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Drought is one of the abiotic stresses that reduces agricultural 
production in the Mediterranean basin. The selection of crop 
varieties with performance adapted to water stress has been 
the subject of numerous studies. In this context, 16 alfalfa 
(Medicago sativa L.) cultivars from different origins (Algeria, 
Australia, France, Italy, Morocco, Tunisia, and the United 
States) were studied under two water regimes (irrigated and 
rainfed) in the Lower-Cheliff plain of Algeria. The trials 
focused on the performance of these cultivars according to 
eight drought tolerance indices. To achieve this, DM yields 
and water use efficiency (WUE) of a 2-yr experimental study 
were used. Results showed a regression in mean yields from 
the third to the fourth year with stress indices of 0.29 and 
0.88, respectively. The study of correlations showed that DM 
yields were well correlated to mean production (MP) and 
the stress tolerance index (STI). For the two trials and based 
on yield and STI index, ‘Mamuntanas’, ‘Ameristand 801S’, 
‘Erfoud 1’ and ‘Ecotipo siciliano’ had the best performance. 
However, ‘Coussouls’, ‘Magali’, ‘Prosementi’, ‘Africaine’, 
and ‘Gabès-2355’ performed poorly. Discriminant function 
analysis showed that the variables that discriminated in the 
cultivar groups for yield in the irrigated trial were modified 
STI, WUE, and the superiority index (Pi). The ANOVA 
test of cumulative yield and the regression rate confirmed 
that under environmental conditions similar to the Lower-
Cheliff plain, ‘Mamuntanas’, ‘Ameristand 801S’, ‘Erfoud 
1’, and ‘Ecotipo siciliano’ were perennial and performed 
under irrigated conditions while ‘Erfoud 1’ performed in the 
rainfed trial.
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INTRODUCTION

Abiotic stresses are the main factors that reduce production. 
Drought is the most significant because it limits agricultural plant 
production in arid and semi-arid areas (Mollasadeghi et al., 2011; 
Hussain et al., 2012). It can be defined as a temporary rainfall deficit 
that causes more or less significant yield losses. It is important to 
minimize losses due to stress to ensure production stability (Öztürk 
et al., 2014). When drought sets in, resistant plants, such as alfalfa 
(Medicago sativa L.), reduce their aerial parts (Durand, 2007); 
this limits the leaf area index and produced biomass decreases as a 
consequence.
 Drought is a phenomenon of great magnitude. It is random in time 
and space and is usually combined with high temperatures (Itier 
and Seguin, 2007). It has an intense effect when associated with 
biotic stress and inappropriate soil characteristics (Moghaddam et 
al., 2012). Depending on its intensity and severity, it can affect 
several sensitive and strategic sectors such as agriculture. It can 
jeopardize food security if farmers abandon their lands to look for 
other more lucrative activities. 
 In Algeria, drought is considered as the main cause of a significant 
drop in yields. To cope with drought and protect themselves from 
it, farmers immediately turn to irrigation. Water is a vital resource 
limited in time and space whether we consider its quantity and/or 
quality. Therefore, it is imperative to conserve it. This can be done 
in several water-consuming areas. In agriculture, the selection of 
efficient crop varieties adapted to drought conditions has been the 
subject of numerous studies. 
 Alfalfa, a very productive perennial forage species, has deep 
roots and is considered a drought-adapted species (Lemaire, 2006). 
It improves soil N fertility (Latrach et al., 2014), protects soils 
that are vulnerable to wind and water erosion (Abdelguerfi and 
Abdelguerfi-Laouar, 2002), and can improve the sustainability of 
crop-livestock systems in the Mediterranean basin (Annicchiarico 
et al., 2011).
 To select increasingly efficient cultivars, some researchers use 
favorable conditions while others use stress conditions. A third 
group believes that trials under stress and non-stress conditions 
are the starting point in identifying cultivars able to cope with 
unpredictable drought (Sio-Se Mardeh et al., 2006).
 Sensitivity to drought is often measured in terms of lower yields 
under stress conditions. Quantifying the degree of tolerance and/
or resistance of crops to drought stress requires several indices. 
Rosielle and Hamblin (1981) calculated the tolerance index (TOL), 
which represents the difference in yield under stress and non-stress 
conditions taking into account mean production (MP). Fernandez 
(1992) used the stress tolerance index (STI) and the geometric 
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mean production index (GMP). In 2003, Farshadfar and 
Sutka suggested the modified stress tolerance index (MSTI), 
which is STI multiplied by a correction factor (Ki) for stress 
and non-stress conditions, Clarke et al. (1992) suggested the 
superiority index (Pi) and Moosavi et al. (2007) developed 
the abiotic tolerance index (ATI).
 These indices were used to assess the performance of 
16 perennial alfalfa cultivars under rainfed and irrigated 
conditions in a semi-arid to arid Mediterranean region.

