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Abstract 
The aim of this research was to evaluate the salinity tolerance in prairie grass 
populations at the seedling stage quantifying the variability and the influence 
of physiological traits related to it. Salinity tolerance, in Bromus catharticus 
Vahl (prairie grass) populations collected in different environments of the 
Pampean Phytogeography region (Argentine) was evaluated at the seedling 
stage, using controlled condition of temperature and light. It was adopted a 
completely randomized design using 3 plots with three plants each one per 
population and two levels of treatment: 0 mM and 100 mM NaCl. Morpho-
logical, biomass and membrane stability root and shoot traits were studied. A 
factorial ANOVA with interaction was estimated. Then one way ANOVA for 
all seedling traits in both treatments allowed estimating variance components, 
coefficient of genotypic determination (CGD) and variation index (VI). 
Comparisons between populations were made using Tukey test (at 5% of 
probability). Phenotypic correlations among traits were calculated and then a 
path coefficient analysis separated direct and indirect effects at 100 and 0 mM 
NaCl. No significant interactions “Population × Treatment” were found for 
any character. The saline stress caused a pairing in the population means for 
the most traits. Coefficients of variation were mainly higher when the seedl-
ings grew without stress (0 mM) because it allowed a greater potential geno-
typic expression. The absence of significant interactions denotes a good ho-
meostatic capacity of the prairie grass facing that abiotic stress. Leaf length, 
shoot length and root dry matter were the variables with the largest direct and 
indirect effects. Our results showed an increase for them at salt and demon-
strated intraspecific variation, possibly in relation with the origin sites. Plants 
under stress showed a marked resilience, in order to quickly restore the same 
biomass allocation patterns that occur in non-stress environment.  
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1. Introduction 

In recent years an agricultural process has happened due to the high demand for 
grains with a strong price increase. It has led to a redistribution of beef cattle to 
marginal areas where soils have low aptitude and excess soluble salt. This situa-
tion will tend to worsen in places where climate change alters the precipita-
tion/evapotranspiration balance and where agricultural practices lead to sec-
ondary salinization [1]. Argentina is the third country in the world with a largest 
area of soil affected by halomorphic features [2], after Russia and Australia [3] 
[4] [5]. Abiotic stress soils limit growth, biomass accumulation and productivity 
in most crops and forage around the world. Salt stress causes a high energetic 
cost because of disturbances in physiological, biochemical, molecular processes 
in the plant [6]. Especially salt stress reduces forage growth and yield, generating 
a relevant economic cost to farmers [7]. Salinity affects biomass production and 
alters the partition of photo assimilates between different parts of plants. This 
behavior could be due to osmotic, toxic and nutritional effects. Therefore, dif-
ferences in the degree of tolerance of species or cultivars depend on the efficien-
cy of morphological and physiological mechanisms, which increase the capaci-
ties of plants to face the increase in salt concentration in the soil [8] [9]. Other 
costs are related to poor stand establishment and/or mature plants and plant’s 
ability to resist a second stress as biotic ones [10].  

Bromus catahrticus Vahl. (Prairie grass or Rescue grass) is an annual native 
species that grows naturally in the Argentine Pampas, Uruguay and South of 
Brazil and North Central area of Chile. It is widely used in mixed pastures con-
sociated with legumes and it is considered the most important forage grass due 
to a high certified seed production in Argentina [11]. In the future, the forage 
market must count on varieties capable of growing in environments with limita-
tions. This requires the evaluation of new genetic sources for salt tolerance, and 
more efficient techniques to identify and localize tolerant genes by QTLs analy-
sis, which could be used to introduce into cultivars by biotechnology [12].  

Breeding for the selection of stress-tolerance as salinity has used different 
growth parameters like shoot and root length and dried mass [13]. Several other 
physiological attributes have been reported as being reliable indicators of tole-
rant germplasm in selection programs. These include seed germination, the de-
gree of electrolyte leakage (cell membrane stability, CMS) from salinity-damaged 
leaf cells and the water relations of plants [14] [15]. 

The path analysis methodology has been frequently used by plant breeders to 
assist in identifying traits that are useful as selection criteria to improve yield. 
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The path coefficient is a standardized partial regression coefficient which meas-
ures the direct influence of a predictor variable on the response variable [16]. 
The method allows the partition of the correlation coefficients into direct and 
indirect effects, applied to a causal diagram built according to logical basis.  

