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Abstract 
Durum wheat (Triticum durum Desf.) is a market class of wheat subject to 
price discounts in the marketplace if quality standards are not met. This study 
was conducted in order to determine how certain agronomic practices might 
impact durum wheat quality. The effects of planting date (PD), cultivar, and 
seeding rate on agronomic and semolina quality traits were investigated in 
field trials conducted near Hettinger and Minot, ND in 2014 and 2015. The 
interaction of PD and cultivar was significant for many of the traits evaluated. 
There was a significant PD X cultivar interaction or PD and cultivar effect for 
yield in all environments. Planting date X cultivar interacted for test weight at 
all environments. In general, a delay in PD resulted in a significant decrease in 
yield and test weight for all cultivars. However, Carpio yielded more than 
other cultivars in high yielding environments while the yield and test weight 
of Joppa was more adversely affected by delays in PD. Seeding rate did not 
have a consistent effect on any agronomic or quality trait. Protein content, 
kernel yellow pigment content, falling number (FN), and vitreous kernels 
were more dependent on cultivar, regardless of PD and environment. Semo-
lina extraction, gluten index (GI), and wet gluten (WG) values tended to de-
crease with a delay in PD. These data continue to support cultivar selection as 
a critical component for obtaining high-yielding, high-quality durum wheat. 
However, PD and environment can impact certain agronomic and end-use 
traits, regardless of cultivar grown. 
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1. Introduction 

Durum wheat is a market class of wheat commonly grown in North Dakota with 
an average yield of 2700 kg∙ha−1 [1]. Recently, durum wheat production in ND 
has declined due to competition for acres with hard red spring wheat (HRSW) 
(Triticum aestivum L.) which is generally less vulnerable to quality discounts. 
Producers, seed companies, grain buyers, grain millers, the pasta industry, and 
consumers evaluate durum wheat quality from different perspectives, but it is 
primarily grown for producing high-quality pasta [2]. Many production and en-
vironmental factors impact the quality of harvested durum wheat. Optimal 
planting date and selection of cultivars with favorable stress responses are agro-
nomic management factors that can maximize durum wheat yield and quality 
[3].  

Durum wheat grades are determined by the Federal Grain Inspection Service 
(FGIS) and the USDA Grain Inspection, Packers, and Stockyards Administra-
tion. Grades are important to the final market price and determined based on 
quality factors with subclasses within grades of durum wheat marketed based on 
the percentage of vitreous kernels. The majority of the 2014 durum wheat crop 
was US subclass grade amber durum (AD), while the 2015 crop was US grade 1 
hard amber durum (HAD) [4] [5]. Essentially, HAD has a minimum test weight 
of 772 kg∙m−3, less than 2% damaged kernels, and has a maximum limit of 0.4% 
foreign material, 3% broken kernels and defects, and 75% or more hard vitreous 
kernels [5]. Disease and mishandling of grain can cause damaged and broken 
kernels which can lower test weight. Grain kernels are considered hard vitreous 
because of high protein content and the absence of proteins that interact with 
starch granules [6]. 

The ability of a producer to maximize yield is an economic concern. One fac-
tor for producing high-quality durum wheat is cultivar grown [7]. Planting date 
and seeding rate of durum wheat can vary widely based on individual producers 
and environmental conditions. These choices also might impact the quality of 
harvested grain due to the environmental conditions during grain filling and 
harvest and are somewhat dependent on PD [8].  

Breeding programs in the U.S. and Canada have as primary objectives the 
identification of cultivars with higher yield potential, better disease resistance 
profiles, and better end-use quality [9] [10] [11]. Unfortunately, durum wheat 
quality in recent years in ND has been regularly impacted by Fusarium head 
blight (FHB or scab) caused by Fusarium graminearum Schwabe [12] and most 
of the quality discounts associated with FHB are due to the presence of a patho-
gen-produced mycotoxin in the grain called deoxynivalinol (DON). Fungicide 
applications are essential due to limited genetic resistance in current durum 
wheat cultivars to FHB [13] [14] and are only partially effective in reducing 
DON levels when the FHB pressure is high. 