MATERIALS AND METHODS

Experimental site and climatic conditions
According to the Köppen classification based on 
precipitation and temperature, the climate of our study site 
is Mediterranean (code: Csa), that is, warm temperate with a 
dry and hot summer (Hufty, 2001).
 Our experiment took place at the station of the National  
Institute of Agronomic Research of Algeria (INRAA) 
at Hmadna (35°54’ N, 00°54’ E; 48 m a.s.l.), which is 
characterized by a semi-arid to arid climate. Climate 
data recorded during the 4 yr of the PERMED project 
(Improvement of native perennial forage plants for 
sustainability of Mediterranean farming systems) showed a 
progression in rainfall from the first year to the third year 
and then a regression in the fourth year. Compared to the 
first year (242.70 mm), there was an increase of 34.32% and 
38.85%, respectively, for the second and third years and a 
decrease of 6.43% in the fourth year. Monthly rainfall was 
normal, but values were low in the last year of production. 
Average monthly temperatures for the 4 yr  of production 
were very similar and ranged from 19.52 °C to 19.79 °C. 
Monthly temperature and rainfall distribution is shown in 
Figure 1.
 The climate requirement defined by evapotranspiration was 
calculated by the Penman-Monteith formula and depended on 
the climatic parameters recorded at the agrometeorological 
station of Hmadna; its value exceeded 1200 mm. The soil 
physicochemical analysis of the experimental site revealed a 

silty clay texture (47.19% clay, 42.11% silt, and 10.7% sand), 
pH of 7.95, an electrical conductivity of the saturated paste 
of 3.45 dS m-1, and a mean bulk density of 1.48. According 
to McDonald et al. (1990) and the WRB (2015) classification 
system, the soil is a Vertisol. Boulaine (1957) presents it as 
an original alluvial saline soil.

Plant material and experimental design
Sixteen efficient cultivars have been selected from several 
countries: One cultivar from Algeria (‘Tamantit’), two 
from Australia (‘Sardi 10’ and ‘Siriver’), three from Italy 
(‘Ecotipo siciliano’, ‘Prosementi’ and ‘Mamuntanas’), 
three from France (‘Melissa’, ‘Magali’, and ‘Coussouls’), 
four from Morocco (‘Africaine’, ‘Erfoud 1’, ‘Demnat 
203’, and ‘Rich 2’), one from Tunisia (‘Gabès- 2355’), and 
two from the United States (‘ABT 805’ and ‘Ameristand 
801S’). These cultivars were provided by the project 
(PERMED, 2004). 
 This experiment was carried out under two water regime 
conditions, a rainfed trial and a trial irrigated to maximum 
evapotranspiration (MET).
 The experimental design adopted for both trials was a 
randomized complete block design with four replicates. Each 
elementary plot area was 5 m2 (200 cm × 250 cm, 10 rows 
with 20 cm spacing).
 Sprinkler irrigation for the irrigated trial occurred 
weekly. Water needs were estimated by the Penman-
Monteith formula, MET = 0.8 mean reference 
evapotranspiration (ET0) calculated over a 13-yr period. 
The quantity of water effectively supplied to each plot is 
the difference between the water needs and precipitation. 
Irrigation started after the first rainfall events and stopped 
for 9 wk starting late June. 
 Cutting (5 cm above ground) was initiated to obtain yield 
in t ha-1 (DM after oven-drying at 80 °C for 48 h) when 75% 
of the plants in the elementary plots reached a height of 30 to 
35 cm in the winter season or when regrowth appeared at the 
base of the plant as well as at 50% flowering of 75% of the 
plots in the spring season.

Figure 1. Temperature and rainfall monthly distribution for the 4 yr of the PERMED project.
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Yield, water use efficiency (WUE), and 
calculation of indices
The yield of each elementary plot was estimated with the 
production of the six middle rows 2 m in length, which 
represented a 2.40 m2 area. Thus, WUE was calculated as the 
ratio between yield and the corresponding water consumption 
(Zwart and Bastiaanssen, 2004) by taking into account DM 
yield and evapotranspiration (ET); it was expressed in kg m-3 
according to the formula:

WUE (kg DM m-3) = Yield DM/ET
 After each cutting, the hydraulic profile (1 m depth) was 
measured with a previously calibrated CPN503 neutron 
probe (CPN International, Concord, California, USA); the 
difference in water storage between the profiles of two 
successive cuttings, rainfall, and irrigation were quantified to 
estimate water consumption by the simplified water balance 
equation. 
 The eight drought tolerance indices included tolerance 
(TOL), which is the difference between yield in irrigated 
and rainfed trials, and its lowest value corresponded to the 
cultivar that behaved in the same way under stress and non-
stress conditions, mean production (MP), harmonic mean 
(HM), geometric mean production (GMP), stress tolerance 
index (STI), modified stress tolerance index (MSTI), 
superiority index (Pi), and abiotic tolerance index (ATI) that 
were calculated with the formulas in Table 1.
 In the Clarke et al. (1992) formula, Xij represents the 
yield of each cultivar (i) under conditions j and Mj represents 
maximum yield under conditions j. In the present study, 
it represents the number of cultivars (i = 1 to 16), j is the 
number of trials (j = 1 for the rainfed trail and j = 2 for the 
irrigated trial), and n represents the number of environments 
(n = 2).
 High values of drought tolerance/resistance indices and 
yields (MP, HM, GMP, STI, K1STI, K2STI, ATI, Yp, and Ys) 
were given to the best-performing cultivars and assigned rank 

1. However, low values of TOL and Pi indices corresponded 
to the best-performing cultivars and were assigned rank 1.  
 Based on the values of Yp, Ys, and STI, Fernandez 
(1992) classified cultivars into four groups according to their 
performance under stress and non-stress conditions. Group 
A included cultivars that expressed uniform superiority 
under both stress and non-stress conditions. Group B 
included cultivars that were only favorable under non-stress 
conditions. Group C included cultivars that gave relatively 
high yields under stress conditions. Finally, group D included 
cultivars that performed poorly under both stress and non-
stress conditions.

