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Abstract Organic spring wheat (Triticum aestivum

L.) producers in the northern Great Plains use cultivars

which have been bred for conventional management

systems or heritage cultivars released before the

widespread use of synthetic fertilizers and pesticides.

To investigate the feasibility of organic wheat breed-

ing and to determine common genetic parameters for

each system, we used a random population of 79 F6-

derived recombinant inbred sister lines from a cross

between the Canadian hard red spring wheat cultivar

AC Barrie and the CIMMYT derived cultivar Attila.

The population, including the parents, was grown on

conventionally and organically managed land for

3 years. Heritability estimates differed between sys-

tems for 6 of the 14 traits measured, including

spikes m-2, plant height, test weight, 1,000 kernel

weight, grain protein, and days to anthesis. Direct

selection in each management system (10% selection

intensity) resulted in 50% or fewer lines selected in

common for nine traits, including grain yield, grain

protein, spikes m-2, and grain fill duration. The results

of this study suggest that indirect selection (in

conventionally managed trials) of spring wheat des-

tined for organically managed production would not

result in the advance of the best possible lines in a

breeding program. This implies that breeding spring

wheat specific to organic agriculture should be con-

ducted on organically managed land.
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Abbreviations

H Heritability

BLUP Best linear unbiased prediction

CIMMYT International Maize and Wheat

Improvement Center

NIR Near-infrared Reflectance

PAR Photosynthetically active radiation

Introduction

The term ‘‘organic agriculture’’ describes production

systems that aim to promote and enhance agro-

ecosystem health while discouraging the use of off-

farm inputs. Globally, interest in organic agriculture

is increasing due to concerns over a number of

factors, including environmental health, agricultural

sustainability, pesticide residues, human health, and

input costs. Long term market projections indicate

that the North American demand for organic products
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will continue to grow, eventually overtaking Europe

to become the world’s largest organic market (Sahota

2006).

Scientific research involving organic production

systems is relatively limited. Long-term research

relating to soil fertility and biology in various organic

cropping systems has been conducted in Europe

(Fleissbach et al. 2007; Gosling and Shepherd 2005;

Mader et al. 2000), and to a lesser extent in the United

States (Harris et al. 1994) and Canada (Entz et al. 2004).

Interest in crop breeding and agronomic research for

organic production is growing in Canada and the United

States. Nonetheless, there are still very few published

scientific reports relative to those concerned with

conventionally managed cropping systems.

Researchers and farmers often cite weeds as one of

the greatest impediments to organic crop production

(Barberi 2002; Degenhardt et al. 2005). Studies in

Canada and elsewhere have reported higher weed

populations, greater aboveground weed biomass, and

a greater diversity of weed species in organic cereal

crops than in their conventional counterparts (Entz

et al. 2001; Leeson et al. 2000; Mason et al. 2007d).

In a study of 32 Canadian spring bread wheat

(Triticum aestivum L.) cultivars, increased weed

abundance on organically managed land contributed

to grain yield reductions of *40% compared to

yields on conventionally managed land (Mason et al.

2007d). Increasing crop competitive ability against

weeds could be an effective strategy for controlling

weeds and improving crop yields in organic grain

production systems (Barberi 2002). Several research

trials have found competitive ability to differ among

wheat genotypes (Lemerle et al. 2001; Wicks et al.

1986), including cultivars registered in Canada (Huel

and Hucl 1996; Mason et al. 2007a).

Several research trials have identified plant traits

associated with increased competitive ability in

wheat, the most compelling of which may be

increased plant height (Cousens et al. 2003; Mason

et al. 2007a). In contrast, global wheat breeding

efforts over the past 50 years have largely been

aimed at increasing grain yield, leading to the

introduction of height-reducing (Rht) genes and the

subsequent development of ‘‘semi-dwarf’’ cultivars.

Semi-dwarf wheat cultivars exhibit reduced cell size,

contributing to smaller root systems, shorter coleop-

tile lengths and/or smaller leaf areas than traditional

cultivars (Gale and Youssefian 1985; Vandeleur and

Gill 2004). Thus, semi-dwarf cultivars may not be

well-suited for out-competing weeds. Greater yield

losses (Cousens et al. 2003) and less weed suppres-

sion (Mason et al. 2007b) have been reported in

semi-dwarf wheat cultivars under weed competition

compared to conventional height cultivars. In Canada,

the use of semi-dwarf wheat cultivars is increasing.

The semi-dwarf cultivar Superb (released in 2003,

Secan 2006) is currently the most widely grown

cultivar, representing close to one-fifth of the prairie

wheat area only 3 years after its release (CWB 2007).

