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Extended drought periods in grasslands: impacts
on the number of photosynthetically active
leaves and on leaf senescence in grass and

clover species

Regula M. Blésch, Olivier Riesen and Urs Feller

Abstract—Water availability in soil is a key aspect in the context
of global change. More frequent and more severe extreme events
including droughts, flooding and heat waves must be expected for the
next decades in some regions. Since a high percentage of the area
used for agriculture is covered by grasslands, the response of grass
and legume species to severe drought is important for the evaluation
of drought impacts. Differences between the species considered
(Lolium perenne L., Dactylis glomerata L., Phleum pratense L.,
Trifolium repens L., Trifolium pratense L.) in their response to a low
water potential in the root medium were evident. In general the
number of photosynthetically active leaves per plant decreased under
drought. This decrease was partially due to a smaller number of new
leaves produced and partially to senescence of the oldest leaves. The
strongest reduction in the number of active leaves was observed in
Trifolium repens, while Trifolium pratense was less susceptible. The
grasses were even less affected than the clover species. Temperature
of sun-exposed leaves was increased in drought-stressed plants as a
consequence of decreased transpiration. The elevated temperature
may cause additional effects on leaf metabolism (e.g. inactivation of
Rubisco activase). Modifications in leaf senescence and leaf
emergence under drought stress are species-specific and influence
plant performance during the stress and the subsequent recovery
phase.

Keywords—Climate change, drought stress, grassland plants,
recovery

Ashorter version of this paper was presented orally at the
9" International Conference on Energy & Environment
(EE ’14) in Geneva, Switzerland (December 29-31, 2014) and
was included in the Conference Proceedings [1]. Water
availability in agriculturally used soil is besides an increasing
CO, level in the atmosphere and an increase in the average
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ambient temperature an important aspect in the context of
global change caused by the combustion of fossil energy
sources [2, 3]. More frequent and/or more severe drought
periods must be expected during the next decades in some
regions as a consequence of climatic changes, while other
regions may be characterized by increased precipitation with
favorable (increased water availability and plant productivity)
or unfavorable (waterlogging) effects on crop plants [2-5].
Even in cases when the yearly precipitation will remain quite
constant, a shift from the main growth period to the cold
season may cause summer droughts and negatively influence
plant productivity. Such changes are of ecological and
economical relevance. Economic consequences of global
change on agriculture were recently discussed by Lanfranchi et
al. [6] and possible impacts on sustainable development and
tourism were listed by Mazilu [7].

Various species present in grasslands may be influenced
differently by such extreme events [8-10]. A series of reports
refer to the overall productivity of grasslands [9, 11], to the
species composition [11-14], to the expansion of weed
populations [15] and to gas exchange with the atmosphere
[16]. The weed Rumex obtusifolius may be less affected by
drought than the desired grassland species and cause serious
problems for farmers [17]. On the level of individual plants,
stomatal regulation [18 and references therein], photosynthetic
activities [19-21], summer dormancy [22, 23] and symbiotic
nitrogen fixation in legumes [24, 25] were key aspects
addressed during the past decades. Stomatal and non-stomatal
limitations may negatively influence CO, assimilation [26].
Water availability in the root medium influences stomatal
opening, transpiration and as a consequence leaf temperature
[18]. Physiological processes on the whole plant level are less
well investigated, but leaf production/expansion and
senescence were identified as crucial points in this context [27,
28].

The experiments reported here are focused on the number of
active leaves per plant and its dependence on the formation of
new leaves and senescence of older leaves. A direct
comparison of selected grass and clover species was envisaged
by growing them on the same pots either in soil culture with
natural illumination in a green house or in hydroponic culture


mailto:olivier.riesen@phbern.ch
mailto:urs.feller@ips.unibe.ch

INTERNATIONAL JOURNAL OF ENERGY and ENVIRONMENT

in a growth cabinet with a controlled light and temperature
regime.

Il. MATERIALS AND METHODS

A. Plant Species

Three grass species (Dactylis glomerata, Lolium perenne,
Phleum pratense) and two clover species (Trifolium pratense,
Trifolium repens) were germinated on wet tissue paper in
darkness. Afterwards the young plants were transferred to a
light/dark cycle as reported previously [29]. Three experiments
were performed. In one experiment the plants were transferred
to soil, while the other experiments were performed with
hydroponic cultures (one with two clover and a grass species
focused on an extended drought period and one with three
grass species including a recovery phase after the drought
stress).

