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Abstract

Consumer demand regarding the impacts of conventional agriculture on the environment and human health have spurred the growth of organic
farming systems; however, organic agriculture is often criticized as low-yielding and unable to produce enough food to supply the world’s
population. Using wheat as a model crop species, we show that poorly adapted cultivars are partially responsible for the lower yields often found in
organic farming systems when compared with conventional farming systems. Our results demonstrate that the highest yielding soft white winter
wheat genotypes in conventional systems are not the highest yielding genotypes in organic systems. An analysis of variance for yield among 35
genotypes between paired organic and conventional systems showed highly significant (P < 0.001) genotype x system interactions in four of five
locations. Genotypic ranking analysis using Spearman’s rank correlation coefficient (Rs) showed no correlation between genotypic rankings for
yield in four of five locations; however, the ranks were correlated for test weight at all five locations. This indicates that increasing yield in organic
systems through breeding will require direct selection within organic systems rather than indirect selection in conventional systems. Direct
selection in organic systems produced yields 15%, 7%, 31% and 5% higher than the yields resulting from indirect selection for locations 1-4,
respectively. With crop cultivars bred in and adapted to the unique conditions inherent in organic systems, organic agriculture will be better able to

realize its full potential as a high-yielding alternative to conventional agriculture.

Published by Elsevier B.V.
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1. Introduction

The major challenge of organic farming systems is to
maintain high yields and excellent quality utilizing farming
practices that have acceptable environmental impacts (Tilman
et al.,, 2002). Organic farming has been shown to improve
many different environmental and human components of the
agroecosystem (Bulluck et al., 2002; Kramer et al., 2006;
Reganold et al., 2001).

Despite the potential environmental benefits of organic
farming, the question must be addressed of whether organic
agricultural systems are capable of producing enough food to
feed the world’s population today and in 2050, when global
population is projected to reach 9 billion and global grain
demand is expected to double (Tilman et al., 2002). Organic
agriculture has been criticized as low-yielding and less efficient
than conventional agriculture in its use of land and resources
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(Trewavas, 2004). The term ‘conventional’ is defined in this
paper as high-input, chemical intensive agricultural systems.

Several yield trial comparisons between organic and
conventional farming systems have shown significantly lower
yields for organic systems (Ryan et al., 2004; Stanhill, 1990).
Padel and Lampkin (1994) reported that crop yield comparisons
depend on the crop in question, with 60% lower yields in
California rice (Oryza sativa L.) and 50% higher yields in
Midwest oats (Avena spp.) for organic agriculture. Other
studies of organic and/or alternative (low input/sustainable)
systems report yields comparable to conventional systems in
maize (Zea mays) (Pimentel et al., 2005), apples (Malus spp.)
(Reganold et al., 2001), tomatoes (Lycopersicon lycopersicum)
(Clark et al., 1999) and soybeans (Glycine max (L.) Merr.)
(Pimentel et al., 2005; Smolik and Dobbs, 1991; Stanhill,
1990).

These studies describe current conditions in organic and
conventional agriculture in a variety of crop species; however,
they rely primarily on modern cultivars that have been selected
by plant breeders under conventional systems that may not
accurately represent the conditions present in organic farming
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systems. For this reason, these studies may be biased toward
finding higher yields in a chemical intensive conventional
agriculture.

Grain yield and test weight are considered the two most
important traits in the selection of soft white wheat cultivars in
the United States. Yield is an excellent general indicator of the
important interactions of many different genetic and environ-
mental factors and can be used as an appropriate measurement
of genotypic response to system-specific conditions. Test
weight affects the productivity, efficiency, and operating costs
of flour milling and is a good overall quality characteristic for
soft white wheat. Wheat grain with high-test weight will
usually contain kernels that reduce milling costs and increase
flour yields relative to wheat grain with low-test weight. All
genotypes in this study are in the soft white market class. Soft
white wheat is used to make flour for bakery products other than
bread, such as cakes, crackers, cookies, pastries and muffins.
Unlike bread, these end-use products do not require high levels
of protein; therefore, soft white wheat cultivars are not fertilized
with levels of nitrogen comparable to hard red wheat varieties.

We compared grain yield and test weight of 35 soft white
winter wheat (Triticum aestivum L.) genotypes (advanced
breeding lines) in two systems (certified organic and
conventional) over 5 site/years (locations) in Washington State.
The paired organic and conventional nurseries were located on
adjacent fields or farms with similar soil types, microclimatic
weather conditions and topography to minimize non-system
specific variation. In the US, the current working hypothesis is
that breeding and selection under conventional systems will
also produce crop cultivars well adapted to organic systems.
The alternative hypothesis, that the highest yielding cultivars
with the best quality in conventional systems are not the highest
yielding cultivars with the best quality in organic systems,
would suggest the need for breeding and selection under
organic conditions.

