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Abstract

Evaluating genetic gains over time is essential for assessing the success of breeding
programs and refining strategies for ongoing improvement. Hard red spring (HRS)
wheat (Triticum aestivum L.) is an important class of wheat in the United States and
is primarily grown in the Northern Great Plains. Despite a long history of breed-
ing efforts in this region, long-term quantification of genetic gains for key traits has
remained limited. This study analyzes over 60 years of data from the United States
Department of Agriculture-coordinated Hard Red Spring Wheat Uniform Regional
Nursery to evaluate genetic improvement in agronomic traits across multiple phases.
A significant positive genetic gain of 0.61% per annum was observed for grain yield
in HRS wheat released in the Northern plains over the past six decades, which is lower
than the expected gains needed to meet future wheat demand. The change was 0.07%
for test weight, —0.04% for days to heading, and —0.16% for plant height. Notably,
sustained yield improvements have not affected grain protein levels since they were
first measured in 1995, indicating that ongoing selection has effectively balanced
grain yield and protein despite their negative correlation (r = —0.31). Assessment
of genetic gains over 20-year phases suggested slowing rates of genetic gains for
grain yield but did not indicate any plateaus. The realized genetic gains were gener-
ally higher for individual breeding programs when breeding for target environments,
with the public breeding program in Minnesota observing annual gains of approx-
imately 1%. These findings highlight the significant impact of long-term breeding
efforts, underscore the importance of regional public breeding programs, and offer

valuable insights for refining future breeding strategies.

Abbreviations: ARS, Agricultural Research Service; BLUE, best linear unbiased estimate; CV, coefficient of variation; HD, days to heading; HRS, hard red
spring; HRSWURN, Hard Red Spring Wheat Uniform Regional Nursery; HT, plant height; PROT, grain protein content; TPE, target population of
environment; TWT, test weight; USDA, United States Department of Agriculture; YLD, grain yield.
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1 | INTRODUCTION

Wheat (Triticum aestivum L.) is a major staple crop with a
rich history of breeding efforts focused on enhancing grain
yield (YLD) and quality. Wheat breeding has been instru-
mental in improving global food security through increased
YLDs, improved resistance to pests, and better environ-
mental resilience. The past century has witnessed a Green
Revolution, resulting from the combination of improved high-
yielding varieties and advanced agronomic practices, which
have translated into substantial increases in wheat produc-
tion. This has been followed by continuous efforts to further
improve wheat yields. However, it has been suggested that
gains in YLD in recent decades might have slowed (Gray-
bosch & Peterson, 2010; R. Fischer et al., 2014) or have
plateaued (Boehm et al., 2023). In contrast, wheat produc-
tion must increase by ~50% to meet the expected demand by
2050 (Van Dijk et al., 2021). This requires continuous breed-
ing efforts to ensure sustainable wheat production that meets
projected demand.

Toward the goal of continuous improvement, it is important
for a breeding program to measure the efficiency and track
the genetic progress over long-term and short-term periods.
Genetic trend, or realized rate of genetic gain, is considered
one of the key indicators to measure the success of a breed-
ing program (Ceccarelli, 2015). It is defined as an increase
in performance expected or realized annually through selec-
tion for a given trait (Covarrubias-Pazaran, 2020; Rutkoski,
2019a, 2019b). Assessment of the rate of genetic gain not only
provides an effective benchmark for the progress of the breed-
ing program but also helps the program analyze its strengths
and weaknesses and incorporate novel strategies adapted to
new scenarios (Singh et al., 2007). For example, breeders
employ different strategies and technologies to achieve spe-
cific breeding objectives. It could involve introducing more
exotic germplasm to improve a specific trait or incorporating
novel tools, such as genomic prediction or high-throughput
phenotyping, into the breeding pipeline to accelerate the rate

Plain Language Summary

Hard red spring wheat is an important class of wheat grown in the Northern Great
Plains. We studied over 60 years of data to see how wheat breeding has improved
agronomic traits like grain yield, test weight, plant height, and grain protein content.
Our results show that grain yield increased by about 0.61% annually from 1960 to
2023. Importantly, these yield gains did not reduce the grain protein content despite
their negative relationship. Even though the rate of improvement for yield may be
slowing, our results do not show any stagnation in recent years. Further, breeding for
target environments showed higher genetic gains for yield compared to the regional
gains. Overall, this study provides useful insights for wheat breeders in the region to

optimize their strategies.

of cultivar development. A regular estimation of genetic gains
allows breeders to determine the effectiveness of these tech-
nologies and make informed decisions to better optimize their
breeding strategies (Covarrubias-Pazaran, 2020; Rutkoski,
2019a, 2019b; Seck et al., 2023; Xu et al., 2017).

Estimates of the genetic gain realized by a breeding pro-
gram can simply be obtained by regressing the mean breeding
value for a given trait on the year of origin (Eberhart, 1964;
Rutkoski, 2019a). One of the most common methods is the
ERA trial (Duvick, 2005), which involves pooling varieties
developed by the breeding program over a time period and
evaluating them within a single trial across multiple envi-
ronments to obtain the mean breeding values. However, the
ERA trials are prone to various logistical challenges and
lack the ability for real-time monitoring and timely adjust-
ments to breeding strategies (Menkir et al., 2022; Prasanna
et al., 2022). Another useful approach is the use of histor-
ical datasets obtained from the evaluation of breeding lines
over the years to estimate genetic gains (Mackay et al., 2011;
Piepho et al., 2014). This approach enables periodic assess-
ment and has been successfully employed in various crop
breeding programs (Khanna et al., 2024; Menkir et al., 2022;
Piepho et al., 2014; Seck et al., 2023). Nevertheless, this
approach often suffers from a lack of connectivity between
years or locations, which confounds the separation of genetic
and non-genetic effects. To overcome this problem, it is
recommended to use historical datasets connected through
long-term checks to control for the confounding of genetic
and year effects or to make use of pedigree or genomic rela-
tionship matrices when obtaining breeding values (Rutkoski,
2019a). Both of these approaches have been successfully uti-
lized to estimate genetic gains across various crops, depending
on the availability of resources or datasets (Asfaw et al., 2024;
Ayenew et al., 2021; Khanna et al., 2024; Kumar et al., 2021;
Mackay et al., 2011; Prasanna et al., 2022).

