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ABSTRACT 

Drought is the main environmental factor hampering world agriculture production. In the face of warming 
climate and reduced fresh water resources it become obvious that search for any factors decreasing water use 
is strongly recommended. Turf grasses able to withstand drought period longer could be recommended for turf 
areas as parks, lawns, home gardens etc. and relatively lower amounts of water should ensure satisfactory turf 
quality. Therefore, twelve turf varieties from three major cool-season turf grass species: perennial ryegrass 
(Lolium perenne L.), Kentucky bluegrass (Poa pratensis L.) and red fescue (Festuca rubra L.) were tested in 
glasshouse pot experiment and in the laboratory for determination of their relative ability to withstand green 
longer in the face of water deficit.  

The different response of the examined forms to drought was noted. Conditions that favor fast water deple-
tion were the most suitable for the expression of water deficit-related traits. Therefore, sandy mixture of 16% 
volumetric moisture content at field water capacity was mostly suitable for observation of the variation of 
tested forms. Turf condition of Kentucky bluegrass, as contrary to red fescue, was strongly connected with the 
soil moisture. Different manifestation of drought resistance was observed in tested species. Kentucky blue-
grass, as rather no resistant to drought, exposed low level of drought avoidance. Red fescue was able to sur-
vive drought mainly due to leaf blades resistant to desiccation. In perennial ryegrass some other mechanisms 
evolved to survive drought. Early leaf wilting and senescence contributes to nutrient remobilization during 
drought and avoids large water loses during the transpiration. Therefore, perennial ryegrass turf was able to 
regenerate better after drought, as compared to the other tested grass species.  

Search for new turf forms should focus on searching for ability to maintain acceptable conditions longer in 
a presence of increasing water deficit. It will then reduce the duration of period of poor turf conditions and 
further, turf water demands. 
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INTRODUCTION.  

Drought, a period of abnormally dry weather, results in the soil-water 
deficit and subsequently – plant-water deficit. Arising from the moisture 
deficit in the soil and air, the drought interfere in the water balance of 
a given area (Bąk, Łabędzki, 2002). Water deficit in plant disrupts many 
cellular and whole plant functions, having a negative impact on the plant 
growth and reproduction. Crop yields are reduced by 69% on average when 
plants are exposed to unfavorable conditions in the field (Bray, 2001). In 
2018 drought has affected a third of Poland’s crop. Farmers across northern 
and central Europe are currently facing crop failure and bankruptcy as 
a consequence of the most intense regional droughts in recent memory 
(Nelsen, 2018). 

In nature, certain species are adapted to the water deficits, exposing some 
resistance mechanisms and strategies. In case of grasses drought resistance 
is the ability to produce the desired product (herbage or green lawn) during 
slight, temporary or early drought; survive severe drought; and finally, hav-
ing survived, respond rapidly to renewed water supply (Humphreys, 2001). 

Cool-season turf grasses often suffer from extended periods of drought 
during the summer but water supplies used to irrigate turf are limited and 
are in competition for use by agriculture, recreation etc. It is in the best in-
terest of turf managers to conserve water and to design both irrigation and 
turf which provide the quality of the grass with minimum water use (Hull, 
1997). One of the frequently stated turf disadvantages is that it needs lots 
of water. But this is only a public perception, not scientifically accepted 
truth. High water use from turf areas is mostly related to human decision to 
irrigate the grass, not to the grass itself. Moreover, without a drop of water 
during drought periods, most of the currently used turf grass species survive 
(Żurek, 2006). 

Although irrigation may be costly, a green and growing turf improves 
environmental conditions better than a brown turf. The main benefits of 
a healthy turf are water and wind erosion control. Actively growing turf 
may have a surface temperature that is 20 degrees cooler than a dormant 
turf during the summer (Hull, 1997). 

Drought stress affects the turf quality, growth rate, evapotranspiration 
and recuperative potential (Ebdon and Kopp, 2004). Turf quality decline is 
an effect of reduction of root growth, leaf water potential, cell membrane 
stability, photosynthetic rate, photochemical efficiency and carbohydrate 
accumulation (Carrow, 1996 a, b; Huang and Gao, 1999; Jiang and Huang, 
2001 a, b). 

One from many important factors that determine the drought resistance 
of plants is the ability of leaf cell membranes to keep its function and integ-
rity as long as possible during water deficit stress (Huang et al. 1997c). 
Membranes play a central role in various cellular functions, in particular 
those membranes with embedded enzymes and water/ion transporters. 
Drought leads to severe membrane damage. Efflux of water from the cells 
results in shrinkage of cell walls and plasma membrane, and eventually to 
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collapse of cells (Svensson, 2001). Therefore, the strain on membranes is 
one of the most important effects of drought and survival (Chaves and 
Oliveira, 2004). It is also closely linked with the plant recovery after 
drought, which is a function of plant capacity to avoid or to repair mem-
brane damage. Grass dehydration tolerance is affected by cell membrane 
stability. On the basis of cell membrane stability selection for drought re-
sistant turf grasses was suggested (Zhao et al., 1994). In some experiments 
Kentucky bluegrass (Poa pratensis L.) ecotypes of higher cell membrane 
stability were also resistant to simulated drought conditions (Abraham et 
al., 2003, 2004; Wang and Huang, 2004).  

Numbers of experiments were described to examine different aspects of 
the turf grass performance during drought. Generally, turf performance, 
which is a complex feature combined from the sward density during grow-
ing season, turf color, texture etc. declines as drought stress increase. How-
ever, the range of decline and final regrowth after drought are strongly de-
pendent on numerous factors as for example: genetic properties of plant, 
plant age, soil type, management intensity, drought duration etc.  

Pot experiments in glasshouse or controlled environment are quite suita-
ble and widely used. Despite of some disadvantages due to the age of plants 
(too young), unreal high transpiration rate and unrealistic fast root growth, 
it is still very convenient tool to examine the stress resistance of plants 
(Humphreys, 2001). Different pot dimensions and treatments were present-
ed in numerous works, however various soil conditions in pots were not 
discussed intensively, including sandy soil structures usually found on well 
projected football pitches.  

The aim of above work was to analyze the effect of different soil condi-
tions, including general turf performance during a simulated drought with 
relation to the leaf cell membrane stability of three major turf grass species.  

MATERIALS AND METHODS.  

