capability 
of S. caninervis to photosynthesize after remoistening. Utilizing precipitation events such as dew, fog, rain, and melting 
snow allows S. caninervis to survive and grow in a harsh desert environment. 
 
Additional key words: Chl fluorescence; moisture content; moss crusts; remoistening; Syntrichia caninervis; ultrastructure. 
 
Introduction 
 
Biological soil crusts occur worldwide in desert areas and 
may constitute as much as 70% of the living ground 
cover of some plant communities (West 1990). In the 
Gurbantunggut Desert, biological soil crusts occur in 
dense patches that are heavily dominated by lichens but 
there are also occasional patches of mosses (Zhang et al. 
2007). Syntrichia caninervis Mitt. (syn. Tortula 
caninervis) is the dominant species in moss crusts in the 
Gurbantunggut desert (Fig. 1). Mosses in soil crust com-
munities experience physiological stress due to extreme 
environmental conditions, including high temperature, 
high radiation and frequent cycles of hydration and 
dehydration (Harel et al. 2004, Barker et al. 2005). 

Unlike vascular plants, in which vegetative 
desiccation tolerance is rare, the majority of moss species 
can survive desiccation during their vegetative growth 
period (Proctor and Tuba 2002, Proctor et al. 2007b,  
 

Wood 2007). Studies of bryophyte desiccation tolerance 
underline their physiological ability to recover rapidly 
during rehydration (Tuba et al. 1996, Tuba et al. 1998, 
Marschall and Proctor 1999, Proctor and Smirnoff 2000, 
Proctor 2002, Proctor et al. 2007a, Hájek and Beckett 
2008, Lüttge et al. 2008, Pressel et al. 2009). Other 
studies discuss the effects of desiccation and rehydration 
on cells (Bartoškova et al. 1999, Pressel et al. 2006, 
Proctor et al. 2007a, Pressel et al. 2009) and on mem-
brane permeability and integrity (Platt et al. 1994). 

Mosses are poikilohydric and cannot maintain 
constant internal water content by regulating water loss 
(Proctor et al. 2007a). Chl fluorescence experiments 
show that half-recovery times for FV/FM may be as short 
as 20–40 s (Proctor and Smirnoff 2000, Proctor 2001) 
and FV/FM can reach approximately 80% of its 
predesiccation value within approximately 10 min after  
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Cytological protocols: Proctor et al. (2007a), experi-
mented with leaves from fully desiccated and hydrated 
mosses, and mosses 6 h after remoistening. The leaves 
were cut into 2-mm lengths and fixed at room 
temperature for 3 h at pH 7 in 3% (v/v) glutaraldehyde, 
1% formaldehyde and 0.75% tannic acid in 0.05 M  
Na-phosphate buffer. Leaf samples from dry shoots were 
fixed in 0.1 M Na-phosphate buffer. Subsequently, the 
samples were rinsed, post-fixed overnight with 1% 
osmium tetroxide in 0.1 M buffer, pH 6.8, and then 
dehydrated and embedded in Spurr’s resin via propylene 
oxide, as described by Ligrone and Duckett (1994). 
Semithin sections, cut with a diamond knife, were 
sequentially stained with methanolic uranyl acetate and 
basic lead citrate and examined with a Hitachi 600 
transmission electron microscope. The samples were 
photographed with an optical microscope (Olympus, 
Cover-018, Japan). 

 
Moisture measurements: Moss cores were sprayed with 
distilled water until they were fully turgid. Each replicate 
was blotted to remove superficial water, weighed, and 
then placed in a 3.5-cm plastic Petri dish to dry in the 
dark. Samples were weighed after each fluorescence 
measurement. At the end of the experiment, the samples 
were placed in a drying oven at 80°C for 24 h. Moisture 
content was quantified by measuring current mass and 
expressing it as percentage of dry mass. 

 

Dew amount measurements: Dewfall was measured 
using micro-lysimeters (Boast and Robertson 1982). This 
method allows a soil core to be taken while leaving the 
surface intact, thus observations can be repeated on the 
same sample. Moss crust samples were not collected near 
shrub canopies and thus microclimatic effects of shrubs 
were avoided. 