Selection programs used in forage species intended to be sown in marginal 
conditions should prioritize adaptive capacity rather than high yields. In addi-
tion, it should be taken into account that there are negative relationships be-
tween characters that confer adaptability and those related to performance [17]. 
It is convenient to select populations adapted to a particular ecological niche, 
rather than trying changes in germplasm adaptability. The Pampa (Buenos Aires 
Province) offer a broad diversity of habitats with saline, alkaline and sandy soils. 
A patchy morphological variation model, genetically adapted to macro and mi-
cro environmental conditions, was detected in B. catharticus populations, col-
lected at the Pampas region [18] [19]. Germplasm collected from saline habitats 
could ensure the identification of genes tolerant to this stress. In other grass spe-
cies, variability for physiological traits related to stress tolerance is associated 
with population origin [20]. 

The aim of this research was to evaluate the salinity tolerance in prairie grass 
populations at the seedling stage quantifying the variability and the influence of 
physiological traits related to it. 

2. Materials and Methods 
2.1. Plant Material 

Wild prairie grass populations (B.catharticus) were collected on six locations of 
the Pampas region at Buenos Aires Province, Argentine. The collecting expedi-
tions covered a wide range of habitat conditions, crossing the Salado river de-
pression, from Cañuelas to Bolivar (Table 1). A minimum of 50 matured  
 
Table 1. Geographic distribution and habitat of six sampled localities in the Buenos Aires 
Province, Argentine. 

Number 
Collection 

sites 
Latitude Longitude Habitat 

1 Lobos S 35˚18' W 59˚19' 
Ruderal road side (Route n˚205) to 

2 km away Rio Salado. 

2 R. Pérez S 35˚26' W 59˚40' Ruderal road side (Route n˚205). 

3 Saladillo S 35˚44' W 60˚04' 
Ruderal road side (Route n˚205). 
Nearly away a drainage channel. 

4 Azul S 36˚54' W 59˚49' 
Natural field. 

Crossroad routes n˚6 and n˚226. 

5 Tandil S 37˚34' W 59˚05' 
Ruderal road side (Route n˚226). 

Before crossroad with Route n˚74. 

6 Ayacucho S 37˚22' W 58˚49' 
Ruderal road side, 

Crossroads n˚29 and n˚74. 
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reproductive tillers were sampled from an ecological area of 100 to 1000 m2. It 
was ensured that each tiller belonged to a different individual [21]. From each 
panicle, 10 cariopses were taken out to make a homogeneous genetic pool for 
each population. Samples from those seeds have now been conserved at the 
Germplasm Bank of Instituto Fitotécnico de Santa Catalina, Facultad de Ciencias 
Agrarias y Forestales, Universidad Nacional de La Plata. 

2.2. Growth Conditions and Experimental Design 

Thirty caryopses from each population were germinated in Petri dishes with 
moistened filter paper in a dark incubator at 26˚C during five days. During the 
sixth day of germination, three uniformly germinated seedlings were transferred 
to pots containing “perlite”. A completely randomized design with 3 plots with 
three plants each one per population and treatment was adopted (9 plants per 
populations and 54 total plot per treatment). These pots were put into trays 
containing half-strength Hoagland’s nutrient solution and 4 days later started 
the salt additions. The final concentration was reached by a gradual increment of 
25 mM NaCl every two days [13] [22] [23]. Then, the solutions were renewed 
every three days. All conditions were maintained constant during the growth pe-
riod. The trial was carried out in a controlled room at 25˚C, with 10 - 14 h 
day-night length. After 28 days of treatment, the seedlings were harvested.  

2.3. Measurement 

The following traits were measured at the end of experimentation (four weeks): 
Number of leaves (NL); Leaf 3rd length (LL), in cm; Shoot length (SL), in cm; 
Root length (RL), in cm; Separately shoots and roots per population were cut 
and after drying in an oven at 70˚C until constant weight was achieved and then 
Shoot dry mass (SDM) and Root dry mass (RDM) were calculated. 

