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Abstract 

The objective of this research was to determine the effect of genotype and 
growing environment, particularly weather, on grain quality traits of durum 
wheat using nine genotypes (Alkabo, Carpio, Divide, Grenora, Joppa, Maier, 
Mountrail, Pierce, and Tioga) grown in four years (2012-2015) at six loca-
tions in North Dakota, USA. The results of this research indicated that grain 
test weight, 1000-kernel weight, protein content, kernel vitreousness, and 
falling number were affected more by environment than by genotype. How-
ever, genotypes within an environment differed in the magnitude of their re-
sponse and this difference could be used to select genotypes in a breeding 
program to improve quality. For a given quality trait, the magnitude of the 
response reflects the stability of the trait to changes in the environment. In 
general, the quality of durum wheat grown in the northern plains of USA was 
favored by warm daytime temperature, low night temperature, and low rela-
tive humidity. Growing locations with high maximum air temperature and a 
high number of days with temperature ≥ 30˚C had a positive effect on grain 
protein content and falling number, while a high number of days with night 
time temperature ≤ 13˚C were ideal for 1000-kernel weight. Low rainfall and 
low relative humidity promoted a high falling number and vitreous kernel 
content. The results of this study suggested that genotypes could be selected 
based on their overall quality and their stability across environments. Trait 
stability could be an important consideration when growers select genotypes 
for planting in their fields. 
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1. Introduction 

Test weight, 1000-kernel weight, kernel vitreousness, protein content, and falling 
number are important grain quality factors in both grain trading and processing 
in durum wheat (Triticum turgidum L. ssp. durum Desf.) [1] [2]. These factors 
have been associated with the final quality of pasta, which is the most common 
end-use product of durum wheat [3] [4]. 

Effects of genotype and growing environment on grain quality have been well 
documented [5] [6] [7] [8]. Environment includes agricultural production prac-
tices and weather conditions, both of which are known to affect grain quality [1] 
[9] [10] [11]. Agricultural production practices include agronomic factors, such 
as plant nutrient availability in the soil, seeding rate and seeding date, and pest 
control (diseases, insects and weeds) [4] [10] [12] [13], while weather (climatic) 
factors include rainfall, relative humidity, and air temperature.  

Much research has been published concerning the effects of overall environ-
ment and particular agronomic practices as they relate to soil fertility and biotic 
stressors, such as insects, disease and weeds. The research presented in this pa-
per focused on effects of weather factors, such as air temperature, rainfall, and 
relative humidity on grain quality factors. Weather factors can affect grain qual-
ity by their effect on nutrient availability and on plant physiology/biochemistry. 
For example, excessive rainfall during the vegetative stage can leach nitrogen 
and other nutrients from the soil root zone reducing their availability for uptake 
into the plant and formation of phytochemicals, such as protein. Reduction in 
protein content has been associated with low kernel vitreousness [14] [15]. Damp 
conditions can cause bran layer to swell which increases the kernel size but not 
weight. Increased size without increasing in weight results in lower kernel den-
sity and ultimately in reduced test weight. Rainfall and damp conditions during 
grain filling can result in loss of kernel vitreousness due to moisture absorption 
into the grain causing the endosperm to fracture and in an increase in preharvest 
sprouting. Genotypes have been shown to vary in loss of vitreousness and in 
preharvest sprouting due to damp conditions [15] [16]. Similarly, lack of rainfall 
results in low soil moisture which can affect a plant’s ability to absorb nutrients 
from the soil and to maintain cell turgor needed for proper function. When wa-
ter loss via transpiration is greater than uptake by roots wilting and closure of 
stomata and subsequent reduction in photosynthesis occurs.  

Temperature also has been related to enzyme/metabolic activity. For example, 
high air temperature reduces activity of key enzymes in starch synthesis during 
grain filling period [10] [11] [17]. Interestingly, the impact of moderately high 
air temperature and reduced soil water availability has less detrimental effect on 
protein synthesis than on starch formation, which accounts for a rise in grain 
protein concentration in the grain [1] [9] [18]. Cool night time temperatures 
have been associated with recovery of enzyme activity. High night time temper-
atures do not result in recovery of enzyme activity, so activity remains low until 
cool night time temperature returns. Test weight and 1000-kernel weight are fa-
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vored by adequate soil moisture and cool air temperatures that favor photosyn-
thesis and starch accumulation due to longer grain filling duration [9] [10] [11]. 

Breeding programs select genotypes that have traits better than existing culti-
vars for release to growers. With variability in weather conditions, it would be 
useful to also consider the stability or uniformity of quality across many envi-
ronments so that grain quality would be more consistent year to year. Informa-
tion is limited concerning the impact of weather factors on grain quality traits of 
durum wheat grown in the Northern Plains of USA. This information would be 
useful when selecting good quality genotypes to be released to growers [19] and 
in selecting genotypes to be used in a breeding program to improve the stability 
of grain quality traits across environments. Thus, the objective of this research 
was to evaluate the effects of weather factors (air temperature, rainfall and rela-
tive humidity) on grain quality traits of nine selected durum wheat genotypes 
grown in six locations during years (2012-2015) in North Dakota.  