B. Pot Experiment in a Greenhouse

Young plants (3 weeks old) were transferred to pots with
nutrient-rich soil. Each pot contained 4 Dactylis glomerata and
4 Trifolium repens plants. The pots were incubated for
additional 2 weeks in a growth cabinet and afterwards put
outside. When the plants were 8 weeks old, the pots were
transferred to a large green house and the drought experiment
was started. Control pots were watered regularly, while water
was withheld from pots subjected to drought. Green and
yellow/senesced leaves were counted throughout the drought
period. Additionally air temperature (with a common
greenhouse thermometer) and leaf temperature (with an
infrared thermometer from below the leaf to avoid shadowing
with the equipment) were recorded. Relative chlorophyll
contents per leaf area were determined with a SPAD meter
(Konica Minolta Inc, Osaka, Japan).

C. Artificial Drought in Hydroponic Culture

Young plants of Lolium perenne (7 d old), Trifolium
pratense (17 d old) and Trifolium repens (17 d old) were
transferred to pots with 150 mL standard medium [29] for
hydroponic culture. The experiment with artificial drought
was started 13 d later by replacing the nutrient medium with
165 mL fresh nutrient solution (control) or with a mixture of
165 mL of the same medium and 16.5 g polyethylene glycol
6000 (PEG treatment) in a growth chamber with a light/dark
cycle as reported previously [29]. Polyethylene glycol is
suitable to decrease the water potential in the root medium
[30,31]. Initially the drought stress was moderate. It became
more severe afterwards, since water was taken up by plants
(but not polyethylene glycol) and the water potential in the
medium decreased further and reached very low values
[30,31]. The actual water potential in the medium was
calculated according to Michel and Kaufmann [31]. To avoid
nutrient depletion during the experiment the following
solutions were added to all pots (controls and artificial
drought) at day 9 and day 15: 2 mL 100 mM Ca(NOs3),, 2 mL
200 mM KNO3 and 0.1 mL micronutrient solution (containing
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1.96 mM MnCl,, 9.86 mM H3;BO;, 0.34 mM ZnSO,, 0.4 mM
Na,MoQ,, 0.1 mM Ni(NOs), and 0.22 mM CuSQy,) [32]. To
control pots (but not to artificial drought pots) deionized water
was added at day 9 and day 15 up to the original level of the
nutrient medium (165 mL). Transpiration was determined
gravimetrically. F,/F,, (a good indicator for the intactness of
the photosynthetic electron transport) was determined in dark-
adapted plants according to Maxwell and Johnson [33]. Means
and standard deviations of 5 independent replicates are shown.
Missing leaves were entered as 0.0. The number of
photosynthetically active leaves was calculated by determining
F./Fq, in the various leaves of each plant and dividing the sum
of these measurements by 0.8 (average value for healthy
leaves).

In a separate series three grass species (Phleum pratense,
Dactylis glomerata, Lolium perenne) were compared with
essentially the same protocol as mentioned above. The plants
were subjected to a stress phase (addition of polyethylene
glycol 6000 to the nutrient medium) for 27 days. At day 27 all
nutrient media were replaced by fresh standard nutrient
solution for the recovery phase.

D. Statistical analyses

Data represent means and standard deviations of 4 or 5
replicates. Significant differences between control and
drought-stressed plants were identified with Student’s t-test.

I1l. RESULTS

The number of green leaves per pot containing 4 Dactylis
glomerata (grass) and 4 Trifolium repens (clover) plants are
documented in Figure la. For clover this number was for
drought-stressed plants considerably lower than for controls
and even decreased in the stressed plants at the end of the
drought period reaching values of nearly 50% of the controls.
In contrast to clover, the number of green leaves in Dactylis
glomerata was less affected by drought, increased throughout
the stress period and reached finally values of nearly 70% of
the controls. Since the number of green leaves depends on two
processes (emergence of new leaves and senescence of older
leaves) a further differentiation was necessary.

Leaf senescence caused an increase in the number of yellow
and brown leaves. Senesced leaves accumulated more rapidly
in drought-stressed than in control plants (Figure 1b).
However, the difference in the number of senesced leaves
cannot explain the smaller number of green leaves in drought-
stressed plants. Therefore anticipated senescence and a smaller
number of newly expanded leaves contributed to the
difference. Leaf senescence also started in well watered plants
and was not restricted to plants under abiotic stress, but the
number of senescing and senesced leaves was higher under
drought.

Relative chlorophyll levels per leaf area were higher in
photosynthetically active leaves of drought-stressed plants than
in controls (Figure 2a). This can be explained by a smaller leaf
area as it become obvious from macroscopic inspection. The
smaller leaf area of young leaves (emerged during the stress
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phase) was primarily caused by a negative effect on leaf
expansion. In older leaves (fully expanded before the onset of
drought stress) shrinkage as a consequence of deceased turgor
caused the higher chlorophyll levels per leaf area.
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Fig. 1 number of (a) green and of (b) senescing/senesced leaves on
well watered pots (Control) and pots with limited water supply
(Drought). Dactylis glomerata and Trifolium repens plants were
grown together on the same pots. Means of 4 independent replicates
and standard deviations (on one side only for clarity) are shown.
Significant differences between control and drought-stressed plants at
the P<0.05 (*), P<0.01 (**) and P<0.001 (***) level are indicated.