2.4. Cell Membrane Stability (MS) 

It was estimated on the third leaf and root with a conductometer (Consort C931) 
and expressed in electrical conductivity (µS/cm). A piece of leaf and root (1 cm) 
was cut, weighted and washed with distilled water to remove the solution from 
tissue, then the samples were separately immersed in 10 ml of distilled water and 
placed for incubation for 24 h at 5˚C. After incubation samples were equilibrated 
to room temperature. Then, the conductivity of the medium was recorded 
(EC1), the samples were autoclaved for 15 min to kill all tissues, and after cooled 
to room temperature, the conductivity of the solutions was read again (EC2). 
The ratio EC1/EC2 estimated separately for root and leaf constituted the cell 
membrane stability for root (RMS) and leaf (LMS), respectively [24] [25]. 

2.5. Statistical Analysis and Genetic Model 

At first, the data was subjected to the analysis factorial of variance to prove dif-
ferences between populations (G), Treatments (E) and the interaction G × E. It 
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was used a mixed model with population as random effect and treatments as 
fixed effects.  

Then a one way ANOVA for all seedling traits measured under salt stress (100 
mM) and non stress (0 mM) allowed estimating variance components according 
to [26]. The statistical model was: 

ij i ijY µ α ε= + +  

where: µ: General mean. Yij = observation on the ith genotype in the jth replica-
tion; αi: random effect attributed to ith genotype (i = 1, 2, 3, 4, 5, 6); and εij: expe-
rimental error attributed to Yij observation. 

Using the population means square (PMS) and the error means squares 
(EMS), the following genetic parameters were estimated: Genotypic variability 
( 2

gσ ) = PMS − EMS/9 (number of replications); Phenotypic variance ( 2
Pσ ) = 2

gσ  
+ EMS. Coefficient of genotypic determination (CGD) = 2 2

g Pσ σ . Coefficient of 
experimental variation (CEV) is calculated as (EMS/9)/m * 100). The  

variation index: Coefficient of genotypic variation (CGV) = 
2ˆ100 g

m

σ∗
 (where 

m is the general mean). Variation index (VI) = CGV/CEV. 
Comparisons between populations were made using Tukey test at 5% of 

probability. Thus, phenotypic correlations among the different traits were sepa-
rately estimated in both treatments, using the individual data [27]. 

Path coefficient analysis (PCA) was used to partition the correlation coeffi-
cients among variables into direct and indirect effects [16]. To apply the method 
of path coefficients, it is necessary to work within a logical cause-effect diagram 
construct with the traits considered (figure no shown). In the diagram adopted 
SDM is the dependent variable, RDM, NL, LL, SL and RL are the first-order va-
riables; and RMS is the second-order variable. Schemes were constructed to con-
sider the significance of the correlation coefficients between the variables (p < 
0.05) and the better fit (Lower residue value). The phenotypic correlation coeffi-
cients were partitioned into direct and indirect effects according to the following 
set of linear equations:  

* * * *
AF AF AB BF AC CF AD DF AE EFr r r r rρ ρ ρ ρ ρ= + + + +  

* * * *
BF AB AF BF BC CF BD DF BE EFr r r r rρ ρ ρ ρ ρ= + + + +  

* * * *
CF AC AF BC BF CF CD DF CE EFr r r r rρ ρ ρ ρ ρ= + + + +  

* * * *
DF AD AF DB BF DC CF DF AE EFr r r r rρ ρ ρ ρ ρ= + + + +  

* * * *
EF AE AF EB BF EC CF ED DF EFr r r r rρ ρ ρ ρ ρ= + + + +  

where: (A): SL, (B): RL, (C): LL, (D): NL, (E): RDM and (F): SDM, and r is the 
phenotypic linear correlation coefficient between two variables, ρ is the path 
coefficient measuring direct effects and r * ρ is the measure of the indirect effect 
of one variable upon another [16]. Genetical analysis and path analysis were 
calculated with the computational program Genes [28]. 
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3. Results 
3.1. Variability 

Two ways ANOVA with interaction were shown in Table 2. It was demonstrat-
ed significant differences between population for the most of variables, except 
RL and NL. No significant interaction “Population × Treatment” was tested for 
any character. Significant differences between treatments (100 mM versus 0 
mM) were only proved for LMS and RDM.  