2. Materials and Methods 
2.1. Genotype and Environment Selecting a Template  

(Sub-Heading 2.1) 

Nine durum wheat genotypes (Alkabo [20], Carpio [21], Divide [22], Grenora 
[23], Joppa [24], Maier [25], Mountrail [26], Pierce [27], and Tioga [28]) were 
harvested from unreplicated drill strip plots (75 × 1.2 m) grown at six locations 
in four years (2012-2015) (24 environments). Growing locations included Car-
rington, Dickinson, Hettinger, Langdon, Minot, and Williston, North Dakota. 
Weather data were obtained from the North Dakota Agricultural Weather Net-
work (NDAWN). NDAWN weather stations are located at the ND Agricultural 
Research Centers where drill strips samples were grown. Weather factors were 
recorded daily during grain filling period (the time between anthesis and physi-
ological maturity), and included average of maximum, minimum, and mean air 
temperature, total rainfall, and relative humidity. The number of days when Tmax 
≥ 30˚C, Tmin ≤ 13˚C, and relative humidity ≥ 80%, is determined from the col-
lected weather data.  

2.2. Chemical and Physical Tests on Grain 

Grain samples were tested for test weight, protein content, falling number, 
1000-kernel weight, and vitreous kernel content. AACCI Approved Methods 
[29] were used to determined grain test weight (method 55 - 10.01); protein 
content (method 46 - 30.01); and falling number (method 56 - 81.03). 1000 - 
Kernel weight was determined based on counting 10 g of clean, sound, and un-
broken kernels, and adjusting weight to 1000 kernels. Vitreous kernel content 
was determined utilizing a farinator, which cut 50 kernels in half. Endosperm of 
vitreous kernels appeared translucent, while non-vitreous kernels had opaque 
areas in the cross section of endosperm. For each sample of grain, the farinator 
test was performed twice so that a total of 100 kernels from each sample were 
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examined. 

2.3. Statistical Analysis 

Least square mean, median, and range for grain quality traits were determined. 
Least square means of durum grain quality traits for nine durum genotypes across 
environments were analyzed using mixed model (type III), considering envi-
ronments as a random effect, and genotype as a fixed effect. In general, mixed 
model is used for analysis of variance for unbalanced data and in this method, 
locations were considered as replications. Stepwise linear regression was applied 
to determine which weather data explained the greatest variation in different 
grain quality traits. Each of the individual quality trait was considered as a de-
pendent variable. A significance level of p < 0.05 was used for forward inclusion 
of quality traits in the regression model. 

All analysis was done using SAS software version 9 (SAS Institute, Cary, NC, 
U.S.A). Effect of environment, genotype, and genotype × environment interac-
tion on different quality traits in grain were determined. Intraclass correlation 
coefficient was calculated as the proportion of variance attributed to genotype 
relative to that of variation of genotype × environment interaction and error va-
riance as described by Caffe-Treml et al. [30]. Trait stability was determined by 
the range in response of a given genotype across all environments. 

3. Results and Discussion 
3.1. Estimate of Variance Components for Each Quality Trait 

Estimates of variance components and intraclass correlation coefficients for each 
grain quality trait are shown in Table 1. Estimates of variance components were 
calculated to evaluate the effect of environment, genotype, and their interaction 
on quality characteristics. The highest relative proportion of each variance  
 
Table 1. Estimates of variance components and intraclass correlation coefficient from 
evaluation of nine durum genotypes in 24 environments for grain quality traitsa. 

Relative proportion (%) of variance components 

Grain Quality traits Genotype Environment Residual 
Intraclass 

correlation 

Test weight 3 96 1 0.71 

TKW 8 91 1 0.88 

Protein content 2 97 1 0.77 

Vitreous kernel content 13 83 4 0.79 

Falling number 2 98 0 0.80 

aNine genotypes (Alkabo, Carpio, Divide, Grenora, Joppa, Maier, Mountrail, Pierce, and 
Tioga) were grown in 2012, 2013, 2014, and 2015 in six locations in North Dakota. Ab-
breviations: TKW, thousand kernel weight. Note: Intraclass correlation coefficient rang-
ing from 0.5 - 0.75 is moderate; while ranging from 0.75 - 0.90 is moderately high. 
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component had the greatest impact on that trait [30]. Thus, according to the re-
sults, all grain quality traits evaluated were predominantly affected by the envi-
ronment. The predominant influence of environment on these quality traits has 
also been observed by other researchers [9] [10] [11] [31] [32]. The combination 
of genotype × environment interaction with experimental error was represented 
as residuals, which had very low proportion of variance and so had the least ef-
fect on all quality traits in grain. 

Intraclass correlation coefficients could be used as a measure of broad sense 
heritability [30]. High intraclass correlation coefficients for all quality traits in-
dicated that selection for these traits should be effective [30] [33]. Therefore, al-
though environment had the biggest effect on trait response, genotypes within 
an environment still differed in response and this difference could be used to se-
lect genotypes in a breeding program to improve quality.  

3.2. Grain Quality Traits 

Mean, median, and range of grain quality traits for each durum wheat genotype 
(Alkabo, Carpio, Divide, Grenora, Joppa, Maier, Mountrail, Pierce, and Tioga) 
averaged over 24 environments are presented in Table 2. Similarly, the mean 
and range of grain quality traits for each environment averaged over nine geno-
types are presented in Table 3. 

3.2.1. Test Weight 
Mean test weight values averaged over environment varied with genotypes 
(Table 2). Among genotypes, Alkabo had the highest mean test weight (80.0 kg/hl),  
 

Table 2. Descriptive statistics for durum wheat quality parameters for each genotype averaged over 24 environmentsa. 

