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Four local Cenchrus ciliaris L. accessions (P1: Bou Hedma, P2: Tozeur, P3: Raas Jedir, and P4:
Sidi Toui) were planted in a common garden experiment in Tunisia in autumn 2002. Net photo-
synthesis (Pn), stomatal conductance (gs) and leaf water potential (¥) were measured between
September 2003 and September 2004. All accessions showed two distinct periods of growth, in-
terspersed by summer and winter dormancy periods. Initiation of the cycle occurred in autumn
and appeared to be associated with soil water availability. There were significant differences (p
<0.001) between seasonal measures of net photosynthesis (Pn) and stomatal conductance (gs)
of each accession. The highest value was observed for accession P3 (42 umol m~2s™"). P1 and P4
showed the same value of Pn (35 umol m=s™!) in spring. Photosynthetic rate (Pn) of all acces-
sions decreased with decreased stomatal conductance (gs). The annual course of predawn water
potential (‘I‘pd) and minimum water potential (¥, ) observed during the year, showed that lower
water potentials were observed at the end of spring (-3.0 MPa). As would be expected, higher
water potentials (—1.0 MPa) were observed during winter, due to the high level of rainfall during
that season. It has been observed that seasonal water availability and air temperature influence
the seasonal dynamics of photosynthesis and leaf water potential. Cenchrus ciliaris accessions
originated from different regions of Tunisia, and growing under the same conditions did not differ

in their net photosynthesis and water status.
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INTRODUCTION

Studies of the functional mechanisms and behavior of
plants are needed, in order to use phytogenetic re-
sources in the rehabilitation and restoration programs
of degraded ecosystems.

Indeed, given the scale of disturbance affecting
the arid and saharan ecosystems of Tunisia, attempts
to improve and restore the ecological balance are
deemed necessary (Aronson et al., 1993). However,
the success of such operations can only be guaran-
teed by the use of native species (Chaieb et al., 1992;
Ourcival et al., 1994). Several studies have been car-
ried out in the Tunisian arid zones on the water use
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dynamics of various perennial species (Floret & Pon-
tanier, 1978; Le Houérou, 1984) such as Cenchrus cil-
iaris, Stipa lagascae, Plantago albicans, Argyrolobium
uniflorum. In addition to their pastoral qualities, these
species are suitable for sand stabilization and com-
bating desertification (Le Houérou, 1995). Further-
more, they improve the soil water balance by reducing
soil aridity (Floret & Pontanier, 1984). Our contribu-
tion towards the process of even partial restoration of
the ecological balance in the North African environ-
ment in general and in Tunisia in particular, consists
an ecophysiological study of one key species of Tuni-
sian arid zones.

Cenchrus ciliaris L. is a perennial buffel grass and
C, plant, in the grass family (Poaceae), invading arid
tropical habitats around the globe. It is one of the
candidate species for ecological restoration of de-
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graded rangelands in several arid zones of the world.
It is present in Australia, Central America, North A-
frica and South Sahara, Arabia, Madagascar, Indone-
sia, Northern India and Pakistan (Le Houérou, 1991).
In its native range, C. ciliaris is common in dry, sandy
areas. It can also occur in warm, temperate thorsn-
scrub habitats, tropical deserts, and in moist forests.
In Tunisia, C. ciliaris is a good pastoral species distri-
buted along an important aridity gradient of the coun-
try (Emberger, 1954). However, this species is known
for its great polymorphism (morphology, photosyn-
thetic capacity, productivity, genetic diversity) (Jessup
et al., 2003; Mnif et al., 2005; Saini et al., 2007). In
fact, since the initial discovery of C, photosynthesis in
the late 1960s, a significant progress has been made
in elucidating the biochemical and physiological cha-
racteristic of this pathway (Pearcy & Ehleringer, 1984).
The higher photosynthetic efficiency of C, plants un-
der tropical conditions and their consequently higher
growth rate and daily organic production is widely
recognised (Hatch, 1999). The study of C. ciliaris gas
exchange responses and leaf water potential influ-
enced by seasonal environmental change will help to
improve our understanding of the strategies devel-
oped by this species for favourable growth and bio-
mass production.