The ANOVAS per treatment showed that the populations differed signifi-
cantly for RMS, SL, LL, SDM and RDM when they grew without salt stress (0 
mM NaCl), even if at 100 mM Cl Na only differed for RMS, SL and LL (Table 3). 
Saline treatment means (100 mM) were higher than those found at 0mM for 
some traits (Table 3). The genetic model showed that CGV, CDG and VI at 0 
mM NaCl had highest values than at 100 mM for all seedling traits, with the ex-
ception of the RMS that reached a slightly lower value for CDG y VI due to a 
major CPV value (Table 3). 

Tukey test to means comparison between populations was shown in Table 4. 
Mayor variability was demonstrated at 0 mM. However, differential responses 
were also found in salt. Ayacucho presented the highest means for membrane 
stability attributes, and consequently it had lower rates of leaf and stem growth, 
determining a minor SDM at salt. The remaining populations presented means 
greater, although maintained a relative position similar to the ranking built at 0 
mM. It means that populations with better performance at 0 mM also were the 
best at 100 mM. Saladillo and Tandil reached higher means and had a stable be-
havior in both treatments for the most variables and it confirmed the existence 
of homeostatic responses. 

3.2. Correlations 

At 0 mM, the significant correlation coefficients (p < 0.05) had all positive signs. 
In contrast, at 100 mM NaCl the correlations presented both negative and posi-
tive signs (Table 5). 
 
Table 2. Two way analysis of variance with interaction. Means Squares for Leaf cell 
membrane stability (LMS, ratio), Root cell membrane stability (RMS, ratio), Root length 
(RL, cm), Leaf length (LL, cm), Number leaf (NL, number), Shoot dry mass (SDM, mg) 
and Root dry mass (RDM, mg). 

Source of 
variation 

df LMS RMS SL RL LL NL SDM RDM 

Treatments 
(A) 

1 0.19** 3 × 10−3 26.91 2.93 4.01 2 × 10−4 1843 3092** 

Population 
(B) 

5 0.02* 0.04** 80.51** 50.35 50.64** 0.55 7574* 1728** 

A × B 5 0.01 0.007 24.02 12.69 5.75 0.49 1829.9 81.3 

Error 96 0.006 0.009 18.07 31.09 11.78 0.35 2565.1 349.79 

*Significant at the 0.05 probability level, **Significant at the 0.01 probability level and ns not significant. 
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Table 3. One way ANOVA Means Squares, Tukey test (at 5%) for comparison of means 
between treatments, Coefficient of Phenotypic Variation (CPV), Coefficient of genotypic 
determination (CGD) and variation index (VI) for six prairie grass populations growth a 
0 mM and 100 mM NaCl. Traits: Leaf cell membrane stability (LMS, ratio), Root cell 
membrane stability (RMS, ratio), Leaf length (LL, cm), Shoot length (SL, cm), Root length 
(RL, cm), Number leaf (NL, number), Shoot dry mass (SDM, mg) and Root dry mass 
(RDM, mg). 

0 mM NaCl 

Source of variation gl LMS RMS LL SL RL NL SDM RDM 

Population 5 0.02* 0.03* 27.1* 52.8* 39.7ns 0.8ns 6698.6* 1016.5* 

Residual 48 0.01 0.01 8.3 17.9 49.2 0.4 2569.4 263.1 

mean  0.29 b 0.56 a 26.11 a 33.49 a 26.35 a 6.04 a 190.6 a 73.4 b 

CPV  27.29 19.98 11.03 12.63 26.63 9.75 26.60 22.10 

CDG  16.66 14.27 20.18 17.81 0.00 12.49 15.15 24.14 

VI  0.45 0.41 0.50 0.47  0.38 0.42 0.56 

100 mM NaCl 

Source of variation gl LMS RMS LL SL RL NL SDM RDM 

Population 5 0.01ns 0.02* 29.2* 51.72* 23.3ns 0.25ns 2,705.2ns 474.6ns 

Residual 48 0.006 0.007 11.8 18.2 12.9 0.34 2560.8 226.5 

mean  0.38 a 0.55 a 26.49 a 34.49 a 26.68 a 6.04a 198.8 a 84.0 a 

CPV  20.91 14.89 14.75 12.24 13.48 9.70 25.45 24.84 

CDG  6.62 18.39 9.23 16.94 8.19 0 0.62 8.31 

VI  0.27 0.47 0.31 0.45 0.30  0.08 0.30 

*Significant at the 0.05 probability level, **Significant at the 0.01 probability level and ns not significant. 
Different letters indicate significant differences between Treatments (0 mM vs 100 mM Cl Na, at p < 0.05 
(Tukey’s Test). 