2. Materials and methods
2.1. Experimental design

Randomized complete block nurseries with four replicates of
35 advanced soft white winter wheat breeding lines (F;,—Fg) were
grown in paired organic and conventional systems in five
locations (site/years) in Washington State. All 35 genotypes were
selected from the F, generation in conventionally managed fields
and represent the most promising lines in the Washington State
University winter wheat breeding program each year. Locations
1 and 2 were evaluated in 2002-2003 and locations 3-5 were
evaluated in 2004-2005. Because genotypes are added and
dropped from the advanced nursery each year, the genotypes
were not consistent between years but were consistent within
years. The organic and conventional nurseries were separated by
buffer strips (7 m minimum), though otherwise located in similar
microclimatic conditions with comparable soil properties. The
conventional nurseries were treated according to standard
agricultural practice, including the use of crop-protection
chemicals and inorganic fertilizer. The organic nurseries were

located on certified organic ground and treated according to
the regulations set by the USDA National Organic Program.
Genotypes were uniform for maturity date and entire plots were
harvested on the same day for both systems in each location using
a Hege plot combine. Grain yield was recorded as dry weight (g)
per plot. Test weight was estimated as the dry weight (g) per
400 ml for each replicate.

Locations 1 (2002-2003) and 3 (2004-2005) represent two
farms near St. Andrews in Douglas County, WA (latitude
47°47'N, longitude 119°22'W) on a Timentwa loam soil type
with similar weather patterns and winter wheat/summer fallow
cropping rotations. The annual precipitation in this region is
approximately 300 mm/year. Seeding rate at locations 1 and 3
is approximately 55 kg/ha. The conventional nursery was
fertilized with 46.0 kg/ha of N and sprayed with 23.5 g/ha
Harmony Extra (Tribenuron methyl, Thifensulfuron methyl)
and 0.5 I/ha Buctril (Bromoxynil) herbicide with a non-ionic
surfactant. The organic nursery was fertilized with Perfect-
Blend™ organic fertilizer at the rate of 3.35 kg/ha each of N, P
and K and drilled with the seed at planting. The organic farm in
Douglas County has been certified since 2000. Plots consisted
of four rows at 30 cm spacing, 2.5 m long and 1.25 m wide.

Locations 2 (2002-2003), 4 and 5 (2004-2005) are at the
Spillman Agronomy Farm near Pullman in Whitman County,
WA (latitude 46°73'N, longitude 117°18'W) on a Palouse silt
loam soil, where annual precipitation is >500 mm/year.
Seeding rate at these locations was approximately 98 kg/ha.
The organic fields at Spillman Farm have been certified organic
since 2002. The conventional nursery was fertilized with
100.8 kg/ha of N, 22.7 kg/ha of phosphate and 17.0 kg/ha of
sulphur incorporated into the soil within a week of planting.
Seed was treated with Raxi}@-Thiram fungicide (Tebucona-
zole, Thiram) and Gaucho® 480 (Imidacloprid) insecticide
before planting at all conventional locations. Weed control in
these conventional nurseries was accomplished with one
application of 140 g of Sencor (Metribuzin) and 1.2 1/ha of
Bronate (Bromoxynil) and hand weeding throughout the
growing season. The conventional system was managed as a
2-year winter wheat/summer fallow rotation. The organic
nursery was fertilized with PerfectBlend™ organic fertilizer at
the rate of 6.05 kg/ha each of N, P, and K, placed with the seed
at planting. The 2-year rotation in the organic systems was
winter pea plowdown/winter wheat. The winter pea rotation
provided supplemental nitrogen at approximately 40 kg/ha. No
fungicidal or insecticidal seed treatments were used at the
organic locations. Weeds were left in the field until the week
before harvest. Plots in Whitman County consisted of seven
rows at 18 cm spacing, 2.5 m long and 1.25 m wide.

2.2. Statistical analysis

Data were analyzed using analysis of variance software
PROC GLM (SAS Institute, Cary, NC). Each location was
analyzed as an independent experiment. Levene’s test was used
to test for homogeneity of variance and normality was checked
using PROC Univariate (SAS Institute, Cary, NC). Fixed
factors in the analysis of variance included system and location;
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genotype was analyzed as a random factor. All genotypes were
selected from Washington State University winter wheat
advanced breeding lines, and are considered to be a population
representing the germplasm in that breeding program. Spear-
man’s rank correlation coefficient (Rs) was calculated using the
following equation:

-6y d

Rs = n(n? — 1) )

where > d” is the difference in rank change of each genotype
squared and summed for all 35 genotypes and n is the number of
genotypes. Statistical significance was assessed at the 5%
probability level unless otherwise stated.