The present experiment was a part of three-year
study conducted at an experimental site under arid
bioclimate of the southern Tunisia. It aims at deter-
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mining and comparing the diurnal and seasonal leaf
water potential, net photosynthesis and stomatal con-
ductance of four C. ciliaris accessions, and thus un-
derstanding the eco-physiological mechanisms, the
successful resource use, and the fast growth of this
species in arid areas. This study is integrated in the
framework of restoration and rehabilitation of Tu-
nisian steppes projects. The success of restoration and
rehabilitation is, in fact, related to the intimate knowl-
edge of the biological material (Aronson et al., 1993).

MATERIALS AND METHODS
Study site

The experiment was performed at an experimental
site in Sfax-Thyna (southern Tunisia 34° 43'N, 10°
41'E) between September 2003 and September 2004.
The climate is arid Mediterranean with mild winters
(Emberger, 1954). The mean annual precipitation is
234 mm, and the mean air temperatures is 32°C in
summer and 19°C in winter, with a maximum in Au-
gust (38°C) and a minimum in January (5°C). The
rainy season lasts from mid-November to April. The
most humid months are January and February and
the drought period usually extends from May to Oc-
tober. Climatic conditions of the experimental site
were obtained from a meteorological station in Thy-
na (Sfax). Rainfall and air temperatures (minimum
and maximum temperatures) during 2003 and 2004 at
the experimental site are presented in Fig. 1.
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FIG. 1. Mean precipitation and air temperature (Tmax; maximum temperature and Tmin; minimum temperature) at

the experimental site, during 2003 and 2004.
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FIG. 2. Geographical locations and the site of the collection
of Cenchrus ciliaris in Thyna (Sfax, Tunisia).

Plant material

Cenchrus ciliaris is a C, perennial grass widely dis-
tributed in all continents of the world. It is highly nu-
tritious and is considered excellent for pasture in hot,
dry areas and is valued for its production of palatable
forage and intermittent grazing during drought peri-
ods. Four C. ciliaris accessions were collected from
different regions of southern Tunisia (Fig. 2), where
mean annual rainfall varied between 100 and 200 mm.
These accessions are; P1: Bou Hedma, P2: Tozeur,
P3: Raés Jedir and P4: Sidi Toui. Chromosome num-
ber of these accessions showed a high degree of ane-
uploidy with 2n = 18 for P1, 2n =27 for P2 and P4,
and 2n =36 for P3 (Mnif et al., 2005). According to
Mr’seddi et al. (2002) and Mnif & Chaieb (2006), these
accessions range from high-growing morphotypes
with high dry matter production and important phe-
nological variability.

Experimental design

All studied accessions were established by seedlings
throughout autumn 2002. These accessions were
planted in 16 plots (4 accessions x 4 replicates), each
3 m wide and 6 m long and with 48 plants per plot.
Despite the homogeneity of the soil of the study site,
and in order to have statistically significant results,
accessions were randomly distributed within plots.
The distance between two plots was 1 m. Plants were
chosen in any of the 4 replicate blocks, to present the
same phenological stage. Net photosynthesis (Pn) and

stomatal conductance (gs) were measured on clear
sunny days, on recently expanded leaves of C. ciliaris
accessions using a portable gas exchange system (Li-
Cor Inc-6200) operated in closed mode. From each
plot, six plants were randomly chosen and for each
plant, twenty replicate measurements of gas exchange
were done for a pair of intact leaves with a combined
mean leaf area of 3.5 cm?. Leaf water potential (pre-
dawn water potential ‘de and midday water potential
W ) were measured with a Scholander pressure
chamber (Scholander ef al., 1965) and following the
precautions recommended by Turner (1988). For each
accession, the diurnal patterns of leaf water potential
(W) were measured on a winter day (December 2003)
and on a spring day (March 2004). In each plot, six
leaves for each of six randomly selected plants were
used for the determination of W, and W ;. The time
between excision and determination was approximate-
ly 60 sec. The differences between predawn and mid-
day leaf water potential (A¥) were also determined.

Statistical analysis

Analysis of variance was used to evaluate the sepa-
rate and interactive effects of C. ciliaris accessions on
response variables related to leaf gas exchange char-
acteristics and leaf water status. We evaluated differ-
ences in net photosynthesis, stomatal conductance
and leaf water potential by one-way ANOVA. Stan-
dard errors of the means and least significant differ-
ences were calculated where appropriate. We used
Tukey’s HDS test to make pair-wise comparisons be-
tween accessions. The analyses were conducted with
SPSS V.11.0 statistical package.