The soil samples were weighed using a balance to  
a precision of ± 0.01 g. The dewfall for each day was 
determined by calculating the difference between the 
mass in the morning and that at sunset the previous day. 
In order to obtain a better insight into the time-course of 
dew deposition, intensive measurements were carried out 
for several days on different samples. The weighing 
interval was 2 h. The quantity of dew deposition (in mm) 
was calculated from these weights.  

 
Soil temperature measurements: The soil temperature 
was measured by a temperature sensor buried 5 cm below 
the soil surface with or without soil crusts covering. The 
soil temperature was recorded at 1-h intervals using  
a data logger. 

 
Statistical analyses: Data were analyzed by one-way 
analysis of variance (ANOVA) to test for differences in 
parameters, using the SPSS statistical package (SPSS, 
Chicago, USA). Data is presented as means with standard 
errors.  

 
Results  
 
Chl fluorescence changes: FV/FM recovered quickly 
while shoots were remoistened in the dark; within the 
first minute reaching 90% or more of the value attained 
after 30 min (Fig. 2B). It was noteworthy that the 
fluorescence level of the dry moss was comparable to that 
after rewetting and that there was measurable variable 
fluorescence, giving a mean FV/FM of just under 0.03. 
Dry levels of F0 and FM were 81.6 and 100, respectively, 
as shown by the point (with error bars) at zero time on the 
graph (Fig. 2A). These increased very rapidly on 
rewetting. Generally, the fast initial rises of F0 and FV/FM 
were completed within 30 min. Later changes were slow 
and not as obvious. 

In order to understand the changes in Chl fluores-
cence parameters following remoistening, much longer 
time courses of variation in F0, FM, and FV/FM were 
investigated. The initial recovery of F0 and FV/FM was 
very rapid within the first 0.5 h, reaching approximately 
80% and 90% of their maximal values respectively 
(Fig. 2C,D). The recovery rate of FM was slower than 
those of F0 and FV/FM, reaching about 65% of its maximal 
values within the first 0.5 h (Fig. 2C). During the second 
stage of recovery, F0 and FV/FM recovered more slowly, 
remaining constant for around 8 h following re-
moistening. In contrast, FM showed a steady increase and 

reached its maximal value at 6 h after remoistening. Sub-
sequently, all parameters declined dramatically. Never-
theless, the decline in F0 and FM was not simultaneous. 
Eight hours after remoistening, F0 decreased by 18% 
from its maximum and FM decreased by 26%. Following 
this, F0, FM, and FV/FM showed a steep decline, returning 
to their initial value (Fig. 2C,D). 

 
Cytological changes: After 3 days of air-drying, the 
grana in the thylakoid system were small and under-
developed (Fig. 3A), the osmiophilic globuli were small 
and distributed randomly throughout the chloroplasts 
(Fig. 3A). The membranes of the chloroplasts remained 
intact during the process of desiccation (Fig. 3B). 

In fully hydrated condition, the bilayer membrane and 
the integrity of membrane system can be seen clearly on 
the outside of the chloroplast (Fig. 3C). The main body of 
each chloroplast was packed with well organized grana. 
The thylakoids with rich lamellae were interconnected by 
numerous parallel intergranal thylakoids (Fig. 3D).  
A few, small osmiophilic globuli were scattered through 
the chloroplasts (Fig. 3C). 

Six hours after remoistening, the chloroplast was fully 
developed (Fig. 3E). The bilayer membrane and the 
integrity of membrane system were clear and visible  
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Conclusions: Within the first minute of remoistening 
desiccated leaves of S. caninervis we observed a dramatic 
increase in F0, FM, and FV/FM. All parameters reached 
their peak values at about 6 h after remoistening, and 
eventually returned to a point close to their original 
levels. Cytological changes paralleled the physiological 
changes. There were remarkable morphological changes 
in the photosynthetic structures although there was no 
indication of damage to membranes or organelles during 
or following recovery. Our results also revealed that the 
responses of the photosynthetic physiology and the 

chloroplast structure to remoistening occurred simulta-
neously. These rapid physiological and cytological 
responses allow optimum utilization of small and 
infrequent precipitation events, enabling S. caninervis to 
survive and grow in an otherwise hostile desert environ-
ment, where it plays a crucial role in soil stabilization. 
Our results contribute to a better understanding of the 
remarkable ability of S. caninervis to grow in severe 
environments, and provide fundamental ecological 
information with implications for productivity in this 
challenging and changing environment. 
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