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ABSTRACT 

Crested wheatgrass [Agropyron cristatum L. (Gaertn.)] is high adaptability to semiarid and arid regions, and 

also has good forage quality and palatability. The required new varieties have been improved by effective 

breeding programs for hay production and rangeland revegetation in arid and semi-arid conditions. The 

objectives of this study were to identify the agro-morphological and quality traits of the three advanced 

populations and the control population in crested wheatgrass. The advanced population G-465 was 7.68 and 

1.92 t ha
-1 

in overall averages of fresh forage and hay yields, respectively. According to these values, it is seen 

that the G-465 advanced population is 5.93, and 6.07% higher than the control population in terms of both 

fresh forage and hay yields, respectively. 

Besides, no significant differences seemed among the study populations in crude protein content and relative 

feed value in 2015 and two-year averages. Consequently, the G-465 advanced population was good performance 

under semiarid conditions and it is advisable for similar circumstances. For identifying yield-related traits, 

correlation analysis was performed and high correlation coefficients occurred between fresh forage yield with 

stem diameter (0.474**), internode length (0.469**), flag leaf length (0.761**), and flag leaf width (0.711**). In 

light of these data, these traits should be taken into account in the selection of phenotypic plants. Moreover, 

cluster analysis was also done and its results showed that high similarity levels occurred between fresh forage 

yield and flag leaf length (88.06%), and between plant height and internode length (78.73%).  

 

Keywords: crested wheatgrass, agro-morphological, quality traits, correlation coefficients, cluster analysis. 

 
INTRODUCTION 

 

ramineae (Poaceae) is a large and nearly 

present everywhere family of 

monocotyledonous flowering plants, mostly 

known as grasses. Crested wheatgrass 

(Agropyron cristatum L. Gaertn.), a forage 

plant of the Poaceae family, is commonly 

used to improve the artificial pastures and 

natural rangelands in arid and semiarid areas 

of Turkey (Açıkgöz, 2021a). Grasses, 

especially crested wheatgrass, have important 

features such as drought resistance, perennial, 

delicious, and early growth in spring under 

semiarid conditions (Yu et al., 2012; Bayat et 

al., 2016; Baral et al., 2020; Açıkgöz, 2021a). 

In addition, the crested wheatgrass is a 

versatile plant such as high adaptation ability 

in semiarid conditions, good hay yield, and 

high quality (Rogler and Lorenz, 1983; 

Hofmann et al., 1993; Baral et al., 2020). 

Moreover, the features of this species are 

summarized as being palatable, persistent 

under hard conditions, highly competitive 

ability, good seed production, easy 

establishment, and good seedling vigor to 

desired stand density (Bayat et al., 2016; 

Robins and Jensen, 2020).  

There is a wide range of dry forage yield 

in crested wheatgrass that changes from 0.42 

to 6.27 t ha
-1

 (Hull, 1972; Unal and Eraç, 

2000). A high variation also commonly 

appears for crude protein, an important 

quality factor (George and Lorenz, 1969), 

which occurs between 6.06% and 15.82% 

(Unal and Eraç, 2000; Demirbağ et al., 2014). 

Those variations may be explained by genetic 

and environmental factors such as various 

varieties, different growth stages, climatic 

conditions, locations, and years (Loaiza et al., 

G 
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2017; Habermann et al., 2019). Thus, it is 

important to develop and sustain efficient  

and quality variety development studies for 

semi-arid conditions. 

Most rangelands under the semiarid 

conditions in Turkey have had low quality 

and quantity values because of being misused 

such as early, late, and overgrazing (Unal et 

al., 2014; Gökkuş, 2020). For this reason, 

rangeland improvement and management 

implements immediately must be made a 

realize (Unal et al., 2012; Unal et al., 2013). 

In addition to artificial rangeland establishment 

and increased forage production area can 

reduce the pressure on rangeland usage (Tan 

and Yolcu, 2021). Therefore, there is a need 

for new cultivars, and breeding programs 

should be carried out in order to develop 

these new cultivars. 

Breeding programs should have a rich and 

broad genetic resource. They have to have an 

effective breeding method in time, money, and 

implementation. Choosing a breeding method 

is significant for achieving a successful target 

and aim. The mass selection method is 

extensively implemented for cross-pollinated 

crops (Demir and Turgut, 1999; Açıkgöz, 

2021a). Its aim is to increase the frequencies 

of the desired traits in a population. For this, 

the desired plants are selected and brought 

together, but it takes a long time (Robins and 

Jensen, 2020; Açıkgöz, 2021a).  

In this crested wheatgrass breeding study, 

the mass selection process was performed 

with two selection cycles in 13 years for 

population improvement (GEPSCA, 2014). 

As recommended by Robins and Jensen (2020), 

each selection cycle included establishment, 

phenotypic evaluation, hybridization, and 

seed production. After that period, three 

populations were advanced for rangeland 

rehabilitation, artificial pasture, and marginal 

lands under the semiarid condition.  

The objectives of this study were (1) to 

determine the traits of agro-morphological 

and quality of the advanced populations 

under the semiarid condition, (2) to compare 

the advanced populations with the control 

population to reveal the effects of mass 

selection, (3) to search relationship and 

similarity between the observed traits. 