Other plant traits such as crop biomass, ground

cover, flag leaf length, tillering capacity and early

season growth were reported to be associated with

competitive ability in wheat genotypes from around

the world (Hucl 1998; Huel and Hucl 1996; Lemerle

et al. 1996). However, these studies were conducted

in controlled environments, where plant responses to

competition may differ from natural or native con-

ditions. Our research (conducted on organically

managed land in central Alberta) suggests that tall

plants, fast early season growth, early heading and

maturity, and a greater number of fertile tillers are

important competitive plant traits for organic envi-

ronments, where aboveground weed biomass is

typically higher and soil fertility is more variable

(Mason et al. 2007a; Mason et al. 2007d).

The selection of cultivars for low-input and/or

organic environments has not been a priority of past

breeding programs. Ceccarelli (1996) suggested that

breeders justify selection under optimum conditions

because greater environmental variability of low-input

conditions reduces heritability. Nevertheless, there

have been reports of similar rankings for disease

resistance and quality traits in conventional and

organic cropping trials (Mader et al. 2000; Mason

et al. 2007c), and similar heritability estimates between

systems in maize (Zea mays L.) (Burger et al. 2008).

The reduction in environmental variability through

the widespread use of chemical inputs means indi-

vidual cultivars can be successful over a large

geographic area (Wolfe et al. 2008). In a review,

Wolfe et al. (2008) reported that the selection of some

traits are similar between organic and conventional

breeding programs, but some more complex traits are

specific to organic management. For example, Baresel

et al. (2008), reported genetic variability in the

nitrogen use efficiency of winter wheat. They sug-

gested that cultivars with improved nitrogen uptake
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during early growth stages, and subsequent efficient

translocation, would be more adapted to the timing of

nitrogen mineralization on organically managed soils.

Banziger and Cooper (2001) suggested that culti-

vars developed through formal crop breeding have

not been adopted for low-input conditions because

few programs have focused on low-input conditions.

They further reported that optimally managed on-

station experimental trials may be used for assessing

highly heritable qualitative traits such as grain size,

texture, colour or maturity, but that they would not be

useful for most quantitative traits (hence most

important agronomic traits) affected by genotype by

environment interactions. Our initial studies (e.g.

Mason et al. 2007d) provide some evidence of the

existence of genotype by environment interaction

between organic and conventional conditions.

The applicability to organic agriculture of trials

conducted under conventional conditions is question-

able. Several studies have reported differences in the

performance of wheat cultivars in organic and

conventional management systems, with some culti-

vars better suited to organic management in northern

North America (Carr et al. 2006; Mason et al. 2007d;

Nass et al. 2003). Murphy et al. (2007) reported that

selecting for yield under organic management

resulted in genotypic ranks different from conven-

tional management. Przystalski et al. (2008) reported

high genetic correlations between management sys-

tems, but they identified specific cultivars which

exhibited cross-over interactions between systems.

They concluded that selection of cultivars should be

conducted under conditions which closely match

commercial organic farms and should include traits

important to organic farmers.

The objective of the present study was to deter-

mine if a breeding population of spring wheat

exhibited different heritabilities and/or other genetic

parameters for agronomic traits under conventionally

and organically managed agricultural systems. We

were further interested in determining whether

selection results would be different between systems.

Materials and methods

A randomly derived recombinant inbred population

was created from a cross between the spring wheat

cultivar AC Barrie and the CIMMYT spring wheat

cultivar Attila. AC Barrie is an awnless, high

yielding, high protein, hard red spring wheat (CWRS)

cultivar (McCaig et al. 1996) and was the most

commonly grown spring wheat cultivar on the

Canadian Prairies in the 1990s. Results from the

Western Canadian cooperative tests show AC Barrie

to be lodging resistant, medium height (93 cm), high

yielding (4.05 t ha-1) with high protein (14.0%) and

average maturity (108 days) (McCaig et al. 1996).

Attila is an awned semi-dwarf bread wheat cultivar

widely grown in Southeast Asia (Rosewarne et al.

2008). The 2004 CIMMYT international bread wheat

trials report Attila to be high yielding (5.34 t ha-1)

and semi-dwarf (84 cm) with average maturity for the

regions tested (135 days) (CIMMYT 2008). The

original population consisted of 79, F4 derived F6

genotypes, which were advanced to F4 by single seed

descent. The population and the two parents were

planted in double head rows the year prior in order to

multiply seed for experimental use.

The experimental study was conducted from 2005

to 2007 at the University of Alberta Edmonton

Research Station (ERS), Edmonton, AB, Canada (53�
340N, 113� 310W), with the conventionally managed

site less than 1 km from the organically managed site.