Air and leaf temperatures were analyzed throughout the
experiment (Figure 2b). Air temperature strongly depended on
the actual weather. It was highest during warm and sunny days,
intermediate during cloudy days and low during cold and rainy
days. For both plant species leaf temperature was in general
higher in drought-stressed plants than in leaves of well watered
controls. This difference was most pronounced at the end of
the experiment when drought stress was most severe (3 to 5°C
difference). No major differences between drought-stressed
and control plants were observed on cloudy/rainy days when
the air temperature was low.

In the second experiment two clover (Trifolium pratense
and Trifolium repens) and a grass species (Lolium perenne)
were grown hydroponically on the same pot to ensure identical
conditions. Artificial drought was caused by the addition of
polyethylene glycol 6000 to the nutrient solution. The
calculated water potentials in the nutrient medium and the
transpiration rates are shown in Figure 3a.

The water potential in pots with standard nutrient medium
was always close to 0, while it decreased in the polyethylene
glycol (PEG) treatments to very low values. This decline was
caused by uptake of water (transpiration) but not of PEG
leading to increasing PEG concentration and as a consequence
decreasing water potentials (Figure 3b).

The transpiration rates per pot were until day 10 very
similar for controls and PEG treatments, then they increased
more slowly in PEG treatments than in controls until day 13
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and decreased finally in the PEG treatments, while they further
increased in the controls.
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Fig. 2 (a) relative chlorophyll contents per leaf area; (b) air
temperature and temperatures of green leaves on well watered pots
(Control) and pots with limited water supply (Drought). Dactylis
glomerata and Trifolium repens plants were grown together on the
same pots. Means of 4 independent replicates and standard
deviations when exceeding the size of the symbol (on one side only
for clarity) are shown for leaf temperatures. Significant differences
between control and drought-stressed plants at the P<0.05 (*),
P<0.01 (**) and P<0.001 (***) level are indicated.
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Fig. 3 (a) water potential and (b) transpiration rates in hydroponic
cultures without (Control) and with polyethylene glycol 6000 (PEG).
Lolium perenne, Trifolium pratense and Trifolium repens plants were
grown together on the same pots. Means of 5 independent replicates
and standard deviations when exceeding the size of the symbol (on
one side only for clarity) are shown. Significant differences between
control and drought-stressed plants at the P<0.05 (*), P<0.01 (**)
and P<0.001 (***) level are indicated.
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Fig. 4 intactness of photosystem Il (F,/Fr, in (a) Lolium perenne, (b) Trifolium pratense and (c) Trifolium repens leaves from hydroponic
cultures without (Control) and with polyethylene glycol 6000 (PEG). The three species were grown together on the same pots. After the
stress phase (days 0 to 27) the plants were transferred to fresh standard nutrient medium for the recovery phase (days 27 to 36). Leaves are
numbered from the oldest (1) to the youngest (7). A value of 0.0 was entered for missing leaves. Means of 5 independent replicates and
standard deviations (on one side only for clarity) are shown. Significant differences between control and drought-stressed plants at the

P<0.05 (*), P<0.01 (**) and P<0.001 (***) level are indicated.

F./F was measured in dark-adapted plants (in the morning
before the lights were switched on) and used as an indicator
for the intactness of the photosynthetic electron transport. The
sequentially emerging leaves were analyzed separately
throughout the stress period lasting for 20 days. In healthy
leaves a value around 0.8 can be expected.

The measurements for Lolium perenne are documented in
Figure 4a. Initially (day 0) 4 to 5 leaves were present. In
mature leaves the standard deviations were extremely small,
while they were large in emerging and senescing leaves. These
large standard deviations can be explained by the fact that the
timing for leaf emergence and senescence differed to some
extent between the pots and a given leaf was active in some
plants and not yet (later emergence) or no longer (earlier
senescence) in other plants. The number of active leaves was
for Lolium perenne similar for controls and stressed plants. A
slightly better performance of control plants was observed for
the youngest leaves.
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The F,/F,, measurements for Trifolium pratense are shown
in Figure 4b. Until day 15, the values were very similar for
control and stressed plants. At the end of the experiment (day
20) differences became obvious. The youngest leaf (leaf 7)
was expanded in controls, but not in PEG-treated plants.
Furthermore expanded (especially older) leaves in stressed
plants were partially damaged.

