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Abstract Competition from weeds often reduces
wheat yields, especially in organic management
systems or when herbicide-resistant weeds are present.
Breeding wheat for increased competitive ability is an
important aspect of integrated weed control. Selecting
directly for weed-competitive ability (WCA), how-
ever, is challenged by difficult field measurements,
genotype by environment interactions, and low heri-
tability. To improve selection efficiency, breeding
programs can utilize secondary selection traits that are
easier to measure, have higher heritability and are
highly correlated with WCA. To identify potential
secondary selection traits for WCA, we conducted a
meta-analysis of the published literature, and con-
tributed new data from the northeastern United States.
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Among studies worldwide, early vigor was easy to
measure and consistently correlated with WCA. Early
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heritability. Tillering, maturity timing, and growth
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genotype by environment interactions. As a result,
decentralized breeding would maximize gain from
selection for WCA.
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Introduction

Weeds can lower wheat (Triticum aestivum L.) yields
by reducing productive tillers per unit area, kernel
numbers per plant, and grain size per kernel (Mason
et al. 2007b). Weed competition is particularly
damaging when herbicide-resistant weeds are present
(Heap 2014) or there are herbicide limitations (Teas-
dale et al. 2007; Cavigelli et al. 2008). However, some
wheat genotypes are less impacted by the presence of
weeds. Selecting such genotypes can be an important
component of weed management in agricultural
systems. Competitive wheat genotypes can buffer
chemical, mechanical, and cultural weed management
practices, which occasionally fail to control weeds
(Rasmussen 2004; Kolb et al. 2010; Norsworthy et al.
2012). Competitive crop genotypes can also reduce
farm labor requirements and decrease the complexity
of in-field weed management (Bastiaans et al. 2008).
Despite the trait’s importance, wheat breeding pro-
grams have exhibited a 70-year decline in competitive
ability (Sadras and Lawson 2011). Although the
reason for this decline is unclear, some suggest that
modern wheat breeding has selected for a “commu-
nal” ideotype, optimizing grain yield by allocating
resources efficiently among wheat plants (Donald
1968; Denison 2015). This process may have inad-
vertently selected against individual plant competi-
tiveness (Lemerle et al. 2001a; Weiner et al. 2017).

Weed-competitive ability

The WCA of a genotype is typically described by two
metrics: weed suppression and crop tolerance. Weed
suppression, also known as “crop interference,”
describes a crop’s ability to reduce weed growth and
reproduction (Jordan 1993). Wheat plants deprive
weeds of light via plant height, tillering, leaf angle,
canopy structure, seedling ground cover, leaf area
index (LAI), early leaf area expansion rate. Addition-
ally, wheat plants compete for nutrients and water
through early root and shoot growth, high nutrient
uptake rates, maturity timed to seasonal water avail-
ability, resource use efficiency, and locating roots near
nutrient and water supplies (Wicks et al. 1986; Huel
and Hucl 1996; Lemerle et al. 2001a; Mason et al.
2007b). Secretion of allelopathic compounds can
further reduce weed emergence and growth. Weed
suppression is generally measured as weed biomass
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and/or weed seed production in competition with
wheat—two measures that are highly correlated
(Mason et al. 2007b; Worthington et al. 2013). When
compared to highly suppressive lines, poorly suppres-
sive wheat genotypes allowed 79% more Aegilops
cylindrica Host (jointed goatgrass) seed weight (Ogg
and Seefeldt 1999), 29% more Avena sativa L. (oat)
biomass (Huel and Hucl 1996), double the Bromus
tectorum L. (downy brome) biomass (Blackshaw
1994), seven times the Lolium rigidum biomass
(Lemerle et al. 1996), and up to 5.7 times the resident
weed biomass (Wicks et al. 1986; Murphy et al. 2008).

Crop tolerance is focused on crop yield in the
presence of weeds. In addition to direct competition
with weeds (measured through weed suppression),
crop tolerance is influenced by the avoidance strate-
gies employed by the crop. Crops may have high
tolerance if their peak resource demands occur at times
when weed demand for light, nutrients, or water use is
low. Crop tolerance is reported as either (1) the
absolute yield of a variety under weedy conditions, or
(2) the percent yield loss under weedy conditions as
compared with weed-free conditions. In previous
studies, absolute yield showed stronger correlations
with weed seed or weed biomass production than with
percent yield loss (Coleman et al. 2001; Worthington
et al. 2013). Nevertheless, percent yield loss is a factor
that influences farm profitability during years with
variable weed densities. In years of low weed pressure,
a farmer could lose revenue if using a weed-suppres-
sive variety that has low yield potential in weed-free
conditions (Jordan 1993; Lemerle et al. 2001a).
Documented percent yield loss from weed competi-
tion varied from 23 to 60% (Huel and Hucl, 1996;
Blackshaw, 1994; Mason et al., 2007b; Balyan et al.
1991).