Twelve turf grass varieties and breeding lines (further referred to as ob-
jects) of major European turf grass species were selected for above experi-
ment: perennial ryegrass (Lolium perenne L.): Stadion, Stoper, Nira and 
breeding strain - KRH-22, Kentucky bluegrass (Poa pratensis L.): Alicja, 
Ani and breeding strains: Dresa and Chałupy, red fescue (Festuca rubra 
L.): Adio, Bargena, Nimba and Leo. Seed was kindly provided by breeders 
or breeding companies. Three different soil mixtures were prepared from 
peat, river sand and compost soil as follows: ‘peaty’ mixture - 1 part of 
compost soil and 2 parts of peat; ‘proportional’ mixture – 1 part of compost 
soil, 1 part of sand and 1 part of peat; ‘sandy’ mixture - 1 part of compost 
soil, 1 part of peat and 4 parts of sand. Soil mixtures were than analyzed for 
the chemical, structural and water properties (Table 1). 
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Table 1 
Chemical, physical and water properties of soil mixtures 

 

Test procedures:  

Pot experiment 

Metal pots (6 per one object, 5000 cm3, 20 cm in diameter, with drainage 
hole in the bottom) were filled with soil mixtures: 3.6 kg of peaty mixture, 
6.0 kg of proportional mixture and 7.4 kg of sandy mixture per pot. On the 
basis of standard germination test results, sowing quantities were calculated 
to equalize seedling amount per pot area. Sowing quantities (in grams per 
pot) were as follows: Kentucky bluegrass: Dresa – 0.52, Chałupy – 0.54, 
Ani – 0.55, Alicja – 0.60; red fescue – Adio – 0.64, Leo – 0.67, Bargena 
and Nimba – 0.70; perennial ryegrass: Stadion – 0.94, Stoper – 0.96, Nira – 
0.96 and KRH-22 – 1.01. 

Soil parameter: 
Type of soil mixture: 

Peaty Proportional Sandy 

Chemical analysis results (in mg per 100g of soil) 

pH 7.3 7.6 7.7 

Na 7.7 3.8 3.2 

K 45.6 24.2 8.0 

Ca 488.1 287.5 226.1 

Mg 27.1 11.1 5.6 

P 5.9 4.7 3.1 

Salinity [g/100 g of soil] 0.17 0.07 0.05 

C organic [g/1 kg of soil] 95.9 32.0 8.8 

N total [g/1 kg of soil] 5.5 2.8 0.6 

C / N 18 : 1 11 : 1 15 : 1 

Soil texture (share in %) 

< 0.02 mm 4 15.2 0.5 

0.02 – 0.05 mm 6.3 22.4 6.2 

0.05 – 0.1 mm 15.4 14.2 15.9 

0.1 – 0.25 mm 16.5 12.2 34.1 

0.25 – 0.5 mm 35.7 30.4 31.9 

0.5 – 1.0 mm 22.1 5.6 11.4 

Bulk density of soil [g×cm3] 0.715 1.193 1.477 

Water properties (in % of volumetric moisture content) 

Full water capacity  (pf = 0.0) 70.7 52.4 42.8 

Field water capacity  (pf = 2.0) 47.7 31.4 16.4 

Permanent wilting point (pf = 4.2) 13.9 9.0 6.2 
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After sowing, pots were covered with 0,5 cm of the sand, well-watered 
and placed in the field. From seed sowing until seedling emergence pots 
were covered with white polypropylene non-woven cover and watered dai-
ly. During further vegetation in the field, pots were watered 3 – 4 times 
a week and grass was cut 3 times with hand mower at height of 3 cm. Min-
eral fertilizer was added once: 1.06 g per pot, and it equals (in kg per 1 ha): 
30.9 kg N, 16.7 kg P, 49.6 kg K and 5.3 kg Mg. 

Mean air temperature during grass vegetation in field (April, May and 
June) was 13.3oC and total rainfall – 149 mm.  

After 80 days in the field, pots were moved to the unheated glasshouse, 
well-watered, weighed (W1) and soil volumetric moisture content (VMC) 
was measured with ThetaProbe (ThetaMeter HH1, manufactured by 
Eijkelkamp Agrisearch Equipment, The Netherlands) at depth 0 – 6 cm. 

Three pots per object in each of three soil mixtures were further kept 
without watering (drought conditions) and next three pots in each soil mix-
ture were watered once a week with 0.5 l of tap water per pot (control con-
ditions). VMC was measured two times per week and following traits were 
also evaluated: 
 sward density (SD) was evaluated at the beginning and at the end of 

test, using 1-9 scale, where 1 is bare ground, no plants; 9 is complete 
turf cover (Prończuk, 1993; Prończuk et al. 1997), 

 turf condition (TC), in 1 – 9 scale: 1 – completely dead plants, no 
green tissue visible, even when tillers dissected, 3 – trace of green 
tissue, usually at base of the youngest leaves, 5 – approx. half of 
plants with appreciable amounts of green leaves, 7 – most or all of 
leaves alive, but with the most of them scorched, permanently wilted, 
9 – all leaves alive without symptoms of scorching (Humphreys and 
Thomas 1993, Minner and Butler 1985). 

During vegetation in glasshouse pots were cut 6 times at 3 cm with hand 
mower. End of the drying phase was noted when VMC dropped to 0% and 
TC to 1. Regeneration started after pots weighed for the second time (W2), 
and submerged in water for initial weight (W1) recovery (ca. 24 hours). 
Further treatment for the test pots was the same as for control pots. VMC 
and TC were further measured and observed during regeneration. At the end 
of experiment (81 days after pots replacement to glasshouse, 161 days after 
sowing) SD was evaluated.  

The total amount of available water for the test turf grown in pots was 
estimated on the basis of pots weights before and after drought (W1 – W2). 

Mean air temperature during glasshouse test was 20.6oC, with optimum 
between fourth and sixth week (from 20.0 to 30.3oC, mean 24.9oC). Humid-
ity ranges from 55.4 to 98.5%, with mean value at 75.7%. The highest hu-
midity values were noted at the end of the test and lowest values – between 
eight and eleventh week. 
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Membrane stability 

Cell membrane stability (CMS) was assessed according to Amin and 
Thomas (1996). Samples of ca. 80 mg of fully emerged, healthy and un-
damaged leaf lamina were collected from each tested object from control 
conditions grown in proportional mixture. Leaf samples were further incu-
bated over silica gel for 24 h (drought simulation) or over water in humid 
chamber at 25oC for 30 minutes (control). Samples were than leached in 
150 cm3 of deionized water for 24 h on the laboratory shaker, and electrical 
conductance was measured (C1). Samples were than autoclaved for 40 
minutes, allowed to cool, and conductance was measured again (C2). Mem-
brane stability was calculated both for dried and control samples as : 

CMS of dried leaves was expressed as a percentage of control samples.  

Statistical analysis 

All statistical calculations were made with STATISTCA ver. 12.0 PL. Signif-
icance of differences were accepted with 95% of probability. Lest significant 
differences (LSD) were calculated according to Fisher test and values were 
shown only if statistically significant with accepted probability.  