3. Results
3.1. Yield

Conventional systems yielded higher than organic systems
at locations 1 and 3 (P < 0.001, Table 1). The yields in
conventional systems were greater than in the organic systems
by approximately 38% and 60% for locations 1 and 3,
respectively. No differences between systems for yield were
observed in locations 2, 4 and 5. Differences for yield among
genotypes were found in each location and for both
conventional and organic systems (P < 0.001). An analysis
of variance showed genotype x system interactions for yield
between systems in four of the five locations (Table 1).

3.2. Test weight

Conventional systems had significantly higher test weights
at locations 1 and 3, while the organic system had significantly

Table 1

Differences in yield between organic and conventional systems

Location System Yield N G x S (d.f.) Rg yield

1 Organic 956 140 <0.0001 (34) —0.03
Conventional 1530 140

2 Organic 2028 140 0.1435 (34) 0.26
Conventional 2400 140

3 Organic 1058 140 0.0092 (34) 0.08
Conventional 2668"" 140

4 Organic 2105 130 0.0007 (34) 0.11
Conventional 2068 140

5 Organic 1850 130 <0.0001 (34) 0.79"
Conventional 1952 140

Mean Organic 1599 680 - -

Conventional ~ 2124™" 700

Mean yield (g/3.5 m?), number of observations (N), P-value for genotype by
system interaction (G x S) with degrees of freedom (d.f.), Spearman’s rank
correlation coefficient for yield (Rs yield) measured in paired organic/conven-
tional experiments with 35 soft white winter wheat genotypes at each of five
locations.

P <00l

" P <0.001.

Table 2

Differences in test weight between organic and conventional systems

Location System ™ N G x S (df) Rs TW

1 Organic 422 140 0.0004 (34) 0.60"
Conventional 441" 140

2 Organic 425 140 0.264 (34) 075"
Conventional 427 140

3 Organic 424 140 <0.0001 (34) 0.56"
Conventional 435" 140

4 Organic 425 130 0.0007 34)  0.85"
Conventional 422 140

5 Organic 428" 130 <0.0001 (34)  0.61°
Conventional 420 140

Mean Organic 425 680 - -
Conventional 429 700

Mean test weight (TW) (g/400 ml), number of observations (N), P-value for
genotype by system interaction (G x S) with degrees of freedom (d.f.), Spear-
man’s rank correlation coefficient for test weight (Rs TW) measured in paired
organic/conventional experiments with 35 soft white winter wheat genotypes at
each of five locations.

* P <0.05.

" P <00l
" P < 0.001.

higher test weight at location 5 (Table 2). There was no
difference in test weight between organic and conventional
systems at locations 2 and 4. Test weights in the conventional
systems were greater than in the organic systems by
approximately 4% and 2.5% for locations 1 and 3, respectively.
Test weights in the organic systems were greater than in the
conventional systems by approximately 2% for location 5.
Differences for test weight among genotypes were found in
each location (P < 0.001). Genotype X system interactions
were found for test weight between systems in four of five
locations (P < 0.001, Table 2).

3.3. Rank correlations

Spearman’s rank correlation coefficient (Rs) was used to
determine the level of rank correlation between systems of all
35 genotypes. There was no positive genotypic rank correla-
tions for yield among systems in four locations (Rg = —0.03,
0.26, 0.08 and 0.11, respectively, for locations 1-4). Only
Location 5 showed a rank correlation for yield (Rg=0.79,
P < 0.05). All locations showed a positive rank correlation for
test weight, ranging from Rg = 0.56 to Rg = 0.85 (Table 2).

3.4. Direct versus indirect selection

When organic systems were the target environment, direct
selection in organic systems produced higher yields in locations
1-4 than indirect selection in conventional systems (Fig. 2).
When conventional systems were the target environment, direct
selection in conventional systems produced higher yields than
indirect selection in organic systems at locations 2 and 3. There
was no difference between direct and indirect selection for
location 5.
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4. Discussion
4.1. Yield

The higher yields in conventional systems in locations 1 and
3 are most likely due to extremely low levels of nitrogen inputs
in the organic systems. The cropping rotation in this region is
predominantly winter wheat/summer fallow and the low
amount of rainfall generally prevents the inclusion of a
nitrogen fixing legume in the cropping rotation because there is
not enough soil moisture left after the legume harvest to
germinate winter wheat. No differences for yield were observed
in locations 2, 4 and 5, where a green manure winter pea
plowdown is included in the cropping rotation for organic
systems. This indicates the importance of obtaining an
economical source of nitrogen in cereal based cropping
systems coupled with using cultivars with high nitrogen use
efficiency. Without cultivars adapted to low levels of nitrogen
inputs, organic wheat farmers in low rainfall regions
(<300 mm/year) will likely be unable to achieve yields
comparable to conventional farmers.