MATERIAL AND METHODS 

 

Soil characters  

The soil characteristics of Gölbaşı location 

are presented as follows. In particular, the 

soil of Gölbaşı location was clay-loam, pH 

slightly alkaline (8.04), poor (1.32) in organic 

matter, medium (63.7 kg ha
-1

) in phosphorus 

content, high (2074.6 kg ha
-1

) in the 

potassium content, very high (27.86%) in 

lime content (Anonymous, 2014).  

 

Climatic data 

During the experimental seasons of 2014, 

2015, and 2016, total precipitation, average 

temperatures, and average relative humidity 

were 532.3 mm, 537.2 mm and 363.0 mm; 

13.4°C, 10.5°C, and 10.6
o
C; 59.2%, 64.0% and 

61.6% at Gölbaşı, respectively (Anonymous, 

2016).  

Also, long term average precipitation, 

temperatures, and relative humidity are  

389.9 mm, 12.5°C, and 58.8% at Gölbaşı, 

respectively. 

In conclusion, the experimental seasons 

were higher average relative humidity than in 

the long term and they had also higher total 

precipitation in 2014 and 2015 than the long 

term. In terms of temperatures, the first year 

was a higher average temperature than the 

long term but subsequent years became the 

opposite. 

 

Materials 

The study materials were the three 

advanced populations called G-465, G-466, 

and G-467 and the control genotype such as 

the control population. Apart from this, the 

advanced populations were received from 

The Project of Germplasm Enhancement of 

Some Plant Species for Use in the 

Rehabilitation of the Central Anatolia 

Rangelands (GEPSCA, 2014). Besides, all 

these populations were improved from 2000 

to 2013 by the mass selection method in that 

project. 

 

Methods  

The study was established in a randomized 

complete block design with 5 replications in 

a fallow field of the substation Gölbaşı town 
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(altitude 1088 m, 30°37
’
17

’’
N and 32°40

’
57

’’
E) 

of The Central Research Institute for the 

Field Crops, Ankara, in the years of 2014 to 

2016.  

Besides, seeds were sown by hand on 19 of 

March 2014. The plot size was 5.0 m x 0.8 m = 

4.0 m
2
, consisting of 2 rows spaced at 40 cm 

for fresh forage.  

In addition, weed control was done as a 

manual hoe when needed. Also, in the 

blooming period in each trial material, 5 or 

10 plants randomly selected were taken as 

samples, and measurements were recorded. 

Morphological features (plant height, tiller 

diameter, internode length, node numbers, 

flag leaf length, and flag leaf width) and 

agronomic traits (fresh forage yield and hay 

yield) were identified in 2015 and 2016 

(Anonymous, 2001; Unal and Fırıncıoğlu, 

2009). Plant height (PH) was determined, 

after anthesis, by measuring the distance to 

the top of the spike on the tallest tiller 

(Anonymous, 2001). Tiller diameter (TD) 

was found by measuring with composing 

stick (0.1 mm) the thickness of the tallest 

tiller. The length of the internode (LI) is the 

distance between the second node and the 

third node of the tallest tiller. Node number 

(NN) is the count of all nodes of the tallest 

tiller. Flag leaf width (FLW) is measured on 

the flag leaf by a ruler. Flag leaf length (FLL) 

is measured between the place of the flag leaf 

blade connected to the sheath and its 

endpoint. 

After that, 9.6 m
2
 of 16.0 m

2 
of each 

parcel were harvested for fresh forage and the 

samples (500 g each) were dried at 70°C for 

48 hours. Their quality properties such as 

neutral detergent fiber (NDF), acid detergent 

fiber (ADF), and relative feeding value 

(RFV) were studied. 

Latter, dry matter content was determined 

according to the method used by Tekkanat 

and Soylu (2005), then crude protein, ADF, 

and NDF were detected with near-infrared 

reflectance (NIR) (Kutlu, 2008), after that RFV  

was calculated with a formula as DDMx(120)/ 

NDF% (Starkey et al., 1993). 

Analysis of variance (ANOVA) was 

performed for all studied traits of crested 

wheatgrass materials in this experiment in 

excel software program of Microsoft office 

2010. The significance of the main effects 

was estimated by the F test. Differences among 

crested wheatgrass genotypes were compared 

using the Least Significant Difference (LSD) 

test a 5% level of probability. Correlation 

analysis was also performed in the excel 

software program of Microsoft office 2010. 

Cluster Analysis was made a realization in 

Minitab 16 software. 

 

RESULTS AND DISCUSSION 

 

Morphological traits 

 

Plant height (PH) 

Significant differences (P <0.01) were 

observed among crested wheatgrass 

populations in plant height (PH) in 2015, 

2016, and two-year averages in Gölbaşı 

location (Table 1). The difference between 

years was also found to be significant (P <0.01). 