Survival
Alfalfa sensitivity to yield losses becomes important 
depending on plant age. Mauriès (1994) noted that alfalfa 
attains its maximum yield in the third year of production and 
tends to decrease beyond that. Plant density (PD), which was 
measured in each year of the experiment, is an index that 
provides information about production and survival over 
time. Sustainability can be defined as the regression rate (Rr) 
of plant density. 
 The regression rate is the difference between plant density 
in two successive years compared to initial plant density. It is 
calculated by the following formula:

where Rr (%) is the regression rate; PDi-1 (plant m-2) is plant 
density for year i - 1 (third year of production); PDi (plant 
m-2) is plant density the year i order (fourth year production).

Statistical analyses

The statistical study focused on correlations between 
the indices and DM yield under two stress and non-stress 
conditions (rainfed and irrigated, respectively); the study 
of discriminant function analysis (DFA)and ANOVA with 

1 Rosielle and Hamblin (1981)

2 Rosielle and Hamblin (1981)

3 Chakherchaman et al. (2009)

4 Fernandez (1992)

5 Fernandez (1992)

6 Farshadfar and Sutka (2003)

7 Lin and Binns (1988),
 Clarke et al. (1992)

8 Moosavi et al. (2007)

Table 1. Methods to calculate drought tolerance indices*.

*Description under stress and non-stress (rainfed and irrigated, respectively) conditions: yield for each cultivar (Ys and Yp), general mean yield (y–s and y–p), 
and correction coefficients (K2 and K1).

Nº Formulas References

*100Rr = PDi–1 – PDi

PDi–1
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the test of least significant difference (LSD, p < 0.05) were 
performed with the XLSTAT-2014 software (Addinsoft, 
Brooklyn, New York, USA). 

RESULTS AND DISCUSSION

Comparison of cultivars with resistance/
tolerance indices
Mean yields from the third to the fourth year decreased. Mean 
yields recorded in the third year were 6.05 and 8.49 t DM ha-1 
for the rainfed and irrigated trials, respectively, and with a stress 
index (SI) of 0.29. Fourth year yields were 0.77 t DM ha-1 under 
rainfed and 6.66 t DM ha-1 under irrigated conditions with an 
SI of 0.88. The highest SI values indicated greater intensity (SI 
ranges from 0 to 1). Thus, the resulting index reflected drought 
intensity during the fourth year of production. The correlation 
coefficient between rainfed and irrigated yields decreased 
from r = 0.61 in the third year to r = 0.53 in the fourth year.
 Akcura and Ceri (2011) indicate that the cultivars with 
the highest STI have the highest yields under stress and non-
stress conditions.

Third year of production
The STI showed that ‘Ameristand 801S’, ‘Mamuntanas’, 
‘Ecotipo siciliano’, and ‘Erfoud 1’ displayed high tolerance 
to drought and were more profitable. They had mean yields 
from 9.18 to 10.95 t DM ha-1 in the irrigated trial and from 
6.95 to 8.34 t DM ha-1 in the rainfed trial; STI was between 
0.94 and 1.15. ‘Africaine’, ‘Tamantit’, ‘Prosementi’, and 
‘Magali’ were less drought-tolerant and their STI was less 
than 0.51. 
 Harmonic mean (HM), MP, and GMP had substantially 
the same values. They allowed classifying the most profitable 
cultivars, which were, in descending order, ‘Mamuntanas’, 
‘Ameristand  801S’, ‘Erfoud 1’, and ‘Ecotipo siciliano’ with 

values of 9.11, 8.44, 8.35, and 8.24 t DM ha-1, respectively. 
On the other hand, ‘Magali’, ‘Prosementi’, ‘Tamantit’, and 
‘Africaine’ were among the least productive with values 
varying between 5.66 and 6.03 t DM ha-1. 
 ‘Rich 2’ had a TOL of 0.13 and low yield in the irrigated 
trial, which is less than the overall mean, and higher yield in 
the rainfed trial. Combining irrigated yields with low TOL 
values, the best-performing cultivars had high yields under 
irrigated conditions and higher than average yields under 
stress conditions, which was the case for ‘Mamuntanas’ and 
‘Erfoud 1’.
 The best-performing cultivars usually had the highest 
yields in both trials with  K1STI and K2STI values that 
exceeded the unit. Regarding K1STI, the best-performing 
cultivars are ‘Ameristand 801S’, ‘Mamuntanas’, ‘Ecotipo 
siciliano’, and ‘Erfoud 1’with values of 1.64, 1.58, 1.24, and 
1.13, respectively. On the other hand, the most successful 
cultivars were ‘Mamuntanas’, ‘Erfoud 1’, ‘Ecotipo siciliano’, 
and ‘Ameristand 801S’ with K2STI values of 2.19, 1.53, 
1.24, and 1.14, respectively. Values for other cultivars are 
displayed in Table 2.