For visual presentation of relations between VMC and TC, the best fitted 
equation were plotted, using the highest value of coefficient of determiantion 
(R2). For all species and mixture types rule as:  

was used, where dependent variable is VMC and independent variable – TC).  

RESULTS  

Soil VMC changes during drying.  

As it has been proved by regression analysis, soil moisture decrease dur-
ing drying was linear in the case of all species and all used soil mixtures 
(Table 2). It is also evident from above that mean VMC of soil under sward 
dropped to 0% after 22 – 24 days in sandy mixture, from 28 to 29 days in 
proportional mixture and from 44 to 46 days in peaty mixture of drying. In 
each of applied soil mixtures, perennial ryegrass was the fastest soil-drying 
species, as contrary to Kentucky bluegrass. 
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Table 2 
Results of the linear regression analysis with VMC as dependent variable and number of days  

since water withheld (drying) as independent variable. 

No statistical differences between grass species and objects were found for the 
amount of water available for plants during drying. It ranges from 2.217 kg H2O per 
pot for peaty mixture, 1.355 kg H2O per pot for proportional mixture to 0.915 kg 
H2O per pot for sandy mixture. 

Turf performance 

As soil VMC declined from the field water capacity (pF = 2.0) to permanent 
wilting point (PWP, pF = 4.2), condition of turf (TC) was rather stable. First visible 
symptoms of the permanent water deficit on the turf was leaf wilting i.e. TC de-
crease to score 7. It includes a blue-green color and leaf rolling or folding (Carrow, 
1996). In our experiment, perennial ryegrass varieties wilted first, in sandy mixture 
some varieties wilted half a day after VMC dropped to PWP (Table 3). As contrary 
to above, the longest delay of wilting was noted for Kentucky bluegrass ‘Dresa’ in 
peaty and proportional mixtures. Generally, if VMC reached PWP, turf become 
wilted after 3.3 – 5.4 days in peaty and proportional mixture but 0.4 – 4.1 days in 
a sandy mixture. As soil VMC decreased below PWP, TC also decreased and final-
ly dropped to 1, after 27 days in sandy mixture, 35 days in proportional mixture and 

Soil 
mixture Species Model 

Unstandardized 
coefficients 

Standardized 
coefficients 

t Sign. 

Dependent 
variable 

value 
For indepen-

dent = 0 

B Std.Error Beta (VMC = 
0%) 

Peaty 

Festuca 
rubra 

Constant 41.04 1.38   29.70 0.000 
45.0 

No. of days -0.91 0.05 -0.983 -19.90 0.000 

Lolium 
perenne 

Constant 40.25 1.60   25.14 0.000 
44.3 

No. of days -0.91 0.05 -0.977 -17.10 0.000 

Poa 
pratensis 

Constant 41.86 1.36   30.78 0.000 
45.8 

No. of days -0.91 0.05 -0.983 -20.24 0.000 

Propor-
tional 

Festuca 
rubra 

Constant 26.96 0.89   30.37 0.000 
28.9 

No. of days -0.93 0.05 -0.989 -18.56 0.000 

Lolium 
perenne 

Constant 25.57 1.02   24.99 0.000 
28.1 

No. of days -0.91 0.06 -0.984 -15.76 0.000 

Poa 
pratensis 

Constant 29.72 1.12   26.60 0.000 
29.5 

No. of days -1.01 0.06 -0.985 -15.97 0.000 

Sandy 

Festuca 
rubra 

Constant 17.04 0.90  18.857 0.000 
23.7 

No. of days -0.72 0.07 -0.975 -10.677 0.000 

Lolium 
perenne 

Constant 16.14 0.78   20.604 0.000 
22.1 

No. of days -0.73 0.06 -0.981 -12.514 0.000 

Poa 
pratensis 

Constant 18.00 0.55   32.567 0.000 
23.9 

No. of days -0.75 0.04 -0.991 -18.233 0.000 
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53 days in a peaty mixture. Only in sandy mixture intra-specific variation was noted 
for perennial ryegrass and red fescue.  

Table 3 
Number of days from the beginning of drying to: decrease of soil moisture content 

to the permanent wilting point (pF=4.2); wilting of turf (TC=7) and its total dry-out (TC=1) 

Levels of significance: ** p < 0.05. *** - p < 0.01  

Moisture decrease was not related to tested objects, however TC decrease to 
wilting (7.0) and total leaf dry out (1.0) was not only related to the soil mixtures 
but also to tested objects (Table 4). 

Table 4 
Two-way ANOVA results for moisture and condition decrease (mean squares). 

Statistical significance at: * -p < 0.05; ** - p < 0.01 

Name of  
object 

Soil mixtures: 

Peaty Proportional Sandy 

pF=4.2 Wilting Dry-out pF=4.2 Wilting Dry-out pF=4.2 Wilting Dry-out 

Mean for 

P. pratensis 29.6 35.0 54.1 18.6 24.0 35.3 13.7 17.8 28.9 

Alicja 29.7 35.7 54.0 18.9 24.3 34.8 14.2 20.0 29.1 

Ani 30.6 36.0 54.6 19.2 24.0 36.6 15.3 20.7 29.2 

Chałupy 30.4 33.7 55.5 19.0 23.5 35.5 12.8 14.7 30.1 

Dresa 27.5 34.7 52.4 17.4 24.0 34.4 12.5 16.0 27.2 

Mean for 

L. perenne 26.9 30.3 51.2 16.9 20.2 33.4 12.4 12.8 24.2 

KRH-22 27.9 32.7 54.1 16.5 18.7 33.8 12.4 13.5 25.8 

Nira 27.5 26.3 49.4 16.6 18.7 33.9 14.1 13.5 26.2 

Stadion 27.0 32.3 52.3 17.2 20.3 33.5 11.6 12.0 23.2 

Stoper 25.2 29.7 49.1 17.2 23.0 32.4 11.5 12.0 21.6 

Mean for 

F. rubra 28.1 31.8 54.2 18.6 23.6 35.7 13.0 16.3 28.2 

Adio 27.4 26.3 56.8 18.1 23.0 34.0 9.8 13.0 24.1 

Bargena 28.4 33.0 55.5 19.1 24.0 35.7 12.9 17.0 28.5 

Leo 27.3 32.0 54.4 18.8 22.3 37.2 13.8 16.0 29.3 

Nimba 29.1 35.7 50.0 18.3 25.0 35.7 15.4 19.0 31.0 

Mean for objects: 28.2 32.3 53.2 18.0 22.6 34.8 13.0 15.6 27.1 

LSD for objects - - - - 3.6 ** - 3.46 ** 6.1 ** 5.3 ** 

LSD for species 2.2** 3.8*** - 1.25*** 1.8*** - - 3.17* 2.8 ** 

Source of variation VMC decrease to perma-
nent wilting point 

Decrease of turf condition to: 
7.0 1.0 

Soil mixtures 2038.0 ** 2451.0 * 5977.5 ** 
Objects 8.35 70.9 ** 26.7 * 
Soil mixtures x objects 4.2 12.6 10.1 
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Fig. 1. Turf condition during drying (% of control pots, objects ordered  
with increasing values in a sandy mixture) 