Yield response due to N-P-fertilization was significantly higher for early and 
medium seeding dates than for the late seeding date for hard red spring and 
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durum wheat [15]. Additionally, the seeding date X N-P-fertilization interaction 
was significant and indicated a decreasing response to fertilization with delayed 
planting. Seeding date did not significantly impact grain protein or test weight of 
durum wheat. Additionally, durum wheat yield in India was greatest at normal 
seeding dates and with increasing N and irrigation [16]. Flour characteristics 
such as grain protein content, ß-carotene content, and sedimentation value were 
highest for the latest planting date. A genotype X N input interaction was ob-
served for several characteristics of early sown durum wheat and was also 
present in the optimum and late PD for grain yield [8].  

Seeding rate trials to determine the optimum rate to maximize yield have been 
previously conducted in ND. However, many of these trials were conducted with 
cultivars no longer grown. Based on data, early PDs with seeding rates between 
84 and 100 kg∙ha−1 optimized grain yield and quality [17]. Yield of hard red 
spring and durum wheat was maximized at 247 plants m−2, but only when yield 
potential was greater than the 1970s average yield of 2350 kg∙ha−1 [18]. More re-
cently, test weight and protein were not impacted by a change in seeding rate 
across locations in north eastern ND [19]. A seeding rate of at least 141 kg∙ha−1 
viable seeds was suggested to optimize yield. Seeding rate could impact grain 
yield by increasing the number of spikes per area. Post-heading N accumulation 
and N remobilization were highest at a seeding rate of 400 seeds m−2 [20]. Seed-
ing rate had a significant effect on HRSW yield in Canada [21]. Increasing yield 
was a function of more spikes produced due to more plants established; the til-
lering ability of a cultivar did not compensate for inadequate plant stands. Addi-
tionally, 12 HRSW cultivars evaluated for optimal seeding rate in eastern ND 
and MN found that when averaged across environments the highest yield was 
obtained at 350 seeds m−2, and subsequent regression analysis found that the 
predicted optimum rate to be 360 seeds m−2 [22]. 

Durum wheat genotypes responded differently to planting date and N rate 
when grown at three planting dates in California, USA, but no genotype consis-
tently ranked the best across PDs [23]. Planting date also impacted semolina and 
pasta quality due to environmental changes during grain filling. Increased pro-
tein content observed in later sown durum wheat was suggested as a reason for 
increased dough strength [24]. These authors also observed a decrease in GI 
when planting was delayed and proposed that temperatures higher than 30˚C 
during grain filling might affect the gluten polymerization process. In a similar 
study, GI increased as temperatures rose to 30˚C and then decreased under 
higher temperatures [25]. In addition, spaghetti cooked firmness and protein 
content were positively correlated, but independent of planting date. As a result 
of this study, these researchers suggested that later PD might be a way of in-
creasing pasta cooking quality by increasing overall protein.  

The research reported herein was conducted in order to determine how PD, 
cultivar, and seeding rate impact agronomic traits and semolina and will enable 
recommendations to be developed which will aid durum wheat producers. 
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2. Materials and Methods 
2.1. Growing Conditions and Plant Materials 

Experiments were conducted in 2014 and 2105 near Hettinger (46˚00'40''N, 
102˚38'40''W) and Minot (48˚10'55''N, 101˚17'46''W), ND. The soil types at each 
location were a Shambo- and an Aastad-loam in Hettinger and Minot, respec-
tively [26]. Experiments at both locations were seeded directly into the stubble 
from the previous year using a no-till plot seeder. In Minot, the previous crops 
were flax (Linum usitatissimum L.) and field pea (Pisum sativum L.) in 2014 and 
2015, respectively. The previous crops in Hettinger were HRSW and lentil (Lens 
culinaris Medik) in 2014 and 2015, respectively. Experimental units were 10.7 
m−2 (1.6 m wide × 6.7 m long) and 11.6 m−2 (1.52 × 7.6 m) in Hettinger and Mi-
not, respectively. Row spacing was 17.8 cm at both locations. All plots were 
maintained using best management practices using appropriate pest control 
practices for the region [7] and fertilized with N-P based on yield potential and 
soil test results listed in Table 1. All soil tests were conducted by the North Da-
kota State University (NDSU) Soil Testing Laboratory, Fargo, ND using ap-
proved and standard practices. A plot combine harvester with a 1.52 m wide 
head was utilized to harvest durum wheat in experimental units when grain 
moisture was near 13% (Table 2). 

The durum wheat cultivars, Carpio, Divide, and Joppa, evaluated in this expe-
riment were developed by the NDSU durum wheat breeding program and re-
leased by the North Dakota Agricultural Experiment Station [10] [27] [28]. Di-
vide was selected because it was grown on the largest area in ND for the previous 
seven consecutive years, accounting for 30% of the acreage in 2015 [4]. Joppa 
and Carpio were selected based on their recent availability to ND producers and 
excellent end-use qualities. Seeding rates were determined based on current 
recommendations and producer practices [7]. 
 