The G-466 advanced population and control 

population had the lowest and the highest 

PHs such as 40.0 and 52.8 cm; 47.2 and 

59.5 cm; and 43.6 and 56.2 cm in 2015, 

2016, and two-year averages, respectively 

(Table 1). There were 46.0 cm, 51.2 cm, and 

48.6 cm in the means of 2015, 2016, and 

two-year in PH. 
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Table 1. Plant height (PH) (cm), tiller diameter (TD) (mm), and internode length (IL) (cm) in studied populations 

 

Populations 
Plant Height + Tiller Diameter Internode Length 

2015 2016 Ave. 2015 2016 Ave. 2015 2016 Ave. 

G-465 47.1 b 49.7 b 48.4 b 1.5 1.5 1.5 9.8 b 9.3 9.6 b 

G-466 40.0 c 47.2 b 43.6 c 1.5 1.4 1.5 8.8 b 8.7 8.7 b 

G-467 44.1 bc 48.4 b 46.3 bc 1.7 1.7 1.7 9.5 b 9.4 9.4 b 

Control 52.8 a 59.5 a 56.2 a 1.7 1.5 1.6 11.8 a 10.7 11.2 a 

Mean 46.0 51.2 48.6 1.6 1.5 1.6 10.0 9.5 9.7 

F(pop.) (0.05) 11.4** 28.2** 32.2** 2.0 1.2 2.5 6.6** 3.0 9.5** 

LSD (0.05) 4.9 3.3 2.8 0.2 0.3 0.2 1.5 1.5 1.0 

F (year) (0.05)   29.6**   4.1   1.7 

F (pop.x year) (0.05)   1.3   0.6   0.5 

CV (%) 7.8 4.6 6.2 10.7 15.0 12.6 11.3 11.6 11.3 

*, **Significant at 5 and 1 % probability levels, respectively. 

 

Under the semiarid condition, the 

temperature and precipitation in the spring, 

especially in April and May, directly affect 

plant growth. In the same period, the 

precipitation (92.2 mm) in 2015 was higher 

than in 2016 (71.0 mm), but the plant height 

remained smaller due to the low-temperature 

value (6.9°C). Since it was lower than the 

long-term temperature value (11.6°C), this 

temperature value limited the growth of plant 

height. 

PHs were measured as 55.78 cm (Gökkuş, 

et al., 2001), 79.28 cm (77,80-81,09 cm) (Unal 

and Eraç, 2000), 57.54 cm (40.50-72.66) 

(Unal and Fırıncıoğlu, 2009), 87-97 cm in 

1999 and 54-65 cm in 2000 (Mellish and 

Coulman, 2002), 58.5 cm (G-466 = advanced 

population) - 56.3 cm (control population) 

(Unal and Mutlu, 2016), 61.4 cm in Tokat 

province, 73.1 cm in Sivas province (Karadağ 

et al., 2017), 52.5 cm (advanced population) - 

52.2 cm (control population) (Unal, 2018). 

The average values above were higher than 

those of this trial. Moreover, PH was measured 

from 38.5 to 68.4 cm in a previous study 

(Erdoğdu et al., 2016). Besides, the difference 

between years was found to be significant in 

this study, the same result was reached in the 

previous trial conducted by Unal and Mutlu, 

(2016). In addition, Tandoh et al. (2019) 

reported PH values such as 72.6 cm in North 

America, 54.9 cm in Europe, and 56.1 cm in 

Asia. The highest and the lowest PHs in all 

populations in 2015, 2016, and the two-year 

average became the control population and 

the advanced population, G-466, respectively.  

Tiller diameter (TD) 

No significant differences appeared among 

crested wheatgrass populations in stem 

diameter (TD) in 2015, 2016, and two-year 

averages (Table 1). There were 1.6 mm,      

1.5 mm, and 1.6 mm in the means of 2015, 

2016, and two-year in TD, respectively. 

When observed in previous studies, tiller 

diameter was determined as 2.1-2.7 mm 

(Açıkgöz, 1982), 2.15 mm (Unal and Eraç, 

2000), and 2.39 mm (1.60-3.16 mm) (Unal 

and Fırıncıoğlu, 2009), 2.1 mm (G-466 = 

advanced population) - 1.8 mm (control 

population) (Unal and Mutlu, 2016), 1.1-3.0 mm 

(Erdoğdu et al. 2016), 1.9 mm (advanced 

population) - 1.9 mm (control population) 

(Unal, 2018) in the former trials. Those 

experiment values were higher than this trial 

results except Erdoğdu et al. (2016)’s data. 

While an increase was observed in plant 

height, there was a decrease in stem diameter 

in the second year. 

 

Internode length (IL) 

Significant differences (P<0.01) were 

found among crested wheatgrass populations 

in length internode in main stem (IL) in 2015, 

and two-year averages (Table 1). The means 

in 2015, 2016, and two-year in IL were 10.0 

cm, 9.5 cm, and 9.7 cm, respectively. No 

significant differences seemed between years 

and population x year interaction. In the 

second year, while the internode length 

decreased, the number of nodes increased. 

In some former studies, it was measured 

as 13.2 cm (G-466 = advanced population) - 
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11.4 cm (control population) (Unal and Mutlu, 

2016), 12.2 cm (advanced population) - 11.7 cm 

(control population). When the extending plant 

height and the increasing number of nodes, the 

internode length was also shortened. 