An ideal wheat plant for WCA would express both
high weed suppression and crop tolerance (Lemerle
et al. 2001a). Genotypes with high weed suppression
would limit weed growth and reduce the soil weed
seedbank. Genotypes with high crop tolerance would
ensure good wheat yields regardless of varying weed
seedbank conditions among farms and year-to-year
variability within one farm. As few genotypes excel in
weed suppression and crop tolerance (Challaiah et al.
1986; Lemerle et al. 1996, 2001a; Zerner et al. 2016),
selecting superior genotypes requires measuring both
components of WCA.



Euphytica (2021) 217:202

Page 3 of 15 202

Gains in selection for weed-competitive genotypes

The Breeder’s Equation (Eq. 1; Falconer 1981) out-
lines how wheat can be genetically improved for
WCA. With high heritability traits (h?), large pheno-
typic variance in the parental population (cp?), and
strong selection intensity (i), breeders can maximize
gains in selection (R).

R = gpih? (1)

Previous studies indicate that weed suppression and
crop tolerance are complex and quantitative traits
exhibiting low heritability (Coleman et al. 2001).
Additive genetic variance (c,?) and genetic variance
(ng) for WCA tend to be lower than environmental
variance (G,2) and genotype by environment interac-
tion variance (Ggez; Eq. 2).

62

b= (Gé + 65—1— Gée) )

Heritability can be improved with robust experi-
mental design, which reduces environmental variance.
To accurately measure WCA, trials should establish
weed pressure at a density that differentiates compet-
itive ability among wheat genotypes. Covariates for
stand counts of both weeds and wheat, and calculating
crop tolerance based on adjacent weed-free controls
reduce within-trial error variance (Mokhtari et al.
2002; Mason et al. 2007b). Large plot sizes and
numbers of replicates are often necessary to distin-
guish genetic signal from noise (Cousens and
Mokhtari 1998; Le Campion et al. 2014). However,
such aspects of robust experimental design increase
the land, seed, and labor required per genotype
evaluated. Direct measurement of WCA is impractical
for early stages of breeding, when available seed
quantities are low and many genotypes are screened.

Large genotype by environment (G*E) interactions
also lower heritability when calculated across envi-
ronments. Rankings for WCA correlated among some
site-years, but not for others (Lemerle et al.
1996, 2001b; Cousens and Mokhtari 1998; Worthing-
ton et al. 2015a, b; Kissing Kucek 2017). Measuring
crop tolerance is important for managing G*E inter-
actions, as there is often no correlation between wheat
yields without weeds and wheat yields when weed

competition is present (Lemerle et al. 1996), although
exceptions do exist (Challaiah et al. 1986).

Indirect selection

Due to low heritability and difficulty directly measur-
ing WCA, direct selection for WCA is not efficient for
breeding programs. The cost to screen genotypes for
weed suppression and crop tolerance also makes direct
selection very expensive. Indirect selection seeks to
identify a secondary trait (x) that is strongly correlated
(p) with the primary trait of competitive ability (y), yet
has higher heritability and is easier to evaluate (Eq. 3;
Acquaah 2012). When two traits are highly correlated
in their response to selection (CRy), these traits are
likely functionally related in physiological processes,
or genetically linked through pleiotropism or linkage
disequilibrium.

CRy = iphy0gy (3)

Identifying the secondary selection traits with
highest correlation to weed suppression and crop
tolerance could improve gains from selection for
WCA. Linear regression demonstrated that many traits
are correlated with WCA in wheat (Challaiah et al.
1986; Lemerle et al. 1996; Bertholdsson 2005; Mur-
phy et al. 2008). However, each published study
included few environments from a relatively small
region. As correlations between WCA and some traits
change depending on the environment and weed
community evaluated (Ogg and Seefeldt 1999; Cole-
man et al. 2001; Bertholdsson 2005), an analysis
among studies is necessary to identify whether certain
secondary selection traits are globally or only region-
ally appropriate (Worthington and Reberg-Horton
2013).