Genotype 

Test weight 
(kg/hl) 

1000 Kernel 
weight (g) 

Grain protein 
(%) 

Vitreous Kernel 
content (%) 

Falling number 
(sec) 

Mean Median Range Mean Median Range Mean Median Range Mean Median Range Mean Median Range 

Alkabo 80.0a 80.7 9.2 41.5abc 41.3 19.7 13.9cde 13.5 6.2 88c 92 41 406d 427 505 

Carpio 79.7abc 80.3 7.2 42.2a 41.8 22.3 13.9cde 13.4 5.6 82d 82 46 469a 514 480 

Divide 79.5abc 79.9 8.1 40.8bcd 40.4 21.6 14.0bcd 14 6.3 88c 91 36 451ab 488 488 

Grenora 78.9cd 79.5 10.4 41.7ab 42 22.9 13.9cde 13.7 6.1 93ab 93 22 431bc 462 498 

Joppa 79.5abc 80.7 11.3 40.7bcd 41.2 22.7 13.6e 12.9 6.6 88bc 93 39 419cd 450 513 

Maier 79.5abc 80.1 9.9 40.4cd 40.6 20.7 14.6a 14.7 6.1 93ab 95 30 403d 447 473 

Mountrail 78.6d 79.4 10.7 39.8d 39.6 22.7 14.1bc 13.8 6.9 92ab 97 45 425cd 447 481 

Pierce 79.9ab 80.5 9.9 37.3e 38.6 18.9 14.2b 13.9 6.2 95a 96 17 413cd 433 425 

Tioga 79.2bcd 81 11.1 41.9ab 41.8 23.2 13.8de 13.4 6.7 88c 92 37 412cd 446 475 

Mean 79.5 80.2 9.8 40.7 40.8 21.6 14 13.7 6.3 90 92 35 425 457 482 

sd 0.5 0.6 1.4 1.5 1.1 1.5 0.3 0.5 0.4 4 4 10 22 28 25 

aNine genotypes were grown in 2012, 2013, 2014, and 2015 in six locations in North Dakota. Note: For each quality trait in each 
column, means followed by the same letter are not significantly different at p < 0.05; sd, standard deviation. 
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Table 3. Descriptive statistics for durum wheat quality parameters in each location and year average across nine genotypesa. 

Environment 

Test 
weight 
(kg/hl) 

1000 kernel 
weight 

(g) 

Grain 
protein 

(%) 

Vitreous 
Kernel content 

(%) 

Falling 
number 

(sec) 