In wheat, long-term genetic trends have been extensively
documented in different regions of the world to quantify
genetic progress and inform future breeding strategies
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(Brancourt-Hulmel et al., 2003; Crespo-Herrera et al., 2018;
Gerard et al., 2020; Gummadov et al., 2015; Sanchez-Garcia
et al., 2013; Yadav et al., 2021). These reports include several
studies from the United States, but the majority represent
winter wheat classes from different regions of the country
(Battenfield et al., 2013; Boehm et al., 2023; Cox et al., 1988;
Fufa et al., 2005; Graybosch & Peterson, 2012; Graybosch
& Peterson, 2010; Rife et al., 2019). Hard red spring (HRS)
wheat is the predominant class of wheat grown in the United
States, accounting for approximately 25% of the country’s
total wheat production and primarily grown in the Northern
Great Plains (USDA ERS, 2023). The HRS wheat breeding
in the Northern Plains of the United States has a rich history,
dating back to the late 19th and early 20th centuries, when
breeding efforts were initiated to address the challenges posed
by the region’s harsh climate and disease pressures (Paulsen
& Shroyer, 2008). The era of early innovation was followed
by the growth of public breeding programs and private seed
companies, which expanded the scope of wheat improvement
in the region. A significant milestone occurred in the 1960s
with the introduction of semidwarf wheats. Since then,
breeders have consistently developed varieties with enhanced
agronomic traits, including improved yield potential, resis-
tance to pests and diseases, and adaptability to the challenging
conditions of the Northern Plains. Despite nearly a century of
breeding efforts supported by public and private investments,
no retrospective studies have been performed to monitor the
rate of genetic progress in HRS wheat from the Northern
United States and Canadian prairies. A study to quantify yield
gains, especially in the semidwarf era, would be beneficial for

Core Ideas

* A significant positive genetic gain of 0.61% per
annum was observed for grain yield in hard red
spring wheat released in the Northern US region
over the past six decades.

* Sustained yield improvements have not impacted
grain protein levels despite their negative correla-
tion.

* The realized gains for grain yield were higher for
regional public breeding programs when breeding
for target environments reaching up to 1% per year.

* Although the annual rate of yield increase has
slowed down in recent decades, the analysis does
not indicate any yield plateaus.

tracking the overall progress of HRS breeding in the region.
In addition, various public breeding programs based on the
land-grant system have been developing cultivars for specific
target populations of environments (TPEs). The long-term
and short-term genetic trends could be useful for individual
programs to monitor their performance when breeding for
their TPEs and develop new trait improvement strategies.
The Hard Red Spring Wheat Uniform Regional Nurs-
ery (HRSWURN), established about 90 years ago, has been
instrumental in supporting spring wheat breeding efforts
across the Northern Great Plains. The HRSWURN has
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FIGURE 1

Geographic distribution and frequency of trial locations used in the Hard Red Spring Wheat Uniform Regional Nursery

(HRSWURN) from 1968 to 2023. The map illustrates various testing locations across the Northern United States and Canada used in HRSWURN
trials over this period. Each point represents a unique location where trials were conducted. The circle size corresponds to the number of years a

location was part of the nursery.
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undergone numerous name changes since its inception as a
multi-state variety trial in 1929. Wheat breeders at land-grant
universities and private seed companies test advanced spring
wheat lines each year in the HRSWURN for adaptability,
yield, and disease resistance to determine if the entry should
become a released cultivar for commercial production. The
entries submitted by breeding programs are evaluated in repli-
cated yield trials across multiple locations in the United States
and Canada (Figure 1). The historical HRSWURN dataset
has been made publicly available, and some of the data have
been successfully utilized in a study examining the impact
of climate on wheat production (Zhang et al., 2022). How-
ever, no study has been performed to estimate genetic gains
for HRS wheat using this historical dataset. More importantly,
two long-term checks, ‘Marquis’ and ‘Chris’, have been part
of the HRSWURN since 1968, providing an opportunity to
use the historical data generated from this nursery to estimate
genetic gains after the Green Revolution years. In the cur-
rent study, we aim to assess the genetic gains for agronomic
traits achieved over six decades of breeding efforts in the
HRS wheat region using historical data from HRSWURN and
to provide useful information to public HRS wheat breeding
programs in North America.

2 | MATERIALS AND METHODS

2.1 | Description of the historical
HRSWURN data

The HRSWURN is coordinated by scientists from the United
States Department of Agriculture-Agricultural Research Ser-
vice (USDA-ARS), with various breeding programs con-
tributing their advanced materials for multilocation trials.
These replicated trials are conducted at diverse locations
across several states, with the cooperators at the participat-
ing locations managing the trials, collecting and analyzing
the data from their respective sites, and submitting it back
to the coordinating scientist, who then compiles the multilo-
cation data and USDA-ARS then publishes this data in the
form of a comprehensive annual report. The annual reports for
1968-2023 are available in a digital format on GrainGenes,
a publicly available data repository supported by the USDA-
ARS (https://wheat.pw.usda.gov/GG3/). In addition to yield
trials, the entries are evaluated for a variety of wheat diseases
across different USDA disease-screening nurseries.