We conducted a meta-analysis of the literature to
find traits correlated with WCA, and assessed how trait
correlations change among studied global environ-
ments. The analysis includes a new spring wheat
dataset from the northeastern United States, which was
evaluated for WCA trait correlations.

@ Springer
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Fig. 1 Locations of studies included in the meta-analysis. Background map provided by Wikimedia Commons (2016)

Methods

Meta-analysis of secondary traits for selection
of WCA

A meta-analysis of the literature sought traits that were
correlated with WCA, highly heritable, and easy to
evaluate. On Google Scholar and Web of Science,
search terms included “wheat” combined with
“weeds,” “competition,” or “traits.” Eighteen studies
(Table 1) from diverse global environments (Fig. 1)
met the minimum inclusion criteria of more than five
genotypes with broad phenotypic diversity screened
for WCA, weed pressure applied to obtain variability
in competition phenotypes, weed competition sampled
through biomass or visual means, and correlations
reported. Two of the 18 studies are novel to this
publication (see Correlated traits for WCA in the
northeastern United States).

We evaluated secondary selection traits for their
relationship to weed suppression and crop tolerance.
The response of weed biomass, weed seed weight, or
the number of weeds counted was analyzed as weed
suppression. When reported, the response of grain
yield loss due to weed competition was considered
crop tolerance. When not reported, grain yield was
used as crop tolerance. Traits were labeled as “early”

@ Springer

if measured before or during jointing stage, and
“mature” if measured after anthesis.

The quality of studies varied widely (Table 1). Each
study evaluated from six to 250 wheat genotypes
during one to six site-years. Twelve of 18 studies
seeded weeds into study plots, while another six
studies evaluated resident weeds. Six of 18 studies
reported correcting WCA values based on weed stand
counts, and seven of 18 reported correcting WCA
values based on wheat stand counts. Seventy-eight
percent of crop tolerance observations were calculated
as the grain yield difference between weed-free and
weedy plots (Online Resource 1), while 22% reported
grain yield without a weed-free control. The size of
quadrats sampled for weed and wheat biomass varied
from 0.06 to 3.13 m? per plot. Experimental replicates
varied from one to ten per study. To visually
emphasize more robust results that included more
site-years and number of genotypes studied in Fig. 2, a
quality index was calculated for each study (Eq. 4).
The quality index determined the size of each
correlation data point presented from the literature in
Fig. 2, but did not influence any quantitative analyses
from the dataset. As the number of genotypes studied
were much larger than the number of site-years, which
is typical for studies of plant genetics, the number of
site-years were multiplied by 20 to more evenly weigh
the contribution of genotype and environmental
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diversity on each presented data point. Data were
plotted using R (R Core Team 2019). The complete
dataset from the meta-analysis is available in Online
Resource 1.

Quality index = Number of environments * 20
+ Number of genotypes studied

(4)

Correlated traits for WCA in the northeastern
United States

We contributed two additional datasets for correlated
traits with weed competition from the northeastern
United States. We analyzed one dataset previously
published by Mallory et al. (2014) that assessed
diverse wheat varieties for weed biomass, wheat grain
yield, the ratio of wheat biomass to weed biomass,
mature height, and early vigor in the northeastern
United States. Twenty-five varieties of spring wheat
were grown in four replicates at five site-years:
Alburgh, VT in 2010 and 2011; Old Town and Sidney,
ME in 2010; and Willsboro, NY in 2010. An
additional nine varieties were included in some, but
not all site-years. Vigor was visually rated on a “one”
to “five” scale between second leaf stage and early
tillering, with “five” being the most vigorous. Weed
and wheat biomass were each determined by collect-
ing biomass from three to four 0.1 m?* quadrats per plot
(total of 0.3-0.4 m?), separating out wheat from weed
biomass, drying at 55 °C, and weighing. Due to low
weed presence, two site-years (Alburgh 2011 and
Willsboro 2010) were removed from the analysis.
Weed biomass and the ratio of wheat-to-weed biomass
were logarithmically-transformed due to a right-
skewed distribution for weed biomass (Online
Resource 2).