Grain 
filling 

duration 

Mean 
± 
sd 

Range 
Mean 

± 
sd 

Range 
Mean 

± 
sd 

Range 
Mean 

± 
sd 

Range 
Mean 

± 
sd 

Range 
Mean 

± 
sd 

Range 

L-12 76.1 ± 1.1 4.2 43.1 ± 2.4 6.6 13.7 ± 0.4 1.3 74 ± 10 26 386 ± 25 74 28 ± 0.6 2 

L-13 81.7 ± 0.6 2.3 47.6 ± 2.1 6.6 14.0 ± 0.4 1.5 95 ± 5 17 413 ± 26 94 40 ± 0.6 2 

L-14 81.0 ± 0.5 2.6 47.4 ± 1.6 5.6 12.9 ± 0.5 1.9 81 ± 12 34 269 ± 39 115 32 ± 1.1 3 

L-15 82.1 ± 0.5 2.0 42.1 ± 2.0 6.3 13.8 ± 0.5 2.1 90 ± 8 29 481 ± 30 88 31 ± 0.9 3 

M-12 81.9 ± 0.9 3.2 44.9 ± 2.7 8.6 14.6 ± 0.7 2.6 93 ± 4 15 437 ± 38 117 34 ± 0.6 2 

M-13 82.3 ± 0.2 1.3 49.4 ± 3.1 10 14.8 ± 0.4 1.1 95 ± 3 9 419 ± 48 152 36 ± 1.1 3 

M-14 75.7 ± 2.0 7.8 42.8 ± 2.9 8.6 13.0 ± 0.4 1.3 75 ± 8 25 107 ± 34 123 36 ± 1.1 3 

M-15 81.7 ± 0.7 2.7 39.4 ± 2.9 9.9 13.6 ± 0.5 1.7 92 ± 6 20 498 ± 39 128 35 ± 0.9 3 

C-12 75.8 ± 0.9 3.5 39.2 ± 1.9 5.3 16.8 ± 0.4 1.0 97 ± 1 3 535 ± 63 168 29 ± 0.9 3 

C-13 82.0 ± 0.5 2.0 45.2 ± 1.3 4.5 13.3 ± 0.3 1.2 91 ± 4 14 512 ± 29 82 28 ± 0.6 2 

C-14 79.1 ± 0.9 3.7 43.2 ± 2.2 6.9 13.0 ± 0.9 2.6 82 ± 12 43 360 ± 39 119 34 ± 1.6 5 

C-15 77.6 ± 1.0 3.8 33.4 ± 2.9 9.4 14.9 ± 0.4 1.4 94 ± 2 6 483 ± 46 165 22 ± 0.8 3 

W-12 72.9 ± 1.3 5.1 28.8 ± 1.9 5.4 17.9 ± 0.5 1.5 99 ± 1 3 529 ± 27 80 27 ± 3.3 11 

W-13 80.0 ± 0.5 1.9 39.7 ± 1.4 5.0 13.7 ± 0.5 2.0 95 ± 3 10 472 ± 34 113 34 ± 1.6 5 

W-14 80.1 ± 0.6 2.7 36.4 ± 2.2 7.3 12.4 ± 0.8 2.5 89 ± 9 28 456 ± 18 62 26 ± 1.7 6 

W-15 80.4 ± 0.8 2.9 35.4 ± 1.6 5.0 12.9 ± 0.2 0.9 85 ± 8 23 514 ± 21 72 24 ± 1.4 4 

D-12 77.9 ± 0.8 3.3 35.4 ± 1.8 5.6 16.2 ± 0.3 1.1 99 ± 0 2 428 ± 17 46 24 ± 0.7 2 

D-13 81.2 ± 0.8 3.1 35.3 ± 1.8 6.2 11.7 ± 0.3 1.0 95 ± 3 10 443 ± 18 57 30 ± 0.8 3 

D-14 76.4 ± 1.1 4.6 48.8 ± 1.8 6.3 12.9 ± 0.6 1.9 79 ± 11 38 130 ± 31 100 41 ± 0.6 2 

D-15 77.9 ± 0.8 3.8 34.2 ± 1.7 6.7 16.8 ± 0.4 1.5 97 ± 2 6 551 ± 23 81 25 ± 0.8 3 

H-12 79.1 ± 1.0 3.6 36.1 ± 2.3 6.5 14.8 ± 0.5 1.4 100 ± 0 1 550 ± 26 81 17 ± 1.5 4 

H-13 81.4 ± 0.6 2.5 40.4 ± 2.6 8.4 13.7 ± 0.8 2.8 98 ± 1 3 490 ± 34 81 27 ± 1.2 4 

H-14 80.9 ± 1.0 3.6 47.4 ± 1.3 4.6 12.2 ± 0.6 1.8 81 ± 10 27 270 ± 106 293 33 ± 1.3 3 

H-15 81.1 ± 0.6 2.4 41.2 ± 1.1 3.1 12.4 ± 0.9 2.1 74 ± 11 29 473 ± 36 117 31 ± 1.2 3 

Mean ± sd 79.4 ± 2.6 3.3 ± 1.3 40.7 ± 5.5 6.6 ± 1.8 14.0 ± 1.6 1.7 ± 0.6 90 ± 8 18 ± 12 425 ± 121 109 ± 51 30 ± 6 4 ± 2 

aNine genotypes (Alkabo, Carpio, Divide, Grenora, Joppa, Maier, Mountrail, Pierce, and Tioga) were grown in 2012, 2013, 2014, 
and 2015 in six locations in North Dakota. Abbreviations: L, Langdon; M, Minot; C, Carrington; D, Dickinson; H, Hettinger; W, 
Williston; sd, standard deviation. 

 
which was significantly higher from Grenora (78.9 kg/hl), Mountrail (78.6 
kg/hl), and Tioga (79.2 kg/hl). Mountrail had the lowest mean test weight value 
(78.6 kg/hl). Test weight varied with environment (Table 3). All but 8 of the 24 
environments resulted in mean test weight above 78.2 kg/hl (60 lb/bu), which is 
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needed for US No. 1 grade [34]. The lowest mean test weight occurred at Willis-
ton-12 where overall average was 72.9 kg/hl, which would be a US No. 4 grade. 
The overall average range of test weight for the 24 environments within a geno-
type was greater (9.8 kg/hl, Table 2) than the range in response over genotypes 
within a given environment (3.3 kg/hl, Table 3). These results supported those 
from Table 1, which indicated that test weight was affected more by environ-
ment than by genotype. 

Range in test weight varied with genotype (Table 2). The overall range was 
smallest with Carpio (7.2 kg/hl) and greatest with Joppa and Tioga (11.3 and 
11.1 kg/hl, respectively). Magnitude of range is an indicator of trait stability. 
Thus, these results indicated that test weight was more stable (less affected by 
environment) with Carpio and least stable with Joppa and Tioga. Difference be-
tween mean and median values was generally twice as high for Joppa and Tioga 
than for the other genotypes. Both Joppa and Tioga had median values that were 
greater than their means. This indicated that test weight values were skewed to 
the left (lower values) where outliers occurred for low test weight. Thus, a few 
low values reduced the means more than the median values. These results indi-
cated that environments favorable for low test weight resulted in more variabili-
ty. 

Correlation analysis with weather factors indicated that test weight was fa-
vored by cool air temperatures. For all genotypes, test weight increased as the 
number of days with temperature ≤ 13˚C increased (r = 0.5 to 0.76, p < 0.05) and 
the daily minimum temperature decreased (r = −0.51 to −0.71, p < 0.05). Simi-
larly, test weight increased as the daily maximum temperature decreased for 
Carpio (r = −45, p < 0.05), Grenora (r = −0.42, p < 0.05), Joppa (r = −0.44, p < 
0.05), Mountrail (r = −0.51, p < 0.05), and Pierce (r = −0.48, p < 0.05). It is as-
sumed that cooler temperatures resulted in better grain filling, which resulted in 
increased kernel weight and improved packing efficiency necessary for high test 
weight [1] [10]. Interestingly, test weight did not correlate with grain filling du-
ration or high relative humidity. Although for Alkabo, Carpio, and Tioga a sig-
nificant and negative correlation was observed between total rainfall and test 
weight, it was not observed with other genotypes.  