In this study, we utilized historical HRSWURN data span-
ning from 1968 to 2023, as it includes consistent long-term
checks over this period. Although the starting year was 1968,
a few varieties or breeding lines were either released or
included in HRSWURN as early as 1960, which enabled us
to estimate genetic gains over a six-decade period. Due to
some logistical challenges, the HRSWURN was organized

as a smaller ‘Tri-state nursery’ in 2011 and 2012, result-
ing in fewer trial locations during those years. The number
of trial locations varied for each year, with 1987 having the
highest number (22) and 2011 having the lowest (7) number
of trial locations, resulting in a total of 1,026 unique envi-
ronments (year-location combinations). The raw data were
subjected to pre-processing and checked for any outliers or
other remarks such as hailstorms, droughts, severe disease
damage, etc. We excluded environments from the analysis
based on remarks for growing challenges or high coefficient of
variation (CV > 20%), leaving 957 environments for the final
analysis in this study. Additionally, all the data were checked
for any erroneous values, and the cleaned data were used for
further analysis.

2.1.1 | Plant material and field design

The cleaned dataset from 1968 to 2023 comprised 1,016
unique genotypes contributed by various breeding programs.
Most of these genotypes originate from advanced stages of
breeding programs, and some of these are later released as
cultivars. For further analysis, we used the terms “all tested
material” and “released lines” to differentiate these two cat-
egories. The unique genotypes also included two long-term
checks [Marquis (ClItr 4158) and Chris (Cltr 13751)], as
well as 11 short-term checks that were replaced periodically.
The genotypes were primarily contributed by US land-grant
universities/lUSDA breeding programs, private breeding pro-
grams, and Canadian public breeding programs (Table S1).
Among the public breeding programs, North Dakota con-
tributed the highest number of unique genotypes (n = 273),
followed by Minnesota (n = 213) and South Dakota (n = 157),
and the frequency of test entries contributed by each program
varied annually (Figure 2). Overall, the number of unique
entries per year ranged from 21 in 1971 to 42 in 2008, with
an average of about 32 entries per year. At each location,
the trial was conducted using a randomized complete block
design with three to four replications, and the plot size varied
according to the testing environment.

2.1.2 | Phenotyping and data collection

The phenotypic evaluation of the HRSWURN entries var-
ied by the trial location. The major agronomic traits included
YLD, test weight (TWT), plant height (HT), days to head-
ing (HD), lodging (LODG), 1000-kernel weight, and grain
protein content (PROT). Protein content was not available
before the 1995 nursery. Many locations did not report all the
agronomic traits (Figure 3; Figure S1). In addition to the agro-
nomic traits, several locations reported scores for wheat rusts
(caused by Puccinia spp.) and Fusarium head blight (FHB)
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(caused by Fusarium graminearum). For the current study, we
focused on YLD, TWT, HT, HD, and PROT. As the data were
reported in different units across years and locations, we stan-
dardized YLD to kilograms per hectare, TWT to kilograms
per hectoliter, and HT to centimeters. The HD was recorded as
the number of HD as Julian days, and PROT was recorded as
a percentage. After pre-processing, YLD was the trait avail-
able from the highest number of environments, followed by
TWT (Table 1). The total number of observations available for
YLD, TWT, HT, HD, and PROT was 29,422, 28,798, 27,983,
25,381, and 8760, respectively. A detailed description of the
number of genotypes evaluated for a respective trait across
location-years is provided in Table 1.

2.2 | Statistical analysis

The HRSWURN trials are conducted at multiple locations
across states and are hosted by individual breeding programs.
The hosting programs manage the replicated trial, collect the
data, and perform appropriate statistical analysis for individ-
ual locations to correct for experimental error. The adjusted
entry means for each location, along with the CV for the trial
(not for all locations), are reported to the USDA-ARS nursery
coordinator and are compiled in the form of an annual report.
In this study, we used the adjusted entry means for different
traits from each location. A two-step method was followed
to analyze the historical data over the years and estimate the
realized genetic gains.

To estimate the mean performance of the genotypes across
environments, a linear mixed model was used to obtain the
BLUE (best linear unbiased estimate) for each genotype effect
(Mackay et al., 2011; Raymond et al., 2023). The following
model was fit to the data:

where y, ;. is is adjusted entry mean of the ith genotype in year
Jj at site k obtained from the first stage of analysis, u is the over-
all mean, G; is the effect of the ith genotype, Y; is the effect
of the jth year, GY;; is the genotype-by-year interaction effect,
Ly ;) is the effect of location k nested within year j, and e; ;; is
the residual due to the combined effects of within-trial error
and genotype X location within-year interaction. The geno-
type and year effects were both considered as fixed effects.
According to Mackay et al. (2011), considering the genotype
and year as random effects could produce bias. Hence, the
above model has been widely used to estimate genetic gains
in various crop species using historical datasets (Asfaw et al.,
2024; Covarrubias-Pazaran, 2020; Delgado et al., 2024; Seck
et al., 2023). Except for genotype and year, all other terms
in Equation (1) were included as random effects. The broad-
sense heritability of the estimated genotype effects using this
highly unbalanced data was calculated by fitting the genotype
term and its interaction with location as random effects in the
above equation and using the formula described in Cullis et al.
(2006):