 
Table 4. Population mean comparison using Tukey test (p: 0.05) for six prairie grass 
populations seedling means. Leaf cell membrane stability (LMS, ratio), Root cell mem-
brane stability (RMS, ratio), Shoot length (SL, cm), Root length (RL, cm), Leaf length (LL, 
cm), Number leaf (NL, number), Shoot dry mass (SDM, mg) and Root dry mass (RDM, 
mg). 

0 mM NaCl 

 
LMS RMS LL SL RL NL SDM RDM 

Lobos 0.28 ab 0.58 ab 24.85 b 31.25 b 23.72 a 5.80 a 157.27 b 58.61 b 

R. Perez 0.28 ab 0.52 ab 24.56 b 30.95 b 23.93 a 5.85 a 156.27 b 63.20 b 

Saladillo 0.37 a 0.64 a 27.94 ab 35.74 ab 26.86 a 5.89 a 199.72 ab 86.78 a 

Azul 0.23 b 0.49 b 25.90 ab 33.94 ab 26.84 a 5.96 a 204.86 ab 74.33 ab 

Tandil 0.30 ab 0.52 ab 28.56 a 36.81 a 28.91 a 6.15 a 221.95 a 77.08 ab 

Ayacucho 0.31 ab 0.60 ab 24.82 b 32.24 ab 27.85 a 6.59 a 203.34 ab 80.38 ab 

100 mM NaCl 

 
LMS RMS LL SL RL NL SDM RDM 

Lobos 0.39 a 0.58 ab 27.14 ab 36.01 a 26.34 a 6.04 a 188.44 a 71.43 a 

https://doi.org/10.4236/ajps.2020.1112144


M. B. Aulicino et al. 
 

 

DOI: 10.4236/ajps.2020.1112144 2050 American Journal of Plant Sciences 
 

Continued 

R. Perez 0.35 a 0.54 ab 25.06 ab 33.38 ab 24.39 a 6.02 a 187.45 a 75.22 a 

Saladillo 0.37 a 0.55 ab 27.60 ab 36.57 a 28.83 a 6.30 a 203.41 a 96.28 a 

Azul 0.38 a 0.49 b 26.63 ab 34.04 ab 26.11 a 5.80 a 198.40 a 89.67 a 

Tandil 0.34 a 0.51 b 28.75 a 36.51 a 28.24 a 5.96 a 230.98 a 88.68 a 

Ayacucho 0.44 a 0.62 a 23.76 b 30.42 b 26.17 a 6.11 a 184.31 a 83.31 a 

Different letters indicate significant differences between population, at p < 0.05 (Tukey’s Test). 

 
Table 5. Phenotypic correlation coefficients between the traits measured in the 0 mM 
NaCl treatment (below diagonal) and 100 mM NaCl treatment (above diagonal). Leaf cell 
membrane stability (LMS, ratio), Root cell membrane stability (RMS, ratio), Shoot length 
(SL, cm), Root length (RL, cm), Leaf length (LL, cm), Number leaf (NL, number), Shoot 
dry mass (SDM, mg) and Root dry mass (RDM, mg). 

 0 mM NaCl 

10
0 

m
M

 N
aC

l 

 
LMS RMS LL SL RL NL SDM RDM 

LMS 1 0.89** 0.44** 0.34** 0.19ns 0.10ns 0.13ns 0.54** 

RMS 0.77** 1 0.09ns 0.02ns −0.01ns 0.13ns −0.06ns 0.41** 

LL −0.69** −0.56** 1 0.98** 0.67** −0.14ns 0.72** 0.64** 

SL −0.69** −0.45** 0.95** 1 0.78** 0.09ns 0.84** 0.72** 

RL −0.2ns −0.09ns 0.71** 0.62** 1 0.67** 0.98** 0.81** 

NL 0.22ns 0.62** −0.06ns 0.11ns 0.44** 1 0.56** 0.49** 

SDM −0.69** −0.59** 0.81** 0.63** 0.69** −0.13ns 1 0.82** 

RDM −0.16ns −0.37** 0.37** 0.23ns 0.76** 0.21ns 0.69** 1 

*Significant at the 0.05 probability level, **Significant at the 0.01 probability level and ns not significant. 