A second dataset from the northeastern United
States evaluated diverse wheat breeding populations
for weed biomass, wheat grain yield, the ratio of wheat
biomass to weed biomass, mature height, and early
vigor. At Old Town, ME in 2016, thirty-five F; or
F,:F; breeding populations from eight diverse wheat
crosses, along with four check lines and four parental
lines were grown in three replicates. Details of the
breeding populations are reported in Part 2 of this
series. Briefly, at four organic farms in the

northeastern United States, bi-parental breeding pop-
ulations were individual plant selected for high early
vigor, or bulk selected under resident weed pressure.
Plot size was 7.3 m”. Plots were overseeded with a
surrogate weed, Sinapsis alba cv. ‘Idagold,” using a
Brillion seeder at a rate of 75 viable seeds per m”. A
weed-only plot was included in each replicate, and
demonstrated low variability among replicates for
surrogate weed biomass (3864 +/— 268.5 kg/ha).
Vigor was visually rated on a “one” to “nine” scale
between fourth and fifth leaf stage, with “nine” being
the most vigorous. Weed and wheat biomass were
each determined by collecting biomass from three to
four 0.1 m? quadrats per plot (total of 0.3-0.4 m?),
separating out wheat from weed biomass, drying at
55 °C, and weighing. Wheat yield was standardized
based on moisture content.

The same breeding populations tested at Old Town,
ME in 2016 were also evaluated for consistency of
early vigor rankings at Varna, NY in 2016. A
calibration trial was conducted to assess the consis-
tency of visual early vigor genotype rankings among
evaluators. Six graduate student evaluators were
trained on visual rating of early vigor for five minutes,
and then asked to rate 20 spring wheat genotypes for
early vigor over three replicates. Through the package
‘Ime4’ [versionl.1-10] (Bates et al. 2015), the random
effects of genotype, replicate, evaluator, and the
interaction between genotype and evaluator were
tested for variance in early vigor scores.

Using Pearson’s Correlation Coefficient, we eval-
uated whether crop tolerance (measured as grain yield
and wheat biomass) and weed suppression (measured
as weed biomass and the ratio of wheat to weed
biomass) were linearly related to height and early
vigor.

All data were analyzed and plotted in R [version
3.6.0] (R Core Team 2019). Correlations were deter-
mined significant at a threshold of 0.<0.05.

Results and discussion

Meta-analysis of secondary selection traits
for WCA

The studies included in the meta-analysis assessed 18

potential secondary selection traits for WCA: allelo-
pathic activity; thousand-kernel weight; early

@ Springer
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biomass; early and mature height; early and mature
LAI; early spectral vegetation indices, including the
normalized difference vegetation index (NDVI) and
ratio vegetation index (RVI); early and mature pho-
tosynthetically active radiation (PAR); early and
mature vigor; length and width of early leaves and
the flag leaf; tillering; and growth habit. Six traits
(allelopathic activity, early NDVI/RVI, early PAR,
width of early leaves, growth habit, and tillering)
demonstrated both positive and negative significant
correlations with weed suppression and/or crop toler-
ance among studies (Fig. 2). For nine traits (allelo-
pathic activity, thousand-kernel weight, early
biomass, length of early leaves, width of early leaves,
width of flag leaf, length of flag leaf, mature LAI,
mature vigor), at least half of measured correlations
with WCA were nonsignificant. Early vigor, early
height, and early LAI showed promise as secondary

Fig. 2 Meta-analysis of

Weed Suppression

selection traits, as the majority of correlations with
WCA were positive and significant.

Early vigor

The meta-analysis revealed early vigor to be the most
promising secondary selection trait for WCA.
Although encompassing many complex processes,
such as emergence, growth rate, and resource use
efficiency, early vigor is a simple visual rating of
seedling size. Early wheat growth is essential for
successful competition with weeds. If a wheat plant
fails to establish an effective early cover to shade
weeds, it struggles to compete with weeds later in the
season (Jordan 1993). Among all reviewed studies,
early vigor was positively correlated with WCA.
Moreover, early vigor was significantly correlated
with weed suppression and crop tolerance in 78 and
69% of trials, respectively. However, the strength of

Crop Tolerance

secondary traits correlated
with weed suppression and
crop tolerance. Each circle
represents one value
presented in the literature.
Larger circles denote studies
that included more site-
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paper from the northeastern
United States
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correlations varied broadly among studies, from
r=0.13 tor = 0.79 (Worthington et al. 2015a).