Fourth year of production
Irrigated trial yields ranged from 3.82 to 8.59 t DM ha-1 and 
0.33 to 1.26 t DM ha-1 in the rainfed trial. The most profitable 
irrigated cultivars, in descending order, were ‘Ameristand 
801S’ (8.59 t DM ha-1), ‘Ecotipo siciliano’ (8.45 t DM ha-1), 
‘Sardi 10’ (7.90 t DM ha-1), ‘Erfoud 1’ (7.88 t DM ha-1), and 
‘Demnat 203’ (7.79 t DM ha-1). However, the most profitable 
cultivars in the rainfed trial were ‘Sardi 10’ (1.26 t DM ha-1), 
‘Mamuntanas’ (1.24 t DM ha-1), ‘Erfoud 1’ (1.20 t DM ha-1), 
and ‘Melissa’ (1.14 t DM ha-1).
 The TOL values were high; the difference between the 
two yields became apparent. On the average, this difference 
exceeded 50% of the yield in the irrigated trial. Recorded 

Ecotipo siciliano 9.75 6.95 2.80 8.12 8.35 8.24 0.94 1.24 1.24 0.84 16.41 2.13 2.13
Prosementi 7.17 4.95 2.22 5.86 6.06 5.96 0.49 0.35 0.33 6.44 9.43 1.61 1.47
ABT 805 8.97 5.82 3.16 7.06 7.40 7.22 0.72 0.81 0.67 2.57 16.25 1.98 1.93
Ameristand 801S 10.95 6.51 4.44 8.16 8.73 8.44 0.99 1.64 1.14 0.84 26.69 2.44 2.02
Mamuntanas 9.95 8.34 1.61 9.08 9.15 9.11 1.15 1.58 2.19 0.25 10.45 2.14 2.16
Tamantit 7.64 4.50 3.14 5.67 6.07 5.87 0.48 0.39 0.26 6.42 13.13 1.77 1.46
Sardi 10 9.09 6.58 2.52 7.63 7.84 7.73 0.83 0.95 0.98 1.64 13.86 2.08 2.02
Siriver 9.00 6.31 2.69 7.42 7.66 7.54 0.79 0.89 0.86 1.98 14.46 2.02 1.81
Africaine 6.82 4.70 2.12 5.56 5.76 5.66 0.44 0.29 0.27 7.59 8.54 1.62 1.40
Gabès-2355 8.05 5.07 3.43 6.35 6.78 6.56 0.6 0.60 0.42 4.17 16.02 2.05 1.69
Magali 6.92 5.25 1.68 5.97 6.09 6.03 0.50 0.33 0.38 6.44 7.19 1.60 1.65
Melissa 8.37 6.81 1.56 7.51 7.59 7.55 0.79 0.77 1.00 2.24 8.41 1.86 2.13
Coussouls 8.02 5.46 2.57 6.50 6.74 6.62 0.61 0.54 0.49 4.22 12.09 1.76 1.72
Rich 2 7.18 7.05 0.13 7.11 7.11 7.11 0.70 0.50 0.95 3.97 0.64 1.56 2.25
Erfoud 1 9.18 7.60 1.58 8.32 8.39 8.35 0.97 1.13 1.53 0.92 9.38 2.06 2.19
Demnat 203 8.37 4.88 3.49 6.17 6.62 6.39 0.57 0.55 0.37 4.66 15.87 1.96 1.46
Maximum 10.95 8.34 4.44 9.08 9.15 9.11 1.15 1.64 2.19 7.59 26.69 2.44 2.25
Minimum 6.82 4.50 0.13 5.56 5.76 5.66 0.44 0.29 0.26 0.25 0.64 1.56 1.40
Mean 8.49 6.05 2.45 7.03 7.27 7.15 0.72 0.78 0.82 3.45 12.43 1.92 1.84

Table 2. Mean yields and resistance/tolerance indices in the third year of production.

Yp: irrigated DM yield; Ys: rainfed DM yield; TOL: tolerance; HM: harmonic mean; MP: mean production; GMP: geometric mean production; STI: stress 
tolerance index; K1STI: irrigated modified stress tolerance index; K2STI: rainfed modified stress tolerance index; Pi: superiority index; ATI: abiotic tolerance 
index; WUEp: irrigated water use efficiency; WUEs: rainfed water use efficiency. 

Cultivars Yp Ys TOL HM MP GMP STI K1STI K2STI WUEp WUEsPi ATI
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TOLs were between 3.49 (‘Magali’) and 7.86 (‘Ecotipo 
siciliano’). 
 The three types of means (harmonic, arithmetic, and 
geometric) have different values. The MPs were high 
but HMs remained low. The MP allowed classifying the 
cultivars according to their yields, that is, ‘Ameristand 
801S’ (4.70 t DM ha-1), ‘Sardi 10’ (4.58 t DM ha-1), 
‘Erfoud 1’ (4.54 t DM ha-1), ‘Ecotipo siciliano’ (4.52 t 
DM ha-1), ‘Melissa’ (4.41 t DM ha-1), and ‘Mamuntanas’ 
(4.38 t DM ha-1).
 The STI values did not exceed 0.23. In general, values 
higher than 0.15 corresponded to higher yields in the 
irrigated and rainfed trials. Low STI values, as well as K1 
and K2 coefficients linked to lower than average yields, led 
to lower K1STI and K2STI values (Table 3). 
 In Tunisia, Hayek et al. (2008) subjected the same 
cultivars to summer water stress by stopping irrigation 
for 43, 56, and 65 d in the first, second, and third years of 
production, respectively. Cumulative DM yield showed that 
‘Ecotipo siciliano’, ‘Ameristand 801S’, and ‘Mamuntanas’ 
were among the most productive whereas ‘Tamantit’ and 
‘Africaine’ were the least productive. 
 Benabderrahim et al. (2015) conducted trials with the 
same cultivars under two irrigation conditions. The first was 
normally irrigated to the potential evapotranspiration of the 
crop and the second was conducted under water stress, which 
was applied by stopping irrigation during 8 wk in summer. 
Results showed that ‘Ameristand 801S’ exhibited high forage 
yield, which is similar to our results.
 Farissi et al. (2013) measured the effect of three water 
deficit levels in terms of field capacity (FC) (25% FC, 50% 
FC, and 75% FC) on agro-physiological and biochemical 
properties of four perennial alfalfa populations of 
Moroccan origin. They found that DM reduction was very 
high compared with the optimal treatment (75% FC) and 