ZBLUP
2 A..
EQEW =1- 262
g
where 7BLUP is the mean variance of the difference between

A.
two BLUPs for the genotype, which is the genotypic variance.

In the second step, realized genetic gains were estimated
using a simple regression equation, where the trait BLUESs
were regressed against the year of origin to obtain the rates of
genetic gain per year, which were given by the slope of the lin-
ear regression line and indicated the annual change in the trait
value. The intercept denoted the hypothetical value of the trait
at the onset of the breeding program (year zero in the regres-
sion equation) (Delgado et al., 2024). For consistency, the
year of origin was considered the first year any genotype was
included in the HRSWURN. Though we used the HRSWURN
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TABLE 1 The number of genotypes evaluated in a given year and TABLE 1 (Continued)
tt?e number of locations where a respective trait was measured in a Year YLD TWT HD HT PROT
given year.
2013 29;13 29;11 29;11 29;10 29;9
R T HT EEO 2014 3112 3112 3112 3112 3110
1968 2418 2417 2414 2416 - 2015 3313 3%I3 3%l 3%I3 337
s R U 2016 3115 3115 3113 3115 3110
1970 2215 215 2213 5 - 2017 4114 4114 417 414 4L
L 2 e O 0 U i e 2018 3815 3%16 3813 316 3813
1972 2813 2%13 21l 2%l - 2019 3915 3%15 3913 3913 3911
One | ol | 2D | 2Bl e = 2020 2814 2814 2814 2814 281l
1974 2317 2317 2%1S 2%13 - 2021 212 2812 2810 2812 281l
I L 1 LU 2022 2814 2814 2813 2814 2812
1976 317 317 329 3214 - 2023 3111 3111 310 - 31:10
1977 32;16 32;17 32;13 32;15 -
Note: Within each cell of the table, the number of genotypes is listed first, followed
1978 26;21 2621 26;16 26;21 - by the number of
1979 28:;20 28;20 28;17 28;20 - locations. “~” indicates that no data were collected.
1980 30:14 30:14 30:13 30:14 _ Abbreviations: HD, days to heading; HT, plant height; PROT, grain protein
’ ’ ’ ’ content; TWT, test weight; YLD, grain yield.
1981 30;19 30;18 30517 30;18 -
1982 34:20 34:20 34:17 34:20 -
1983 34:19 34:18 34:17 34:17 - data from 1968, there were a few genotypes in the initial
1984 3121 31:20 31:19 31:20 _ years (1968-1970) that were part of the HRSWURN from the
1985 30:17 30:17 30:16 30:17 _ 1960s. For these genotypes, we used the exact year they were
1986 3191 3121 31418 31:19 _ included in the nursery or the year they were released as a cul-
1987 34:22 3421 3421 3421 _ tivar as'the year 01? origin. In addition to this, the twoi chec.ks
(Marquis and Chris) were removed from the analysis while
1988 30511 30;10 30;8 30;10 - .. . . . .. .
fitting the regression equation to avoid any bias in the genetic
1989 31521 31;20 31;19 31520 - . .
gains estimates, as suggested by Raymond et al. (2023).
1990 32;20 32;19 32;18 32;20 - . . . .
The percentage change in realized genetic gain was cal-
o1 SSELD SS0 2L SS0 - culated for each trait, as suggested by Covarrubias-Pazaran
1992 33:20 3319 3318 3321 - (2020), from the ratio of the regression slope to the trait value
1993 32;19 32;18 32;18 32,19 - at the first crossing year (year 1). This ratio showed the relative
1994 32:21 32:21 32:19 32;20 - change/increase in trait values per year as follows:
1995 31520 31518 31;17 31519 30;5
199 3420 3420 3419 3420 344 ARG = [ b ] % 100,
1997 3417 3416 3414 3417 344 bo + b1 Xy
1998 34;18 34;17 34;16 34;18 334 . . . . .
1090 - 3116 3115 3116 315 where ARG is the percentage change in realized genetic gain
: : : : 2 calculated as the ratio of the slope of the regression model
2000 417 3416 3415 417 346 (B)) to the y-intercept of the regression (f,) plus the slope
2l el Sl Szl Sl 220 multiplied by the first year of origin.
2002 31T 317 37:14 317 379 To better understand the trends over time, we divided the
2003 37;19 37;19 37;16 37;19 37;10 dataset into three phases and estimated the genetic gains for
2004 40;16 40;16 40;15 40;16 40;10 YLD in each of these phases using only released cultivars. The
2005 39;16 39;16 39;14 39;16 39;11 entire dataset was divided into three 20-year phases to get an
2006 40:20 40:20 40:18 40:20 40:11 accurate estimate of genetic gains, as shorter time windows
2007 41:15 41:15 41:13 41:15 41:10 might be affected by various factors, including environmental
2008 42:15 42:15 42:13 42:15 42:10 pressures. The first phase, the pre-1984 period, marked the
2009 41:18 41:18 40:16 41:18 41413 introduction and adoption of semidwarf wheats, as well as
2010 41515 41515 30:13 41014 41011 the implementation of improved rn'anagement practl'ces. The
second phase, from 1984 to 2003, included further improve-
2011 25;7 257 25;6 25:6 25:6 . . . . .o
ment in agronomics, the devastating FHB epidemics in the
2012 26;12 26;12 26;11 26;12 25;7 . . . . .
spring wheat region, and the introduction of exotic germplasm
(Continues) for disease resistance. The third phase, from 2004 to 2023,
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represents the application of molecular marker technologies
and integration of genomics and other modern tools into the
breeding programs.