Different areas at each site were used in subsequent

years, in keeping with the research station crop

rotation. Plots were seeded on May 6th, 5th, and 14th,

on the conventional site and on May 30th, June 1st,

and May 24th, on the organic site for 2005, 2006 and

2007, respectively.

On the conventional site, granular fertilizer (11–

52–0: N–P2O5–K2O) was banded with the seed during

sowing, at a rate of 140 kg ha-1, and broad leaf weeds

were controlled using Dyvel� (BASF Canada, Miss-

issauga, ON) at a rate of 1.1 l ha-1. No fertilizers or

herbicides have been used on the organically managed

site since 1999. The 4 year rotation on the conven-

tional site consisted of canola research plots, field pea,

triticale/field pea mixture, and cereal research plots.

The 3 year rotation on the organic site consisted of

barley, triticale/field peas, and cereal research plots.

Composted dairy manure had been applied to the

organic field in the fall of each year prior to the start of

this study, but was not applied during the years of the

study because soil nutrient levels were adequate

according to soil tests (optimal in 2006, only nitrogen

was marginal in 2007) (data not shown). Soil at both

sites is classified as Black Chernozemic, which is
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typical of central Alberta (Alberta Agriculture Food

and Rural Development 2002). Weather data for

Edmonton, for each year, were obtained from the

Environment Canada data archive at the conclusion of

the study (Environment Canada 2008). Plots were

seeded with 250 seeds m-2 in a randomized complete

block design within each management system. In

2005, because of seed limitations, two blocks were

grown in the two trials grown that year, and plots were

2 m long by four rows with 23.5-cm row spacing.

Three blocks per trial were planted in subsequent

years and plot size increased to six rows of 4 m length

with similar row spacing.

Data collection

Data recorded for each plot included early season

vigour, plant height, number of spikes m-2, grain

yield, 1,000 kernel weight, kernels spike-1, test

weight, harvest index, grain protein, flag leaf area,

weed biomass, and days from seeding to anthesis, and

physiological maturity.

Early season vigour was rated visually at the three

to four leaf stage, (Zadok’s growth stage 13–14)

(Zadoks et al. 1974), using a one to five scale based

on plant leaf size, number, and overall form, with one

being the least vigorous (Mason et al. 2007d).

Spikes m-2 was determined by counting fertile stems

from a randomly chosen 0.5 m length of the centre

two plot rows. Grain protein content (%) was

determined using Near-infrared Reflectance (NIR)

spectroscopy using a Monochromator NIR Systems

model 6500 (NIRSystems, Inc., Silver Springs, MD,

USA). Flag leaf area was recorded using an LI-3000A

portable area meter (LI-COR Biosciences, Lincoln,

NE) with five different flag leaves selected at random

and the mean area recorded. To estimate weed

suppressive ability, weed biomass was sampled at

wheat physiological maturity from a 625 cm2 area of

the plot. The weed samples were dried for 3 days at

50�C and dry weight was recorded.

The confounding effect of the natural weed

population in organic trials meant three traits (leaf

area index, mean tip angle, and light capture) were

recorded only in conventionally managed trials. Leaf

area index and mean tip angle were recorded with an

LAI-2000 Plant Canopy Analyzer (LI-COR Biosci-

ences, Lincoln, NE). Photosynthetically active radi-

ation (PAR) was recorded using a LI-COR LI-191SA

Line Quantum Sensor (LI-COR Biosciences, Lincoln,

NE). The sensor was held in the centre of a plot, at

ground level and above the canopy, with PAR

recorded in lmol s-1 m-2. The proportion of light

captured was calculated as:

Light capture ¼ 1� PAR below canopy

PAR above canopy
ð1Þ

Days to anthesis were recorded when 75% of the

plants had anthers extruded. Physiological maturity

was determined visually as the number of days from

seeding to the point in time when 75% of the

peduncles in a plot had lost green colour. Grain fill

duration was then calculated as the time from

anthesis to physiological maturity.

Statistical analysis

All data were analysed with the MIXED procedure of

SAS v9.1 (SAS� Institute 2003). The experimental

trials were initially analysed separately, with block

and genotype considered random. Thereafter, for the

purposes of comparing genetic parameters within the

two management systems, all six site-years (environ-

ments) were considered as one experiment. Each year

was considered to be a complete block comprised of

replications within each block and the experiment

was replicated in time (over years). The data were

thus analysed as a split plot, with the fixed effect of

management system considered the whole plot, and

the random effect of genotype considered the subplot.