Fig. 2. Turf condition during regeneration (% of control pots, objects ordered with increasing values 
in sandy mixture). Abbreviations: LP – Lolium perenne. FR – Festuca rubra. PP – Poa pratensis 

Mean values of TC during drying were strongly reduced in a sandy mixture, 
and difference between objects were also noted in a proportional mixture (Fig. 1). 
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The strongest effect of water deficit was noted in perennial ryegrass, where av-
erage TC was only 5.7% of control conditions for the grass grown in a peaty 
mixture, 29.4% in a proportional mixture and 63.9% in a sandy mixture. Condi-
tion of perennial ryegrass variety Stoper dropped to 25% of control in a sandy 
mixture, as compared to red fescue Nimba (75.6%) and Kentucky bluegrass Ani 
(74.4%). 

Most of the tested objects were not able to regenerate to the values of control 
turf (Fig.2). In the case of Kentucky bluegrass and red fescue very low values of 
TC (from 1.1 to 2.4) were observed. It means that only few green plants per pot 
regenerated. As contrary to above, the quality of perennial ryegrass after regen-
eration was more than 50% of control. For example, perennial ryegrass KRH-22 
regenerated in all soil mixtures to the level of control conditions. Kentucky 
bluegrass regenerated better in a proportional mixture, than in a peaty and 
sandy. For red fescue (exc. Bargena) there was no difference between regenera-
tion in a peaty and proportional mixtures. 

Reduction of SD was the highest for Kentucky bluegrass varieties grown in 
sandy mixture where it decreased to 25% (Chałupy) and 31% (Dresa) of its ini-
tial value. As contrary, the best SD after drought and regeneration was noted for 
perennial ryegrass: from 70% (in a sandy mixture) to 93% (in a peaty mixture) 
of initial density. For perennial ryegrass KRH-22 no statistical difference be-
tween all mixtures used was found (Fig. 3). 

Fig. 3. Sward density at the end of test (% of initial value, objects ordered with increasing values 
in sandy mixture). Abbreviations: LP – Lolium perenne. FR – Festuca rubra. PP – Poa pratensis 

Reduction of the sward density after drought and recovery in all soil mixtures 
was noted for red fescues. It ranged from 23.8% of initial SD in a sandy mixture 
(Nimba), 58.2% in a proportional (Leo) to 83.0% in a peaty mixture (Bargena). 
No SD reduction was noted for Adio in peaty mixture.  
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Fig. 4. Relation between VMC (volumetric soil moisture content) and TC (turf condition) 
in different soil mixtures  

It is evident from above that turf condition during drying is close related to 
VMC of soil. When plotting all TC data from different soil mixtures against 
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VMC (Fig. 4) it can be concluded that condition of Kentucky bluegrass is most-
ly related to the soil moisture during drying and regeneration. Variation of TC is 
described by VMC from 74% in a peaty mixture to 92% in a proportional mix-
ture. As contrary, TC of red fescue was the least related to VMC. Generally, TC 
during drying and regeneration was mostly dependent on VMC in 
a proportional mixture: from 92% for Kentucky bluegrass to 97% for perennial 
ryegrass. 

Cell membrane stability (CMS) 

Stability of the leaf cell membranes of tested objects was the highest for red 
fescue: from 45.5% for Nimba to 19.3% for Bargena (Fig. 5). No significant 
difference was noted for perennial ryegrass entries (CMS from 10.6 to 9.2%). 
Significantly lower CMS value were noted for strain Chałupy of Kentucky blue-
grass (7.2%), while for the rest of objects from the same species it raged 17.2 
(Alicja) to 13.5 (Dresa).  

Fig. 5. Leaf cell membrane stability of tested objects – expressed as a % of control (non-dried leaves) 
LSD = 5.48, Abbreviations: LP – Lolium perenne. FR – Festuca rubra. PP – Poa pratensis 

 Relations between CMS and TC during drought were different for the tested 
species (Table 5). For Kentucky bluegrass SD after drought and number of days 
from water withheld to wilting were positively correlated with CMS. However, 
for red fescue and perennial ryegrass only few correlations were significant and 
all of them negative, mostly for the turf grown in sandy mixture. Above relation 
seems to be ‘species-specific’ and therefore general conclusion is not quite 
clear. We can only suppose that during fast drying in our experimental condi-
tions higher membrane stability was not the main factor that determined post-
drought performance for red fescue and perennial ryegrass 
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Table 5 
Correlation coefficients for traits observed on turf and cell membrane stability 

(only statistically significant coefficients were given). 

Significance levels: a – p < 0.1; * - p < 0.05  

DISCUSSION. 

Water availability is one of the major factors that determine seed germination 
and further plant development in the regions of seasonal or permanent water 
deficits (Dodd and Donovan, 1999; Sharma, 1973). The rate of the water uptake 
is crucial for the plant competitive ability (Wilman et al., 1998). Soil moisture 
changes observed in our work were quite similar to described by Jiang and 
Huang (2000) for Kentucky bluegrass and Volaire and Leliévre (2001) for the 
orchard grass and tall fescue. In our experiment we have noticed that soil mois-
ture content in pots with perennial ryegrass decreased faster then in pots with 
Kentucky bluegrass or red fescue. Wilman and co-authors (1998) suggested that 
at spring, perennial ryegrass absorbed water slower than tall fescue or Italian 
ryegrass, but from May to October it was similar for all species, even with ad-
vantage to perennial ryegrass. Such relation is due to intensive growth of peren-
nial ryegrass green mass, especially during the second part of growing season 
(Falkowski, 1982; Elberse and Berendse, 1993).  

Rate of the soil moisture decrease to the level of permanent wilting point (in 
our experiment between 10 to 30 days of drying) was similar to results obtained 
in pot experiment made by Karsten and Mac Adam (2001) with perennial 
ryegrass and tall fescue. They noted permanent wilting point between 10 and 20 
days of drying.  