Compared to the other two species, the differences between
controls and stressed plants were most pronounced in
Trifolium repens (Figure 4c). A delay in the emergence of new
leaves under drought stress was one important factor.
Additionally, the decline in F,/F, was anticipated or
accelerated in older leaves of drought-stressed plants. The
youngest expanded leaves remained active longest in stressed
plants. The number of active leaves throughout the experiment
is summarized in Figure 5. No major effects for this parameter
were observed for Lolium perenne (Figure 5a). However, it
must be borne in mind that this figure refers only to the
number of active leaves and that the size of the leaves
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(shrinkage of previously older leaves and reduced expansion
of the youngest leaves) and the actual photosynthetic activity
may be considerably affected by drought. The number of
active leaves was at the end of the experiment slightly
decreased in Trifolium pratense (Figure 5b). The strongest
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response was observed in Trifolium repens (Figure 5c). In this
species the number of active leaves was affected earlier and
more severely than in the two other species grown
simultaneously under identical conditions in the same
containers. From these data it became obvious that the
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response of various grassland species to severe drought may
differ considerably. Leaf expansion and leaf senescence
contribute to this effect in a species-specific manner. The
duration of a drought period is important for the relative
impact on various grassland species.

Three grass species (Phleum pratense, Dactylis glomerata,
Lolium perenne) were compared in an additional experiment

Volume 9, 2015

grown on the same nutrient medium (Figure 7). It became
obvious that the recovery phase must be considered for an
overall evaluation of the performance. Only minor effects of
the lowered water potential were detected in Phleum pratense
and Dactylis glomerata, but a marked decline was observed
during the subsequent recovery phase (Figure 7a,b). Stress-
induced senescence of the older leaves continued during the
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Fig. 7 number of photosynthetically active leaves in (a) Phleum pratense, (b) Dactylis glomerata and (c) Lolium perenne grown
hydroponically without (Control) and with polyethylene glycol 6000 (PEG). The three species were grown together on the same pots. Means of
5 independent replicates and standard deviations (on one side only for clarity) are shown. Significant differences between control and drought-
stressed plants at the P<0.05 (*), P<0.01 (**) and P<0.001 (***) level are indicated.

including the recovery phase after the drought period (Figure
6). From the control plants of all three species it became
evident that senescence started in the oldest leaves during the
experiment without drought stress. However, the lowered
water potential in the medium influenced senescence of the
oldest leaves as well as the expansion of new leaves.
Characteristic differences between the three species were
observed. The oldest leaves as well as the youngest leaves
were affected in Phleum pratense, while leaves 6 and 7
remained active throughout the stress and the recovery phase
(Figure 6a). A recovery phase of 9 days was not sufficient to
increase the number of active leaves again indicating that the
differences between control and drought-stressed plants
remained relevant after the stress phase for several weeks and
were not easily compensated by the formation of new leaves.
A stronger drought effect was detected in Dactylis glomerata
(Figure 6b). The early senescence of the oldest leaves under
drought was obvious, while the youngest leaves were far less
affected. Leaves 6 and 7 remained again active throughout the
experiment. Effects of the previous drought treatment
remained relevant during the recovery phase. In contrast to the
two other species, the production of new leaves was in Lolium
perenne far more influenced by drought than the emergence of
new leaves (Figure 6¢). Leaves 5 to 7 remained in this species
most active during the drought stress. Senescence progressed
in control and drought-stressed plants similarly, but a smaller
number of younger active leaves was detected in the drought-
stressed plants.

The time courses for the number of active leaves in control
and drought-stressed plants differed for the three grasses
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recovery phase, while this loss of active leaves was not yet
compensated by the expansion of new leaves (Figure 6a,b).
The different time course in drought-stressed Lolium perenne
(Figure 7c) can be explained by the fact that in this species
senescence of older leaves was not or only marginally affected
by drought (Figure 6c).

IV. DISCUSSION

The cultivation of various species on the same pot allowed a
direct comparison. In hydroponic culture the roots of all
species were exposed to the same water potential, while in soil
culture there might still be water potential gradients which may
be used unequally by the various species. From the results it
became evident that the active leaf biomass in grassland plants
was strongly influenced by water limitation. Both, leaf
expansion and leaf senescence contributed to the decrease in
the number of active leaves under drought. Furthermore the
relative importance of leaf emergence and leaf senescence was
species-specific. Leaf expansion was affected in all species.
Effects on leaf senescence were most pronounced in Dactylis
glomerata, Phleum pratense and Trifolium repens.
Modifications in plant morphology were considered as
important responses to drought [34, 35]. Bevan et al. [34]
reported that tall vegetation may be an advantage for
grasslands under drought. Solute allocation to roots, root
growth and metabolism in various parts of the root system are
in soil culture not easily accessible, but were considered as
relevant for the drought response [28 and references therein].
Modifications in the geometry of the root system may allow
the access to so far unusable soil water.
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Fv/Fm values for Lolium perenne under drought were
reported previously [28] from a different experiment with
grasses only in the same pots (Lolium perenne, Poa pratense,
Festuca rubra). This previous experiment [28] and the
investigations reported here (Figures 4a, 5a, 6a, 7a) were
performed in the same growth chamber under the same
conditions, but not simultaneously. Direct comparisons should
therefore be handled with caution. The drought effects in
Lolium perenne were very similar in all experiments. It can be
concluded that the other species present in the same pots
caused no major differences in the drought response of
individual Lolium perenne leaves.