The data were modeled to:

yijk ¼ lþMi þ Yj þMYij þ Gk þ GMik

þ GYjkðMiÞ þ eijk ð2Þ

where M, Y, and G are the management system, year,

and genotype, respectively. Only management was

considered a fixed effect for the model. The parental

cultivars were analysed with the same model, but

both management and genotype along with their

interaction, were considered fixed effects. For

instances where a term resulted in a zero variance

estimate, the term was removed from the model.

Estimates of variance for the within block replica-

tions were always zero and thus are not presented in

the model above.

Heritabilities were estimated for each trait

pooled over environments, for both organically and
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conventionally managed environments separately.

The variance components were estimated using:

yijk ¼ lþ Ei þ RjðEiÞ þ Gk þ GEik þ eijk ð3Þ

where E, R, and G are the environment, replicate, and

genotype, respectively. Broad sense heritability was

then calculated on a plot basis using:

H ¼ r2
G

r2
G þ r2

GE þ r2
e

ð4Þ

where rG
2 , rGE

2 , and re
2 are the genotype, geno-

type 9 environment, and error variances, respec-

tively. The SEs of the heritabilities were calculated

using the delta method (Holland et al. 2003).

Expected genetic gain was estimated as:

Re ¼ iHrP ð5Þ

where rP is the phenotypic SD, H is the broad sense

heritability and i is the selection intensity (1.755 for

10% selection) (Falconer and Mackay 1996).

Best linear unbiased predictions (BLUPs) were

then estimated for genotypes across environments,

using the estimate statement in the MIXED procedure

(Littell et al. 2006). These were used for estimating

observed response to selection for the population,

and to calculate Spearman rank correlations using

the Spearman option of the CORR procedure in SAS

v9.1 (SAS� Institute 2003). Best linear unbiased

predictions were also estimated separately for the

genotypes for each environment and each manage-

ment system. These BLUPs were used to con-

struct histograms, which were fitted with a three

parameter Gaussian curve, to approximate the

population distribution using SigmaPlot 10.0

(Sigmaplot 2006).

Genetic correlations were calculated for all traits

within and between competition treatments using:

rGij ¼
CovGij

rGirGj
ð6Þ

(Bernardo 2002), where rGij is the genetic correlation

between the ith and jth traits, CovGij is the genotypic

covariance between the ith and jth traits, rGi, and rGj

are the genetic SDs of the ith and jth traits,

respectively. Prior to calculating the correlations,

data were standardized within management system

and year, to minimize differences in scale between

traits (Zar 1996), using:

Z ¼ Xi � l
r

ð7Þ

where Z is the standardized data point, Xi is the ith

observation, l and r is the population mean and SD

within each year and management system. Variance

and co-variance were then estimated using restricted

maximum likelihood in the MIXED procedure, and the

SE of the correlations were calculated via the

delta method (Holland 2006). For each correlation,

95% confidence intervals were constructed as

rgij ± z(0.05)re where rgij is the correlation coefficient,

z(0.05) is the ordinate of the standard normal distribu-

tion such that the area under the curve from -? to

z(0.05) equals 1 - 0.05, and re is the SE of the

correlation. Correlations were considered signifi-

cantly different from zero if the confidence interval

did not include zero (Holland et al. 2003). Results are

considered and reported as different only when

P \ 0.05.

Results

Temperature levels were consistent with normals for

the area over the 3 years of the study. Highest

temperatures occurred in late July and early August

(Fig. 1). Water is the major limiting factor for

agriculture production in central Alberta and rainfall

over the three study years was variable (Fig. 1), but

consistent with normal rainfall patterns. Nevertheless,

the month with the highest average rainfall is

normally July, which was not the case for any of

the years in this study.

On average, the parental genotypes AC Barrie and

Attila yielded less grain with greater protein content

under organic than under conventional management

(Table 1). In the conventional system, AC Barrie had

similar grain yield, had 30% more spikes m-2, was

15 cm taller and had 10% greater protein content than

Attila. In the organic system AC Barrie had 28%

greater yield, had similar spikes m-2, was 17 cm

taller, and had 5% greater protein content than Attila.

Each year on average, the AC Barrie 9 Attila

population yielded less grain under organic than

under conventional management (P \ 0.01). How-

ever, in conventional management, the population

distributions were narrower, and were less variable

over years (Fig. 2). In 2006, decreased precipitation
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after planting on the organically managed land

created increased weed pressure (data not shown)

which reduced wheat growth and yield. In 2007, the

organic plots had low weed competition (data not

shown) which resulted in increased growth and yield

for the organic wheat. Interestingly, Attila consis-

tently yielded less grain than AC Barrie in organi-

cally managed trials while the reverse was true under

conventional management. In contrast to grain yield,

the population distributions for protein content were

similar between systems (Fig. 3).