RESULTS

Seasonal variation in leaf water potential

Diurnal patterns of leaf water potential (W) observed
on a winter day (December 2003) and a spring day
(March 2004) are illustrated in Fig. 3. The observa-
tions of the daily variation of leaf water potential,
during the two growing seasons of this species, are
precisely exhibited by measurements of ‘Pp qand W ..
‘Pp 4 Was measured before dawn, while W, was mea-
sured between 12:00 and 14:00; the minimum W val-
ues were recorded around 12:00-14:00; then, a recov-
ery has been observed. A rapid decrease in W values
was observed in the morning during March 2004, as
compared to those of December 2003 measurements.
It may be related to the change in AW. Diurnal pat-
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FIG. 3. Diurnal time courses of leaf water potential on (A) a winter day (December 2003) and (B) a spring day (March 2004).

TABLE 1. Net photosynthesis (Pn), stomatal conductance (gs), predawn water potential (‘de) and midday water potential
(W,,4) of Cenchrus ciliaris accessions (* standard deviation). Different letters within columns indicate significant difference
at the 5% level

. Pn gs

Accession Season (umol m™2 s°1) (mmol m2 7)) W 4 (-MPa) W (-MPa)
P1 Autumn 14.92 £0.90? 128.00 = 12.40? 2.58+0.25° 2.90*0.18
Winter 9.96 +1.23° 100.33 +13.75% 1.10£0.23° 1.66 £0.16°

Spring 27.17=1.46° 214.83 £22.50° 2.29+0.32? 2.88x£0.27°

Summer 9.33 +2.00° 100.00 * 17.002° 3.00=0.15¢ 3.30£0.34¢

P2 Autumn 13.41 £2.00? 124.00 = 17.00? 2.68=0.22° 2.96 +0.25%
Winter 7.98 +1.50 88.83 +12.00° 1.26 +0.26% 1.87 +0.24%

Spring 24.33 +£2.00¢ 196.00 +22.00¢ 211=x0.27* 2.90£0.25*

Summer 6.21 +2.40° 75.00 =3.00¢ 3.00=0.50¢ 3.70 £0.62°

P3 Autumn 12.68 £ 1.40? 109.85 £ 16.00? 2.58+0.23* 2.96=0.28"
Winter 13.62 = 1.00° 106.47 £20.002 1.15+0.26¢ 1.90 £0.18°

Spring 24.67 = 1.80° 181.00 = 22.00° 2.10£0.50% 3.10%0.30?

Summer 3.30 £2.60¢ 45.00 = 14.00¢ 2.80 = 0.40? 3.20*0.23*

P4 Autumn 14.07 £2.00? 122.00 +20.00? 2.49+0.22° 3.80=0.22°
Winter 8.64 +1.53® 88.21 = 18.00%° 1.41 £0.70° 2.11+0.29%

Spring 26.51 +1.80¢ 198.00 +21.00¢ 2.32+0.88 3.35+0.30°

Summer 6.96 + 1.202° 80.00 = 8.00%° 3.50=0.60° 4.30+0.50¢

P (accession) ns ns ns ns

** p <0.001, *** p <0.0001, ns: not significant
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terns in W were similar for all accessions with maxima
and minima varying between —1.99 MPa and -2.83
MPa during December, and between —0.94 MPa and
—2.83 MPa during March. The differences observed
between C. ciliaris accessions in diurnal leaf water po-
tential were not significant (p > 0.05) (Table 1).

The annual course in leaf water potential found
with the four accessions of C. ciliaris is shown in Ta-
ble 1. The observations started (for the studied acces-
sions) early summer and we found that very low val-
ues of W, (i.e. 3.0 MPa) had increased with the pre-
cipitation recorded at the experiment site. Cenchrus
ciliaris seemed to react to the rain that occurred in
September 2003 (40 mm) (see Fig. 1). During winter,
W 4 value is maximum (-1.0 MPa). During February,
Y pd decreased again, concomitantly with the low pre-
cipitations, to reach the very low values observed at
the end of summer (-3.0 MPa). Comparisons of the
leaf water potential indicated that differences among
accessions in the two growing seasons were not sta-
tistically significant (p > 0.05).

The diurnal change in potential (AW =W -V ;)
remained approximately constant throughout the
year. The AW increased significantly as the season
progressed from winter, spring and decreased in the
early summer (June). When predawn values increased
around —2.0 MPa in March, the AW values decreased.
At low predawn values (-3.0 MPa), AW approached
Zero.