Seed size can be a strong contributor to early vigor
(Evans and Bhatt 1977; Lafond and Baker 1986;
Rebetzke and Richards 1999). As seed size is influ-
enced by environmental conditions during grain fill
(Jannink et al. 2001), seed of tested genotypes
screened for early vigor should be ideally sourced
from the same environment. Larger seed sorted from
one spring wheat variety showed improved weed
suppression (Xue and Stougaard 2002). Thousand-
kernel weight was not significantly correlated to weed
suppression or crop tolerance in the meta-analysis
(Fig. 2). However, the literature lacks robust studies
that included multiple genotypes of wheat grown in
multiple site-years.

One disadvantage of using early vigor as a
secondary selection trait is the effect of G*E (Kissing
Kucek 2017), which can reduce heritability across
environments (Coleman et al. 2001). While studies
have evaluated components of early vigor that have
higher heritability, most are not ideal secondary
selection traits. Although the length and width of
early leaves are highly heritable (h* = 0.67 and 0.76,
respectively; Rebetzke and Richards 1999), the meta-
analysis indicates that these traits are not consistently
correlated with WCA (Fig. 2). Early biomass and leaf
area are good surrogates for early vigor, but only have
moderate heritability at h? = 0.35 and 0.30, respec-
tively, and are more laborious to measure (Rebetzke
and Richards 1999).

Height

Early and mature wheat height are also promising
secondary selection traits. Taller plants exponentially
decrease the amount of PAR available in the canopy
(Ford 1980). Therefore, tall genotypes reduce avail-
able light for weeds (weed suppression), while simul-
taneously avoiding shade cast by tall weeds (crop
tolerance). Height has the added benefit of being
highly heritable (h* = 0.9; Coleman et al. 2001).
However, height of mature wheat was not always
positively correlated with WCA. Sixteen percent of
trials in the meta-analysis found negative correlations
between mature height and WCA (Fig. 2). Ogg and
Seefeldt (1999) reported that the rate of height gain,
particularly early in the season, was more related to
weed competition and crop tolerance than the mature

height of the variety. The advantage of early height
may help a wheat plant acquire more resources to fuel
size-asymmetric competition later in the season (An-
drew et al. 2015). The meta-analysis confirmed a more
consistent positive relationship between early height
and WCA, with 92% of trials reporting correlations
above zero (Fig. 2). However, early height was
significantly correlated with WCA in fewer studies
than early vigor. Early height was significantly
correlated with weed competition in 69% of studies,
and with crop tolerance in 45% of studies, respec-
tively. Similar to early vigor, the strength of correla-
tions between early height and WCA varied broadly,
fromr= — 0.11 to 0.77.

Tall varieties typically come at the cost of lower
harvest index, reduced grain yield, and frequent
lodging. Consequently, selecting varieties that per-
form well in weedy and weed-free field conditions can
be a challenge (Challaiah et al. 1986; Wicks et al.
1986; Seefeldt and Ogg 1999; Coleman et al. 2001).
Selecting genotypes with tall height early in the
season, but intermediate height at maturity, may
improve both WCA and grain yield. Although many
dwarfing alleles (Rhtl and Rht2) reduce gibberellin
sensitivity and seedling growth (Rebetzke and
Richards 1999; Seefeldt and Ogg 1999; Murphy
et al. 2008; Addisu et al. 2009), one semi-dwarf gene
(Rht8c) maintained the early vigor needed for weed
competition (Addisu et al. 2009). For all dwarf and
semi-dwarf alleles, the study showed that early growth
could be partially recovered when paired with the
photoperiod insensitivity allele, Ppd-Dla. Selection
for early height and grain yield in weedy and weed-
free conditions may identify genotypes that excel in
diverse field conditions.

Canopy density

Although little data have been published, measures of
wheat canopy density showed promise as secondary
selection traits for WCA. Leaf Area Index (LAI)
estimates the crop area per unit area of ground,
accounting for multiple layers of leaves. Higher LAI
can starve weeds of light and reduce weed seed
germination by lowering red to far red ratios. Early
LAI was positively correlated with WCA in 80% of
studies, and significant in 60% of studies. Correlations
between weed suppression and early LAI tended to be
stronger than early vigor or height, with a mean of
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r = 0.52 (range — 0.04 to 0.91) reported in six trials
(Coleman et al. 2001; Murphy et al. 2008; Worthing-
ton et al. 2015a,nnb). Measures of vegetation cover,
such as normalized difference vegetation index
(NDVI) or ratio vegetation index (RVI) were less
consistently correlated with WCA than LAI. Only half
of trials showed significant correlations between
vegetation indices and WCA. In a study by Reiss
et al. (2018), LAI and NDVI tended to group together
in variance decomposition when explaining the
response of weed biomass. However, LAI explained
more variance than NDVI. LAI provides higher
resolution measurements of leaf architecture and
canopy structure that influence competition, when
compared to presence/absence vegetation measure-
ments provided by NDVI and RVI. Photosynthetically
Active Radiation (PAR) captured by the wheat canopy
showed inconsistent correlation with tolerance and/or
suppression among two studies (Wicks et al. 1986;
Lemerle et al. 1996), but few observations limit the
confidence of this conclusion.