Conventionally managed trials, on average, yielded

double the amount of grain, and with less recorded

weed biomass, than organic trials (Table 1). No other

traits differed statistically between the systems. The

ranges of measured variables tended to be greater in

conventional with the exception of harvest index,

weed biomass, and flowering times (Table 1).

The experimental population exhibited statistically

similar heritability estimates for grain yield, ker-

nels spike-1, harvest index, flag leaf area, weed

biomass, early season vigour, days to maturity, and

grain fill duration under both management systems

(Table 2). Lower heritability estimates occurred in

the organic system for spikes m-2, plant height, test

weight, thousand kernel weight, and protein content,

whereas days to anthesis had a higher heritability

estimate under organic management (Table 2). Five

traits had different observed responses to selection

(kernels spike-1, harvest index, weed biomass, days

to maturity, and grain fill duration), with no observed

difference in heritability estimates between systems

for those traits.

Spearman rank correlations were high ([0.70)

between the systems for seven of the measured traits

(Table 3). Grain yield (0.33), early season vigour

Fig. 1 Weather data from

the Edmonton International

Airport for each year of the

experiment and the 40 years

normal for the months of

the growing season. Data

obtained from the

Environment Canada

weather data archive

(Environment Canada

2008)
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(0.26), and weed biomass (0.22) suppressive ability

had the three lowest rank correlations between

systems (Table 3). Direct selection in each manage-

ment system (10% selection intensity) resulted in

50% or fewer lines selected in common for nine

traits, including grain yield, and grain protein,

(Table 3). If the top yielding eight lines (10%) of

the population were selected from each management

system (based on our results) one line would be in

common. Selecting the top 12 (15%) and 16 (20%)

lines based on yield resulted in four and eight lines in

common, respectively. This suggests that selecting in

the two management systems would result in large

differences between systems for lines retained for

further yield trials in a breeding program. The

difference in the relative ranking of lines between

systems was also large for other agronomically

important traits (Table 3; Fig. 4).

Among yield components, grain yield was moder-

ately correlated (0.4 \ r \ 0.8) with 1,000 kernel

weight in organically managed land. Alternately, in

conventionally managed land, grain yield was mod-

erately correlated with kernels spike-1 (Table 4).

Spikes m-2 was negatively correlated to kernels

spike-1 in both systems.

Heritability estimates for weed biomass suppres-

sive ability, and early season vigour did not differ

from zero in either conventionally or organically

managed systems (Table 1). This suggests that the

environmental and statistically unaccounted variation

in weed biomass suppressive ability and compensa-

tion for increased weed biomass was far greater than

the genotypic variation to suppress or withstand weed

pressure. Perhaps as a result of this, under organic

management, weed biomass levels were not corre-

lated to any of the eight measured traits. However,

Table 1 Least square means of AC Barrie and Attila and the population derived from a cross between the two, grown under organic

and conventional management in Edmonton, AB, Canada from 2005 to 2007, and the range of the population for 17 agronomic traits

Variable AC Barriea Attilaa Diff. between

parentsb
Population

meana
SE

of diff.

Conventional Organic

Convc Org Conv Org Conv Org Conv Org Min Max Min Max

Grain yield (t ha-1) 4.54* 2.68* 4.83** 2.09** -0.29 0.59* 3.88* 1.85* 0.67 4.19 5.22 1.80 2.63

Spikes m-2 536 322 414 336 122* -14 454 343 83 387 520 303 396

Plant height (cm) 86 84 71 67 15* 17** 76 74 7.2 64 92 66 88

Test weight (kg hl-1) 81 79 81 77 0 2 80 76 2.5 76 82 73 79

Kernels spike-1 31 28 39** 32** -8** -4 40 32 3.0 32 48 25 39

1,000 kernel weight (g) 37* 40* 38 38 -1 2** 36 36 1.2 31 41 30 41

Harvest index (%) 45 45 49 42 -4 3 47 42 2.3 42 50 33 49

Flag leaf area (cm2) 19 15 16 10 3 5 18 14 3.4 13 22 9 17

Grain protein (%) 14.1** 15.2** 12.8** 14.4** 1.3** 0.8** 13.0 14.8 0.58 11.6 15.1 13.7 16.1