Traits Soil mixture Poa pratensis Lolium perenne Festuca rubra 

Mean turf condition during dry-
ing (% of control pots) 

Peaty - - - 
Proportional - - - 
Sandy - - - 

Mean turf condition during re-
generation (% of control) 

Peaty - - - 
Proportional - - - 
Sandy - -0.90* -0.93* 

Sward density after drought & regen-
eration (% of initial value) 

Peaty - - - 
Proportional - - - 
Sandy 0.99* - -0.90* 

Soil moisture decrease to perma-
nent wilting point 

Peaty - - - 
Proportional - - - 
Sandy - - - 

Number of days from water 
withheld to wilting start 

Peaty - - - 
Proportional 0.90a - - 
Sandy - - - 

Number of days from water 
withheld to total dry out 

Peaty - - -0.91* 
Proportional - - - 
Sandy - - - 
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Soil moisture changes are strongly connected with the changes in plants. 
Plants cope with soil moisture decrease to level close to permanent wilting 
point. Below this level some reversible changes (e.g. desiccation of leaf bases) 
may first occur, and further, irreversible changes (e.g. total dry-out) will affect 
plant (Chaves et al., 2002; 2003; Chaves and Oliveira, 2004). At the beginning 
of soil moisture decrease the plants are usually able to keep tissue water poten-
tial at unchanged level, but if drought still progresses, rapid decrease of tissue 
water potential appears (Amiard et al., 2003). 

First, reversible change associated with the water deficit is leaf wilting. Wilt 
symptoms include a blue-green color and leaf rolling or folding (Carrow, 1996a, b). 
When wilted, the plants may reduce transpiration and therefore, total water loss. 
According to Thomas and Evans (1989) wilting intensity is close connected 
with leaf water potential. It has been proved for Kentucky bluegrass by Ebdon 
and Koop (2004) that degree of wilting was connected both with the ability to 
extract water from deeper soil layers and higher evapotranspiration. Observa-
tions on tall fescue leaf folding during the water deficit were more suitable for 
the estimation of plant water status than laboratory measures of leaf osmotic 
potential (White et al., 1992).  

Concerning fast wilting of perennial ryegrass, as was noted in our experi-
ment, it could be the element of plant strategy for copying with drought. Jones 
(1990, after Milnes et al., 1998) claims that the optimum drought copying strat-
egy of plants is based on fast uptake and spending of water, provided that plant 
is able to survive water deficit due to special mechanisms. Such reactions has 
been noted for junegrass or orchard grass from South of Europe (Volaire, 1995; 
Milnes et al., 1998). Very fast wilting of perennial ryegrass during drought was 
also probably due to the low root weight and low root:shoot ratio, as compared 
to Kentucky bluegrass and red fescue (Dziamski et al. 2007). Differences in the 
root distribution during drought stress may be due to carbon relocation from the 
shoots to roots for formation of a more extensive root system into deep soil (Mc 
Cann and Bingru Huang, 2008). 

The main factor that determined wilting speed was the amount of water avail-
able for plants. The phenomenon of fast wilting on the light, sandy soils as con-
trary to a peaty soils, was observed during spring drought 2000 in the upper 
Noteć valley (Łabędzki, 2000). Different speed of wilting and dry-out was ob-
served also by Carrow (1996 a) for tall fescue turf varieties.  

It is possible that wilting was assisted by leaf cell membrane stability (CMS). 
We have noticed close relation between CMS and wilting for red fescue and 
Kentucky bluegrass. Red fescue Nimba of the highest CMS (45.5%) wilted after 
36 days of drought in a peaty mixture while red fescue Adio, of low CMS 
(20.3%) wilted 10 days earlier. Kentucky bluegrass Alicja (high CMS = 15%) 
wilted 2 days later than Kentucky bluegrass Chałupy, of the lowest CMS = 
7.2%. Such relation is rather easy to explain and has been proved in some other 
experiments, where Kentucky bluegrass ecotypes of higher cell membrane sta-
bility were also resistant to simulated drought conditions (Abraham et al., 2003, 
2004; Wang and Huang, 2004). 

Some authors suggested that cell membrane stability during dehydratation 
was a measure of dehydratation tolerance of whole plants (Huang et al., 1997 
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b). It was true for spring wheat (Zagdańska and Pacanowska, 1979). However, 
according to our results, high cell membrane stability seems not to be the good 
measure of turf quality after drought. In perennial ryegrass we have noticed 
small variation of CMS while in red fescue rather high. The manifestation of 
CMS is probably due to the general genotype drought resistance strategy and is 
close related to the share of other parts of plant in general drought resistance. 

Next visible step in turf grass reaction to the permanent water deficit was leaf 
yellowing and finally, senescence and total plant dry-out. Leaf yellowing is the 
result of chlorophyll degradation in senescing leaves, which unmasks the pres-
ence of carotenoids (Munne-Bosch and Alegre, 2004). Drought-induced leaf 
senescence contributes to the plant survival under drought, since it allows an 
early diversion of resources from vegetative to reproductive development, re-
mobilization of nutrients from drying leaves to the young parts of plant (thus 
contributing to plant survival) and reduction in water loss from the whole plant 
(Munne-Bosch and Alegre, 2004; Volaire et al. 2005). Leaf yellowing and se-
nescence is normally considered a measure of drought tolerance in the field 
conditions (Beard, 1989; Carrow, 1996a,b; Huang et al., 1997 a; Minner and 
Butler, 1995). 

Different leaf senescence and further regeneration are of the key role for 
breeding lines evaluation because of high level of differentiation between geno-
types (Thomas, 1990; Carrow, 1996a). However, for Kentucky bluegrass there 
was no close relation between the water use efficiency and leaf wilting and se-
nescence (Ebdon and Kopp, 2004). 

Soil water abundance was crucial for the plant condition during drying. In 
a soil mixture of the poorest water retention (sandy mixture), the lowest condi-
tion was noted. The differentiation of both species and varieties increased along 
with the decrease of water retention of soil mixtures. The most drought suscep-
tible species was perennial ryegrass. It was the consequence of fast soil drying, 
as it was mentioned above. However, if plant reduces its foliage fast, shorter is 
the period of exposition of living, aboveground parts of plants to drought condi-
tions, and therefore, less is the damage of leaf bases and tillers. Plants may 
therefore regenerate faster after the drought is over (Munne-Bosch and Alegre, 
2004). One of the major factors that determine plant survival during drought is 
the effective water use. Higher water use efficiency for perennial ryegrass as 
compared to tall fescue and orchard grass was observed in pot experiment made 
by Johnson and Basset (1991, after Thomas, 1994). It was true for drought test 
conditions as well as for watered control pots. Competitive ability of perennial 
ryegrass in comparison with orchard grass, meadow fescue or timothy de-
creased in the wet conditions while with increasing site moisture, sugars content 
in dry matter decreased (Falkowski et al., 1986; Baryła and Warda, 1999). 