Further studies are needed to explore the potential
of LAI as a secondary selection trait for weed
competition and crop tolerance. Time-series studies
would be most useful, as the critical periods of
competition between weeds and wheat depend on a
region’s weather and common weed species. Time-
series studies could identify the growth stage(s) of
wheat that are most relevant to weed competition in a
target region, and therefore, identify optimum tim-
ing to measure LAI for selection. LAI is confounded
with planting density (Andrew 2016). Consequently,
studies need to carefully control for density effects
when measuring LAI. As visual measures of canopy
density can be difficult in the presence of weeds,
screening would need to take place in weed-free
conditions. Future studies would need to confirm a
consistently strong correlation between LAl and WCA
to merit its use as secondary selection traits, since LAI
is amore involved measurement than height and vigor.
Evidence exists that LAI and height explain different
aspects of weed competition (Reiss et al. 2018).

Correlated traits for WCA in the northeastern
United States

Among four site-years studied in the northeastern

United States, early vigor had a moderately low
correlation with weed biomass (r= — 0.24,

@ Springer

p <0.0001 in 2016 and — 0.21, p < 0.0001 in
2010; Table 2) and the ratio of wheat to weed biomass
(r=0.36, p<0.0001 in 2016 and r=0.25,
p < 0.0001 in 2010; Table 2). Grain yield under weed
pressure was moderately correlated with early vigor
(r=041, p<0.0001 in 2016 and r=0.43,
p < 0.0001 in 2010). However, the strength and
significance of these correlations depended on loca-
tion in 2010 (Table 2).

Varietal ratings for early vigor were consistent
among different evaluators. After six evaluators
visually rated early vigor of 20 spring wheat genotypes
over three replicates, 70% of the variance in early
vigor was explained by genotype. Although evaluators
did have slightly different rating scales, with 11% of
the variance in early vigor explained by the evaluator,
evaluators did not differ in their ranking of varieties
for early vigor. Only 0.09% of variance in early vigor
was explained by the interaction between evaluator
and genotype. Consequently, visual estimation seems
to be a reliable measure of early vigor among
genotypes, even if different evaluators complete field
measurements after receiving similar training
instructions.

Mature height was moderately or weakly correlated
to the ratio of wheat to weed biomass across all sites
(r=04,p <0.0001in2016 andr = 0.22, p < 0.0001
in 2010). However, weed biomass was not correlated
with mature height in two of four site-years
(r= —0.35, p<0.0001 in 2016 and r= — 0.09
p = 0.3808 at Sidney 2010; r = 0.04, p = 0.6825 at
Old Town 2010; r = — 0.25, p = 0.0053 at Alburgh
2010; Table 2). Mature height had a negative corre-
lation with grain yield in one of four site-years
(r =0.33,p < 0.0001 in 2016; r = 0.27, p = 0.0065 at
Sidney 2010; r= — 0.31, p =0.001 at Old Town
2010;r = 0.55,p < 0.0001 in Alburgh 2010; Table 2).
Similar to the global meta-analysis results, mature
height does not appear to be a reliable secondary
selection trait for weed suppression in the northeastern
United States.