Weed biomass (g m-2) 0 10 1** 20** -1 -10 1* 13* 3.5 0.2 2 12 16

Early season vigour 4 4 3 3 1 1* 3 3 0.1 3 4 3 3

Days to anthesis 59 53 58 53 1 0 59 53 3.3 56 63 48 58

Days to maturity 90 90 95 90 -5 0 94 92 3.5 88 100 85 101

Grain fill duration (days) 32* 37* 37 37 -5* 0 35 39 3.9 29 38 34 44

Leaf area index 2.93 –d 2.44 – 0.49 – 2.58 – – 1.75 3.73 – –

Mean tip angle 60.7 – 58.5 – 2.25 – 59.0 – – 50.1 65.9 – –

Light capture 0.88 – 0.91 – 0.03 – 0.81 – – 0.79 0.81 – –

a Statistical differences tested between management systems
b Statistical differences tested between AC Barrie and Attila
c Conv Conventionally managed system, Org Organically managed system
d Trait not measured in the organically managed system

*, ** Significant at P = 0.05 and P = 0.01, respectively
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under conventional management, weed biomass lev-

els were negatively correlated with grain yield, plant

height, test weight, and flag leaf area (Table 5). Days

to maturity in organically managed trials was nega-

tively correlated with grain yield, kernels spike-1,

and flag leaf area. In conventionally managed trials,

the correlations were positive.

Three traits, measured only in conventional trials

(leaf area index, mean tip angle, and light capture),

were not correlated to grain yield under organic

management. However, grain protein in organically

managed land was correlated to light capture and leaf

area index (Table 6).

Discussion

Our study employed an experimental wheat popula-

tion at the developmental stage, within a single seed

descent breeding program, where a preliminary yield

trial would normally occur to select lines for repli-

cated multi-location trials. To the best of our

knowledge, there has been no direct comparison of

a random recombinant inbred spring wheat breeding

population between conventional and organic man-

agement in North America.

We found heritability estimates for various agro-

nomic traits were either similar between the two

systems or lower in the organic system (with one

exception). This suggests that, at best, breeding under

organic conditions would produce similar genetic

gains to conventional breeding. Nevertheless, breed-

ing directly within organically managed systems

would result in lower genetic gains than on conven-

tionally managed land for some traits. Burger et al.

(2008) reported heritability estimates for yield that

were similar between organic and conventional

systems for populations of maize. Reduced heritabil-

ity estimates were predicted for plants grown in

competitive or stressful environments (Fasoula and

Fasoula 1997), but there were exceptions to this

under both artificially induced weed competition in

spring wheat (Reid, unpublished data) and under

imposed drought stress in rice (Bernier et al. 2007).

Fig. 2 Population distribution of grain yield for both management systems for each year and across years, with arrows showing the

position of each parent (A Attila, B AC Barrie) for each distribution
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Fig. 3 Population

distribution of grain protein

levels for both management

systems for each year and

across years, with arrows
showing the position of

each parent (A Attila, B AC

Barrie) for each distribution

Table 2 Estimates of heritability, their SEs, and selection

responses (SR) for 14 agronomic traits in a population derived

from a cross between AC Barrie and Attila grown under

organic and conventional management in Edmonton, AB,

Canada from 2005 to 2007

Variable Heritability estimate (%) SRe
a SRo

a

Convb SEc Orgb SE Conv Org Conv Org

Grain yield (t ha-1) 22 5 14 5 0.25 0.13 0.54 0.47

Spikes m-2 22** 5 4** 4 30 6 54** 35**

Plant height (cm) 67** 4 43** 5 9 7 12 11

Test weight (kg hl-1) 51** 5 26** 6 1.4 1.0 1.8 1.8

Kernels spike-1 47 5 37 6 5 4 7* 5*

1,000 kernel weight (g) 59** 5 39** 5 3 3 4 4

Harvest index (%) 31 5 37 6 2 5 3** 6**

Flag leaf area (cm2) 36 5 32 6 11 9 3 3

Grain protein (%) 62** 6 31** 8 0.83 0.45 1.1 0.8

Weed biomass (g m-2) 7 4 2 2 -0.13 -0.45 -0.3** -0.9**

Early season vigour 6 3 4 3 0.1 0.1 0.3 0.2

Days to anthesis 37* 6 53* 5 -1 -3 -2** -4**

Days to maturity 35 5 44 5 -2 -4 -4* -6*

Grain fill duration (days) 21 6 27 5 1 2 3* 4*

a SRe Expected response from 10% selection, SRo observed response from 10% selection
b Conv Conventionally managed system, Org Organically managed system
c SE Standard error of the heritability estimate

*, ** Significant at P = 0.05 and P = 0.01, respectively (T-test)
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Direct selection in each management system (up to