 
Correlation coefficients between membrane stability traits (LMS and RMS) 

and morphological ones were mostly significant and negative at 100 mM NaCl; 
while they were significant and positive at 0 mM.  

The correlations between RDM versus morphological variables were all sig-
nificant at 0 mM NaCl. However, in the saline treatment the majority were not 
significant and only SDM (r = 0.55), RL (r = 0.73) and LL (0.37) showed signifi-
cant correlations. Another interesting difference in correlations can be seen be-
tween SDM vs NL that was positive and significant at 0 mM NaCl (r = 0.56), 
while in salt it was negative and not significant (r = −0.13). The r values between 
morphological traits were higher in the treatment without salt; only two excep-
tions were observed between LL vs. RL, with r values: 0.71 (p < 0.01) and 0.67 (p 
< 0.01), and LL vs SDM with r: 0.81 (p < 0.01) and 0.72 (p < 0.01), for 100 mM 
and 0 mM NaCl, respectively. 

3.3. Path Coefficient Analysis. Cause-Effect Model for 100 mM  
NaCl Treatment 

The model selected by PCA = considered to SDM as a dependent variable and 
two levels of independent variables were established. The first-order indepen-
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dent variables were: RL, SL, RDM, LL and NL, while RMS was considered as a 
second order one. There was a very good fit of the model in both treatments and 
the explained variability was higher at saline treatment than at 0 mM. In order to 
improve the fit of the diagram, several modifications were proposed. At first the 
incorporation of LMS into the model as a first-order variable allowed to probe a 
decrease in the residual, although it brought lower R2 values, consequently, the 
model of five independent variables was maintained. The elimination of NL was 
also considered, since it presented a low and no significant r value (−0.13) with 
respect to SDM. Direct and indirect effects on SDM did not improve when NL 
was eliminated from the model, and thus the residue value increased from 4% to 
31%. Probably a nonlinear association between the variables could exist, as con-
sequence; it was included to assure a better fit. 

PCA showed that the most of the total correlations between the dependent va-
riable (SDM) and the independent ones reached similar values (in sign and 
magnitude) for both treatments, although almost always lower in the saline 
treatment (Table 6). Except LL that reached a higher value at salt which could 
indicate the importance of the leaf in the strategies of tolerance of the prairie 
grass. 

The direct effects of the first order path showed higher values at salt in rela-
tion to the salt-free treatment. In addition, the variables SL and LL, which had 
the greatest, direct effects on SDM, presented opposite signs in both treatments 
(Table 6). The direct effects on salt were −4.65 via SL and 6.68 via LL; while in 
the trial without salt were 3.07 and −1.89, respectively. In addition, in the treat-
ment without salt no other variable reached so important direct effect on SDM. 
While, in salinity, the variables NL and RL also contributed with medium direct 
effects (1.62 and −2.11, respectively). 

The direct effect of RDM on SDM at saline treatment was low (0.36), however 
this trait mainly explained to the dependent variable by its indirect effects, rather 
than direct one (Table 6). Our results indicate that the increase in SDM is ac-
companied by an increase in leaf size via indirect effect of 2.47, and of negative 
indirect effects via SL and RL with −1.07 and −1.54 values, respectively. Con-
versely, at salt-free treatment, RDM had an important and positive indirect ef-
fect via SL (2.22), indicating that the pseudostem is a strong source of accumula-
tion of reserves, causing rapid weight gain. 

The indirect effects of greater magnitude in salinity were those estimated via 
LL, SL and RL, reaching a positive sign for the first variable and negative for the 
rest (Table 6). These effects would define plants with longer leaves but with 
smaller roots and pseudostem. Thus NL only presents a positive medium direct 
effect (1.62) but no significant indirect effects. These associations probe that the 
strategy of increasing the photosynthesizing surface is sustained, either due to a 
larger size or a higher number of leaves. When compared to the salt-free treat-
ment, either NL had no significant effects, which would indicate that the growth 
cycle was normally maintained. 
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Table 6. Direct and indirect effects of Shoot length (SL, cm), Root length (RL, cm), Leaf 
Length (LL, cm), Number leaf (NL, number) and Root dry mass (RDM, mg) upon Shoot 
dry mass (SDM, mg) of prairie grass population seedling grown under saline and 
non-saline environment. 