Reactive ogygen species (ROS) play an important role in
abiotic stress responses [36-39]. ROS are involved in
intracellular signaling [36, 37]. Under various abiotic stresses
ROS may accumulate and finally damage cell constituents [36-
38]. Protective solutes and activities of enzymes involved in
ROS detoxification must be considered as important players in
the protection of cells under drought and other abiotic stresses
[28, 38, 39].

Effects of the stress period are often very obvious, but the
response of plants to a subsequent recovery phase are equally
important for an overall evaluation of drought impacts [13, 28,
35]. A down-regulation of physiological activities may allow a
species to survive and to recover more efficiently than a
species which is more active at the beginning of the stress
phase but with a limited potential to recover after an extended
drought period.

Leaf temperature can be indirectly influenced by water
availability in the soil [18]. Abscisic acid transported via the
transpiration stream to the leaves or produced in the leaves
may cause stomatal closure and as a consequence reduced
transpiration. Especially under full sunlight and reduced
cooling by transpiration leaf temperature may reach high
values and negatively affect physiological processes in the
leaves [18, 28]. Strong effects of drought stress on leaf
temperature were detected in oak [41, 42] and beech [43]
leaves. Higher leaf temperatures under drought were also
found in herbaceous species [18, 28], but it must be borne in
mind that many other factors influence these values (air
temperature, air convection, irradiation, nutritional status of
the plants). It must be considered that combined effects of heat
and drought stress may be quite complex and not simply
additive [40]. Heat may reversibly and later also irreversibly
damage important cellular constituents in fully expanded
leaves [44, 45]. Rubisco activase was identified as a highly
heat-sensitive enzyme [45]. This enzyme might be primarily
the cause for non-stomatal limitations at elevated temperature,
since deactivation of Rubisco negatively influences
photosynthesis and plant productivity [26, 45].

The spatial resolution for climate change modelling was
considerably improved during the past decade [2, 46]. This
high resolution in space and time is necessary for agriculture,
since impacts of extreme events can be very local. Therefore
caution is recommended when generalizing drought effects.
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Irrigation of large areas will for most locations not be possible,
since during a drought period the quantity of water available
for irrigation will be also limited. Improvements in the use of
the limited water for plant cultivation may be possible by the
installation of more complex irrigation systems [47]. For
grasslands however, breeding and selection of suitable grass
and legume genotypes, use of optimized species mixtures and
agronomic practices (e.g. fertilization, time of mowing or
grazing) are highly important for minimizing negative effects
of extreme climatic events such as extended drought periods or
heat waves.

V. CONCLUSIONS

Species-specific and even variety-specific responses must be
considered and are important for genotype selection and
breeding. As documented in this paper, even closely related
plant species may be affected differently by drought (e.g.
formation/expansion of new leaves versus senescence of the
oldest leaves). Besides the performance of a species or of a
variety during the stress period, the potential to recover after
the stress period is highly important for the overall response.
This investigation was focused on the response of individual
plants to severe drought, while other aspects (e.g. root
activities or species competition) were not or only marginally
addressed. Especially the following points remain to be
elucidated in more detail for grasslands exposed to severe
drought:

- Root development and root physiology: Root growth allows
the exploration of new soil regions. Water availability
may differ vertically between soil layers [20], but
horizontal gradients caused by inhomogeneous soil or
interactions with other plants must also be considered.
Therefore the response of roots or of parts of the root
system remain to be further investigated [28, 32].

- Competition between plants in mixtures of species and/or
varieties: The competition between species/varieties can
be influenced by drought [15]. Since the weather during
the main growth period is not known when grasslands are
established, changing frequencies of droughts must be
included in planning and risk evaluation.

- Conditioning of plants exposed to moderate drought for a
severe drought stress: A mild drought followed by a
recovery phase may condition plants for a more severe
drought period [48].

- Effects of combined environmental stresses: Several
environmental factors (e.g. drought, temperature and
elevated CO,) may be influenced by climate change and
affect grassland performance [49]. Our knowledge
concerning plant responses to multiple abiotic stresses is
still quite limited.