2.3 | Genetic gains when breeding for target
environments

In addition to estimating the genetic gains in HRS wheat from
the northern region as a whole, we assessed the trends for
YLD improvement from individual public breeding programs
based in Minnesota, North Dakota, and South Dakota. For
this, the trial locations within the target population environ-
ment of individual wheat breeding programs were selected
(Table S2), and genetic gains were estimated using the method
described earlier. For each of these programs, we used the
breeding lines and released cultivars from the respective
program only to estimate realized genetic gains.

2.4 | Software and code

All statistical analyses were performed in the R environment
using the base or other relevant packages (R Core Team,
2023). The correlation analysis was performed using base R
(R Core Team, 2023). The mixed model analysis was per-
formed using ASREML-R version 4.2 (Butler et al., 2023).
The trial locations were visualized on maps using the R pack-
ages ‘sf” (Pebesma, 2018) and ‘rnaturalearth’ (Massicotte &
South, 2024). The percentage change in realized genetic gain
was calculated from the regression model using the parame-
ters_gg function in the R package ‘agriutilities’ (https://rdrr.
io/github/AparicioJohan/agriutilities/). The visualizations for
descriptive statistics and genetic trends were created using the
R package ‘ggplot2’ (Wickham, 2016).

3 | RESULTS

3.1 | Connectivity in the historical dataset

Estimation of genetic gains using historical datasets needs
appropriate connectivity over the years. The HRSWURN
dataset used in this study had good connectivity based on
two long-term and multiple short-term checks (Figure 4).
Long-term checks (Marquis and Chris) were included from
1968 to 2023, except for 2011 and 2012. In addition to long-
term checks, there were 11 short-term checks used in phases,
including prominent cultivars, namely, Waldron (Cltr 13958),
Butte (Cltr 17681), Era (CItr 13986), Butte-86, Stoa (PI
520297), Keene (PI 598224), Verde (PI 592561), 2375 (PI
601477), Prosper, Linkert, and Boost (Figure 4). Furthermore,
many of the experimental lines were tested for two or more
consecutive years, ensuring stable connectivity over time for

estimating genetic values for various traits. For example, we
observed up to 19 shared genotypes for two consecutive years
(Figure 4).

3.2 | Descriptive statistics and trait
correlations

The descriptive statistics were calculated based on the
genotypic BLUEs for unique genotypes obtained from the
mixed-model analysis. The summary of five traits used in
this study (YLD, TWT, HD, HT, and PROT) is presented in
Table S3. The YLD ranged from 2391 to 4727 kg ha™!, with
a mean value of 3495 kg ha~!. The PROT ranged from 12.7%
to 16.4%. In addition, the phenotypic differences were evident
for TWT, HD, and HT (Table S3). The trait correlations were
calculated for the complete dataset based on the genotype
BLUEs (Figure 5A). YLD had a significant positive correla-
tion with TWT (r=0.51) but a significant negative correlation
with PROT (r = —0.31) and HT (r = —0.33). Further, we
also examined the correlations among agronomic traits in 20-
year phases as the pre-1984 period (Figure 5B), 1984-2003
(Figure 5C), and 2004-2023 (Figure 5D) to study the cor-
relation pattern over the period of adoption of semidwarf
wheat. Although we observed a similar correlation pattern
among most traits in different phases, the negative correla-
tion between YLD and HT showed a continuous decline over
time, from r = —0.28 in phase 1 to r = —0.11 in phase 3.

3.3 | Realized genetic gains in HRS wheat in
North America

The realized gains were estimated for important agronomic
traits over the past six decades in the HRS wheat from the
Northern United States using the HRSWURN dataset. The
genetic gain was calculated separately for all tested material
and released cultivars. Across the entire spring wheat region,
a significant positive trend was observed for yield and TWT
(Figure 6A). The absolute realized genetic gain for YLD was
15.39 kg ha~! per annum, which translates to a genetic gain of
0.53% per year. The gains were higher when considering only
released cultivars from the entire region (released by various
programs), with an absolute realized gain of 17.68 kg ha~!
per year (0.61% per annum) in YLD.

Similar positive trends were observed for TWT, with a real-
ized genetic gain of 0.07% per annum for released cultivars
(Figure 6B). For HT, we observed a significant negative trend
in all tested lines (—0.18% per year) as well as in the subset
of released cultivars (—0.19% per annum) (Figure 6C). It was
also evident that the variation for HT gradually decreased over
time, especially in the past two decades (Figure 6C). Further,
a slightly negative trend was observed for HD (Figure 6D).
Similar to HT, we also observed a decline in variation for
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FIGURE 5§

Correlation matrix presenting Pearson’s correlation among different agronomic traits in (a) the overall dataset, a subset of the

complete datasets from (b) pre-1984, (c) 1984-2003, and (d) 2004—-2023. The correlations with grain protein content (PROT) in (A) are from 1995 to

2023. HD, days to heading; HT, plant height; TWT, test weight.

decades of breeding efforts. In the first phase, the absolute
realized gain for YLD using released cultivars was 29.68 kg
ha~! per year, which translates to a 1.1% increase per year
(Figure 8). The second phase witnessed a decline in the
genetic gains for YLD, with the absolute realized gain plum-
meting to 9.04 kg ha™! per year (0.26% per annum). In the
most recent phase, the estimated realized gains were lower
than in the first phase; however, we observed an improvement
over phase 2, and the absolute realized gains for YLD were
13.7 kg ha™! (0.37%) per year (Figure 8).