When the drought ends, after natural rain or artificial watering, the regenera-
tion begins. It is of the major importance for perennial grasses, especially regen-
eration from existing plants rather than requiring establishment of new plants 
(Kemp and Kluvenor, 1994). Good regeneration after drought may be more im-
portant than plant growth during the dry season. Above process is linked with 
the ability to reduce cell membrane damages during desiccation or fast repairing 
of membranes (Chavez and Olivera, 2004). Regeneration is also dependent on 



18  Grzegorz Żurek et al.  

the density of tillers surviving prolonged water deficit, its regrowth and growth 
of new tillers (Volaire et al., 1998). Water content in young plant tissues of 
leaves and sheets increase along with increasing soil moisture content (Amiard 
et al., 2003). During the same time, water content in mature leaf blades in-
creased rather slow, and in roots no increase was noted.  
In our experiment none of tested objects regenerated to 100% of initial value, as 
it was noted in the previous field experiment on turf grasses (Żurek, 2000). 
Apart from obvious differences between pot experiment and field drought, per-
ennial ryegrass was selected as the best regenerating species in the most stress-
ful conditions (i.e. sandy mixture). Perennial ryegrass varieties regenerated its 
condition to 59% of control pots, while red fescue only 22% and Kentucky 
bluegrass – 16%. Fast regrowth of perennial ryegrass tillers after drought was 
also observed by Volaire and co-authors (1998). It was ascribed to greater avail-
ability of carbohydrates and proline at the end of drying phase (Volaire et al., 
1998). 

One from many important factors that determine the quality of turf varieties 
is sward density (Diesburg et al., 1997). Value of sward density at the end of 
the drying period was claimed to be a turf quality index (Qian and Engelke, 
1999). Once more, perennial ryegrass seems to be a species of the highest sward 
density after drought and regeneration. Sward density of ryegrass was 70% in 
a sandy mixture, while for red fescue – 31% and for Kentucky bluegrass – 29%. 
Low sward density of red fescue turf after drought was also observed by Minner 
and Butler (1985).  

Red fescue indicate some evolutionary developed adaptive mechanisms simi-
lar to f.e. Trichloris crinita, Argentinian pasture grass (Greco and Cavagnaro, 
2003). Along with the increasing temperature and increasing probability of 
summer drought occurrence, red fescue plants decrease aboveground weight 
together with an increase of root growth production (Dziamski et al., 2007). 
That is probably the reason why condition of red fescue sward was the least de-
pendent on the soil moisture, as compared to Kentucky bluegrass and perennial 
ryegrass. An increase of root:shoot ratio is an element of the plant drought re-
sistance strategy known as drought avoidance (Beard 1989; Chaves et al., 
2003). However, usually it is not in line with turf user expectations. Creeping 
red fescue and sheep fescue are commonly used for low maintenance turf 
(Dernoeden et al., 1994, 1998, Diesburg et al., 1997, Harkot and Czarnecki, 
1999, Lutyńska, 1993). However, along with increasing drought, turf from 
above species usually display a brown patchy appearance, rather than uniform 
dormancy as for the perennial ryegrass and Kentucky bluegrass. Mulch, provid-
ed by dead leaves or dormant turf is difficult to mow. Finally, the dead areas on 
turf of creeping red fescue or sheep fescue never fill in with new growth and 
that is why above species were recorded to be less drought resistant than peren-
nial ryegrass and Kentucky bluegrass (Minner and Butler, 1985).  

Drought tolerant cultivars of the major amenity grasses were always very 
important for breeders and managers. But it is still not clear that any drought 
tolerant cultivars exist, even in large turf trails in USA (Thorogood 2003). On 
the other hand it is quite easy to find significant differences between commer-
cial cultivars, on the single trait basis (Żurek, unpublished data). What is proba-
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bly of the major interest, is that drought tolerance is species-dependent. In few 
cases species with genetically enhanced drought tolerance were used for the 
improvement of other species. One good example is hybridization between Tex-
as bluegrass (Poa arachnifera Torr.) and Poa pratensis. A few of the resulting 
cultivars demonstrated enhanced drought tolerance (Read and Anderson, 2003).  

However, considering the world-wide water problems, probably the best way 
is to look for ‘water-saving’ cultivars rather than for better drought tolerance. 
Presently the modern cultivars with improved drought resistance retain proper 
turgor in stress conditions by more intense transpiration. Unfortunately, more 
intense transpiration during the drought period is compatible with higher tran-
spiration rate under the optimal weather conditions, which results in larger 
amount of water evapotranspiration from the soil (Rybka and Żurek, 2010). 
Nothing is currently known about the possibility of producing ‘water-saving’ 
amenity grass cultivars. Another option for the water problems is to use munici-
pal water, wastewater, storm water or other types of water not suitable for peo-
ple or animals. The idea is to have more than one water source available for use 
on a single turf site (Duncan et al. 2009). 

CONCLUSIONS 

1. The expression of natural variation, connected with the water deficit is 
much more visible in conditions that favor faster water loss. Environ-
mental conditions have much stronger effect on the water loss than mor-
phological and physiological properties of grass plants. Soil mixture, 
which was the most suitable for estimation of the grass reaction to the 
water deficit was a sandy mixture, of relatively low water capacity (ca. 
16% of field water capacity). While testing in such conditions, differ-
ences between tested varieties were clearly manifested.  

2. Key traits in the evaluation of turf grass in drought conditions seems to 
be regeneration and sward density maintenance after drought. Other 
biochemical and physiological parameters (e.g. leaf cell membrane sta-
bility) of great value for the general understanding of plant reaction to 
the stress, should be treated as additional determinants of potential qual-
ity of tested varieties. 

3. Suggestions for the practice resulting from above publication and con-
cerning turf surfaces quality during prolonged water deficits are that we 
should use grass mixtures with high perennial ryegrass contents to en-
sure relatively high turf regeneration after drought if watering is not 
possible or not recommended. In case of no problems with watering turf 
quality could be increased with higher share of Kentucky bluegrass in 
the mixtures. 

REFERENCES 

Abraham E. M., Huang B., Bonos S. A., Meyer W. A. 2004. Evaluation of drought resistance of Texas blue-
grass, Kentucky bluegrass, and their hybrids. Crop. Sci. 44: 1746 – 1753.  



20  Grzegorz Żurek et al.  

Abraham E. M., Huang B., Meyer W. A., Bonos S. A., 2003. Physiological indicators for drought resistance 
in Poa arachnifera x Poa pratensis hybrids. Vortr. Pflanzenzuchtung, 59: 301 – 307. 

Amiard V., Morvan-Bertrand A., Billard J. P., Huault C., Keller F., Prud’homme M. P. 2003. Fructans, but 
not the sucrosyl-galactosides, raffinose and loliose, are affected by drought stress in perennial ryegrass. 
Plant Physiol. 132: 2218 – 2229. 

Amin Md R., H. Thomas. 1996. Growth and water relations of diverse populations of Lolium perenne exposed 
to drought in field, glasshouse and controlled environment. Journ. of Agric. Sci. Cambridge Univ. Press, 
126; 15 - 23. 