 

Node number (NN) 

Significant differences (P<0.05) were 

obtained among crested wheatgrass 

populations in node numbers (NNs) in 2015, 

2016, and two-year averages (Table 2). The 

means in 2015, 2016 and two-year in NNs 

were 3.7, 4.4, and 4.0, respectively. 

Significant differences appeared between two 

years (P<0.01), and interaction (population x 

year) (P<0.05). An increase in the number of 

nodes appeared depending on the lengthening 

of the plant.  

In former studies on this subject, it was 

detected as 3.7 (G-466 = advance population) - 

4.0 (control population) (Unal and Mutlu, 

2016), 2.9-4.2 (Erdoğdu et al., 2016), 3.5 

(advanced population) - 3.3 (control 

population) (Unal, 2018). This trial data was 

similar to the results of Unal and Mutlu 

(2016) and Erdoğdu et al. (2016), higher than 

the results of Unal (2018). 

 

Flag leaf width (FLW) 

There appeared significant differences 

among crested wheatgrass populations in  

flag leaf width (FLW) in 2016 (P<0.05), and 

two-year averages (P<0.01) (Table 2). The 

means in 2015, 2016 and two years in FLW 

were 4.8 mm, 3.9 mm and 4.3 mm, 

respectively. Significant difference detected 

between two years (P<0.01). There was more 

precipitation in June 2015 than in the same 

period of 2016, which encouraged higher 

biomass or greater vegetative production, 

thus there has been quite a lot of growth in 

FLW and FLW. 

 
Table 2. Node number (NN) (number), flag leaf width (FLW) (mm), and flag leaf length (FLL) (cm) 

in studied populations 

 

Populations 
Node Number Flag Leaf Width Flag Leaf Length 

2015 2016 Ave. 2015 2016 Ave. 2015 2016 Ave. 

G-465 4.1 a 4.6 a 4.3 a 5.1 4.4 a 4.8 a 12.9 7.3 10.1 

G-466 3.4 b 4.7 a 4.0 ab 4.4 3.2 c 3.8 c 12.3 6.1 9.2 

G-467 3.7 b 4.1 b 3.9 b 4.9 3.7 bc 4.3 b 12.5 6.5 9.5 

Control 3.6 b 4.3 ab 3.9 b 5.0 4.0 ab 4.5 ab 13.1 7.6 10.3 

Mean 3.7 4.4 4.0 4.8 3.9 4.3 12.7 6.9 9.8 

F(pop.) (0.05) 5.8* 4.8* 3.0* 1.3 5.6* 6.1** 0.5 3.0 2.9 

LSD (0.05) 0.4 0.4 0.3 0.8 0.7 0.5 1.5 1.2 0.9 

F Year (0.05)   37.3**   39.6**   385.3** 

F (pop.x year) (0.05)   3.1*   0.6   0.3 

CV (%) 8.1 6.0 9.3 11.4 12.4 11.5 8.7 12.4 9.6 

*, **Significant at 5 and 1 % probability levels, respectively. 

 

In the literature review, it was found as 4.9 

(G-466 = advanced population) - 6.0 (control 

population) (Unal and Mutlu, 2016), 2.2-5.1 mm 

(Erdoğdu et al., 2016), 6.5 mm (advanced 

population) - 6.9 mm (control population) 

Unal (2018). This trial data was lower than 

the results of Unal and Mutlu (2016) and 

Unal (2018) but they were similar to the 

results of Erdoğdu et al. (2016).  

Moreover, leaf growth (including in FLL 

and FLW) was influenced by environmental 

factors such as especially higher temperatures 

caused by greater leaf mass and leaf surface 

area for all plant species (Leffler et al., 2011). 

In addition, prolonged photoperiod time 

generally increases leaf length, and 

sometimes leaf width, but reduces the 

production of leaves (Ryle, 1966). The same 

researcher stated further that leaf appearance 

rate, number of live leaves, number of 

actively-growing leaves, and leaf length were 

risen up through a high N level and high 
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temperature, but high temperature decreased 

leaf width and, in some instances, tiller numbers. 

Besides, flag leaves would have higher 

photosynthetic capacity and performance 

(Hamerlynck et al., 2019). 

 

Flag leaf length (FLL)  

No significant differences were observed 

among crested wheatgrass populations in flag 

length (FLL) in 2015, 2016, and two-year 

averages (Table 2). The means in 2015, 2016 

and two-year in FLL were 12.7 cm, 6.9 cm 

and 9.8 cm, respectively. The significant 

difference seemed between years (P<0.01). 

The second year’s value was lower than the 

first year’s due to less precipitation amount.  

In some past studies, it was determined as  

8.4 cm (G-466 = advanced population) - 9.4 cm 

(control population) (Unal and Mutlu, 2016), 

3.9-9.6 cm (Erdoğdu et al., 2016), 11.2 cm 

(advanced population) - 11.8 cm (control 

population) (Unal, 2018). In conclusion, this 

trial data was similar to the earlier study 

results above.  