3.5 | Genetic gains for grain yield from
regional public breeding programs

Furthermore, we investigated the genetic gains for YLD
observed by individual public breeding programs from Min-
nesota, South Dakota, and North Dakota. A new estimate
of genetic gains was calculated using data from a subset of
lines developed by each of these programs and evaluated
in the locations within the TPEs of each program (Table
S2). A higher genetic gain for YLD was observed for Min-
nesota and South Dakota programs compared to the regional

gains (Table 2). The long-term absolute realized gain in the
Minnesota breeding program was 29.20 kg ha™! per year,
translating to annual gains of 0.98%. Similarly, the long-term
absolute realized gain was 20.46 kg ha~! (0.72% per year) for
the South Dakota program, which is higher than the regional
realized gain of 0.61% per year. Contrarily, the realized gains
for the North Dakota program were 13.56 kg ha~!, which was
slightly lower than the regional gain of 17.68 kg ha™! per
annum (Table 2).

4 | DISCUSSION

Wheat breeders worldwide face the challenge of accelerating
genetic gains to address the growing global demand for
food and feed. Predictive models indicate that breeding
programs must achieve significantly higher rates of genetic
progress to meet future wheat demands. To design effective
strategies for achieving these gains, it is crucial to evaluate
the progress made by breeding programs to date. In recent
years, the estimation of genetic gain has been used as a key
indicator for assessing the effectiveness of breeding efforts,
analyzing the strengths and weaknesses of the program,
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FIGURE 6 Genetic gains from breeding efforts for hard red spring (HRS) wheat in the Northern United States over six decades. The
scatterplots show trends for (a) grain yield (YLD), (b) test weight (TWT), (c) plant height (HT), and (d) days to heading (HD). The small/blue points
in the scatterplot represent all tested lines, while the large/red points represent the released cultivars. The blue line represents the trends for all the

tested materials, while the red line represents the trends based only on released wheat lines (from public and private breeding programs throughout

the region). The beta value (slope) from the regression equation is the absolute realized genetic gain in units per year, and its translation to percentage

is provided in parentheses. Though we used the Hard Red Spring Wheat Uniform Regional Nursery (HRSWURN) data from 1968, a few genotypes

in the initial years were included in the HRSWURN from 1960. We used the exact year they were included in the nursery or the year they were

released as a cultivar as the year of origin.

and incorporating novel strategies adapted to new scenarios
(Covarrubias-Pazaran, 2020; Seck et al., 2023).

Various approaches for estimating realized genetic gain
in plant breeding have been proposed, utilizing different
response variables in regression analyses. Numerous stud-
ies have successfully utilized historical datasets in wheat,
particularly from coordinated regional nurseries, to quantify
yield gains over different periods. In the United States,
USDA-coordinated hard winter wheat Northern Regional
Performance Nursery (NRPN) and Southern Regional
Performance Nursery (SRPN) have been regularly used to
assess genetic gains at various intervals (Boehm et al., 2023;
Graybosch & Peterson, 2010; Rife et al., 2019; Schmidt &
Worrall, 1983). In this study, we utilized a historical dataset
from HRSWURN, a long-term, coordinated testing platform

in the Northern United States, to assess regional genetic gains
for HRS wheat. This assessment was necessary because no
previous study had quantified long-term regional gains for
HRS from this region. The HRSWURN dataset has high TPE
coverage for the entire region, as well as for individual breed-
ing programs participating in the nursery. The dataset has
been well-connected over the years through long-term and
short-term checks (Figure 4). As recommended by Raymond
et al. (2023), including at least two long-term checks can help
reduce estimation bias when fitting a linear mixed model to
estimate genetic gains. It is noteworthy that the susceptibility
of two long-term checks (Marquis and Chris) to diseases such
as wheat rusts and FHB could affect the adjustment of the
year effect when calculating BLUEs. However, it has been
rare that leaf or stem rust significantly affects yields—the
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FIGURE 7 Genetic gains for grain protein content (PROT) in

hard red spring (HRS) wheat from the Northern United States from the
mid-1990s to 2023. The small/blue points in the scatterplot represent
all tested lines, while the large/red points represent the released
cultivars. The blue line in the scatterplot represents the trends for all the
tested materials, while the red line represents the trends based only on
released wheat lines from public and private breeding programs across
the entire region. The beta value (slope) from the regression equation is
the absolute realized genetic gain in units per year, and its translation to
percentage is provided in parentheses.

B =29.68 (1.1%), p = 1.7e-06***
B =9.04 (0.26%), p = 8.1e-02
B =13.7 (0.37%), p = 2.7e-02"
4000+ ¥
= . | /
<
o)) 2
=
S 35001 / :
°
>
(=
i<
0]
3000+
2500

1960 1970 1980 1990 2000 2010 2020
Year

FIGURE 8 Genetic gains for grain yield in the hard red spring
(HRS) wheat from the northern region over three time periods based on
the cultivars released by various organizations. The first phase spanned
from 1960 to 1983, the second phase from 1984 to 2003, and the third
phase from 2004 to 2023.

infections are often later in the season and do not develop
fast enough to have much effect because the wheat is near
senescence by that time. Additionally, we excluded several
locations from the analysis based on specific remarks in
the metadata, such as those affected by the FHB or rust
epidemics. Furthermore, the inclusion of short-term checks
and year-to-year connectivity helps to alleviate this problem.