Baryła R., Warda M. 1999. Wpływ czynników siedliskowych na udział Lolium perenne L. w zbiorowiskach 
trawiastych na glebie torfowo-murszowej. Łąkarstwo w Polsce. 2: 9 – 14.  

Bąk B., Łabędzki L. 2002. Assessing drought severity with the relative precipitation index (RPI) and the 
standardised precipitation index (SPI). Journal of Water and Land Development, 6: 29 – 49. 

Beard J. B., 1989. Turfgrass water stress: drought resistance components, physiological mechanisms and 
species - genotype diversity. Procc. of the 6th Int. Turfgrass Res. Conf. Tokyo, July 31 - August 5; 23 - 
28. 

Bray E. A. 2001. Plant response to water-deficit stress. Encyclopedia of Life Sciences, Nature Publishing 
Group, 1 – 5 (www.els.net) 

Carrow R. N. 1996 a. Drought avoidance characteristic of diverse tall fescue cultivars. Crop Sci. 36: 371 – 
377. 

Carrow R. N. 1996 b. Drought resistance aspects of turfgrasses in the Southeast: root-shoot responses. Crop 
Sci. 36: 687 – 694 

Chaves M. M., Maroco J., Pereira J. S. 2003. Understanding plant response to drought – from genes to the 
whole plant. Functional Plant Biology, 30: 239 – 264. 

Chaves M. M., Oliveira M. M. 2004. Mechanisms underlying plant resilience to water deficits: prospects for 
water-saving agriculture. Journ. of Exp. Botany, 55 (407): 2365 – 2384.  

Chaves M. M., Pereira J. S., Maroco J., Rodrigues M. L., Ricardo C. P. P., Osorio M. L., Carvalho I., Faria T., 
Pinheiro C. 2002. How plants cope with water stress in the field. Photosynthesis and growth. Ann. of 
Bot. 89: 907 – 916. 

Dernoeden P. H., Carroll M. J., Krouse M. J. 1994. Mowing of three fescue species for low-maintenance turf 
sites. Crop Science, 34, 6: 1645 - 1649. 

Dernoeden P. H., Fidanza M. A., Krouse M. J. 1998. Low maintenence performance of five Fescue species in 
monostands and mixtures. Crop Sci. 38, 2: 434 - 438. 

Diesburg K., L., N. E. Christians, R. Moore, B. Branham, T., K. Danneberger, Z., J. Reicher, T. Voigt, D., D. 
Minner, R. Newman. 1997. Species for low-input sustainable turf in the U.S. Upper Midwest. Agron. J. 
vol. 89, no. 4; 690 - 694. 

Dodd G. L., Donovan L. A. 1999. Water potential and ionic effects on germination and seedling growth of 
two cold desert shrub. Am. Journ. of Bot. 86(8): 1146 - 1153. 

Duncan R.R., Carrow R.N., Huck M.T. 2009. Turfgrass and landscape irrigation water quality. Assessment 
and management. CRC Press, Taylor & Francis Group, Boca Raton, London, New York, 464 pp. 

Dziamski A., Stypczyńska Z., Żurek G., Łabędzki L., Długosz J. 2007. Observations of root system develop-
ment and dynamics of root:shoot ratio of selected turf grass varieties and breeding lines grown in differ-
ent soil conditions. Plant Breeding & Seed Science, 55: 75 – 88.  

Ebdon J.S., Kopp K.L. 2004. Relationships between water use efficiency, carbon isotope discrimination, and 
turf performance of genotypes of Kentucky bluegrass during drought. Crop Sci. 44: 1754 – 1762. 

Elberse W. Th., Berendse F. 1993. A comparative study of the growth and morphology of eight grass species 
from habitats with different nutrient availabilities. Functional Biology, 7: 223 – 229. 

Falkowski M. 1982. Trawy polskie. PWRiL, Warszawa, ss. 564. 
Falkowski M., Olszewska L., Kukułka I., Kozłowski S. 1986. Reakcja odmian życicy trwałej (Lolium perenne 

L.) na azot i wodę. Biuletyn Oceny Odmian, 11, 1: 103 – 111.  
Greco S.A., Cavagnaro J.B. 2003. Effects of drought on bioweight production in three varieties of Trichloris 

crinita (Poaceae) a forage grass from the arid Monte region of Argentina. Plant Ecology, 64, 1: 125 – 
135. 

Harkot W., Czarnecki Z. 1999. Przydatność polskich odmian traw gazonowych do zadarniania powierzchni w 
trudnych warunkach glebowych. Fol. Univ. Agric. Stetin. 197 Agricultura (75): 117 - 120. 

Huang B, Gao H. 1999. Physiological responses of diverse tall fescue cultivars to drought stress. HortScience 
34 (5): 897 – 901. 

Huang B., Duncan R. R., Carrow R. N. 1997a. Drought-resistance mechanisms of seven warm-season 
turfgrasses under surface soil drying: I. Shoot response. Crop Sci. 37: 1858 – 1863. 

Huang B., Duncan R. R., Carrow R. N. 1997b. Drought-resistance mechanisms of seven warm-season 
turfgrasses under surface soil drying: II. Root aspects. Crop Sci. 37: 1863 – 1869. 

Huang B., Duncan R. R., Carrow R. N. 1997c. Root spatial distribution and activity of four turfgrass species 
in response to localised drought stress. Int. Turfgrass Society Res. Journal, 8: 681 – 690. 

Hull R. J. 1997. Managing turf for minimum water use. Turf News, vol. 21, no. 2; 24 - 28. 
Humphreys M. W. 2001. Breeding for drought tolerant grasses. Workshop 2. W: Monjardino P., Camara A., 

Carnide V. (eds.) “Breeding for stress tolerance in fodder crops and amenity grasses.” Procc. of the 23th 



 Effect of drought on the performance of three turf grass species  21 

Meeting of the Fooder Crops and Amenity Grasses Section of EUCARPIA, Azores, Portugal, October 1-
4,2000: 236 – 239. 

Humphreys M.W., H. Thomas. 1993. Improved drought resistance in introgression lines derived from Lolium 
multiflorum x Festuca arundinacea hybrids. Plant Breeding 111; 155 - 161. 

Jiang Y., Huang B. 2000. Effects of drought or heat stress alone and in combination on kentucky bluegrass. 
Crop Sci. 40: 1358 – 1362. 

Jiang Y., Huang B. 2001a. Droughyt and heat stress injury to two coll-season turfgrasses in relation to antioxi-
dant metabolism and lipid peroxidation. Crop Sci. 41: 436 – 442.  