Seasonal variation in net photosynthesis (Pn) and
stomatal conductance (gs)

Data of net photosynthesis (Pn) was collected in all
seasons of the year from September 2003 to June 2004.
Pn decreased (p <0.01) in all accessions in late spring
and early summer (Table 1). However, there were no
significant differences in Pn among the four C. ciliaris
accessions (p > 0.05). The highest value of Pn was ob-
served in accession P3 (42 umol m~2s7!) in March
when air temperature was 23°C. The maximum rates
of Pn were observed at high temperatures (>20°C). In
winter (December and January), Pn was <10 umol
m~2 s7! for all accessions. The photosynthetic rate of all
accessions decreased with a decline in stomatal con-
ductance (gs). The maximum photosynthetic activity in
autumn and spring coincides with the intense vegeta-
tive growth phase of the C. ciliaris plants. This large de-
crease in Pn was associated with a cessation of growth
and the presence of senescent leaves in this C, species,
and low temperatures (< 10°C) (Fig. 1).

DISCUSSION

Cenchrus ciliaris is considered to be an excellent grass
for pasture in hot dry areas, and it is highly valued for
the production of palatable forage and for intermit-
tent grazing during dry periods (Le Houérou, 1991).
The life cycle of all accessions would be initiated
when the soil water availability during early autumn
(September) is adequate (Chaieb et al., 1992). Plant
growth responses to arid climate were synchronized
in the four accessions, because the species utilize re-
sources in the same way under these experimental
conditions. In the arid zone of India, Rao et al. (1996)
showed that C. ciliaris can survive under harsh envi-
ronmental conditions, with the highest rainfall during
the growing season (180 to 250 mm) and in soils with
high level of nitrogen. This species has wide ecologi-
cal amplitude since it can tolerate a variety of climatic
conditions, varying from dry sandy areas of Saharans
zones to tropical forests (Williams & Baruch, 2000).
It responds to high rainfall by increased growth rate
and yields. In its natural environment, the vegetative
growth of C. ciliaris (common for C, plants) expands
after the first autumn rains (Chaieb et al., 1992). In
winter, this species shows a reduction in the vegeta-
tive growth with a slight stagnation of leaf elongation
and photosynthesis rate. In fact, winter temperatures
are very low for C, growth and photosynthesis. Wil-
son & Ludlow (1983) showed that several C, grasses
were unable to photosynthesise below 10°C. Tre-
harne et al. (1971) showed that the optimum temper-
ature for photosynthesis was 35° C for different C. ci-
liaris accessions. In Tunisia, the vegetative growth is
intensive for a short period in April, when water re-
serves are very low. From June, there is a reduction
of the main developmental processes that leads to the
complete dryness of the aerial parts (Chaieb ef al.,
1992; Mnif & Chaieb, 2006). Buffel grass grows and
persists well in desert habitats due to the species abil-
ity to respond with vigorous growth to rainfall events
and its tolerance to drought and grazing. The four
studied accessions have a bimodal growth in autumn
and spring. Autumn growth was much less important
for the plant than the spring one. P1 showed an im-
portant vegetative growth period and may produce
longer shoots and higher leaf area as compared to
other accessions (Mnif & Chaieb, 2006). Maroco et
al. (2000) showed that environmental conditions would
be favorable to a C, type of photosynthetic metabo-
lism in grasses. However the irregularity of rainfall of-
ten results in limitations to soil water availability that
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will affect plant growth and survival and may change
the length of the growing season.