Table 1. Soil factors measured prior to planting near hettinger and minot, ND in 2014 
and 2015. 

Environment 
Depth 
(cm) 

NO3-N 
(kg∙ha−1) 

P 
(mg∙kg−1) 

K 
(mg∙kg−1) 

pH 
OM 
(%) 

Zn 
(mg∙kg−1) 

Fe 
(mg∙kg−1) 

Cl 
(mg∙kg−1) 

Hettinger          

2014 0 - 15 34 33 345 6.0 2.8 0.88 75 3.5 

 15 - 30 27 7 175 7.3 2.4 0.32 25 9.0 

2015 0 - 15 81 35 625 6.4 3.8 2.17 64 10.6 

 15 - 30 34 8 200 7.0 2.6 0.37 24 13.9 

Minot          

2014 0 - 15 138 18 365 4.4 3.2 0.74 86 32.9 

 15 - 30 28 2 167 6.0 2.2 0.20 35 59.1 

2015 0 - 15 88 13 310 5.9 3.7 1.23 62 26.3 

 15 - 30 20 4 410 6.7 2.4 0.39 32 22.2 
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Table 2. Planting and harvest date of durum wheat near Hettinger and Minot, ND in 
2014 and 2015. 

Environment 
Planting Date Harvest Date Environment Planting Date Harvest Date 

2014  2015 

Hettinger May 2 Aug. 28 Hettinger April 14 Aug. 17 

 May 15 Sept. 4  April 29 Aug. 17 

 May 27 Sept. 8  May 13 Aug. 20 

 June 9 Oct. 14  May 27 Sept. 4 

Minot May 14 Sept. 9 Minot April 29 Aug. 28 

 May 27 Sept. 16  May 11 Aug. 28 

 June 4 Oct. 9  May 26 Sept. 12 

 June 17 Oct. 24  June 9 Sept. 12 

2.2. Data Collection 

Plant height was determined by averaging two measurements per plot. The plant 
height was calculated based on the distance from the soil to the top of the plant’s 
spike at physiological maturity excluding awns. Grain yield from harvested field 
plots was recorded on a clean-grain basis corrected to 13% seed moisture con-
tent. Test weight was measured using methodology specified by the American 
Association of Cereal Chemists International (AACC) [29] (Approved Method 
55 - 10.01). Protein content of whole durum wheat samples was determined us-
ing a Perten Instruments DA7200 NIR analyzer (Springfield, IL). Thousand 
kernel weight was determined by calculating the number of kernels in a 10 g 
sample and converting data to the weight of 1000 kernels. Percent large kernels 
were determined by sieving a 100 g sample and determining the weight of ker-
nels that remained on the top of a 2.92 mm sieve [30]. Vitreous kernel was the 
percentage of 100 kernels cut with a farinator having a vitreous endosperm. The 
AACC International procedures were used for yellow pigment color (pigment) 
content (Method 14 - 50.01), polyphenol oxidase (PPO) (Method 22 - 85.01), 
milling semolina extraction/yield (Method 26 - 50.01), semolinaprotein content 
(Method 46 - 30.01), gluten index (GI) and wet gluten (WG) (Method 38 - 
12.02), falling number (FN) (Method 56 - 81.03), and ash content (Method 08 - 
01.01) [29]. 

2.3. Experimental Design and Statistical Analysis 

The experimental design was a randomized complete block with a split-plot ar-
rangement.  

Treatments were replicated four times. Whole plots consisted of PD (see 
Table 2 for actual dates). Durum wheat cultivars (Carpio, Divide, and Joppa) 
and seeding rates (222, 297, and 371 viable seeds m−2) comprised subplots and 
were arranged in a two-way factorial arrangement. 

Analysis of variance was conducted for each of the variables measured. 
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Combined analyses of variance across environments were calculated for all va-
riables. Data for each environment were analyzed using PROC GLM procedure 
of SAS software [31]. Planting date, cultivar, and seeding rate were considered 
fixed effects. Replications and years were considered random effects. Mean 
comparisons using F-protected LSDs were made to separate PD, cultivar, and 
seeding rate where F-tests indicated significant differences existed (P < 0.05). 
LSDs for the combined analyses were calculated based on the methodology pre-
viously described [32].  

