
Effects of Water Stress Severity and Timing on 

Fertility and Yield in 300 Winter Wheat Lines

Methods:

Treatment effect affects phenology and limits both moisture and thermal energyAbstract:

Current and future research:

• 2012 was a very hot, dry year for Colorado, the Great Plains, and much of the 

U.S.(Fig. 2). Most of Colorado was rated by the National Oceanic and Atmospheric 

Administration as experiencing moderate to extreme drought, as indicated by both 

the Palmer Drought Index and Palmer Z Index, throughout the growing season. 

• The research farm in Greeley, CO received 8.2 cm of precipitation and experienced 

28 days with highs above 30 °C (86 °F) between January 1 and July 1, 2012.

• The dry treatment reached booting, heading, anthesis, and maturity significantly 

earlier than the wet treatment with differences exacerbating as the season 

progressed. Grain-filling was shortened by an average of 10.8% (Table 1). 

• Earlier and shortened phenological stages contributed to the dry treatment 

receiving less cumulative moisture (precipitation and irrigation), and required fewer 

growing degree-days to reach each stage (Table 1). 

• Average grain yield was 4808 ± 442 kg ha-1 under non-stressed conditions and 

2513 ± 287 kg ha-1, a 47.8% reduction, under stress (Table 2).
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Drought stress is expected to increase in frequency and severity in 

the U.S. Great Plains. A better understanding of the relationships 

among phenology, yield components, and water stress will aid the 

development of more drought tolerant cultivars. Three hundred 

entries belonging to the Triticeae Coordinated Agricultural Project 

(TCAP) Hard Winter Wheat Association Mapping Panel were 

grown under water stressed and non-stressed treatments in 

Greeley, CO during the 2011-2012 field season. 

Genotypic differences contributed to differences in timing and 

duration of key phenological stages among the genotypes, but 

these differences were exasperated by water stress. Pairwise 

comparisons between treatments illustrate that under stress 

genotypes reached booting, heading, anthesis, and physiological 

maturity an average of 3.60, 2.34, 4.25, and 7.72 days sooner 

than under well-watered conditions. This reduced the duration of 

grain-filling by an average of 3.47 days (10.77%) under stress. 

Earlier and shortened growth stages under stress also limited the 

amount of water (rainfall and irrigation) and heat units (growing 

degree-days) received by key phenological stages. These 

differences were most severe during grain-filling, during which 

moisture and heat units were 57.1% and 16.8% less, respectively, 

than the well-watered treatment. 

The treatment effect contributed to a mean yield reduction of 

47.8% under stress, from 4808 kg ha-1 to 2513 kg ha-1. We dissect 

yield into fertility and fecundity traits. Knowledge of the 

sensitivity of yield components to drought stress in current Great 

Plains wheat germplasm will help guide future crop improvement 

efforts.

• Planted 300 winter wheat lines under both water stressed 

(“dry”) and non-stressed (“wet”) treatments at the USDA 

Limited Irrigation Research Farm in Greeley, CO. 

• Fields were planted on October 30, 2011 and harvested on 

July 3 (dry treatment) and 13 (wet), 2012. 

• Used an unreplicated modified augmented design with 

fifteen repeat checks each of two elite cultivars: ‘Hatcher’ 

and ‘Settler CL’.

• Water was applied using drip irrigation, and climatic data 

were collected by an on-site weather station.

Experimental conditions:

• Maintained detailed phenological notes by ascribing a Zadoks 

score to each plot every 2-3 days between booting and 

anthesis (Figure 1). 

Growth and development:

A B C D

Figure 1. Key growth stages. A Booting (Zadoks 49). B Heading 

(Zadoks 58). C Anthesis (Zadoks 65) . D Physiological maturity. 

• Accounted for spatial variation in each trait by using the best-

fit of six different SAS spatial models to calculate BLUPs based 

on performance of repeat checks. 

• Statistical analyses are performed on BLUPs using SAS and 

JMP.

Statistical analyses

Yield and fertility traits:
• Twenty spikes were collected from each plot at at 

physiological maturity. A subset of these were evaluated to 

estimate 

• spike length

• proportion of fertile spikelets

• number of spikelets per spike

• All 20 spikes were threshed to determine

• thousand kernel weight

• number of kernels per spike

• number of kernels per spikelet

• The remaining plot was combine-harvested to estimate yield.