 

Agronomic traits  

Fresh forage yield (FFY) 

Significant differences were observed among 

crested wheatgrass populations in fresh forage 

yield (FFY) in the first year (P<0.01), the 

second year (P<0.05), and two-year averages 

(P<0.01) (Table 3). The means of the first year, 

the second year, and the two-year in FFY 

were 8.34 t ha
-1

, 4.22 t ha
-1

, and 6.28 t ha
-1

, 

respectively. A significant difference was 

detected between years (P<0.01). The highest 

FFYs were obtained such as 7.68 t ha
-1

, and 

7.25 t ha
-1

 in the advanced population, G-465 

and control population. Those high yields 

resulted from plant height, internode length, 

flag leaf length, and flag leaf width (Table 4). 

 
Table 3. Fresh forage yield (FFY) (t ha

-1
) and hay yield (HY) (t ha

-1
) in studied populations 

 

Populations 
Fresh Forage Yield Hay Yield 

2015 2016 Ave. 2015 2016 Ave. 

G-465 10.26 a 5.11 a 7.68 a 2.56 a 1.27 a 1.92 a 

G-466 5.84 c 2.45 b 4.15 c 1.46 c 0.61 b 1.03 c 

G-467 7.58 b 4.51 a 6.05 b 1.89 b 1.12 a 1.51 b 

Control 9.68 a 4.82 a 7.25 ab 2.42 a 1.20 a 1.81 ab 

Mean 8.34 4.22 6.28 2.08 1.05 1.57 

F(pop.) (0.05) 14.6** 5.7* 14.3** 14.6** 5.7* 14.3** 

LSD (0.05) 1.63 1.56  0.40 0.39 0.30 

F (year) (0.05)   96.7**   21.4** 

F (pop.x year) (0.05)   1.5   1.5 

CV (%) 14.2 26.8 21.1 14.2 26.8 21.1 

*, **Significant at 5 and 1 % probability levels, respectively 

 

In some previous studies, FFYs were 

found such as 14.85 t ha
-1

 (Unal and Eraç, 

2000); 4.82 t ha
-1

 (G-466) - 5.45 t ha
-1

 

(population) (Unal and Mutlu 2016) and  

6.24 t ha
-1

 (advanced population) - 6.00 t ha
-1

 

(control population) (Unal, 2018). This trial 

data was lower than the results of Unal and 

Eraç (2000) but they were similar to the 

results of Unal and Mutlu (2016), Unal 

(2018). The difference between the two years 

was found to be significant (P <0.01) (Unal 

and Mutlu, 2016; Unal, 2018). 

The temperature and precipitation in the 

spring, especially in April and May, 

directly affect plant growth and biomass 

production. In the same period, the 

precipitation in 2015 was higher than in 

2016, but the plant height remained smaller 

due to the low-temperature value (6.9°C). 

Since it was lower than the long-term 

temperature value (11.6°C), this temperature 

value limited the growth of plant height. 

As compared to the yield years of study 

for climatic data, the first year (2015) had 

higher total precipitation (537.2 mm), and 

relative humidity (64.0%) than the second year 

(2016) (363.0 mm; 61.6%) (Anonymous, 

2016). But it had almost the same temperature 
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(10.5
o
C in 2015; 10.6

o
C in 2015) in both years. 

Another important issue is the precipitation 

amount for the first 6 months in 2015 and 

2016, and the precipitation amounts in these 

years were 411.3 mm and 230.2 mm, 

respectively. A high difference appeared 

between the two years in annual 

precipitation. For this reason, the high yield 

difference in two years resulted from total 

precipitation amount and average relative 

humidity. Plant species show various 

responses to different environmental factors. 

The lower total precipitation may negatively 

influence the plant growth of crested 

wheatgrass. In addition, specific precipitation 

patterns accounted for 87% or more of the 

variation in forage yields of crested 

wheatgrass grazed at different seasons 

(Currie Pat and Peterson, 1966). Moreover, 

high fresh or dry herbage yield in crested 

wheatgrass is closely associated with plant 

vegetative growth and total biomass of the 

plant (Albayrak and Ekiz, 2004; Unal and 

Mutlu, 2016; Unal, 2018). 

 

Evaluations of the influence of the mass 

selection method  

FFYs in the advanced populations of the 

G-465 and the control population were 7.68 

and 7.25 t ha
-1

, respectively (Table 3). Those 

yield values were 0.43 t ha
-1

 and 5.93% 

higher in fresh forage yield of the advanced 

population of G-465 compared to the average 

of the control population, respectively. This 

increase in FFY was the result of the mass 

selection method. 

 

Hay yield (HY) 

Significant differences were observed 

among crested wheatgrass populations in hay 

yield (HY) in the first year (P<0.01), the 

second year (P<0.05), and two-year averages 

(P<0.01) (Table 3). The difference between 

years was found to be significant (P <0.01) 

but the year x population interaction was not 

significant. HYs in 2015, 2016, and two-year 

averages were 2.08 t ha
-1

, 1.05 t ha
-1

, and 

1.57 t ha
-1

, respectively. The difference 

between years was also found to be 

significant in former trials (P <0.05; P<0.01) 

(Unal and Mutlu, 2016; Unal, 2018). 