3. Results 

The average daily temperature for the 2014 growing season (May through Octo-
ber) was 69% and 97% of the long-term average in Hettinger and Minot, respec-
tively [33]. Alternatively, the average daily temperature for the 2015 growing 
season (April through September) in Hettinger and Minot was slightly above the 
long-term average at 103% and 106% of normal, respectively. Precipitation totals 
during the 6-month growing season were above the long term average at both 
locations for both years. In 2014, the months of June and August had the most 
precipitation at both locations. In 2015, the months of May and June had the 
most precipitation at both locations.  

When environments were combined, PD had a significant impact on yield 
(Table 3). With each delay in PD, yield decreased by 329, 504, and 672 kg∙ha−1 
across all cultivars, seeding rates, and environments, respectively. Yield was the 
only agronomic factor evaluated that significantly differed based on PD across 
environments. Differences among cultivars for traits such as test weight, protein 
content, seed size, and vitreous kernel were detected across locations. Overall, 
the seeding rates evaluated had limited impacts on the agronomic and quality 
traits evaluated across locations. The seeding rate of 297 plants m−2 resulted in 
the highest average yield. The yield advantage compared to the next highest 
yielding seeding rate of 222 plants m−2 was approximately a 2% increase and not 
significant. In general, the G X E interaction was significant at all locations for 
most traits evaluated. Based on the differences among PD, emergence date, 
heading date, and harvest date, the growing environments were quite different; 
however, some general trends were observed. Pooled correlation values were 
calculated based on all environments (Table 4). 

All cultivars experienced a yield reduction when PD was delayed in all envi-
ronments. The yield reduction for Joppa at PD 4 was much greater than Carpio 
or Divide in all environments (data not shown). This would indicate when pro-
ducers are faced with a delay in planting due to weather conditions; selecting 
Carpio or Divide would be a better choice than Joppa, if maximizing yield is the 
primary objective. An interaction between PD and cultivar in all environments 
was observed for test weight. Industry standard test weight of 772 kg∙m−3 was 
achieved in Joppa, and Carpio tended to have higher test weights than Divide for 
the later PDs across environments. However, the test weight of Divide was similar 
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Table 3. Soil Impact of main effects on planting date, cultivar, and seeding rate on agro-
nomictraitsa associated with durum wheat near Hettinger and Minot, ND in 2014 and 
2015. 

 
Ht 

(cm) 
TW 

(kg∙m−3) 
Yield 

(kg∙ha−1) 
Pro 

(g∙kg−1) 
Kwt 

(g 1000−1) 
FN 
(s) 

Large 
(%) 

Vit 
(%) 

Planting Date         

1 84 770 4340 137 44.1 460 70.4 67.8 

2 90 768 4011 135 44.1 440 68.6 73.8 

3 88 749 3507 136 40.1 417 59.1 65.4 

4 83 726 2835 148 42.6 385 63.5 71.5 

LSDz NS NS 73 NS NS NS NS NS 

Cultivar         

Carpio 86 755 3722 137 43.8 437 72.8 66.9 

Divide 87 750 3554 143 42.3 444 65.0 68.9 

Joppa 86 754 3742 137 42.0 369 58.4 73.1 

LSDz NS 2 NS 1 1.0 NS 4.6 5.0 

Seeding Rate         

seeds m−2         

222 86 753 3642 139 43.2 425 66.7 69.7 

297 86 754 3722 139 42.6 426 65.3 70.2 

371 86 753 3662 139 42.3 426 64.2 69.0 

LSDz NS NS NS NS 0.9 NS 2.2 NS 

CV 4.9 1.5 8.6 4.3 4.4 7.3 7.1 9.4 

aHt = plant height, TW = test weight, Pro = protein, Kwt = weight of 1000 seeds, FN = falling number, 
Large = kernels remaining on a 2.92 mm sieve, Vit = vitreous kernel, NS = not significant at P = 0.05 level. 
zLSD was calculated to compare all levels of the main effect according to Fisher’s Protected LSD (P ≤ 0.05); 
CV = coefficient of variation. 

 
or higher than Carpio and Joppa at the early PDs, but was subject to a larger de-
crease than these two cultivars with a delay in PD. For example, Carpio and 
Joppa had higher test weights of 761 and 759 kg∙m−3, respectively when the 
seeding rate was 222 seeds m−2 in this environment. Based on regional quality 
reports [4], test weight averages for both 2014 and 2015 were not subject to dis-
counts.  