- Comprehensive evaluation considering time courses (e.g.
changes throughout the day) [50] besides the spatial
situation (various leaves, roots, reproductive organs)
[51]: Daily time courses for stomatal opening and
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photosynthesis are important for optimal water use
efficiency under drought. Furthermore, senescence of
some leaves accompanied by a reduced water loss of the
plant may contribute to plant survival and performance
after the drought period [51]. A positive effect of abscisic
acid-induced stomatal closure during a drought period
was reported to be advantageous for gradual repair of
xylem embolism in grapevine after rewatering [52].

ACKNOWLEDGMENTS

We thank Irina I. Vaseva, Anna K. Gilgen, and Christina E.
Reynolds-Henne for stimulating discussions and Iwona Anders
for supporting the experimental work.

(1]

(2

(31
(4]

(5]

(6]

(71

(8]

(9]

[10]

[11]

[12]

REFERENCES

R. M. Blésch, O. Riesen, and U. Feller, “Leaf development and
intactness of the photosynthetic electron transport in grassland plants
exposed to an extended drought period” in Proceedings of the 9™
International Conference on Energy and Environment: Recent
Advances in Energy, Environment and Development”, N. E.
Mastorakis, O. Corbi, and A. Zaharim, Eds., WSEAS Press, 2014, pp.
13-20 (ISBN: 978-1-61804-265-1).

IPCC, “Climate Change 2014: Impacts, adaptation, and vulnerability.“
Part B: Regional aspects. Contribution of Working Group 11 to the fifth
assessment report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge, United Kingdom and New
York, NY, USA, 2014.

K. L. Griffin and J. R. Seemann, “Plants, CO, and photosynthesis in the
21% century”, Chem. Biol., vol. 3, pp. 245-254, 1996.

M. Zelenakova, P. Purcz, H. Hlavata, I. Gargar, and M. M. Portela,
“Statistical trends of precipiation in chosen climatic station in Slovakia
and Libya”, WSEAS Transactions on Environment and Development,
vol. 10, pp. 298-305, 2014.

L. Simova-Stoilova, K. Demirevska, A. Kingston-Smith, and U. Feller,
“Involvement of the leaf antioxidant system in the response to soil
flooding in two Trifolium genotypes differing in their tolerance to
waterlogging”, Plant Sci., vol. 183, pp. 43-49, 2012.

M. Lanfranchi, C. Giannetto, and A. De Pascale, “Economic
implications of climate change for agricultural productivity”, WSEAS
Transactions on Environment and Development, vol. 10, pp. 233-241,
2014.

M. Mazilu, “Tourism-sustainable development —environment”, WSEAS
Transactions on Environment and Development, vol. 9, pp. 230-239,
2013.

A. A. M. Cantarel, J. M. G. Bloor, and A. Sousanna, “Four years of
simulated climate change reduces above-ground productivity and alters
functional diversity in a grassland ecosystem”, J. Veg. Sci., vol. 24, pp.
113-126, 2013.

J. van den Berge, K. Naudts, H. J. De Boeck, R. Ceulemans, and I. Nijs,
“Do interactions with neighbours modify the above-ground productivity
response to drought? A test with two grassland species”, Env. Exp. Bot.,
vol. 105, pp. 18-24, 2014.

K. Grant, J. Kreyling, H. Heilmeier, C. Beierkuhnlein, and A. Jentsch,
“Extreme weather events and plant-plant interactions: shitfts bteween
competition and facilitation among grassland species in the face of
drought and heavy rainfall”, Ecol. Res., vol. 29, pp. 991-1001, 2014.

M. Cougnon, J. Baert, C. Van Waes, and D. Reheul, “Performance and
quality of of tall fescue (Festuca arundinacea Schreb.) and perennial
ryegrass (Lolium perenne L.) and mixtures of both species grown with
or without white clover (Trifolium repens L.) under cutting
management”, Grass Forage Sci., vol. 69, pp. 666-677, 2014.

M. A. A. Khan, K. Grant, C. Beierkuhnlein, J. Kreyling, and A. Jentsch,
“Climatic extremes lead to species-specific legume facilitation in an
experimental temperate grassland”, Plant Soil, vol. 379, pp. 161-175,
2014.

ISSN: 2308-1007

154

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

(32]

(33]

Volume 9, 2015

L. R. Turner, M. M. Holloway-Phillips, R. P. Rawnsley, D. J. Donaghy,
and K. G. Pembleton, “The morphological and physiological responses
of perennial ryegrass (Lolium perenne L.), cocksfoot (Dactylis
glomerata L.) and tall fescue (Festuca arundinacea Schreb.; syn.
Schoedonorus phoenix Scop.) to variable water availability”, Grass
Forage Sci., vol. 67, pp. 507-518, 2012.