Shoot Dry Masses Environment 

Type of effect Saline Non saline 

Effect of Shoot Length   

Direct effect −4.65 3.07 

Indirect effect via Root Length −1.31 −0.37 

Indirect effect via Leaf Length 6.33 −1.84 

Indirect effect via Number Leaf 0.18 0.05 

Indirect effect via Root Dry Masses 0.08 −0.07 

Total correlation (r) 0.63 0.84 

Effect of Root Length   

Direct effect −2.11 −0.47 

Indirect effect via Shoot Length −2.88 2.42 

Indirect effect via Leaf Length 4.72 −1.26 

Indirect effect via Number Leaf 0.71 0.38 

Indirect effect via Root Dry Masses 0.23 −0.07 

Total correlation (r) 0.69 0.98 

Effect of LL   

Direct effect 6.68 −1.89 

Indirect effect via Shoot Length −4.41 3.00 

Indirect effect via Root Length −1.50 −0.32 

Indirect effect via Number Leaf −0.09 −0.02 

Indirect effect via Root Dry Masses 0.13 −0.06 

Total correlation (r) 0.81 0.71 

Effect of NL   

Direct effect 1.62 0.57 

Indirect effect via Shoot Length −0.52 0.27 

Indirect effect via Root Length −0.92 −0.32 

Indirect effect via Leaf Length −0.38 0.08 

Indirect effect via Root Dry Masses 0.07 −0.04 

Total correlation (r) −0.13 0.55 

Effect of Root Dry Masses   

Direct effect 0.36 −0.09 

Indirect effect via Shoot Length −1.07 2.22 

Indirect effect via Root Length −1.54 −0.38 

Indirect effect via Leaf Length 2.47 −1.20 

Indirect effect via Number Leaf 0.33 0.27 

Total correlation (r) 0.54 0.81 

Coefficient of Determination (R2) 0.99 0.99 

Residual effect 0.04% 0.015% 
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Considering the second order path in saline treatment (table no shown), the 
RMS had a negative and moderate influence on most of the variables, except on 
NL, which reached a moderate and positive effect (r = 0.62). Furthermore, it was 
the variable that explained the highest percentage of the RMS phenotypic varia-
tion (39%). The direct effect of RMS on SDM (−0.59) was moderate and the va-
riables that most affected SDM were LL, LP and NH, with direct effects of −3.76, 
2.10 and 1.01, respectively. The other remaining variables presented low effects 
(<1). 

4. Discussion 

The absence of significant interactions denotes a non-differential behavior of the 
populations towards salt (saline) and non-salt (non-saline) treatments, verifying 
a good homeostatic capacity of the prairie grass facing that abiotic stress. This 
pattern was also confirmed when the populations with better performance at 0 
mM also were the best at 100 mM. Possibly these homeostatic responses are as-
sociated with specific adaptations to local conditions which were also confirmed 
in other species of Bromus [20].  

The saline stress caused a pairing in the population means for the vegetative 
traits. The resulting coefficients of variation were mainly higher when the seedl-
ings grew without stress (0 mM) because it allowed a greater potential genotypic 
expression [29]. [30] pointed in salt tolerant grasses (Subfamily Chloridoideae) 
an increasing for root length and root weight under extreme saline condition 
(600 mM), relative to control. Even though the used saline concentrations were 
much lower, our results also showed an increase for leaf and shoot length at salt. 
[31] investigated the growth patterns of cheat-grass (Bromus tectorum L.) and 
demonstrated that plants collected from saline sites, accumulated leaf and root 
area at nearly twice the rate from no saline sites, even in the control group.  

Variables associated with membrane stability (LMS and RMS) showed signif-
icant and negative correlations with the majority of the morphological variables 
within the saline treatment, while the result was not the same when nonsaline 
treatment was used. Being these variables of early identification, it would be 
highly important to employ them under a salt-stress breeding program [32]. 

Within the non-salt treatment, the high correlation coefficients obtained be-
tween RDM and the morphological variables, showed a balanced and harmo-
nious growth between shoot and root organs. While regarding the saline treat-
ment, the lack of significant correlations might show the presence of a different 
type of (nonlinear) association between the variables. It could be also explained 
as an alteration in the allocation of resources between shoot and root, due to 
stress, that would cause some changes in the growth patterns. Those changes in 
the assigned resources between aerial and roots parts were also mentioned by 
[8]. 