All locations had a similar trend for cultivar rankings, with Divide having the 
highest protein content, regardless of planting date. Divide also was the lowest 
yielding cultivar. No significant relationship existed between protein content 
and grain yield (r = −0.16, n = 144) (Table 4). The general trend was an increase 
in grain protein content with each delay in PD. The protein content from all cul-
tivars at PD 4 resulted in the highest grain protein content in most environments. 
Generally, the FN scores were much higher in 2015 than in 2014 for all PDs and 
cultivars. There was no significant relationship between FN and percentage 
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Table 4. Pooled correlation values for agronomic and quality traits of trials conducted near Hettinger and Minot, ND in 2014 and 
2015 (n = 144). 

 TW Yield Pro Pig PPO Kwt Large FN Vit Ash Sem Semp GI WG 

Ht 0.21NS 0.07NS −0.06NS 0.54*** −0.05 −0.11NS −0.28** 0.16NS −0.60*** −0.70*** 0.70*** 0.40*** 0.48*** 0.02NS 

TW - 0.07NS −0.07NS 0.20NS 0.14 0.19NS 0.00NS −0.05NS −0.33** −0.26* 0.32** 0.04NS 0.36*** −0.12NS 

Yield - - −0.16NS −0.60*** −0.07 0.03NS 0.09NS 0.18NS 0.58*** 0.62*** −0.54*** −0.55*** −0.48*** −0.01NS 

Pro - - - −0.31** −0.37 −0.56*** −0.30** −0.19NS 0.03NS 0.16NS −0.32** 0.65*** −0.27** 0.53*** 

Pig - - - - 0.56 0.25* 0.24* −0.08NS −0.80*** −0.60*** 0.66*** 0.41*** 0.78*** −0.45*** 

PPO - - - - - 0.71*** 0.88*** −0.01NS −0.55*** −0.13NS 0.16NS −0.03NS 0.50*** −0.77*** 

Kwt - - - - - - 0.81*** 0.06NS −0.27** −0.14NS 0.13NS −0.39*** 0.34*** −0.64*** 

Large - - - - - - - 0.09NS −0.30** 0.05NS −0.05NS −0.20NS 0.21NS −0.66*** 

FN - - - - - - - - 0.07NS −0.19NS 0.40*** −0.10NS 0.13NS −0.09NS 

Vit - - - - - - - - - 0.61*** −0.62*** −0.53*** −0.69*** 0.39*** 

Ash - - - - - - - - - - −0.72*** −0.29** −0.65*** 0.14NS 

Sem - - - - - - - - - - - 0.26* 0.72*** −0.21NS 

Semp - - - - - - - - - - - - 0.23* 0.37*** 

GI - - - - - - - - - - - - - −0.62*** 

*, **, *** is significant at P < 0.05, 0.01, and 0.001 level, respectively, NS = not significant at P = 0.05 level. Ht = plant height, TW = test weight, Pro = protein, 
Pig = yellow pigment, PPO = polyphenol oxidase, Kwt = weight of 1000 seeds, FN = falling number, Large = kernels remaining on a 2.92 mm sieve, Vit = 
vitreous kernel, Sem = semolina, Semp = semolina protein, GI = gluten index, WG = wet gluten. 

 
vitreous kernel (r = 0.07, n = 144). Grain produced from all PDs and cultivars in 
the 2014 environments had sufficient levels of vitreous kernels to be graded 
HAD, except for PD4 in Hettinger. Total precipitation received and average dew 
points for the seven days preceding harvest for each environment were much 
lower in 2014 compared to 2015 (data not shown). The mean percent vitreous 
kernels for 2014 and 2015 were 91 and 74%, respectively, and were similar to re-
gional quality reports [4]. 

Additional characteristics important to pasta processors and end-users were 
largely not influenced by PD, seeding rate, or environment and were specific to 
the cultivar evaluated (Table 5). Kernel yellow pigment values were consistent 
for each cultivar, with Divide having the lowest pigment values and with Carpio 
having the highest values in most environments. Previous research has identi-
fied a strong genotypic effect on semolina yellowness, while brown index or 
semolina brightness were mainly determined by the environment [34]. Brown 
index and semolina brightness were not determined in the current study. Signif-
icant differences among cultivars were identified in each environment for poly-
phenol oxidase (PPO) activity. Carpio had significantly higher PPO activity 
compared to Divide or Joppa in all environments. Cultivar was not significant 
for kernel ash content for any environment. Semolina yield significantly in-
creased from planting date 1 to 3, but tended to decrease in planting date 4 in 
2014. In 2015, no trend existed for semolina yield based on PD (data not shown).  
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Table 5. Impact of main effects of planting date, cultivar, and seeding rate on quality 
traitsa associated with durum wheat near Hettinger and Minot, ND in 2014 and 2015. 