Stepwise linear regression indicated that weather factors accounted for 43% - 
58% of variation in test weight among genotypes (Table 4). Test weight was po-
sitively affected by number of days with temperature ≤ 13˚C and negatively af-
fected by total rainfall during grain filling period. Cool temperatures would favor 
photosynthesis and subsequent starch deposition in the grain. This would in-
crease kernel weight and size, both of which are associated with high test weight. 
Rainfall near harvest could cause bran to swell resulting in increased kernel size 
and subsequent decline in test weight. However, rainfall during early-to mid-grain 
filling period would not affect bran, which probably explains why there was not 
a significant correlation between rainfall and test weight as the response would 
depend on when rain occurred [11]. 
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Table 4. Stepwise linear regression for weather factors affecting grain test weight in du-
rum wheat (n = 24). 

Genotypes Weather data Effecta Partial R2 R2 

Alkabo 
T min (−) 0.28 

0.50 
Total rain (−) 0.22 

Carpio 
# days temp ≤ 13˚C (+) 0.38 

0.55 
Total rain (−) 0.18 

Divide 
# days temp ≤ 13˚C (+) 0.37 

0.53 
Total rain (−) 0.16 

Grenora # days temp ≤ 13˚C (+) 0.43 0.43 

Joppa 
# days temp ≤ 13˚C (+) 0.42 

0.54 
Total rain (−) 0.12 

Maier 
# days temp ≤ 13˚C (+) 0.36 

0.49 
Total rain (−) 0.12 

Mountrail # days temp ≤ 13˚C (+) 0.58 0.58 

Pierce 
# days temp ≤ 13˚C (+) 0.40 

0.51 
Total rain (−) 0.11 

Tioga 
Total rain (−) 0.34 

0.58 
T min (−) 0.24 

a(+) indicates positive effect on the grain test weight; (−) indicates negative effect on the 
grain test weight. 

3.2.2. 1000-Kernel Weight 
Mean values averaged over environment for 1000-kernel weight varied with ge-
notype (Table 2). Carpio had the highest 1000-kernel weight (42.2 g), although 
not significantly different from Alkabo (41.5 g), Grenora (41.7 g), or Tioga (41.9 
g). Pierce had the lowest mean 1000-kernel weight (37.3 g). Pierce is known to 
have relatively low 1000-kernel weight [27]. The overall average range of 1000-kernel 
weight for the 24 environments within a genotype was greater (21.6 g, Table 2) 
than the range in response over genotypes within a given environment (6.6 g, Ta-
ble 3). These results supported those from Table 1, which indicated that 1000-kernel 
weight was affected more by environment than by genotype. 

Range in 1000-kernel weight varied with genotype (Table 2). The smallest range 
was found with Pierce (18.9 g), which had the lowest mean 1000-kernel weight, 
while had the highest range (23.2 g). Thus, 1000-kernel weight was more stable 
(less affected by environment) for Pierce than for Tioga. Difference between mean 
and median values was similar for genotypes except Joppa (1.5 g) and Pierce (1.3 
g). Both Joppa and Pierce median values were greater than their means. This in-
dicated that their 1000-kernel weight values were skewed to the left (lower val-
ues) showing that their TKW were more variable in environment that favored 
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low kernel weights.  
1000-Kernel weight also varied with environment (Table 3). Except for Het-

tinger-12 and Hettinger-13, environments that had short grain filling period 
(<28 days) produced seed with low 1000-kernel weight (Table 3). 1000-Kernel 
weight was lowest at Williston-12 (28.8 g), which had 27 days from anthesis to 
harvest. Lowest mean 1000-kernel weight at Williston-12 could be explained by 
exposure to more days with temperature ≥ 30˚C and fewest days with tempera-
ture ≤ 13˚C (data was not shown). In contrast, 1000-kernel weight was greatest 
at Minot-13 (49.4 g) and Dickinson-14 (48.8 g) which had 36 and 41 days from 
anthesis to harvest, respectively.  

Correlation analysis between weather factors and 1000-kernel weight indi-
cated that for all genotypes, 1000-kernel weight increased with number of days 
from anthesis to harvest (r = 0.55 to 0.76, p < 0.05), number of days ≤ 13˚C (r = 
0.58 to 0.73, p < 0.05), and except for Maier, all genotypes had increased kernel 
weight with increased relative humidity (r = 0.41 to 0.54, p < 0.05). 1000-Kernel 
weight decreased with increased maximum temperature (r = −0.54 to −0.71, p < 
0.05), high minimum temperature (r = −0.52 to −0.72, p < 0.05), and except for 
Maier, number of days ≥ 30˚C (r = −0.40 to −0.57, p < 0.05). Increase in 
1000-kernel weight when exposed to lower temperature is attributed to pro-
longed grain filling duration and more starch accumulation inside the granules 
[10] [11]. Negative correlation between 1000-kernel weight with maximum 
temperature and number of days with temperature ≥ 30˚C supported results re-
ported by Gooding et al. [1] and Pinheiro et al. [11]. Dias and Lidon [35] also 
reported that high temperature reduced grain weight which arose from its effect 
on grain filling rate and duration. 

Stepwise linear regression showed that for all genotypes except Alkabo, grain 
filling duration was a significant positive factor that explained 10% to 58% of the 
variation in 1000-kernel weight (Table 5). Carpio, with the greatest average 
1000-kernel weight (42.2 g), was mainly affected by grain filling period as it ex-
plained 58% of the variation. Positive correlation between the 1000-kernel weight 
and grain filling period also supported these results. Conversely, the lowest 
1000-kernel weight was observed in Pierce. Pierce was negatively affected by a 
number of days ≤ 13˚C, which accounted for 46% of the variation in 1000-kernel 
weight. 