production loss increased with water shortage severity. This 
confirms the results we found in the fourth year. The drop 
in output between the two trials reached 88.44%, that is, a 
difference of 5.89 t DM ha-1. 
 The correlation coefficient between yields in the rainfed 
and irrigated trials from the third to fourth year of production 
was inversely proportional to the SI. This is confirmed in 
the study by Moghaddam et al. (2012) in Vienna, Austria, 
about drought tolerance indices for selecting perennial 
alfalfa genotypes. The correlation coefficient between yields 
in the irrigated and rainfed trials increased from the first to 
the second year with a reduced SI (Tables 2 and 3).

Correlation analysis
Yield under rainfed conditions (Ys) was well correlated with 
all indices, except for TOL, ATI, and WUEp in the third year 
and only TOL in the fourth year. Yield in the irrigated trial 
(Yp) was well correlated with all indices except for TOL in 
the third year of production.
 The TOL index was only correlated with ATI and WUEp 
in the third year of production. However, in the fourth year 
of production, it was correlated with all indices, except for 
HM, K2STI, and WUEs. The Pi index was well correlated 
and inversely proportional with the other indices. The ATI 
was similarly well correlated in both the fourth  and third 
years of production. The WUEp was significantly correlated 
with WUEs in the fourth year but not in the third year. All 
the indices in the fourth year were generally well correlated, 
except for the relationship between TOL and HM, Ys, and 
WUEs (Table 4). 
 The correlations between yields (Yp and Ys) and tolerance/
resistance to drought indices, except for TOL and ATI (third 
year of production), were confirmed by the research studies 
conducted on wheat genotypes in Ilam, Iran (Dehbalaei et 
al., 2013), on the segregation of rice populations by tolerance 

Ecotipo siciliano 8.45 0.59 7.86 1.11 4.52 2.24 0.11 0.18 0.07 0.12 2.05 0.86 0.29
Prosementi 4.75 0.47 4.28 0.86 2.61 1.49 0.05 0.03 0.02 3.85 0.74 0.49 0.24
ABT 805 6.14 0.81 5.33 1.43 3.48 2.23 0.11 0.10 0.12 1.55 1.38 0.63 0.41
Ameristand 801 S 8.59 0.80 7.79 1.46 4.70 2.62 0.16 0.26 0.17 0.05 2.38 0.88 0.42
Mamuntanas 7.52 1.24 6.28 2.13 4.38 3.06 0.21 0.27 0.54 0.29 2.23 0.77 0.59
Tamantit 7.21 0.68 6.53 1.24 3.94 2.21 0.11 0.13 0.08 0.56 1.68 0.74 0.34
Sardi 10 7.90 1.26 6.64 2.18 4.58 3.16 0.23 0.32 0.60 0.12 2.44 0.81 0.69
Siriver 6.63 0.71 5.92 1.28 3.67 2.17 0.11 0.11 0.09 1.04 1.49 0.68 0.39
Africaine 4.89 0.75 4.14 1.30 2.82 1.91 0.08 0.04 0.08 3.49 0.92 0.50 0.36
Gabès-2355 6.50 0.63 5.87 1.15 3.57 2.03 0.09 0.09 0.06 1.19 1.39 0.66 0.25
Magali 3.82 0.33 3.49 0.61 2.08 1.12 0.03 0.01 0.01 5.90 0.46 0.39 0.17
Melissa 7.69 1.14 6.55 1.98 4.41 2.96 0.2 0.26 0.43 0.21 2.26 0.79 0.57
Coussouls 6.24 0.49 5.75 0.91 3.37 1.75 0.07 0.06 0.03 1.53 1.17 0.64 0.29
Rich 2 4.49 0.72 3.76 1.25 2.61 1.80 0.07 0.03 0.06 4.28 0.79 0.46 0.35
Erfoud 1 7.88 1.20 6.68 2.08 4.54 3.08 0.21 0.30 0.51 0.13 2.39 0.81 0.63
Demnat 203 7.79 0.56 7.23 1.05 4.18 2.10 0.10 0.14 0.05 0.28 1.76 0.80 0.30
Maximum 8.59 1.26 7.86 2.18 4.70 3.16 0.23 0.32 0.60 5.90 2.44 0.88 0.69
Minimum 3.82 0.33 3.49 0.61 2.08 1.12 0.03 0.01 0.01 0.05 0.46 0.39 0.17
Mean 6.66 0.77 5.88 1.38 3.72 2.25 0.12 0.14 0.18 1.54 1.60 0.68 0.39

Table 3. Mean yields and resistance/tolerance indices in the third year of production.

Yp: irrigated DM yield; Ys: rainfed DM yield; TOL: tolerance; HM: harmonic mean; MP: mean production; GMP: geometric mean production; STI: stress 
tolerance index; K1STI: irrigated modified stress tolerance index; K2STI: rainfed modified stress tolerance index; Pi: superiority index; ATI: abiotic tolerance 
index; WUEp: irrigated water use efficiency; WUEs: rainfed water use efficiency. 