 
Pig 

(ppm) 
PPO 

(ΔOD475/hr/5 kernels) 
Ash 
(%) 

Sem 
(%) 

Semp 
(g∙kg−1) 

GI 
(%) 

WG 
(%) 

Planting Date        

1 9.1 0.16 1.6 55.1 12.0 81.4 31.7 

2 9.3 0.18 1.6 54.8 12.0 89.7 30.6 

3 9.7 0.16 1.6 53.0 12.3 90.8 31.3 

4 9.5 0.18 1.6 54.6 13.3 86.7 32.9 

LSDz NS NS NS NS NS NS NS 

Cultivar        

Carpio 10.1 0.38 1.6 54.4 12.2 95.0 29.5 

Divide 8.4 0.06 1.6 54.2 12.5 78.9 33.3 

Joppa 9.7 0.01 1.6 54.5 12.6 87.4 32.0 

LSDz 0.5 0.02 NS NS NS 3.4 0.5 

Seeding Rate 
(seeds m−2) 

       

222 9.4 0.17 1.6 54.4 12.2 86.8 31.8 

297 9.4 0.17 1.6 54.4 12.8 87.4 31.6 

371 9.4 0.17 1.6 54.3 12.2 87.2 31.5 

LSDz NS NS NS NS NS NS NS 

CV 3.6 29.0 4.6 4.3 4.3 5.2 6.8 

aPig = yellow pigment, PPO = polyphenol oxidase, Sem = semolina extracted, Semp = semolina extracted 
protein, GI = gluten index, and WG = wet gluten, NS = not significant at p = 0.05 level. zLSD was calculated 
to compare all levels of the main effect according to Fisher’s Protected LSD (p ≤ 0.05); CV = coefficient of 
variation. 

 
Significant differences among cultivars were identified for semolina yield in 2014 
environments with the percent semolina extracted from Joppa and Carpio more 
than Divide (Table 5). The percentage of semolina yield extracted was much 
higher in 2015 than 2014, but no significant differences among cultivars were 
observed, but are consistent with long-term trials [4] [10]. Semolina yield was 
inversely related to grain protein content (r = −0.32, n = 144). A strong rela-
tionship between WG and protein also existed (r = 0.53, n = 144). Divide had the 
highest protein and WG at all PDs in the 2015 environments. In 2014, Joppa had 
the highest WG even though Divide had higher grain protein. Wet gluten per-
cent was similar across all environments (data not shown).  

4. Discussion 

These data indicate that even in different environmental conditions, planting 
durum wheat early is the best option for maximizing yield regardless of cultivar 
or environment. The impact of G × E interactions on traits such as protein content 
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and gluten quality [2] and yellow pigment, grain yield, brown index [34] in du-
rum wheat have been documented. Cultivar and PD and are each important 
factors when it comes to maximizing grain yield of durum wheat. The yield of 
cultivars followed the trend of Joppa > Carpio > Divide and was consistent with 
regional and variety trial results conducted from 2008 to 2014 [10]. Joppa was 
the highest yielding cultivar. It is possible, that when Joppa and Carpio are 
planted in a high yielding environment, Carpio could yield more than Joppa. 
Planting of durum wheat in ND can range from the late April to early June, de-
pending on the individual producer and weather conditions. These data indicate 
that durum producers can maximize yields by planting as soon as conditions are 
favorable. 

Hard red spring and durum wheat response to PD and NP-fertilization after 
fallow was evaluated and found that grain yield did not differ significantly be-
tween the first and second PD, but were significantly lower for the last PD [15]. 
Early seeding of both wheat classes was important to maximize response to 
N-P-fertilization and a decrease in response to fertilization was observed with 
delayed seeding. All PDs in the current study were fertilized when planted. The 
delay in yield response to PD in the current study also could have been affected 
by a decrease in the response to fertilization. Additionally, the durum wheat cul-
tivars evaluated are considered daylength-sensitive. The delay in PD could result 
in less vegetative growth and utilization of soil nutrients prior to reproductive 
stages which could result in a decrease of yield. 