Grain yield was the most consistently corre-
lated trait with weed suppression among site-years
(Table 2). Grain yield was moderately to highly
correlated with the ratio of wheat to weed biomass
(r=0.56,p < 0.0001in 2016 andr = 0.7, p < 0.0001
in 2010), and the relationship was significant at every
site-year (Table 2). Grain yield was significantly
negatively  correlated with weed  biomass
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Table 2 Correlations between wheat traits and measures of weed-competitive ability from four site-years in the northeastern United

States

Grain yield Mature height Early vigor Ratio of wheat to weeds Wheat biomass Weed biomass

Old Town 2010
Grain yield
Mature height

— (0.32%%*

Early vigor

Ratio of wheat to weeds

Wheat biomass

Weed biomass

Sidney 2010

Grain yield 0.27%*
Mature height 0.01
Early vigor

Ratio of wheat to weeds

Wheat biomass

Weed biomass

Alburgh 2010

Grain yield 0.55%%#%*
Mature height 0.13
Early vigor

Ratio of wheat to weeds
Wheat biomass

Weed biomass

0Old Town 2016*

Grain yield 0.33%%*
Early vigor

Ratio of wheat to weeds

Wheat biomass

Weed biomass

0.327%%*
— 0.27%*

0.36%**

0.34#5%%

0.41%%*
Mature height 0.49%%*

0.477%%% 0.337%%* — 0.42%%%
0.03 0.27%%* 0.04
0.12 0.337%%* — 0.05
0.51%%%* — 0.97%%*
— 0.3
0.34%%% 0.66%** —0.12
0.29%%* 0.627%%%* — 0.09
0.02 0.14 0.04
0.53 %% (0.8
—0.21%
0.47%%% 0.57#%* — 0.24%*
0.42%%% 0.617#%%* — 0.25%*
0.13 0.18 — 0.06
.73 %583k — .94k
— .48
0.56%** Q.74 — 0.38%*
0.4%% 0.47%%* — 0.35%%*
0.36%%%* 0.627%#: — 0.24%*
0.76%*%* — 0.89%%*
— (.54

“Indicates that a different population of wheat genotypes was included in this evaluation

k0 k% land “F** indicate significance of a correlation at p < 0.05, p < 0.01, and p < 0.001, respectively

(r= —0.38, p<0.0001 in 2016 and r= — 0.58,
p < 0.0001 in 2010), and the directionality of the
correlation did not change among site-years (Table 2).
Our results show that under organic growing condi-
tions with substantial weed pressure (which is typical
for spring wheat in the northeastern United States),
grain yield may be a more reliable trait to select for
WCA than early vigor or mature height. As grain yield
is already measured in advanced breeding trials, it may
also be the most cost-effective measure of WCA
screening in later stages of a breeding program. To
accurately distinguish differences in WCA among

advanced lines, trials should seek conditions with
uniform weed competition or overseed trials with a
surrogate weed. For early-stage breeding, however,
when lack of seed makes grain yield measurement
impractical or unreliable, early vigor, early height, or
LAI can be used as secondary selection traits for
WCA.
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Environment and weed species influence
on competitive ability

Genotype performance for WCA may differ among
environments and weed species present. In the global
meta-analysis, correlations between traits and com-
petitive ability were highly variable by year and
location (Ogg and Seefeldt 1999; Bertholdsson 2005;
Feledyn-Szewczyk and Jonczyk 2015; Andrew 2016).
Correlations for some traits were opposite in different
years (e.g. Coleman et al.,, 2001). Traits such as
maturity timing, early vigor (Coleman et al. 2001;
Kissing Kucek 2017), leaf area (Rebetzke and
Richards 1999), tillering and canopy diameter (Chal-
laiah et al. 1986) were not consistently correlated with
weed competition in different environments.

A trait commonly confounded with weather condi-
tions in many studies was maturity timing (Challaiah
et al. 1986; Lemerle et al. 1996; Bertholdsson 2005;
Murphy et al. 2008). Later flowering genotypes are
effective at competing with weeds in climates with
high nutrient and water availability late in the season.
However, early maturity is important for drier climates
in which wheat varieties must compete for limited
early rainfall (Mason et al. 2007a).

In different fields and years, farmers experience a
wide range in weed competition. An ideal wheat
genotype would yield well relative to other genotypes
under both heavy and light weed pressure (Lemerle
et al. 2001a). Weed suppression and crop tolerance do
not directly assess such plasticity. As observed by
Challaiah et al. (1986), a wheat variety with little
percent yield loss under weedy conditions (i.e. high
crop tolerance) could have relatively low yield under
weed-free conditions. To improve grain yield under
weed-free conditions, secondary selection traits for
WCA should reduce intraspecific competition with
wheat while imposing interspecific competition with
weeds (Weiner et al. 2010, 2017; Denison 2015). The
promising secondary selection traits of early vigor or
early height were positively correlated or unrelated to
weed-free grain yield (Coleman et al. 2001; Botwright
et al. 2002), with the significance of the relationship
varying by environment. These studies validate the
proposal by Denison (2015) that traits conferring early
season weed competition can prevent negative trade-
offs with grain yield in pure stands (Denison 2015).
Mature height, tillering, and growth habit (e.g. leaf
angle) were negatively correlated with grain yield