Hay yields in crested wheatgrass were 

obtained in former trials such as 0.42 to 2.13 

t ha
-1

 (Hull, 1972), 3.06 t ha
-1

 (Altın, 1982), 

3.04 t ha
-1

 (1.95-4.06 t ha
-1

) (Serin, 1991), 

6.27 t ha
-1

 (Unal and Eraç, 2000), 1.20 t ha
-1

 

(G-466) - 1.36 t ha
-1

 (population) (Unal and 

Mutlu, 2016), 1.88 t ha
-1

 (advanced 

population) - 1.78 t ha
-1

 (control population) 

(Unal, 2018). Furthermore, it displayed a 

wide variation based on genetics (cultivar) 

and environmental factors (year and location 

impacts). Hay yield had 1.37 t ha
-1

 in 

perennial grass mixture (Hull, 1971) and its 

stem yield was 3.88 t ha
-1

 (Gökkuş et al., 

2001). Those different results can be 

explained by the difference in genotypes 

tested and environmental variations. 

 

Evaluations of the influence of the mass 

selection method  

HYs in the advanced populations of        

G-465, and the control population were 1.92 

and 1.81 t ha
-1

, respectively (Table 3). Those 

yield values were 0.11 t ha
-1

 and 6.07% 

higher in hay yield of the advanced 

population of G-465 compared to the average 

of the control population, respectively. This 

increase in HY was the result of the mass 

selection method. 

 

Correlation coefficients of plant traits  

At the initial stage of a breeding program, 

there should be many individual plants in the 

source or base population for having a wide 

variation in study materials. During that 

period individual plants are selected based on 

their phenotypic appearance, therefore it is 

necessary and significant to know the yield-

related traits and to select plants with these 

traits for successful breeding programs.  

It’s commonly known high fresh or dry 

herbage yield closely is associated with plant 

vegetative growth and biomass of plant 

(Albayrak and Ekiz, 2004; Unal and Mutlu, 

2016; Unal, 2018). It is necessary to 

investigate and know the morphological traits 

associated with yield. For this reason, the 
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relations were measured with Pearson correlation 

between the observed traits (Table 4). There 

found high correlation coefficients between 

FFY with TD (0.474**), IL (0.469**),     

FLL (0.761**) and FLW (0.711**) (Table 4). 

In the previous studies, there also occurred 

high correlation between HY and some traits 

such as PH (Gökkuş et al., 1997; Albayrak 

and Ekiz, 2004; Unal, 2018), IL (Unal and 

Mutlu, 2016; Unal, 2018), NN (Unal and 

Mutlu, 2016), FLL, FLW, GHY (Unal, 

2018). As a result, some morphological traits 

such as PH, TD, IL, NN, FLL and FLW 

should be observed earlier in breeding 

programs in crested wheatgrass. This saves 

us time and ensures the right plant selection. 

 
Table 4. The correlation coefficients among 7 traits measured on 4 crested wheatgrass populations 

evaluated in 2015, and 2016 

 

 PH TD IL NN FLL FLW FFY 

PH 1 0.148 0.575** 0.392* -0.28 -0.062 0.135 

TD  1 0.429** -0.197 0.362* 0.425** 0.474** 

IL   1 -0.197 0.248 0.375* 0.469** 

NN    1 -0.604** -0.337* -0.236 

FLL     1 0.728** 0.761** 

FLW      1 0.711** 

FFY       1 

*, **Significant at 5 and 1 % probability levels, respectively. PH: Plant height, TD: Tiller diameter, IL: Internode length, 

NN: Node number, FLL: Flag leaf length, FLW: Flag leaf width, FFY: Fresh foliage yield. 

 

Cluster analysis 

Knowing and examining plant agro-

morphological traits related to high forage 

yield and good quality at the beginning 

periods of breeding programs. During these 

periods, making a realize correct phenotypic 

selection in many individual plants of nursery 

plots for successful breeding programs is a 

key factor. For this reason, cluster analysis 

was performed among measured traits. 

 According to cluster analysis results, the 

seven observed traits were divided into four 

clusters (Figure 1). Cluster 1 had two traits, 

consisting of PH and IL. Cluster 2 owned 

only one trait TD. Cluster 3 possessed also 

only one trait such as NN. Cluster 4 included 

two subgroups, the first subgroup covering 

two traits, FLL, and FFY, and the second 

subgroup consisting of one trait, FLW. 

The similarity levels of FLL with FFY, 

FLW, and PH were found as high at 88.06%, 

86.41%, and 73.69%, respectively (Table 5). 

Moreover, the similarity levels of PH with IL, 

TD and NN became also 78.73%, 73.47%, 

and 69.62%, respectively. The least and the 

longest distances occurred between FLL, and 

FLW (0.23); between PH, and NN (0.60), 

respectively (Table 5). 
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Figure 1. Dendogram of the crested wheatgrass populations revealed by cluster analysis based on agro-morphological 

values 

 
Table 5. Similarity and distance levels of agro-morphological values revealed by cluster analysis (single linkage) based 

on the crested wheatgrass populations 

 

Step Traits Traits Similarity level (%) Distance level 

1 FLL FFY 88.06 0.23 

2 FLL FLW 86.41 0.27 

3 PH IL 78.73 0.42 

4 PH FLL 73.69 0.53 

5 PH TD 73.47 0.54 

6 PH NN 69.62 0.60 

 

As a result, PH and FLL of the plants must 

be taken into account at initial periods of 

crested wheatgrass breeding programs. Thus 

it could be possible for achieving high yield 

materials and reaching successful breeding 

results.  