Previous studies conducted in ND showed a yield response to seeding rate 
[18] [19]; however, the durum wheat cultivars evaluated in these studies are no 
longer grown. In addition, those trials were conducted in the Langdon, ND area 
and far northwest ND near Williston, ND and were seeded at different seeding 
rates compared to those examined in the current experiments. In the current tri-
al, the seeding rates evaluated were 222, 297, and 371 viable seeds m−2. Signifi-
cant differences could have been more difficult to detect in the current trial 
compared to previous trials because the differences in seeding rates were not as 
extreme and did not include a seeding rate lower than standard practices. The 
seeding rates in these experiments represent seeding rates commonly utilized by 
ND durum wheat producers [7]. 

The effect of different seeding rates (200, 250, and 400 seeds m−2) on grain 
yield and N uptake of durum wheat cultivars Creso, Simento, and Svevo eva-
luated in Italy found that the seeding rate X cultivar interactions were not sig-
nificant for any of traits evaluated [20]. Accordingly, in temperate climates such 
as the United Kingdom, an optimal seeding rate was between 300 and 450 seed 
m−2 for winter wheat [35]. In HRSW, no significant interactions for seeding rate 
× cultivar or tillage × seeding rate × cultivar were identified for yield near Dick-
inson, ND [36]. 

Diverse cultivars of HRSW differed in their response to seeding rate, when 
grown in ND and MN due to the diverse genetic background of the cultivars [22]. 
The durum wheat cultivars evaluated in the current study represent a narrow 
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genetic background compared to the HRSW cultivars. Environment played a 
significant role in determining the optimum seeding rate of HRSW and found 
that in high yielding environments the optimum seeding rate was less than in 
lower yielding environments. In the current studies, no significant PD X seeding 
rate interaction for yield was observed suggesting that when PD is delayed, a 
higher seeding rate might not be beneficial. Therefore, based on these data, the 
seeding rates of the durum wheat cultivars evaluated could be lowered to a 
seeding rate of 222 seeds m−2 to minimize the costs associated with the extra seed 
at the higher seeding rates while not adversely affecting yield.  

Protein content in durum wheat is related to genotype, environmental condi-
tions, and G X E interactions and could be the cause of the differences observed 
among environments. When planting date was delayed, mean grain weight de-
clined, but mean grain protein increased from 10.7% to 14.7% [24]. Previous re-
search did not find a significant effect of PD on protein content or test weight 
[15], while delay in PD resulted in the highest grain protein, β-carotene, and se-
dimentation values and suggested that high temperatures and low humidity 
during grain filling could also result in increased grain protein content [16].  

Breeding for high protein cultivars is complicated by the inverse relationship 
between protein and grain yield [11] [14]. A negative significant relationship 
between grain yield and protein in durum wheat was identified based on correla-
tion coefficients ranging from −0.59 to −0.66, depending on PD and N input [8]. 
In the current study, a negative relationship between protein content and yield 
occurred across cultivars (r= −0.16, n = 144). Based on regional durum nursery 
testing and NDSU durum variety trials conducted from 2008 to 2014, Divide had 
a higher average grain protein concentration of 146 g∙kg−1 compared to Carpio 
and Joppa at 144 and 140 g∙kg−1, respectively [10]. Average protein values for the 
ND growing region in 2014 and 2015 were 131 and 136 g∙kg−1 at 12% moisture, 
respectively [4]. In the current research, Divide had an average grain protein 
content of 143 g∙kg−1, compared to Carpio and Joppa that both had an average of 
137 g∙kg−1.  

Environmental conditions can lead to preharvest sprouting (PHS); however, 
based on precipitation and average dew points, environmental conditions were 
not the sole basis for the low FN observe during PD 4. Based on the regional 
durum wheat quality report [4], the average FN for 2014 and 2015 were 276 and 
414 secs, respectively. Carpio and Divide had significantly higher FN than Joppa 
in long term trials [10]. Similar results were found in this research indicating 
that regardless of PD and environment, the cultivar Joppa might be more prone 
to PHS than the other two cultivars. The cutting date (date the spike was re-
moved from stem) × cultivar interaction was not significant for FN, however, 
the effect ofcutting date could have been limited by the procedures used to store 
grain prior to evaluation [37]. The cutting dates used in the previous study were 
only 10 days apart while in the current study, harvest dates differed by up to five 
weeks.  
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Vitreousness is a quality characteristic of durum wheat that affects the yield of 
semolina during milling. Processors require vitreous kernels in order to main-
tain high levels of semolina. When the durum wheat grain heads are subject to 
high relative humidity one to three days prior to harvest, a reduction in vitreous 
kernels can result [38]. Subclasses of durum wheat grading are based on a sepa-
rate marketing factor of percentage vitreous kernels. Vitreous kernels can be in-
fluenced by G × E interactions and the interaction of G × E was significant on 
metabolite composition and durum wheat grain quality [39]. Carpio had slightly 
higher kernel vitreousness compared to Divide and Joppa across 30 site years 
[10], but in the current research Joppa had the highest average percent vitreous 
kernels of 73%. Carpio and Divide had 67 and 69% vitreous kernels, respectively.  