3.2.3. Protein Content 
Mean values averaged over the environment for kernel protein content varied 
with genotype (Table 2). Maier had the highest average mean protein (14.6%) 
and Joppa had the lowest average mean protein content (13.6%). The overall 
mean for each genotype was greater than 13.5%, which is the minimum average 
protein content targeted for genotypes released to durum growers as cultivars. 
Having a minimum of 13% - 13.5% grain protein ensures that semolina protein 
content will be at least 12.5%, which is necessary to make pasta that has 7 g pro-
tein per serving; that is standard for commercial pasta sold in the US. Not all  
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Table 5. Stepwise linear regression for weather factors affecting grain 1000-kernel weight 
in durum wheat (n = 24). 

Genotypes Weather data Effecta Partial R2 R2 

Alkabo # days temp ≤ 13˚C (+) 0.39 0.39 

Carpio Grain filling duration (+) 0.58 0.58 

Divide Grain filling duration (+) 0.55 0.55 

Grenora Grain filling duration (+) 0.49 0.49 

Joppa 
T max (−) 0.45 

0.56 
Grain filling duration (+) 0.10 

Maier 
T min (-) 0.51 

0.62 
Grain filling duration (+) 0.11 

Mountrail 
Grain filling duration (+) 0.54 

0.67 
T min (−) 0.13 

Pierce 
# days temp ≤ 13˚C (−) 0.46 

0.57 
Grain filling duration (+) 0.11 

Tioga Grain filling duration (+) 0.58 0.58 

a(+) indicates a positive effect on the grain thousand kernel weight; (−) indicates a nega-
tive effect on the grain thousand kernel weight. 
 
growing environments were favorable for high protein content. Seven environ-
ments including Langdon-14, Williston-14, Williston-15, Dickinson-13, Dick-
inson-14, Hettinger-14, and Hettinger-15 had overall mean protein content be-
low 13%. 

For each genotype, the range in protein content over 24 environments was 
greater (6.3 percentage units, Table 2) than the range in response over genotypes 
within a given environment (1.7 percentage units, Table 3). These results ex-
plain why the relative proportion of variance was high for the environment 
(97%) than the genotype (2%) (Table 1).  

The range in kernel protein content varied with genotype (Table 2). The 
overall range was smallest for Carpio (5.6 percentage units) and was greatest for 
Mountrail and Tioga (6.9 and 6.7 percentage units, respectively). The smaller 
range for Carpio compared to Mountrail and Tioga indicated that kernel protein 
for Carpio was less affected by environment. Thus, protein content was more 
stable for Carpio than for Mountrail and Tioga. Depending on genotype, mean 
values were greater or equal to median values. This indicated that the protein 
content was skewed toward higher protein values, which suggested that envi-
ronments favorable for high protein content resulted in greater variability than 
did an unfavorable environment for low or intermediate grain protein content. 
Difference between mean and median values were similarly low for Divide (0.0 
percentage units), Maier (0.1 percentage units), and Grenora (0.2 percentage 
units) but was high for Joppa (0.7 percentage units). 
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Correlation analysis between weather factors and grain protein content indi-
cated that the latter did not relate to grain filling duration, probably because the 
low protein content environments ranged from 24 (Williston-15) to 41 days 
(Dickinson-14) (Table 3). A significant negative correlation between grain pro-
tein content and days from anthesis to harvest occurred for Carpio (r = −0.47, p 
< 0.05) and Mountrail (r = −0.49, p < 0.05); the other genotypes did not have a 
significant correlation, but they had a trend toward a negative correlation be-
tween protein content and the number of days from anthesis to harvest. Gener-
ally, a long grain filling period would result in prolonged starch accumulation, 
which would result in a decline in percent protein. A lack of significant negative 
correlation between protein content and the number of days from anthesis to 
harvest could be due to a delay in the harvest, which while increasing days from 
anthesis to harvest, it might not result in prolonged grain filling but prolongs the 
exposure of the grain to the environment.  

Grain protein content was positively correlated with high minimum air tem-
perature for all genotypes (r = 0.44 to 0.67, p < 0.05) and was positively corre-
lated with maximum air temperature (r = 0.41 to 0.58, p < 0.05) and the number 
of days ≥ 30˚C (r = 0.44 to 0.59, p < 0.05) for all genotypes except for Divide. 
Except for Grenora, grain protein content was negatively correlated to the num-
ber of days ≤ 13˚C (r = −0.42 to −0.63, p < 0.05). While a positive correlation 
between protein content and maximum air temperature and minimum air tem-
perature seems to be contradictory, high minimum air temperature is warmer 
than low minimum temperature. Therefore, both high maximum and minimum 
temperatures indicated warm day and night air temperatures, respectively, which 
favor protein content relative to starch content in the grain. Protein content did 
not correlate with moisture parameters including total rainfall, relative humidi-
ty, or days with relative humidity 80% or higher. The positive effect of high air 
temperatures on variation in protein content was also reported by Rharrabti et 
al. [9] [10]. A rise in grain protein content due to high temperature could also be 
attributed to shorter grain filling duration, and to a decline in the starch deposi-
tion, kernel weight, test weight, and grain yield [1] [14] [18], because starch bio-
synthesis is more negatively affected by high air temperatures than is protein 
biosynthesis [36]. Fois et al. [12] and Pinheiro et al. [11] reported similar results. 
Conversely, a negative correlation between days ≤ 13˚C with grain protein could 
be explained by starch accumulation, which is favored by cool nights. Koga et al. 
[37] also reported that cool air temperature resulted in prolonged grain filling, 
which resulted in a decreased proportion of protein content relative to starch 
content, and increased grain weight and yield. 