In this study, the realized genetic gain for YLD over six
decades was 0.61% per year for the entire North American
HRS wheat region, which is comparable to long-term genetic
gains in wheat improvement programs from various regions
of the world. For instance, Gummadov et al. (2015) reported
a realized genetic gain of 0.65% per year in wheat yield
resulting from breeding efforts in Turkey from 1963 to 2004.
Similarly, realized genetic gains for YLD have been reported
to be 0.54% in major wheat-growing regions of India from
1900 to 2016 (Yadav et al., 2021), 0.88% in Spain from 1930
to 2000 (Sanchez-Garcia et al., 2013), and 0.70% in Siberia
from 1900 to 1997 (Morgounov et al., 2010). The realized
gains from two different wheat-growing regions in Northern
China were 0.48% per year from 1964 to 1995 and from 1960
to 2000 (Zhou et al., 2007).

In the United States, several studies have reported realized
genetic gains in wheat using era trials or historical trials, but
the majority of them have been limited to the hard red win-
ter wheat region of the Great Plains (Battenfield et al., 2013;
Berzonsky & Lafever, 1993; Boehm et al., 2023; Fufa et al.,
2005; Graybosch & Peterson, 2010; Rife et al., 2019). Most
of these studies reported genetic gains over the mean yield
of ‘Kharkof’, a historical check cultivar released in 1919. For
comparison, the regional annual yield gain of 0.61% from this
study translates to an annual gain of 0.72% over the histori-
cal cultivar Marquis (equivalent to Kharkof). Earlier studies
from the hard winter region reported realized genetic gains of
1% for 1919-1987 (Cox et al., 1988), 0.44% for 1919-1996
(Donmez et al., 2001), 0.82% for 1959-2008 (Graybosch &
Peterson, 2010), and 0.40% for 19712008 (Battenfield et al.,
2013). Recently, Boehm et al. (2023) used a regionally coor-
dinated nursery, similar to HRSWURN, to quantify the yield
gains for hard red winter wheat from the Central United States
from 1959 to 2021, very similar to the period utilized in our
study. They reported a realized genetic gain of 0.67%, which
is slightly lower than the 0.72% gain (over Marquis) observed
in our study. In addition to hard red winter wheat, Berzon-
sky and Lafever (1993) observed an annual genetic gain of
0.55% for soft red winter wheat cultivars released from 1871
to 1987. Overall, the realized genetic gain for HRS wheat from
the Northern United States is comparable to other classes of
wheat grown in different regions of the country.

Previous studies from North America, particularly from the
Northern and Southern Great Plains, have suggested a decline
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TABLE 2
population of environments.

First year Slope
Program in analysis (absolute gain) SE for slope
Minnesota 1968 29.20 2.85
South Dakota 1976 20.46 4.09
North Dakota 1960 13.56 2.14

Note: The realized gains are based on the released cultivars from individual programs.

in the relative rate of yield gains. Graybosch and Peterson
(2010) analyzed the historical hard red winter wheat SRPN
data and reported a significant linear trend from 1959 to 1984,
followed by a nonsignificant trend in wheat yields over the
time period 1984 to 2008. A similar observation was evident
from a recent analysis of the historical NRPN dataset, show-
ing a linear increase in YLD from 1959 to 2008, followed by
stagnation in yield gains over the recent decade (Boehm et al.,
2023). In that study, genetic gains were assessed in three dif-
ferent phases representing periods of 1959-1984, 1984-2008,
and 2008-2021, with absolute yield gains of 47.0, 61.7, and
8.9 kg ha™! per year, respectively, with the authors interpret-
ing that winter wheat adapted to the Northern Great Plains
may have reached a yield plateau and could be approaching
their potential ceiling. In contrast, we observed a different pat-
tern with the highest realized gains from 1960 to 1983 (1.1%
per year), a nonsignificant but positive trend for 1984 to 2003,
followed by a significant positive trend from 2004 to 2023
(Figure 8). As previously reported by Fischer and Edmeades
(2010), our analysis indicates that the relative rate of yield
gain has slowed down in recent decades but does not indi-
cate a yield plateau for HRS wheat from Northern America.
In our results, the high genetic gains in the first phase reflect
the impact of introducing semidwarf wheat and its early adop-
tion in the HRS region by several breeding programs. The
reduced rate of genetic gain for yield from 1984 to 2003, as
reflected in our results, can partly be attributed to the devastat-
ing FHB epidemics of the 1990s, which caused unprecedented
damage to spring wheat production in the Northern Great
Plains. The absence of resistance in adapted germplasm at
the time prompted breeders to shift their focus toward iden-
tifying and integrating exotic resistance genes. For example,
the quantitative trait locus Fhbl (Liu et al., 2006), origi-
nally introduced from the cultivar Sumai 3, was subsequently
incorporated into locally adapted cultivars to enhance FHB
resistance (McMullen et al., 2012). These efforts may have
indirectly contributed to a decline in yield progress, as evident
in the results. In the third phase, spanning 2004-2023, a sig-
nificant trend in YLD was observed (Figure 8), which could
be attributed to the broad incorporation of FHB resistance-
adapted material, early efforts in molecular breeding, as well
as the availability of genomics in the last decade. A concern-
ing pattern was observed in recent years, particularly after

Realized genetic gains for grain yield for the individual breeding programs based on the analysis from their respective target

Pr Genetic gain
Intercept R? > F) year—! (%)
—54485.75 0.80 8.46E-11 0.98
—37601.33 0.51 4.14E-05 0.72
—23564.21 0.54 3.05E-07 0.45

2015, indicating a stagnation in YLDs (Figure 6A). How-
ever, the 2010-2015 period included some higher yielding
lines and varieties that tended to have lower end-use quality.
Post 2015, there may have been greater emphasis on lodg-
ing resistance and quality, which might have led to a slight
decline in yield under these selection pressures. Additionally,
extreme droughts in the region were another factor contribut-
ing to lower mean yields over the past 5 years. Thus, this
short time window is insufficient to determine whether YLDs
exhibit stagnation in the long term.