The positive correlation between RDM and RL (r = 0.73**) would be expected 
for the saline treatment (Table 5). Thus, the correlation between RDM and SDM 
(0.69**) might indicate a synchronized growth between shoot and root. Howev-
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er, it was associated neither to the increase of the aerial part growth nor to a 
major number of leaves, since no significant correlation was found between 
these variables. The lack of correlation between SDM and NL might indicate that 
the increase of the aerial part is associated with the increase in the size of the 
leaves and stem but not with the increase in the number of leaves. Our results 
seem to match with those obtained by [33], which would indicate a delay in 
growth associated with salt stress.  

The non-saline treatment showed higher and significant correlations between 
the morphological variables in comparison with the saline one, with the excep-
tion of two correlations LL vs RL and LL vs SDM which reached higher values at 
saline stress (Table 5). A major leaf growth might be related with the develop-
ment of a tolerant behavior towards saline stress. This result was also pointed by 
other authors [34] [35]. 

The direct effect is a standardized regression coefficient (ρ 01 = b1 * σx1/σy); 
which represents the independent variable effect (x1) over the dependent varia-
ble (y) [16]. By this, the highest ρ values (direct effect) estimated in the saline 
treatment might be due to the presence of a higher standard deviation or phe-
notypic variability of the independent variable, which is exposed by the effects of 
salinity. 

In saline treatment, the aerial dry matter production has been mainly due to 
the direct positive effect of LL (6.68), it can also be seen that NL showed a mod-
erate direct effect (1.62). On the other hand, the 0 mM NaCl treatment didn´t 
show the same growth pattern, being the SL one of the traits that best explained 
the variation of SDM (3.07). The obtained high salinity values would demon-
strate the profound effect that this stress provokes on the measured characters, 
creating changes in the growth patterns to develop adaptation and survival 
strategies. The nature of the direct effects found, could be pointing a different 
destination of the photo assimilated substances for both treatments. In terms of 
salinity, there would be a greater destination towards the leaf blade production 
in order to maintain the photosynthetic surface that would allow a greater light 
absorption and carbon dioxide assimilation. A larger photosynthetic area in ear-
ly stages of development could be the key to a rapid increase of SDM in the fu-
ture [36]. 

Changes in the photo assimilated substances destination was also pointed out 
by [8] [9]. This alteration in the photosynthetic resources, allocated towards the 
leaf to the detriment of the root, is also verified by the high direct effects and 
opposite signs that NL and RL presented (1.62 and −2.11, respectively). Changes 
in the resource distribution between the aerial part and the root were also noted 
under conditions stress by [8] [9] [37]. 

Also [38] point out the alteration of the photoassimilates destination in plants 
growing under stress and define the concept of functional growth, from which 
the plants seek to restore similar biomass distribution patterns to those devel-
oped in non-stress situations. It means that plants show a marked resilience. 

Smooth Bromegrass (B. inermis Leyss) and other Bromus sp have been classi-
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fied as moderately salt tolerant, using the crop tolerance index given by [39] and 
[40]. Our results would include to prairie grass inside of the moderately salt to-
lerant group. 

5. Conclusions 

Our results indicate that populations, collected from differential sites from the 
Pampa Region, present intraspecific variability and carry tolerant genes which 
ensure a good adaptation to stressful environments. Therefore, it would be con-
venient to include these populations at the beginning of a plant breeding, short-
ening the selection time required to obtain adapted germplasm. These programs 
could include individual selection on the best populations, prioritizing seed and 
forage yield. 

Plants in the salt-free treatment would produce an increase in the SDM from a 
larger size of the internodes and pods that constitute the pseudostem and not by 
an increase in leaf length. In contrast, in salinity, the increase in SDM is related 
to the active growth of leaves, and a lesser development of internodes and 
sheaths that determines a smaller pseudostem. In salinity, plants would maintain 
the photosynthesizing surface and consequently, prioritize the growth of the 
leaves and not of the pseudostem or the root. 

In salt conditions, some populations evidence a notable increase in foliar de-
velopment and it allows maintaining the photosynthetic surface and an active 
growth. In this way, the same biomass obtained in non-saline stress is sustained. 
As prairie grass is used as forage, we can use this foliar increase (resilience) as an 
interesting and valuable strategy to use in improvement programs. 
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