A. Assani, E. Simard, E. Gravel, G. lbrahim, and S. Campeau, “The
impact of “man-made hydrological drought” on plant species abundance
in the low-flow channel downstream from the Matawin dam”, Quebec.
Water, vol. 5, pp. 875-892, 2013.

A. K. Gilgen, C. Signarbieux, U. Feller, and N. Buchmann,
“Competitive advantage of Rumex obtusifolius L. might increase in
intensively managed temperate grasslands under dryer climate”, Agric.
Ecosyst. Environ., vol. 135, pp. 15-23, 2010.

S. Burri, P. Sturm, U. E. Prechsl, A. Knohl, and N. Buchmann, “The
impact of extreme summer drought on the short-term carbon coupling of
photosynthesis to soil CO; efflux in a temperate grassland”,
Biogeosciences, vol. 11, pp. 961-975, 2014.

A. K. Gilgen and U. Feller, “Drought stress alters solute allocation in
broadleaf dock (Rumex obtusifolius)”, Weed Sci., vol. 61, pp. 104-108,
2013.

C. E. Reynolds-Henne, A. Langenegger, J. Mani, N. Schenk, A.
Zumsteg, and U. Feller, “Interactions between temperature, drought and
stomatal opening in legumes”, Environ. Exp. Bot., vol. 68, pp. 37-43,
2010.

P. Grieu, C. Robin, and A. Guckert, “Effect of drought on
photosynthesis in Trifolium repens — maintenance of photosystem-II-
efficiency photosynthesis”, Plant Physiol. Biochem., vol. 33, pp. 19-24,
1995.

M. R. Colom and C. Vazzana, “Photosynthesis and PSII functionality of
drought-resistant and drought-sensitive weeping lovegrass plants”,
Environ. Exp. Bot., vol. 49, pp. 135-144, 2013.

C. Signarbieux and U. Feller, “Effects of an extended drought period on
physiological properties of grassland species in the field.”, J. Plant Res.,
vol. 125, pp. 251-261, 2012.

F. Volaire, “Drought survival, summer dormancy and dehydrin
accumulation in contrasting cultivars of Dactylis glomerata”, Physiol.
Plant., vol. 116, pp. 42-51, 2002.

F. Volaire and M. Norton, “Summer dormancy in in perennial temperate
grasses”, Ann. Bot., vol. 98, pp. 927-933, 2006.

I. Aranjuelo, G. Molero, G. Erice, J. Christophe Avice, and S. Nogues,
“Plant physiology and proteomics reveals the leaf response to drought in
alfalfa (Medicago sativa L.)”, J. Exp. Bot. 62, 111-123, 2011.

E. Gil-Quintana, E. Larrainzar, C. Arrese-lgor, and E. M. Gonzalez, “Is
N-feedback involved in the inhibition of nitrogen fixation in drought-
stressed Medicago truncatula?”, J. Exp. Bot. 64, 281-292, 2013.

C. Signarbieux and U. Feller, “Non-stomatal limitations of
photosynthesis in grassland species under artificial drought in the field”,
Environ. Exp. Bot., vol. 71, pp. 192-197, 2011.

C. Belaygue, J. Wery, A.A. Cowan, and F. Tardieu, “Contribution of
leaf expansion, rate of leaf appearance, and stolon branching to growth
of plant leaf area under water deficit in white clover”, Crop Sci., vol. 36,
pp. 1240-1246, 1996.

U. Feller and I. . Vaseva, “Extreme climatic events: impacts of drought
and high temperature on physiological processes in agronomically
important plants”, Front. Environ. Sci., vol. 2, p. 39, 2014, doi:
10.3389/fenvs.2014.00039.

V. Page, R. M. Blésch, and U. Feller, “Regulation of shoot growth, root
development and manganese allocation in wheat (Triticum aestivum)
genotypes by light intensity”, Plant Growth Regul., vol. 67, pp. 209-
215, 2012.

A. A. Steuter and A. Mozafar, “Water potential of aqueous
polyethylene glycol”, Plant Physiol., vol. 67, pp. 64-67, 1981.

B. E. Michel and M. R. Kaufmann, “The osmotic potential of
polyethylene glycol 6000”, Plant Physiol., vol. 51, pp. 914-916, 1973.
U. Feller, I. I. Vaseva, and B. Yuperlieva-Mateeva, “Solute transport via
xylem and phloem in two wheat genotypes differing in drought
susceptibility”, Genet. Plant Physiol., vol. 4, pp. 32-43, 2014.