Jiang Y., Huang B. 2001b. Osmotic adjustment and root gorwth associated with drought preconditioning-
enhanced heat tolerance in kentucky bluegrass. Crop Sci. 41: 1168 – 1173. 

Karsten H. D., MacAdam J. W., 2001. Effect of drought on growth, carbohydrates, and soil water use by 
perennial ryegrass, tall fescue, and white clover. Crop Sci. 41: 156 – 166. 

Kemp D. R. , Culvenor R. A., 1994. Improving the grazing and drought tolerance of temperate perennial 
grasses. New Zealand Journ. of Agr. Res. vol. 37: 365 – 378. 

Lutyńska R. 1993. Prace hodowlane i badania nad gatunkami traw z rodzaju Festuca. Biul. IHAR, nr 188: 5 - 
12. 

Łabędzki L. 2000. Ocena zagrożenia suszą w regionie bydgosko-kujawskim przy użyciu wskaźnika standary-
zowanego opadu (SPI). Wiadomości Melioracyjne i Łąkarskie. 3: 102 – 103. 

McCann S.E., Bingru Huang 2008. Turfgrass drought physiology and irrigation management. In: Pessarakli 
M. (ed.). Handbook of turfgrass management and physiology. CRC Press, Taylor & Francis Group, Boca 
Raton, USA, 431 – 442. 

Milnes K. J., Davies W. J., Rodwell J. S., Francis B. J. 1998. The response of Briza media and Koeleria 
macrantha to drought and re-watering. Functional Ecology, 12: 665-672. 

Minner D. D., J. D. Butler. 1985. Drought tolerance of cool season turfgrasses. Procc. of the Fifth Int. 
Turfgrass Res. Conf., Avignon, France, 1 - 15.07.1985, INRA; 199 - 212. 

Munne-Bosch S., Alegre L. 2004. Die and let live: leaf senescence contributes to plant survival under drought 
stress. Functional Plant Biology; 31: 203 – 216. 

Nelsen A. 2018. Crop failure and bankruptcy threaten farmers as drought grips Europe. The Guardian, 
20.07.2018, https://www.theguardian.com/environment/2018/jul/20/crop-failure-and-bankruptcy-
threaten-farmers-as-drought-grips-europe 

Prończuk S. 1993. System oceny traw gazonowych. Biul. IHAR 186: 127 – 132. 
Prończuk S., Prończuk M, Żyłka D. 1997. Metody syntetycznej oceny wartości użytkowej traw gazownych. 

Zesz. Probl. Post. Nauk Roln., z. 451: 125 - 133. 
Read J.C., Anderson S.J. 2003. Texas bluegrass. In: Turfgrass Biology, Genetics, and Breeding. John Wiley & 

Sons., Inc., Hoboken, New Jersey, USA, 61 – 66. 
Qian Y. L., Engelke M. C. 1999. Performance of five turfgrasses under linear gradient irrigation. HortScience 

34(5): 893 – 896. 
Rybka K., Żurek G. (2010). Effective use of water as an obligate criterion in plant breeding. [in Polish] 

Postępy Nauk Rolniczych (Advances in Agricultural Sciences) 4: 19 – 32. 
Sharma M. L. 1973. Simulation of drought and its effect on germination of five pasture species. Agron. J., vol. 

65, no. 6, 982 - 987.  
Svensson J. 2001. Functional studies of the role of plant dehydrins in tolerance to salinity, desiccation and low 

temperature. Doctoral thesis. Swedish University of Agricultural Sciences, Uppsala, pp. 46. 
Thomas H. 1990. Osmotic adjustment in Lolium perenne; its heritability and the nature of solute accumula-

tion. Annals of Botany 66; 512 - 530. 
Thomas H. 1994. Diversity between and within temperate forage grass species in drought resistance, water 

use and related physiological responses. Aspects of App. Biol. Efficiency of water use in crop systems. 
38; 47 -55. 

Thomas H., C. Evans. 1989. Effect of divergent selection for osmotic adjustment on water relations and 
growth of plants of Lolium perenne. Ann. of Bot. 64; 581 - 587. 

Thorogood D. (2003) Perennial ryegrass. In: Casler M.D., Duncan R.R. (eds) Turfgrass Biology, Genetics, 
and Breeding. John Wiley & Sons., Inc., Hoboken, New Jersey, USA, 75 – 105. 

Volaire F. 1995. Growth, carbohydrate reserves and drought survival strategies of contrasting Dactylis glom-
erata populations in a Mediterranean environment. Journ. of Applied Ecology. 32: 56 – 66. 

Volaire F., Leliévre F. 2001. Drought survival in Dactylis glomerata and Festuca arundinacea under similar 
rooting conditions in tubes. Plant and Soil, 229: 225 – 234. 

Volaire F., Norton M. R., Norton G. M., Leliévre F. 2005. Seasonal patterns of growth, dehydrins and water-
soluble carbohydrates in genotypes of Dactylis glomerata varying in summer dormancy. Annals of Bota-
ny, 95: 981 – 990. 

Volaire F., Thomas H., Bertagne N., Bourgeois E., Gautier M. F., Leliévre F. 1998. Survival and recovery of 
perennial forage grasses under prolonged Mediterranean drought. II. Water status, solute accumulation, 
abscisic acid concentration and accumulation of dehydrin transcripts in bases of immature leaves. New 
Phytol. 140: 451 – 460. 

Wang Z., Huang B. 2004. Physiological recovery of kentucky bluegrass from simultaneous drought and heat 
stress. Crop Sci. 44: 1729 – 1736. 



22  Grzegorz Żurek et al.  

White R. H., Engelke M. C., Morton S. J., Ruemmelle B. A., 1992. Competitive turgor maintenance in tall 
fescue. Crop Sci. 32: 251 – 256. 

Wilman D., Gao Y., Leitch M. H. 1998. Some differences between eight grasses within the Lolium-Festuca 
complex when grown in conditions of severe water shortage. Grass and Forage Science, 53: 57 – 65. 

Zagdańska B., Pacanowska A. 1979. Dehydratation tolerance of spring wheat and its relation to plant growth 
and productivity under soil drought conditions. Biol. Plant. 21: 452 – 461. 

Zhao Y. G., Fernandez G. C. J., Bowman D. C., Nowak R. S. 1994. Selection criteria for drought- resistance 
breeding in turfgrass. Journ. of Am. Soc. Hort. Sci. 119 (6): 1317 – 1324. 

Żurek G., 2000. Effect of summer drought in 1999 on turf grass species. Plant Breeding and Seed Science, 44 
(1): 73 – 83. 

Żurek G. 2006. Reakcja traw na niedobory wody - metody oceny i ich zastosowanie dla gatunków trawniko-
wych. Monografie i Rozprawy Naukowe, 25: 1- 106. 