Joppa consistently had the highest percent vitreous kernels, regardless of PD 
for all environments which would be an option for durum wheat producers if 
maintaining a high percentage of vitreous kernels is the main objective. Specific 
rainfall events at grain fill and physiological maturity might have impacted the 
percent vitreous kernels. Most likely, the environmental conditions just prior to 
harvest had the most effect on vitreous kernels. Unfortunately, this also suggests 
that PD, cultivar grown, and seeding rate are relatively ineffective ways available 
to growers to maintain vitreous kernels, as environment plays such a dominant 
role. Percentage of vitreous kernels is often determined by N. For example, more 
N was needed in order to achieve a given percentage of vitreous kernels as the 
proportion of N applied at tillering was increased [40]. However, early harvest 
associated with an early PD may favor higher percentage of vitreous kernels. 

Semolina extraction in the current studies was not as high as reported from 
the regional reports. The regional report consists of a much larger sample size 
and may be the reason for the differences observed. Additionally, the type of mill 
used for semolina extraction was different for this research than that of the re-
gional report. The current study used a Brabender Quadromat Jr. Mill (South 
Hackensack, NJ) for semolina extraction which tends to have lower semolina 
yields than semolina extraction from Buhler MLU 202 configured with two Miag 
purifiers (F. Manthey, personal communication). 

As PD was delayed, GI decreased and research suggested that temperatures 
greater than 30˚C at grain filling resulted in a negative effect on gluten polyme-
rization [24]. Differences in PD would result in different temperatures during 
grain filling; however, no trends between PD 1 and 4 were observed. A similar 
trend in a reduction in GI was seen for Joppa in 2015; however, GI values for 
Joppa in 2014 were not as impacted by PD and were similar to the Carpio GI 
values except for PD 1 in Minot. The GI values observed in the current research 
based on cultivar were consistent with previous reports [10] where Carpio and 
Joppa had significantly higher GI than Divide. A similar trend in higher WG 
values in 2015 was observed in the current research. In an effort to identify the 
relationship between gluten protein and quality, the gliadin-to-gluten ratio of 
the durum wheat cultivars Trigumurruand Svevo was evaluated and found that 
the Mediterranean environment significantly affected this ratio, but could not 
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explain the variation in temperature from the different planting times [25]. 

5. Conclusion 

Planting date and cultivar interactions had the greatest impact on the agronomic 
and quality traits evaluated. The performance of individual cultivars evaluated in 
this study was similar to previous yield and quality reports generated from the 
same growing region. In the highest yielding environments, Carpio yield was 
superior to that of Divide and Joppa. When planting was delayed; however, the 
yield of Joppa tended to decrease more than either Carpio or Divide. Carpio or 
Divide should be grown when planting is delayed. These data also indicate that 
through a range of environmental conditions, planting durum wheat early is the 
best option for maximizing yield regardless of cultivar or environment. Current 
selection and evaluation practices in durum wheat breeding programs should 
develop cultivars for specific environments and also for different PDs. The inte-
raction of PD X cultivar had a significant effect on test weight; early PDs resulted 
in test weight values at or above the US grade 1 minimum standard for all three 
cultivars. Environment significantly impacted percent vitreous kernels. All cul-
tivars evaluated were subject to loss of vitreousness caused by precipitation and 
humidity around maturity and harvest. No specific planting date, cultivar, or 
experimental location consistently produced durum that would be graded as 
HAD. Characteristics such as protein content, FN, kernel yellow pigment con-
tent, and GI were more dependent on cultivar than environment or PD. Many of 
the end-use data generated in this research are consistent with regional and multi- 
year evaluations. Neither PD nor seeding rate impacted most quality traits eva-
luated. 
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