 

Hay quality traits 

In this study, characteristics such as crude 

protein content, digestible crude protein 

content, ADF, NDF, and relative nutritional 

value were investigated as hay quality 

characteristics. All those traits may be 

considered key selection criteria for high 

quality genotypes. Moreover, the nutrient 

contents of the forage have an important role 

in animal feeding. Less work on nutritive 

values in crested wheatgrass has been 

become because of considering other traits 

more important so far (Robins and Jensen, 

2020). 

 

Crude protein content (CPC, %) 

No significant differences were observed 

among crested wheatgrass populations in crude 

protein content (CPC) in 2015 and two-year 

averages (Table 6). But significant difference 

(P<0.05) was found between them in CPC in 

2016. There was found to be significant 

difference (P <0.01) between two years but 

the year x variety interaction was not a 

significant. CPCs in 2015, 2016, and the  

two-year averages were 13.6%, 15.1%, and 

14.4%, respectively. The high heritability    

of protein content (Ray et al 1996) is the 

reason why the year x population interaction 

is not significant. Crude protein has been 

considered a measure of quality in forage 
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crops for a long time (George and Lorenz, 

1969). The grass is famous for its nutritious 

feed production, especially in the early 

spring, but leaf aging later in the season 

causes a rapid decline in forage quality 

(Asay, 1995). Besides, the right cutting time 

is very important for producing high-quality 

forage and to store also important without 

losing quality values. 

 
Table 6. Crude protein content (CPC) (%), and digestible protein content (DPC) (%) in studied populations 

 

Populations 
Crude Protein Content Digestible Protein Content 

2015 2016 Ave. 2015 2016 Ave. 

G-465 13.4 14.8 b 14.1 10.8 11.1 ab 11.0 

G-466 14.2 15.6 a 14.9 11.1 11.6 a 11.4 

G-467 13.1 15.7 a 14.4 10.3 11.7 a 11.0 

Control 14.0 14.5 b 14.2 10.7 10.8 b 10.8 

Mean 13.6 15.1 14.4 10.7 11.3 11.0 

F (pop.) (0,05) 0.6 4.9* 1.0 0.7 4.2* 1.4 

A.Ö.F. (0,05) 2.2 0.8 1.1 1.2 0.6 0.6 

F (year) (0,05)   
16.3** 

  
7.5* 

F (pop.x year) (0,05)   
1.4 

  
1.6 

D.K. (%) 11.7 4.0 8.1 8.2 3.7 6.0 

*, **Significant at 5 and 1 % probability levels, respectively 

 

 Protein contents varied based on the 

genetic characteristics of cultivars and cutting 

time in the growth season (Turk et al., 2009; 

Chand et al., 2022). They were found as 

29.59%-33.78% in the grazing period, and 

8.98%-11.96% in the flowering period 

(Açıkgöz, 1982). Moreover, crude protein 

contents were differently found in various 

studies as 8.93% in 1975 and 6.51% in 1976 

(Altın, 1982); 12.20% (10.28-14.47%)  

(Serin, 1991); 6.08% (Unal and Eraç, 2000); 

6.09-15.82% (Demirbağ et al., 2014); 120 g 

kg
-1

 DM in North America, 122 g kg
-1

 dry 

matter (DM)  in Europe, 120 g kg
-1

 DM in 

Asia (Tandoh et al., 2019). Those variations 

may be explained by genetic and 

environmental factors such as various 

varieties, different growth stages, climatic 

conditions, locations, and years (Loaiza et al 

2017; Habermann et al 2019).  

 

Digestible crude protein content (DCPC, %) 

No  significant  differences  were  among  

crested wheatgrass populations in digestible 

crude protein content (DCPC) in the first-year 

and two-year averages (Table 6). But significant 

difference (P<0.05) was found between them 

in DCPC in the second year. The difference 

between the two years was found to be 

significant (P<0.05) but the year x population 

interaction was not significant. DCPCs in 

2015, 2016 and two-year averages were 

10.7%, 11.3% and 11.0%, respectively.  

 

Acid detergent fiber content (ADFC, %) 

There seemed significant differences 

(P<0.01) among crested wheatgrass 

populations in ADFC in the second-year and 

two-year averages (Table7). No significant 

differences were found between years and  

the year x variety interaction. ADFCs in 

2015, 2016 and two-year averages were 

40.4%, 40.9%, and 40.7%, respectively. Due 

to      the high heritability of ADF (Ray et al 

1996), the year x population interaction was 

not significant.  
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Table 7. Acid detergent fiber (ADFC) (%), neutral detergent fiber (NDFC) (%) and relative feeding value (RFV) 

in studied populations 

 

Populations 
Acid Detergent Fiber Content Neutral Detergent Fiber Content Relative Feeding Value 

2015 2016 Ave. 2015 2016 Ave. 2015 2016 Ave. 