Cultivars Yp Ys TOL HM MP GMP STI K1STI K2STI WUEp WUEsPi ATI
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to drought indices in Rasht, Iran (Rahimi et al., 2013), and 
tolerance to drought indices of corn in Azerbaijan, Iran 
(Naghavi et al., 2013). These authors found significant 
correlations between yields (under rainfed and irrigated 
conditions) and the STI, GMP, MP, HM, K1STI, and K2STI 
indices. The study conducted by Boussen et al. (2010) in 
Tunisia evaluating drought tolerance indices in durum lines 
showed a good correlation between yields and the TOL, 
GMP, MP, and STI indices. Another study was conducted by 
Sareen et al. (2014) in India, who analyzed the interaction 
between genotype and environment in wheat landraces 
treated under two abiotic stresses (drought and heat) and 
found a good correlation between MP and TI (tolerance 
index) as well as between SI and TOL. 
 Haffani et al. (2014) in Tunisia measured the effect of four 
water regimes in terms of field capacity (100% FC, 80% FC, 
60% FC, and 40% FC) on the agronomic performance of 
three vetch species. They found that the STI is proportional 
to the applied water regime, and DM is affected by the level 
of water stress in the three years of the experiment.

Representation of three-dimensional 
dispersion and group analysis
Fernandez (1992) classified the cultivars according to the 
yield of both trials (rainfed and irrigated) with the STI. This 
allowed us to classify ‘Mamuntanas’, ‘Erfoud 1’, ‘Sardi 10’, 
and ‘Ameristand 801S’ in group A (most efficient cultivar 
group) whereas ‘Coussouls’, ‘Magali’, ‘Prosementi’, 
‘Africaine’, and ‘Gabès-2355’ did not perform and were 
classified in group D. ‘Siriver’ and ‘ABT 805’ were grouped 
near the mean of the two trials while the rest of the cultivars 
fluctuated between groups (Figure 2). 
 For the same site, results obtained in the second 
year of production showed that ‘Ameristand 801S’ and 
‘Mamuntanas’ were more profitable (Bellague et al., 2008).
 Khelifi et al. (2008) consider that ‘Ameristand 801S’ 
and ‘Mamuntanas’ both perform better in irrigated and 
rainfed trials conducted in a sub-humid region. Bouizgaren 

et al. (2013) confirmed their performance by combining 
the yields for each of the abovementioned cultivar in three 
production seasons (2005-2006, 2006-2007, and 2007-2008) 
in Morocco.
 Regarding the Köppen-Geiger classification (Climate-
data, 2016), all the cultivars tested in the PERMED project 
were in temperate and warm climate areas (Csa, Cfa, and 
Cfb), or a dry desert climate (BWh and BWk). They were 
characterized by low to nil fall dormancy. Dormancy reported 
and estimated by Pecetti et al. (2008) according to Teuber et 
al. (1998), showed that cultivars from Australia, the United 
States, North Africa (except for the ‘Africaine’ cultivar), 
and France (‘Melissa’) are non-dormant (fall dormancy ≥ 
8). The cultivars ‘Prosementi’, ‘Coussouls’, and ‘Africaine’ 
are moderately dormant (fall dormancy ≤ 6) while ‘Ecotipo 
siciliano’, ‘Mamuntanas’, and ‘Magali’ are fairly dormant 
(fall dormancy 6 to 8). According to these characteristics, 
selected cultivars can provide year-round production.

Discriminant function analysis (DFA)
The overall Wilks’ lambda statistic (Rao’s approximation) 
values of 0.052 (third year) and 0.035 (fourth year) at a 
5% level of significance  were much lower and very close 
to zero and far from the unit. Thus, there is significant 
discrimination among the three groups, which justifies the 
application of DFA. Individuals related to F1 and F2 of 
DFA are illustrated in Figure 3. The result of the ascending 
hierarchical classification based on all studied indices and 
variables (Figure 4) represents the composition of each 
homogeneous group for the 2-yr experiment.
 A synthesis of the DFA results (third and fourth years of 
production) performed with an ascending test of canonical 
functions is shown in Table 5.  For Bartlett’s statistic, it 
appears that the two discriminant functions (F1 and F2) 
for each year are significant at the 5% level of significance 
(Table 5). Given the large number of variables in the model, 
we performed a step-by-step DFA to select only the variables 
that contributed the most to the discrimination of groups. 