20% selection intensity) resulted in 50% or fewer

lines selected in common for nine traits, including

economically important traits such as grain yield,

grain protein, spikes m-2, and grain fill duration. Of

those nine traits, seven had Spearman rank correla-

tions below 0.70. This suggests that selecting in the

two management systems would result in large

differences between systems for lines retained for

further yield trials in breeding programs. The differ-

ence in the relative ranking of lines between systems

was also large for other agronomically important

traits. Loschenberger et al. (2008) recommended

growing conventional and organic trials in parallel,

on advanced breeding material, to obtain a more

accurate analysis. In our study, observed response to

selection did not differ between systems for traits

with differing heritability estimates. This suggests

that genetic gain may not differ between the two

systems, but would be more difficult to predict under

organic conditions. Over years, the mean and popu-

lation distributions for grain yield were more variable

in organic trials. Variable cultivar performance

differences were observed between organic farms in

Europe (Przystalski et al. 2008).

Nass et al. (2003) reported that AC Barrie per-

formed well under organic management. Therefore,

Table 3 Spearman rank correlations (rs) and the numbers of

lines in common at three selection intensities, for 14 agronomic

traits in a population derived from a cross between AC Barrie

and Attila grown under organic and conventional management

in Edmonton, AB, Canada from 2005 to 2007

Trait Rank (rs) Lines selected in common

10%a

(8)b
15%

(12)

20%

(16)

Grain yield 0.33 1 4 8

Spikes m-2 0.63 4 7 8

Plant height 0.86 7 9 10

Test weight 0.70 3 6 9

Kernel spike-1 0.75 3 5 11

1,000 kernel

weight

0.80 4 7 8

Harvest index 0.63 3 5 7

Flag leaf area 0.40 4 7 8

Grain protein 0.77 4 6 6

Weed biomass 0.22 2 3 4

Early season

vigour

0.26 0 3 5

Days to anthesis 0.82 5 11 11

Days to maturity 0.73 5 8 12

Grain fill duration 0.57 2 4 6

a Selection intensity applied within each system
b Maximum number of lines selected from the population of

79 lines at the given selection intensity (10, 15, 20%)

Fig. 4 Genotypic ranks

changes observed in the top

10% lines ranked under

each management system

(O: Organic; C:

Conventional) for seven

traits measured in both

systems. Rank was assigned

according to the desired

direction of selection (e.g.

rank one for grain yield was

the highest yielding)
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AC Barrie was a logical choice as a parent to initiate

breeding for organic agriculture. Parental selection is

an important first step for breeding in organic systems

(Wolfe et al. 2008). The introduction of height

reduction genes is common in conventional wheat

breeding (Worland and Snape 2001) and the popula-

tion used in this study was segregating for height.

Mason et al. (2007b) reported that semi-dwarf wheat

Table 4 Genetic correlations (r) for eight agronomic traits,

calculated using data standardized within management system,

measured in a population derived from a cross between AC

Barrie and Attila grown under organic and conventional

management in Edmonton, AB, Canada from 2005 to 2007

Grain 
yield 

Spikes 
m-2

Kernel 
spike-1

1000 
Kernel 
weight 

Plant
height 

Harvest 
index 

Flag leaf 
area

Grain 
protein 

Grain yield –a – 0.45 – 0.72 0.53 – 0.38 

Spikes m-2 – – 0.94 – –0.61 – – – 

Kernel  
spike-1

1000 kernel 
weight 

Harvest 
index 
Flag
leaf area 

0.33 – 0.56  – – 0.58 0.59 – 0.91 

– – –  – – 0.29 0.31 

Plant height  0.27 – 0.38 – 0.68 – 0.44 – – 

– – 0.33 – 0.40 –0.65  0.71 – 0.79 

0.58 – 0.41 0.42 – 0.53 – 0.26  – 0.55 

Grain protein – – – 0.67 0.62 0.56 – 0.60 – 

Values above the diagonal represent organically managed system; values below the diagonal represent conventionally managed

system
a Correlation not different from zero (P [ 0.05)