The C. ciliaris accessions did not differ in their
photosynthetic responses. In the arid climate of Tuni-
sia, seasonal variations in net photosynthesis (Pn) can
be divided into two periods: autumn and spring. Cen-
chrus ciliaris accessions coming from Bou Hedma
(P1), Tozeur (P2) Raas Jedir (P3) and Sidi Toui (P4)
have a high Pn under the favourable conditions of
spring. The growth period (at temperature >25°C) is
also characterized by a high rate of CO, assimilation.
The decrease in net photosynthesis observed under
water deficits is mainly due to the stomatal closure. In
the present study, photosynthetic rate (Pn) of all ac-
cessions of C. ciliaris species decreased with decreas-
ing stomatal conductance (gs), under water stress
conditions, which suggests that reduction in photo-
synthesis might have been due to stomatal factors. It
is evident that water deficit caused lower CO, (Pn)
fixation due to stomatal closure even at moderate wa-
ter stress, because stomatal closure decreases CO,
availability in the mesophyll (Athar & Ashraf, 2005).
Although moderate water stress reduces photosyn-
thesis due to alterations in photophosphorylation
(Tezara et al., 1999), it is not widely accepted that this
is the most sensitive water-stress component of pho-
tosynthesis (Flexas et al., 2004). In Pakistan, Akram et
al. (2007) showed that net CO, assimilation rate of
the populations of C. ciliaris species decreased signif-
icantly with an increase in water deficit. However,
photosynthetic rates did not differ significantly among
populations of C. ciliaris. Our results showed that the
effect of water and temperature variability on the
photosynthetic characteristics of C. ciliaris accessions
were dependant on season (Table 1). For C. ciliaris,
Dwyer et al. (2007) found a rate of net photosynthe-
sis, 44 umol CO, m~2s7!, at a growth temperature of
25°C. Treharne et al. (1971) showed that populations
of C. ciliaris of different origins differed significantly
in relative growth rate, net assimilation rate and leaf
area ratio.

Similarly to the results with net photosynthesis
(Pn), no significant differences between C. ciliaris
were found in leaf water potential during the growth
period, although seasonal variation was quite marked
(Table 1). During the whole period of observation,
the two water parameters (¥ pa and W, 4) showed one
period with high values (‘I’pd values of —1.0 MPa and
W, values nearly —1.5 MPa) alternating with two pe-
riods of low values in which the values of W, were

about -2.5 MPa and the values of W, were about
—-3.54 MPa. In this case the W ; and W, curves were
positively related to those of the minimum and maxi-
mum temperature (Fig. 1). As would be expected,
higher water potentials (-1.0 MPa) were observed in
winter due to the high level of precipitation that oc-
curred. During the winter period, when leaves are not
water stressed through low soil water availability and
atmospheric stress, water loss is less due to low tem-
peratures and low leaf to air water vapour pressure
deficits. Seasonal water availability was observed to
influence the seasonal dynamics of leaf water poten-
tial. The small diurnal amplitude in water potential
(A¥ = V-, 4) observed in this study could reflect
the ability of C. ciliaris to close its stomata and so to
control the loss of water by transpiration. It follows
that the water potential gradients in the leaf are due
to water loss by transpiration. The water potential in
the xylem was probably slightly more negative than
the pressure chamber value (-7.0 MPa) since recut-
ting the leaf can result in erroneously high water po-
tential values and because the osmotic component of
the xylem sap was not taken into account (Ritchie &
Hinckley, 1975). These data suggest that these acces-
sions were relatively tolerant, maintaining a substan-
tial positive carbon balance under conditions of se-
vere soil and atmospheric stress. The seasonal trend
of the predawn water potential (‘Pp 4) and minimum
water potential (W _,) shows that the four accessions
respond quite similarly to the precipitation during the
year. In Tunisia, this species is well known for its high
adaptive qualities to bioclimatic constraints of the
arid and Saharan zones (M’seddi et al., 2002; Mnif et
al., 2005). The results of this experiment confirmed
that the four C. ciliaris accessions coming from dif-
ferent regions and grown under the same conditions,
had a similar water and photosynthetic behavior.

CONCLUSIONS

Our results demonstrate remarkably similar physio-
logical responses among C. ciliaris accessions of dif-
ferent growth biotopes. During growth period, no sig-
nificant differences were observed throughout the
growing cycle in maximal net photosynthesis rates
and stomatal conductance. Our results suggest that C.
ciliaris accessions will show changes in photosynthetic
rates, stomatal conductance and leaf water potential
in response to changes in growth temperature and
water availability between seasons. There was also
correlation between environmental variables (tempe-
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rature and water availability), photosynthetic charac-
teristic and water status. Cenchrus ciliaris accessions
have been developed with increasing growth rates
and an increased range of tolerance to different envi-
ronmental conditions, and for disease resistance. The
higher habitual adaptation and tolerance to arid bio-
climate, conferred by this C, species is obviously an
extremely important feature in arid environments.
There is, however a reason to evaluate the water use
efficiency (WUE) and to explain differences in pro-
ductivity and WUE of the four C. ciliaris accessions
used in this study.
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