Stepwise linear regression analysis indicated that 23% - 45% of the variation in 
protein content among genotypes was explained by weather data (Table 6). For 
Alkabo, Divide, Joppa, Maier, Mountrail, and Tioga, high minimum tempera-
ture explained the most variation in grain protein content; while with Carpio, 
maximum temperature, and with Pierce and Grenora, exposure of more days 
with temperature ≥ 30˚C caused greatest changes in this quality trait. These  
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Table 6. Stepwise linear regression for weather factors affecting grain protein content in 
durum wheat (n = 24). 

Genotypes Weather data Effecta Partial R2 R2 

Alkabo T min (+) 0.26 0.26 

Carpio T max (+) 0.34 0.34 

Divide T min (+) 0.26 0.26 

Grenora # days temp ≥ 30˚C (+) 0.23 0.23 

Joppa T min (+) 0.35 0.35 

Maier T min (+) 0.31 0.31 

Mountrail T min (+) 0.45 0.45 

Pierce # days temp ≥ 30˚C (+) 0.34 0.34 

Tioga T min (+) 0.45 0.45 

a(+) indicates positive effect on the grain protein content. 
 
results indicated the importance of air temperature on protein content, where 
some genotypes were more affected by high maximum temperatures as expe-
rienced during the day and other genotypes seemed to be more affected by high 
minimum or night-time temperatures. The effect of minimum temperature on 
the variation of protein content in both Maier and Joppa (highest protein con-
tent and lowest protein content, respectively) was almost similar (Table 6), sug-
gesting that different protein content values were due in part to other environ-
mental factors besides the weather.  

3.2.4. Vitreous Kernel Content 
Mean values averaged over environments for grain vitreousness varied with ge-
notype (Table 2). All genotypes met the criteria for Hard Amber Durum sub-
classification (>75% vitreous kernel content [34]). In addition, Grenora (93%), 
Maier (93%), Mountrail (92%), and Pierce (95%) met the vitreous kernel content 
(≥90%) criteria for Choice Milling durum, an unofficial grade used by durum 
millers in the US. Among genotypes, the greatest overall average vitreous kernel 
content (95%) belonged to Pierce, which was not significantly different from 
Grenora, Maier, and Mountrail. Conversely, Carpio had the lowest average ker-
nel vitreous content (82%) (Table 2). In addition, vitreous kernel content varied 
with the environment; as reflected by durum grown at 15 of the 24 environments 
having vitreous kernel contents of at least 90% while average vitreous kernel 
content of durum grown at Langdon-12 and Hettinger-15 was 74%.  

Within a genotype, the overall average range in vitreous kernel content over 
the 24 environments was greater (35 percentage units, Table 2) than the overall 
average range in response over genotypes within a given environment (18 per-
centage units, Table 3). These results supported those presented in Table 1 where 
the relative proportion of variance associated with the environment (83%) was 
larger than that of genotype (14%). 
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The range in vitreous kernel content varied with genotype (Table 2). Pierce 
had the smallest range among environments, 17 percentage units and had the 
highest vitreous kernel content (95%), while Carpio had the greatest range among 
environments, 46 percentage units and the lowest average vitreous kernel con-
tent (82%) (Table 2). These results suggested that vitreous kernel content was 
most stable with Pierce and least stable with Carpio. Mean and median values 
were similar for Carpio, Grenora, Maier, and Pierce. Mean values tended to be 
less than median values for Alkabo, Divide, Joppa, Mountrail, and Tioga, which 
indicated these genotypes were more variable in environments that favored low 
vitreous kernel content. 

There were no correlations between vitreous kernel content and air tempera-
ture. In general, vitreous kernel content was negatively affected by high rainfall 
and high relative humidity. These results supported those reported by Rharrabti 
et al. [10] and by the stepwise linear regression models presented in Table 7. 
Weather data explained none to 52% of the variation in vitreous kernel content. 
Vitreous kernel content of Divide, Grenora, and Joppa were not explained by 
weather data, while Alkabo, Carpio, Maier, Mountrail, Pierce, and Tioga were 
negatively affected by damp conditions caused by either rainfall or high humidi-
ty. Sieber et al. [15] also reported a decline in vitreous kernel content of durum 
wheat due to exposure to humidity. Since in most genotypes, weather data ac-
counted for 18% - 52% of variability, other factors beyond weather, such as 
agronomic factors, accounted for durum grown at Langdon-12 and Hettinger-15 
having low kernel vitreousness. 

It is assumed that differences in stability were dependent on grain protein 
content and the ability to maintain kernel vitreousness. All genotypes had posi-
tive correlation between kernel vitreous content and protein content (r = 0.49 to 
0.68, p < 0.05). Pierce had the second-highest protein content. The high protein  
 
Table 7. Stepwise linear regression for weather factors with vitreous kernel content (n = 
24). 