G-465 39.6 39.8 c 39.7 b 63.8 74.5 69.1 84.7 72.4 a 78.5 

G-466 40.4 42.0 a 41.2 a 64.7 75.9 70.3 82.6 68.9 b 75.8 

G-467 40.8 40.5 bc 40.6 a 65.6 75.4 70.5 81.1 70.8 ab 75.9 

Control 40.8 41.4 ab 41.1 a 63.0 75.5 69.2 86.3 69.8 b 78.1 

Mean 40.4 40.9 40.7 64.3 75.3 69.8 83.7 70.5 77.1 

F(pop.) (0.05) 1.2 10.1** 5.3** 0.3 1.7 0.5 0.3 5.3* 0.5 

LSD (0.05) 1.6 0.9 0.9 6.4 1.5 3.0 12.5 2.0 5.8 

F (year) (0.05)   
2.9 

  
111.0** 

  
43.5** 

F (pop.x year) (0.05)   
1.7 

  
0.3 

  
0.4 

CV (%) 2.9 1.7 2.4 7.2 1.4 4.8 10.8 2.0 8.2 

*, **Significant at 5 and 1 % probability levels, respectively 

 

Acid detergent fibers were determined 

such as 307-364 g kg
-1

 (Albayrak and Türk, 

2011); 33.63-46.05% in 2007; 32.94-47.25% 

in 2008 (Demirbağ et al., 2014); 359 g kg
-1

 

DM in North America, 342 g kg
-1

 DM in 

Europe, 342 g kg
-1

 DM in Asia (Tandoh et 

al., 2019). In addition, it was positively 

correlated with forage yield (Tandoh et al., 

2019). As the rate of ADF increases in the 

feed, the digestibility, and energy value 

decrease (Açıkgöz, 2021b). When crested 

wheatgrass plants mature, they have a low 

leaf-to-stem ratio, and also contain high fiber 

concentrations (Daugherty et al., 1982). 

 

Neutral detergent fiber content (NDFC, %) 

No significant differences were observed 

among crested wheatgrass populations in 

NDFC in the first year, the second year, and 

two-year averages (Table 7). The difference 

between years was found to be significant    

(P<0.01) but the year x population interaction 

was not significant. NDFCs in 2015, 2016 

and two-year average were 64.3%, 75.3% and 

69.8%, respectively. The high heritability of 

NDF (Ray et al 1996) led to the fact that year 

x variety of interaction was not important. 

Besides, neutral detergent fibers contents 

were measured such as 576-626 g kg
-1

 

(Albayrak and Türk, 2011); 48.65-62.37% in 

2007; 48.59-64.57% in 2008 (Demirbağ et 

al., 2014); 596 g kg
-1

 DM in North America,   

584 g kg
-1

 DM in Europe, 584 g kg
-1

 DM in 

Asia (Tandoh et al., 2019). In addition, NDF 

is an indicator of the maturity stage of the 

plant and is effective in the feed consumption 

of animals (Açıkgöz, 2021b). When the NDF 

content in feed decreases, the animal's feed 

consumption increases (Açıkgöz, 2021b). 

 

Relative feeding value (RFV) 

No significant differences were observed 

among crested wheatgrass populations in 

relative feeding value (RFV) in the first-year, 

and two-year averages (Table 7). Significant 

differences were detected between them in 

RFV in the second year (P<0.05) and 

between the two years (P<0.01). RFVs in 

2015, 2016, and the two-year averages were 

83.7, 70.5, and 77.1, respectively.  

High rainfall in 2015 affects positively 

directly on RFV, but higher NDFC in 2016 

influenced negatively on RFV. Moreover, 

Turk et al. (2009) reported that climate, 

season, weather, and soil moisture led to 

influence RFV. The RFV is an index that     

is used to predict the intake and energy value 

of the forages and it is derived from the 

digestible dry matter (DDM) and dry matter 

intake (DMI) (Albayrak and Türk, 2011). 

Relative feeding values were identified such 

as 90.3-105.2 (Albayrak and Türk, 2011); 

79.10-119.94 in 2007; 75.05-121.07 in 2008 

(Demirbağ et al. 2014). 
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CONCLUSIONS 

 

In this study, the three advanced 

populations were observed and assessed for 

agro-morphological and quality traits. One   

of these populations, the G-465 population, 

had the highest fresh forage and hay yields  

of all populations. It also had the highest 

relative feed value, even though there are no 

significant differences seemed among the 

study populations for crude protein content 

and relative feed value in two-year averages. 

So, the G-465 advanced population showed 

good performance under semiarid conditions, 

and it is advisable for similar circumstances. 

Although reached present yield level is 

satisfactory, future breeding studies should be 

enriched with genetic resources having a 

wide variation. Moreover, future projects 

should be focused on special ecological 

zones (especially, climate, soil, topography, 

etc.) under semi-arid conditions for higher 

yield, quality, and adaptation. In addition, 

high correlation coefficients existed between 

fresh forage yield and some traits as stem 

diameter, internode length, flag leaf length, 

and flag leaf width. 

Thus, these traits mentioned above should 

be used in the phenotypic selection of plants 

in the initial stages of crested wheatgrass 

breeding studies. Therefore, the right 

selection leads to the shortening of the 

breeding process and achieving successful 

ends. 

These results of the present research study 

are also promising the infrastructure for 

future breeding studies in crested wheatgrass. 
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