Yp  0.53 0.98 0.58 0.99 0.79 0.74 0.85 0.52 -0.96 0.95 1.00 0.55

Ys 0.61  0.37 1.00 0.65 0.94 0.95 0.85 0.96 -0.57 0.76 0.53 0.98

TOL 0.47 -0.41  0.42 0.95 0.67 0.61 0.75 0.37 -0.94 0.88 0.98 0.40

HM 0.83 0.95 -0.10  0.69 0.95 0.97 0.87 0.95 -0.61 0.79 0.58 0.98

MP 0.90 0.89 0.04 0.99  0.87 0.83 0.91 0.63 -0.96 0.98 0.99 0.66

GMP 0.87 0.93 -0.03 1.00 1.00  0.99 0.96 0.90 -0.81 0.93 0.79 0.93

STI 0.86 0.92 -0.03 1.00 0.99 1.00  0.97 0.95 -0.74 0.91 0.74 0.95

K1STI 0.95 0.78 0.23 0.93 0.97 0.95 0.96  0.87 -0.79 0.97 0.85 0.86

K2STI 0.70 0.96 -0.27 0.96 0.92 0.94 0.96 0.86  -0.52 0.75 0.52 0.95

Pi -0.89 -0.86 -0.07 -0.96 -0.98 -0.97 -0.96 -0.91 -0.86  -0.91 -0.96 -0.58

ATI 0.72 -0.10 0.94 0.22 0.36 0.29 0.28 0.53 0.03 -0.37  0.95 0.77

WUEp 0.97 0.48 0.59 0.72 0.81 0.77 0.76 0.88 0.58 -0.81 0.80  0.55

WUEs 0.58 0.93 -0.37 0.88 0.84 0.86 0.85 0.70 0.83 -0.84 -0.07 0.45 

Table 4. Correlation coefficients between Yp, Ys, WUE, and resistance/tolerance indices.

Values in boldface are significant (off-diagonal) at level of significance alpha = 5% (bilateral test).
Figures in normal font and italics represent the results of the third and fourth years of production.
Yp: irrigated DM yield; Ys: rainfed DM yield; TOL: tolerance; HM: harmonic mean; MP: mean production; GMP: geometric mean production; STI: stress 
tolerance index; K1STI: irrigated modified stress tolerance index; K2STI: rainfed modified stress tolerance index; Pi: superiority index; ATI: abiotic tolerance 
index; WUEp: irrigated water use efficiency; WUEs: rainfed water use efficiency.

Var. Yp Ys TOL HM MP GMP STI K1STI K2STI WUEp WUEsPi ATI
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After the one-dimensional test of equality of means, it was 
found that the variables Yp, K1STI, and K2STI in the third year 
and variables Pi and WUEp in the fourth year were the most 
discriminating. Thus, the new synthetic variables of canonical 
functions with standardized coefficients are converted: 
 In the third year: F1 = 6.77 × Yp-7.98 × K1STI + 2.42 × 
K2STI; F2 = 1.57 × Yp-2.41 × K1STI + 0.03 × K2STI
 In the fourth year: F1 = 0.63 × WUEp - 0.45 × Pi; F2 = 
1.30 × WUEp + 1.37 × Pi
 The Mahalanobis distance calculated between the groups 
showed the highest value between groups 1 and 2 in the third 
and fourth years of production. However, groups 1 and 3 
were the closest (Table 6). 
 The confusion matrix for the cross-validation results 
provided a good ranking of individuals, 81.25% in the 

third year and 100% in the fourth year. Thus, homogeneous 
groups became invariable after cross-validation in the 
fourth year (Table 7); mean values for each variable are 
shown in Table 8.
 This grouping was confirmed by the characteristics 
of each group of cultivars. Group 3 of the third year 
of production and group 1 of the fourth year contained 
cultivars that adapt to abiotic stress (water stress and 
salt stress). The Italian ‘Mamuntanas’ and ‘Ecotipo 
siciliano’ grow well in the rainfed trial and the American 
‘Ameristand 801S’ tolerates salinity (Annicchiarico et 
al., 2011). Moreover, Moroccan ‘Erfoud 1’ is widely 
adapted to drought and saline soil (Annicchiarico et al., 
2013). The study conducted on cultivars, such as the 
ones used in our experiment, except for ‘Tamantit’ and 

Figure 2. Three-dimensional representation of cultivars: (a) third year of production and (b) fourth year of production.

Figure 3. Plan F1 and F2 of discriminant function analysis: (a) third year of production and (b) fourth year of production.  
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‘Africaine’, during the first three years of production in 
six geographically different sites (two in Tunisia, two 
in Algeria, one in Italy, and one in Morocco), showed 
that ‘Ameristand 801S’ and ‘Mamuntanas’ were the 

most profitable and ‘Erfoud 1’ ranked among the top six 
cultivars (Annicchiarico et al., 2011).
 The ANOVA of the cumulative yield in both trials 
of the two years of production indicated a significant 
genotype effect at the 5% level of significance, revealing 
the existence of differences in performance among tested 
cultivars. This analysis also showed that every trial had 
a similar classification of the cultivars with the best 
yields. Thus, ‘Ameristand 801S’, ‘Ecotipo siciliano’, 
‘Mamuntanas’, and ‘Erfoud 1’ topped the rankings in the 
irrigated trial and were among the best in the rainfed trial 
(Figures 5 and 6). 

Survival
Plant density decreased from 127.45 plants m-2 in the first 
year to 11.56 plants m-2 in the fourth year of production 
for the rainfed trial with a survival rate of 9.10%. In 
the irrigated trial, plant density decreased from 136.95 

Figure 4. Ascending hierarchical classification of cultivars: (a) third year of production and (b) fourth year of production.

3rd F1 07.57 86.00 34.86 0.000
 F2 01.23 14.00 9.02 0.008
4th F1 14.99 94.94 43.88 0.000
 F2 00.80 05.06 10.81 0.007

Table 5. Results of discriminant functions.

Year
Factor 
axis

Intrinsic 
value

% 
discrimination

Bartlett 
statistic p level

Table 6. Mahalanobis distance.