@ Springer

under weed-free conditions (Challaiah et al. 1986;
Sadras and Lawson 2011; Coleman et al. 2001). Such
traits can deprive nearby weeds of light, but also
compete with nearby wheat plants when weed pressure
is low (Lemerle et al. 2001a). After using secondary
selection traits such as early vigor, early height, or
early canopy density, advanced stages of a breeding
program could test lines for yield under both weed-
free and weedy conditions to identify genotypes with
desired plasticity.

Weed species exert unique competition patterns
with wheat in time and space. A robust secondary
selection trait would effectively compete with weed
species using diverse resource acquisition strategies.
Maturity timing, tillering, growth habit, and allelopa-
thy do not consistently compete with different weed
species. Maturity was significantly correlated with
yield reduction in competition with A. sativa, but not
with B. juncea (Huel and Hucl, 1996). Early maturity
may have allowed wheat to escape periods of peak
competition with oat, yet aligned with periods of
resource use for mustard. Tillering and/or growth habit
was negatively correlated with WCA in Alopecurus
mysuroides and L. perenne, but positively correlated in
Bromus tectorum, L. rigidum, A. sativa and Brassica
Jjuncea (Online Resource 3). Allelopathic activity was
only a useful selection trait if the regional weed
species of concern are susceptible to the allelopathic
chemicals excreted by wheat. Bertholdsson (2011)
reported that allelopathy was significantly and posi-
tively correlated with the control of S. alba, but not
that of L. perenne.

The meta-anlaysis cannot distinguish which traits
are most correlated with WCA for specific weed
species. Out of 18 studies, ten evaluated one weed
species, two evaluated two weed species, and six used
resident weed populations without identifying species.
Each weed species was not studied among diverse
environments (Table 1), confounding the effects of
weed species with location and year effects. Boxplots
of WCA trait correlations provide rough indications of
differences among species of weeds (Online Resource
3). Two promising secondary selection traits identi-
fied in the meta-analysis, early vigor and early height,
were positively correlated with WCA for all studied
weed species (Online Resource 3). Growers often
encounter multiple weed species in their fields, and
weed species change with weather and field conditions
of each season. Consequently, the aggregate data
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presented in this metanalysis, which includes obser-
vations from many weed species, may be more useful
for choosing correlated traits with WCA that are
relevant to diverse environments. Selection for mul-
tiple traits correlated with WCA may improve the
estimate of a wheat genotype’s competitive ability
with multiple weed species. Reiss et al. (2018)
reported that height explained more variance in
biomass of two weed species (Avena fatua, Sinapsis
alba), while LAI explained more variance in the
biomass of Chenopodium album.

Interactions between genotype by environment and
genotype by weed species may inhibit the selection of
broadly adapted varieties for WCA. Breeding pro-
grams would benefit from testing and using regionally
appropriate secondary selection traits (Worthington
and Reberg-Horton 2013). Decentralizing selection
into mega-environments with similar climatic vari-
ables and predominant weed species could reduce the
impact of G*E, thereby increasing heritability and
gains in selection for WCA (Eqgs. 1 and 2).

Conclusions

Breeding directly for WCA is costly, laborious, and
challenged by differential genotype performance
across environments. Global datasets indicate that
early vigor and early height are two promising
secondary selection traits to improve WCA among
diverse weed species. Early LAI shows promise as a
secondary selection trait, but more studies are needed
to confirm the correlation between LAI and WCA.
Early vigor is an easy-to-measure trait that is corre-
lated with WCA, and presents no known negative
tradeoffs with harvest index and grain yield. However,
early vigor has low heritability due to high G*E
interactions. As the most consistently correlated trait
with high heritability, early height may be the most
globally useful method to select for WCA in wheat.
However, breeding programs may struggle to identify
alleles that promote early season height gain, yet
maintain high harvest index for adequate grain yield.
Due to high G*E interactions for competitive ability
and correlated traits, breeding programs should
develop regression models to identify what traits are
highly correlated with WCA in regions of interest, and
select for that trait using a decentralized approach.
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