K. Maxwell and G. N. Johnson, “Chlorophyll fluorescence — a practical
guide”, J. Exp. Bot., vol. 51, pp. 659-668, 2000.



[34]

(35]

(36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

(52]

INTERNATIONAL JOURNAL OF ENERGY and ENVIRONMENT

S. L. Bevan, S. O. Los, and P. R. J. North, “Response of vegetation to
the 2003 European drought was mitigated by height”, Biogeosciences,
vol. 11, pp. 2897-908, 2014.

F. E. Dreesen, H. J. De Boeck, I. A. Janssens, and I. Nijs, “Do
successive climate extremes weaken the resistance of plant
communities? An experimental study using plant assemblages”,
Biogeosciences, vol. 11, pp. 109-121, 2014.

A. U. Khan and T. Wilson, “Reactive oxygen species as cellular
messengers”, Curr. Biol., vol. 7, pp. 437-445, 1995.

G. Miller, N. Suzuki, S. Ciftci-Yilmaz, and R. Mittler, “Reactive
oxygen species homeostasis and signalling during drought and salinity
stresses”, Plant Cell Environ., vol. 33, pp. 453-467, 2010.

S. Munne-Bosch, T. Jubany-Mari, and L. Alegre, “Drought-induced
senescence is characterized by a loss of antioxidant defenses in
chloroplasts”, Plant Cell Environ., vol. 24, pp. 1319-1327, 2001.

L. Simova-Stoilova, K. Demirevska, T. Petrova, N. Tsenov, and U.
Feller, “Antioxidative protection and proteolytic activity in tolerant and
sensitive wheat (Triticum aestivum L.) varieties subjected to long-term
field drought”, Plant Growth Regul., vol. 58, pp. 107-117, 2009.

B. Grigorova, I. Vaseva, K. Demirevska, and U. Feller, “Combined
drought and heat stress in wheat: changes in some heat shock proteins”,
Biol. Plant., vol. 55, pp. 105-111, 2011.

P. Haldimann, A. Galle, and U. Feller, “Impact of an exceptionally hot
dry summer on photosynthetic traits in oak (Quercus pubescens)
leaves”, Tree Physiol., vol. 28, pp. 785-795, 2008.

A. Galle, P. Haldimann, and U. Feller, “Photosynthetic performance and
water relations in young pubescent oak (Quercus pubescens) trees
during drought stress and recovery”, New Phytol., vol. 174, pp. 799-
810, 2007.

A. Galle and U. Feller, “Changes of photosynthetic traits in beech
saplings (Fagus sylvatica) under severe drought stress and during
recovery”, Physiol. Plant., vol. 131, pp. 412-421, 2007.

P. Haldimann and U. Feller, “Growth at moderately elevated
temperature alters the physiological response of the photosynthetic
apparatus to heat stress in pea (Pisum sativum L.) leaves”, Plant Cell
Environ., vol. 28, pp. 302-317, 2005.

S. J. Crafts-Brandnder and M. E. Salvucci, “Analyzing the impact of
high temperature and CO; on net photosynthesis: Biochemical
mechanisms, models and genomics”, Field Crops Res., vol. 90, pp. 75-
85, 2004.

S. Shanmuganthan, A. Ghobakhlou, and P. Sallis, “Sensor data
acquisition for climate change modelling”, WSEAS Transactions on
Circuits & Systems, vol. 7, pp. 942-952, 2008.

S. Shahidian, R. P. Serralheiro, J. L. Teixeira, F. L. Santos, M. R. G.
Oliveira, J. L. Costa, C. Toureiro, N. Haie, N., and R. M. Machado,
“Drip Irrigation using PLC based adaptive irrigation system”, WSEAS
Transactions on Environment and Development, vol. 5, pp. 209-218,
20009.

S. Backhaus, J. Kreyling, K. Grant, C. Beierkuhnlein, J. Walter, and A.
Jentsch, “Recurrent mild drought events increase resistance toward
extreme drought stress”, Ecosystems, vol. 17, pp. 1068-1081, 2014.

A. Manea and M. R. Leishman, “Leaf area index drives soil water
availability and extreme drought-related mortality under elevated CO; in
a temperate grassland model system”, Plos One, vol. 9, Article number
€91046, 2014.

C. Bollig and U. Feller, “Impacts of drought stress on water relations
and carbon assimilation in grassland species at different altitudes, Agric.
Ecosyst. Environ., vol. 188, pp. 212-220, 2014.

S. Munne-Bosch, and L. Alegre, “Die and let live: Leaf senescence
contributes to plant survival under drought stress”, Funct. Plant Biol.,
vol. 31, pp. 203-216, 2004.

C. Lovisolo, L. Perrone, W. Hartung, W., and A. Schubert, “An abscisic
acid-related reduced transpiration promotes gradual embolism repair
when grapevines are rehydrated after drought”, New Phytol., vol. 180,
pp. 642-651, 2008.

ISSN: 2308-1007 155

Volume 9, 2015