Groups

1 00.00 36.11 06.98 00.00 72.96 13.40
2 36.11 00.00 28.29 72.96 00.00 32.52
3 06.98 328.29 00.00 13.40 32.52 00.00

21 3
3rd year of production

21 3
4th year of production

3rd G1 ABT 805, Ameristand 801S, Tamantit, Sardi 10, Siriver, Gabès-2355, Melissa, Coussouls, and Demnat 203
 G2 Prosementi, Magali, Rich 2, and Africaine
 G3 Ecotipo siciliano, Mamuntanas, and Erfoud 1 
4th G1 Ecotipo siciliano, Ameristand 801S, Mamuntanas, Sardi 10, Tamantit, Melissa, Erfoud 1, and Demnat 203
 G2 Prosementi, Magali, Rich 2, and Africaine
 G3 ABT 805, Coussouls, Siriver, and Gabès-2355

Table 7. Discrimination of homogeneous groups of discriminant function analysis after cross-validation.

Year Group Cultivar

3rd G1 8.67 5.70 2.97 6.86 7.18 7.02 0.69 0.74 0.66 3.31 14.76 1.97 1.78
 G2 7.02 5.49 1.54 6.13 6.25 6.19 0.54 0.37 0.48 6.11 6.45 1.60 1.69
 G3 9.61 7.32 2.30 8.27 8.46 8.36 0.97 1.28 1.47 1.06 13.73 2.12 2.13
4th G1 7.88 0.93 6.94 1.65 4.41 2.68 0.17 0.23 0.31 0.22 2.15 0.81 0.48
 G2 4.49 0.57 3.92 1.00 2.53 1.58 0.06 0.03 0.04 4.38 0.73 0.46 0.28
 G3 6.38 0.66 5.72 1.19 3.52 2.04 0.1 0.09 0.08 1.33 1.36 0.65 0.33

Table 8. Mean characteristics of discriminant function analysis groups after cross-validation.

Yp: irrigated DM yield; Ys: rainfed DM yield; TOL: tolerance; HM: harmonic mean; MP: mean production; GMP: geometric mean production; STI: stress 
tolerance index; K1STI: irrigated modified stress tolerance index; K2STI: rainfed modified stress tolerance index; Pi: superiority index; ATI: abiotic tolerance 
index; WUEp: irrigated water use efficiency; WUEs: rainfed water use efficiency. 

Year Yp Ys TOL HM MP GMP STI K1STI K2STI WUEp WUEsPi ATIGroup
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to 24.27 plants m-2 with a survival rate of 17.72%. The 
mean survival rate in the fourth year was 50.97% and 
63.40% for the rainfed and irrigated trials, respectively, 
compared to the third year of production (Figure 7).
 The decrease in rainfall in the fourth year of 32.61% (110 
mm) and 5% (61.3 mm) increase in evapotranspiration led 
to persistent drought, which can cause changes in cultivar 
behavior. 
 Delgado (2006) reported that plant density decreased 
from 232 to 38 plants m-2 with a 16.37% survival rate for five 
years of alfalfa under rainfed conditions; this was compared 
to our results under irrigated conditions. 
 Mean regression rate in the fourth year was 49.21% for 
the rainfed trial and 36.12% for the irrigated trial. Alboudi 
(1988) obtained a mean regression rate of 37% for five 
alfalfa populations studied for 2 yr under water stress.
 Under rainfed conditions, ‘ABT 805’ and ‘Rich 2’ were 
perennial with regression rates of 23.86% and 36.54%, 
respectively, while ‘Tamantit’ and ‘Ameristand 801S’ were 
the least sustainable with regression rates of 61.79% and 

61.76%, respectively. On the other hand ‘Ameristand 801S’ 
showed the highest sustainability with a regression rate of 
19.63% unlike ‘Rich 2’ that had the highest regression rate of 
54.34% under irrigated conditions (Figure 8).
 In conclusion, the study of plant density regression from 
the third to the fourth year showed that cultivars ‘Ameristand 

Figure 5. Ranking of cultivar cumulative yields for the irrigated trial with LSD5% = 4.75.

Figure 6. Ranking of cultivar cumulative yields for rainfed trial with LSD5% = 2.32.

Figure 7. Evolution over time of plant density.
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801S’, ‘Mamuntanas’, and ‘Ecotipo siciliano’ were perennial 
in the irrigated trial while ‘Erfoud1’ was perennial in the 
rainfed trial.

CONCLUSIONS

By using the stress tolerance index, cumulative yields, 
and discriminant function analysis, the profitability and 
adaptability to drought of ‘Mamuntanas’, ‘Ameristand 
801S’, ‘Ecotipo siciliano’, and ‘Erfoud 1’ are confirmed. 
These cultivars have the highest stress tolerance index in the 
third year and are among the top eight in the fourth year. 
The three-dimensional presentation classifies these cultivars 
in group A with mean yields higher than the overall mean. 
Discriminant function analysis reveals three homogeneous 
groups, which discriminated among themselves in the 
direction of the two factor axes by yield in the irrigated trial 
and modified stress tolerance index in the third year. In the 
fourth year, discrimination was provided by the superiority 
index and water use efficiency index in the irrigated trial. 
The ANOVA of cumulative yields over the 2 yr classifies the 
cultivars with the highest yields. 
 The study of drought tolerance indices and plant survival 
makes it possible to measure performance and choose the 
most appropriate genetic material among the perennial alfalfa 
cultivars (Medicago sativa L.) tested under environmental 
conditions similar to those found in the Lower-Cheliff plain.
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