Phenological Date or Duration (days) Cumulative Moisture (cm) Cumulative Heat Units (GDD)

Wet Average Dry Average Average 

Reduction

Wet Average Dry Average Average 

Reduction

Wet Average Dry Average Average 

Reduction

Booting
5/8/12 5/5/12 3.6 16.68 9.89 6.78 (40.7%) 763.3 725.6 37.7 (4.94%)

Heading
5/17/12 5/14/12 2.34 21.19 10.81 10.38 (49.0%) 853.6 824.4 29.3 (3.43%)

Anthesis
5/21/12 5/18/12 4.25 24.48 11.43 13.33 (51.5%) 928.4 868.5 59.8 (6.44%)

Maturity
6/20/12 6/15/12 7.72 40.17 18.11 22.05 (54.9%) 1481.8 1337.3 154.5 (10.43%)

Grain-filling 

duration 32.21 28.74

3.47

(10.8% reduction) 15.58 6.68 8.90 (57.1%) 563.4 468.7 94.6 (16.80%)

Figure 2. The Palmer Drought Index near anthesis. 

Table 1. Phenological dates and the cumulative amount of moisture (cm) and thermal energy (growing degree-days, GDD) under non-stressed (“wet”) and 

stressed (“dry”) treatments. The average reduction is the amount and percent decreased under water stress, calculated from pairwise difference between 

treatments of each genotype. Cumulative moisture and heat units are measured from January 1, 2012.
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• During the 2012-2013 the panel is being grown under water 

stressed and non-stressed treatments in Fort Collins, CO.

• Yield and yield components, phenology, and some 

physiological data are being collected. Additionally, we are 

measuring canopy spectral reflectance throughout the 

summer using an OceanOptics Jaz spectroradiometer.

• The panel has been genotyped for 90,000 SNPs using 

Illumina next-generation sequencing. We will use these data 

for association mapping of yield and drought-tolerance 

traits.

Wet Treatment Dry Treatment Mean Difference

Yield  (kg ha-1) 4808.05 ± 56.42 2512.53 ± 14.67 2292.12

Spikelets per spike 16.04 ± 0.07 14.68 ± 0.06 1.36

Kernels per spike 37.18 ± 0.22 31.06 ± 0.27 6.15

Kernels per spikelet 2.32 ± 0.23 2.10 ± 0.01 0.2270

Proportion fertile spikelets 0.92 ± 0.002 0.90 ± 0.003 0.0217

Spike length (cm) 8.07 ± 0.04 7.39 ± 0.04 0.6743

Thousand kernel weight 33.07 ± 0.007 29.6 ± 0.13 3.49

Table 2. Adjusted mean values and standard error for yield and fertility traits in non-

stressed and stressed treatments. Mean differences are calculated pairwise from all 

genotypes. For all traits the treatment means were significantly reduced in the dry 

treatment at p<0.0001, using either 2-way paired t-tests or (nonparametric) 2-way Wilcoxon 

signed rank test.
Figure 3. Treatment differences. A Above-canopy photos of 

entry ‘Goodstreak’ in the non-stressed and B stressed 

treatments during grain-filling. C Field variability near 

physiological maturity, June 15, 2012. 
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Relationships between yield traits and phenology measurements

Correlation matrix: Non-stressed treatment Correlation matrix: Stressed treatment

Figure 4. Correlation matrices for non-stressed (left) and stressed (right) treatments. Booting, heading, anthesis, and maturity are Julian dates. Grain-filling is 

the duration between anthesis and maturity, in days. Water is the cumulative amount of precipitation and irrigation received by booting (B), heading (H), 

anthesis (A), physiological maturity (M), or during grain-filling (GF). Heat is the amount of growing degree-days received. 

• Both treatments have strong correlations between growth 

stages and cumulative water and GDD at growth stages.

• Yield and fertility traits are very inter-related, but correlations 

are stronger under stress.

• Spikelets per spike and spike length have positive correlations 

with growth stages (and water or GDD at growth stages) in the 

stressed treatment, and negative correlations in the non-

stressed treatment. 

• PCA suggests some redundancy between water and GDD at the 

same growth stage for booting, heading, and anthesis. Suggests 

that under stress, yield is heavily influenced by kernels per 

spikelet, proportion fertile spikelets, and water during grain-

filling. When non-stressed yield is also positively influenced by 

a longer grain-filling duration. 