Table 5 Genetic correlations (r) between eight agronomic

traits and each of weed biomass, early season vigour, days to

anthesis, days to maturity, and grain fill duration, all calculated

using standardized data within management systems, measured

in a population derived from a cross between AC Barrie and

Attila grown under organic and conventional management in

Edmonton, AB, Canada from 2005 to 2007

Grain yield Plant

height

Test weight Kernel

spike-1
1,000 kernel

weight

Harvest index Flag leaf area Grain

protein

Conva Org Conv Org Conv Org Conv Org Conv Org Conv Org Conv Org Conv Org

Weed

biomass

-0.72 –b -0.52 – -0.32 – – – – – 0.41 – -0.45 – – –

Early season

vigour

– – 0.35 – 0.41 – -0.61 – – 0.81 – 0.42 – 0.49 0.83 –

Days to

anthesis

0.57 -0.28 0.23 – – – – – – – -0.55 -0.70 0.41 -0.57 – 0.31

Days to

maturity

0.84 -0.28 – – – – 0.41 -0.31 – – – -0.74 0.53 -0.60 – 0.29

Grain fill

duration

0.75 – – – – – 0.64 -0.40 – – – -0.55 0.43 -0.43 -0.42 –

a Conv Conventionally managed system, Org Organically managed system
b Correlation not different from zero (P [ 0.05)
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cultivars were not as competitive against weeds as tall

cultivars. In this study, AC Barrie yielded higher in

organic systems whereas Attila, a semi-dwarf cultivar,

yielded more grain in the conventional system.

Weed biomass was much greater in the organic

trials of this experiment. However, in our trials

weed biomass suppressive ability and early season

vigour were not heritable traits in both management

systems. This could have resulted from inherent

field variability, especially in an uncontrolled

organic system. In the conventional system weeds

were largely controlled through herbicide applica-

tion, making genetic variation difficult to estimate.

Higher weed biomass levels in organic systems were

reported previously (Leeson et al. 2000). Different

levels of natural weed pressure can affect which

competitive traits are more important (Mason et al.

2007a). In this study, plant height was the most

important trait for reducing weed biomass levels.

This suggests that semi-dwarf wheats may not be

appropriate for organic farming systems.

In this study selection based on nine traits resulted

in few lines being commonly selected in between

management systems even though six of those traits

had similar heritabilities in both systems. The similar

heritability estimates suggests there will be similar

genetic gain in both systems, however, the selection

of different lines between systems implies the genetic

gain is being achieved though different paths.

Breeding programs, whether in conventional or

organic systems, do not make selections based on

only one trait (Wolfe et al. 2008). Organic breeding

will require selections based on traits specifically

required for organic agriculture, and therefore selec-

tion in an environment requiring the expression of

those traits (Loschenberger et al. 2008; Murphy et al.

2007; Przystalski et al. 2008).

The negative relationship between flowering time

and grain yield under organic management in the

present study suggests that earliness is an advantage

in organic systems. This agrees with previous reports

which concluded that earliness confers a competitive

advantage to spring wheat in central Alberta (Mason

et al. 2007d), even when seeding dates are the same

(Reid, unpublished data).

Conclusions

The results of this study suggest that, for certain

agronomic traits, variability in organic management

systems may reduce the precision of genetic param-

eters commonly estimated in breeding programs.

Therefore, prediction of potential gains from selec-

tion in organically managed fields is difficult; but

direct selection should result in observable gains.

This study demonstrated that selection in conven-

tionally managed land for the purposes of developing

cultivars for organic production does not result in the

same genotypes being selected for each system for all

traits. Based on the results of the study, we believe

selection of spring wheat cultivars for organic

production systems should be done on organically

managed land. Creating a population from parents

Table 6 Genetic and phenotypic correlations, between 17

traits measured in the conventionally managed system, and

grain yield and grain protein measured in the organically

managed system, calculated using data standardized within

management system, on a population derived from a cross

between AC Barrie and Attila grown under organic and con-

ventional management in Edmonton, AB, Canada from 2005 to

2007

Conventional Organic grain yield Organic grain

protein

Genetic Phenotypic Genetic Phenotypic

Grain yield

(t ha-1)

0.56 0.10 –a –

Spikes m-2 – – 0.36 –

Plant height (cm) – – 0.28 0.20

Test weight

(kg hl)

0.44 – – –

Kernel spike-1 – – -0.72 -0.28

1,000 kernel

weight

– – 0.53 0.25

Harvest index (%) 0.29 0.18 -0.81 -0.27

Flag leaf area

(cm2)

– – – –

Grain protein (%) – -0.13 1 0.47

Early season

vigour

– 0.08 0.47 –

Weed biomass (g) -0.43 -0.08 – –

Days to anthesis – -0.20 0.29 0.17

Days to maturity – – – –

Grain fill duration – – – -0.14

Leaf area index – – 0.38 0.14

Mean tip angle – – – –

Light capture – – 0.90 –

a Correlation not different from zero (P [ 0.05)
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exhibiting different morphological and/or physiolog-

ical traits of potential interest for organic systems

may result in greater differences in selection results

between the two systems.
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