Furthermore, we observed a significant negative trend for
HT and a nonsignificant but negative trend for HD, which
agrees with studies from various wheat classes (Berzonsky &
Lafever, 1993; Boehm et al., 2023; Cox et al., 1988). A pos-
itive trend was observed for TWT with consistently higher
gain for released cultivars, suggesting that TWT has been
an important trait in selection (Figure 6B). Furthermore, our
results indicate that breeders have successfully maintained
the protein content and end-use quality despite a continuous
increase in YLD. However, we have observed a lower range
in PROT over the past few years (Figure 7), which could be
worrisome, and breeders need to maintain sufficient genetic
variation for protein content.

In addition to assessing regional gains for HRS wheat, we
analyzed the genetic gains observed in three major public
breeding programs in Minnesota, South Dakota, and North
Dakota. We found differences in yield gains across the pro-
grams, as observed in previous studies (Rife et al., 2019;
Sanchez-Garcia et al., 2013; Zhou et al., 2007). The realized
genetic gains for YLD were notably higher in the Minnesota
(0.98% per year) and South Dakota (0.72% per year) programs
compared to the regional gains (0.61% per year), corroborat-
ing studies that report higher gains when breeding is tailored
to specific target environments (Delgado et al., 2024; Khalil
et al., 2002). In contrast, the North Dakota breeding program
exhibited lower realized gains for YLD (0.45% per year).
The higher gains in Minnesota and South Dakota can be
attributed to their more homogeneous, concentrated spring
wheat production areas. In Minnesota, production is primarily
focused in the northwestern and some west-central counties,
while in South Dakota, it is concentrated in the north-central,
northeast, and northwest regions. These relatively smaller
and well-defined target population environments enable the
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breeding programs to optimize selection for these specific
areas, leading to improved genetic gains. Conversely, North
Dakota’s TPE is much larger and more geographically dis-
persed, posing greater challenges for achieving higher genetic
gains, as varieties must be developed to perform across a
broader range of environments. Additionally, the higher gains
in the Minnesota breeding program can also be attributed to
the early adoption of semi-dwarf wheat compared to other
breeding programs.

A similar study (Underdahl et al., 2008) was performed to
assess the genetic gains using HRS wheat cultivars released
by the North Dakota program from 1968 to 2006 based on an
ERA trial, and the realized gain for YLD was 1.3% per year,
which is much higher than the realized gain observed in the
current study. The differences in these two studies could be
attributed to two main reasons. First, the era trial was con-
ducted at only three locations, concentrated in a single region
of the state, and thus did not represent the TPEs. Second, the
era study consisted of 33 genotypes released across 40 years,
and the trial was not protected by fungicides that could affect
the performance of older cultivars. As suggested by Batten-
field et al. (2013), this scenario can favor the newer genotypes
with better disease-resistance packages, especially for FHB in
this case, and may result in higher genetic gains. This also
exemplifies the differences in genetic gain estimates due to
different approaches, suggesting further research on methods
to minimize bias in estimates.

Furthermore, we utilized historical on-farm yield trial data
from Minnesota to contextualize the genetic gains observed in
our study and to assess the extent to which genetic improve-
ments from breeding programs translate into increased farm
yields. The annual yield gain over time was estimated by fit-
ting an independent linear model to the annual yield data
from 1968 to 2022, based on data obtained from the USDA
National Agricultural Statistics Service (https://quickstats.
nass.usda.gov/; Figure 9). The analysis revealed an annual
yield increase of 34 kg ha~! (~1.7% per year), compared to
29.20 kg ha™! per year (~1% per year) of realized genetic gain
in Minnesota during the same period. This higher on-farm
yield increase suggests the transfer of improved genetics to
growers’ fields and also highlights the synergistic effects of
genetic improvement and agronomic innovations, including
better cultural practices, agrochemicals, and farm mechaniza-
tion, leading to much higher on-farm yield gains. These results
underscore the importance of integrating genetic improve-
ments with cutting-edge agronomic practices to maximize
yield potential and ensure sustainable wheat production that
meets future needs.

In conclusion, these findings highlight the substantial and
long-term impact of breeding efforts in the Northern Great
Plains, providing important information for refining future
strategies to optimize breeding programs. The study also
highlights the important role of public breeding programs
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FIGURE 9 On-farm spring wheat yield trends in Minnesota
(MN) from 1968 onward. The slope of the regression equation
represents the annual increase in grain yield over time.

in regional crop improvement and justifies the need for
continuous funding support for regional breeding programs.
Furthermore, the results indicate that the relative rates of
yield increase have declined in recent decades and are signif-
icantly lower than the yield gains necessary for sustainable
wheat production. Recent models have revealed that win-
ter wheat is more resilient, but spring wheat from North
America would be more prone to environmental changes and
would suffer greater yield losses with temperature increases
(Zhang et al., 2022), which further exacerbates the situa-
tion. A comprehensive approach, including advancing our
understanding of the genetics underlying agronomic and qual-
ity traits, modernizing breeding programs, and integrating
innovative technologies like genomic selection and gene edit-
ing, could be essential to ensure sustained progress in wheat
breeding. By leveraging these advancements, breeding pro-
grams can accelerate genetic gains and develop resilient,
high-performing wheat varieties that are well-suited for future
environments.
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