Genotypes Weather data Effecta Partial R2 R2 

Alkabo Total rain (−) 0.18 0.18 

Carpio # days rh ≥ 80% (−) 0.19 0.19 

Divide - - - - 

Grenora - - - - 

Joppa - - - - 

Maier Total rain (−) 0.22 0.22 

Mountrail Total rain (−) 0.52 0.52 

Pierce rh (−) 0.20 0.20 

Tioga Total rain (−) 0.21 0.21 

a(−) indicates negative effect on the vitreous kernel content. 
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content is associated with the formation of a compact protein matrix, which 
leads to kernel vitreousness. Carpio had the fourth-lowest protein quantity, 
which was not significantly different from Joppa (lowest protein content). So, 
the low vitreous kernel content in Carpio was presumably due to its low compact 
protein structure, more sensitivity of this genotype to damp conditions (more 
days with rh ≥ 80%), and eventually its inability to maintain its vitreousness un-
der humid environment [15] [16] [38]. 

3.2.5. Falling Number 
Mean values for falling numbers averaged over the environment varied with ge-
notype (Table 2). Alkabo and Maier had the lowest average falling number (406 
and 403 sec, respectively) and Carpio had the highest average falling number 
(469 sec). The average mean for falling numbers for all genotypes were all above 
400 sec. However, falling numbers varied with the environment. All environ-
ments where the number of days from anthesis to harvest was ≤30, had high 
falling numbers (386 - 551 sec). The effect of days from anthesis to harvest > 30 
on the falling number was variable ranging from 107 to 498 sec. The days to 
harvest for the four lowest falling number environments (Langdon-14, 269 sec; 
Hettinger-14, 270 sec; Minot-14, 130 sec; and Dickinson-14, 130 sec) were 32, 
33, 36, and 41, respectively. It was not the duration of grain fill that caused the 
low falling number but the exposure of the grain to damp conditions. The oc-
currence of low falling number values with extended days from anthesis to harv-
est is attributed to the increased probability and increased time of being exposed 
to damp conditions that are favorable for preharvest germination. Within a giv-
en genotype, the overall average range of falling number values over the 24 en-
vironments were greater (482 sec, Table 2) than the overall average range in re-
sponse over genotypes within a given environment (109 sec, Table 3). These re-
sults explained why the relative proportion of variance was high for the envi-
ronment (98%) than the genotype (2%) (Table 1). 

The range in falling numbers varied with genotype (Table 2). The overall range 
was smallest with Pierce (425 sec) and greatest with Joppa (513 sec). The range 
as an indicator of stability across environments indicates that Pierce was more 
stable (less affected by environment) than was Joppa. For all genotypes, median 
values were greater than mean values with an average difference of 32 sec. This 
indicates that falling number values were skewed toward lower values and that 
they were more variable in environments that favored low falling numbers.  

Correlation analysis between weather factors and the falling number indicated 
that the number of days with temperature ≥ 30˚C increased falling number val-
ues for Alkabo (r = 0.44, p < 0.05), Maier (r = 0.44, p < 0.05), Mountrail (r = 
0.49, p < 0.05), Pierce (r = 0.45, p < 0.05), and Tioga (r = 0.42, p < 0.05). Con-
versely for all genotypes, falling number declined with increased total rainfall (r 
= −0.55 to −0.74, p < 0.05) and falling number declined with increased number 
of days with relative humidity above 80% for Alkabo (r = −0.48, p < 0.05), Maier  
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Table 8. Stepwise linear regression for weather factors with the falling number (n = 24). 

Genotypes Weather data Effecta Partial R2 R2 

Alkabo 
Total rain (−) 0.44 

0.54 
Grain filling duration (−) 0.11 

Carpio Total rain (−) 0.55 0.55 

Divide Total rain (−) 0.45 0.45 

Grenora 
Total rain (−) 0.31 

0.44 
Grain filling duration (−) 0.13 

Joppa 
Total rain (−) 0.35 

0.51 
Grain filling duration (−) 0.16 

Maier 
Total rain (−) 0.33 

0.45 
Grain filling duration (−) 0.12 

Mountrail 
Total rain (−) 0.20 

0.64 
Grain filling duration (−) 0.44 

Pierce 
Total rain (−) 0.17 

0.54 
Grain filling duration (−) 0.37 

Tioga 
Total rain (−) 0.44 

0.61 
Grain filling duration (−) 0.18 

a(−) indicates negative effect on the falling number. 
 
(r = −0.49, p < 0.05), Mountrail (r = −0.49, p < 0.05), Pierce (r = −0.41, p < 0.05), 
and Tioga (r = −0.44, p < 0.05). Thus, high falling number values are favored by 
high air temperature and low relative humidity and rainfall. In fact, Gooding et 
al. [1] reported that cool wet weather during grain filling resulted in low falling 
number due to increased α-amylase activity; however, dry conditions and high 
temperature during grain filling positively affected falling number. Stepwise li-
near regression analysis using weather data indicated that for all genotypes total 
rain and grain filling duration had a negative effect, reduced falling number, and 
accounted for the greatest variation (R2 = 44% - 64%) in falling number (Table 
8). 

4. Conclusion 

The environment had a greater effect than did genotype on grain quality traits. 
Weather factors, such as air temperature, rainfall, and relative humidity during 
grain filling were the important factors in the variation of grain quality traits for 
each genotype. High air temperature and more days with temperature ≥ 30˚C 
promoted high falling number and grain protein content; ideal growing loca-
tions to achieve high vitreous content were those with low rainfall and relative 
humidity. High 1000-kernel weight and test weight were favored by growing lo-
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cations with cool air temperature. The results of this research indicated that du-
rum should be grown in dry environment with high temperatures during a day 
and low temperatures during a night. Genotype selection is important since va-
riability in grain traits as affected by the environment differed with genotype. 
Therefore, genotypes could be selected by growers for planting based on their 
overall quality and their traits stability across many environments. 
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