4.2. Genotype X system interaction

Analysis of variance estimation of genotype X system
interaction has been used to indicate a need for selection of
crop cultivars within specific farming systems in order to
optimize yield within these cropping systems. Several studies
have shown that no differences exists among cultivar
performance in different production systems, including tillage
systems (Carr et al., 2003; Rao and Dao, 1994; Weisz and
Bowman, 1999), intercropping and double-cropping (Panter
and Allen, 1989; Santalla et al., 2001) and nitrogen input level
systems (Hasegawa, 2003). By contrast, several studies have
shown differences among cultivar performance when evaluated
in different agronomic systems, including intercropping
(O’Leary and Smith, 1999), low input environments (Atlin
and Frey, 1990; Brancourt-Hulmel et al., 2005; Brun and
Dudley, 1989; Ceccarelli, 1994; Muruli and Paulsen, 1981),
drought stressed (Arboleda-Rivera and Compton, 1974) and
salinity stressed environments (Kelman and Qualset, 1991).
These studies indicate that separate breeding programs are
necessary for those cropping systems that differ from
conventional systems.

We used analysis of variance to test for significant
genotype X system interactions between organic and conven-
tional cropping systems. Tables 1 and 2, respectively, show
genotype by system interactions for yield and test weight in
four of the five locations. These results provide evidence for the
need to select for yield and test weight within organic systems.
However, this statistical test may not provide enough evidence
to determine if a separate breeding program is warranted.
Interactions can occur without significant genotypic changes in
rank. It is therefore possible to have a genotype X system
interaction; however, the highest yielding cultivars in one
system might still be the highest yielding cultivars in another
system. In this scenario, the development of a separate breeding

program is unnecessary. Rather, selection for specific traits
suitable to organic farmers could occur within an existing
‘conventional’ breeding program.

4.3. Rank correlation

To address this possibility, we estimated rank correlations
between systems for yield and test weight. The lack of
genotypic rank correlations for yield in four of the five locations
indicates that the rankings of high yielding genotypes in
conventional systems are unreliable predictors of the rankings
of high yielding genotypes in organic systems. Only in location
5 is the ranking of genotypes in the conventional system a
reliable predictor of the ranking of genotypes in the organic
system. The positive rank correlation for yield in location 5 is
consistent with the relatively minor changes in ranks (compared
with locations 1-4) found in the top five varieties shown in
Fig. 1. Fig. 1 shows that the majority of the top five ranked
genotypes for yield in conventional systems are ranked much
lower in organic systems.

The reverse is also true. Several genotypes are ranked high in
both systems, indicating broad non-system specific adaptation
and the potential for selection of varieties capable of high yields
across systems. These broadly adapted genotypes are the
exception rather than the rule, however, and these results
indicate that yield evaluations must be done in both systems to
identify these relatively few broadly adapted genotypes.
Because there were no correlations in rank among the 35
genotypes for yield in four of the five locations, we can
conclude that most of the best varieties in organic systems
would be dropped from the conventional breeding program
during selection for yield.

The positive rank correlations for test weight between
systems suggest that selection for high quality soft white wheat
cultivars can occur in either system. However, if improving test
weight for organic systems in a high yielding genetic
background is the primary objective of a breeding program,
a separate organic breeding program will be necessary.

4.4. Direct versus indirect selection

Plotting ranks could accentuate the changes more than is
actually occurring if there are no yield differences between

Location 1 Location 2 Location 3 Location 4 Location 5
Conv Org Conv Org Conv Org Conv Org Conv Org
0 0
5+ +5
g 10 + + 10 E::
e 15+ +15 o2
- =
S 20 + 20 I
> 25+ +25 >
30 + 30
35 35

Fig. 1. Genotypic change in rank between organic and conventional wheat
nurseries. The top five ranking genotypes for yield in both organic and
conventional systems were compared at each location. Genotypes are ranked
from 1 = highest yield to 35 = lowest yield.
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Fig. 2. Direct selection vs. indirect selection in organic (O) and conventional
(C) systems. The white bar is the mean yield of the top five lines in each system
(direct selection). The shaded bar represents the mean yield of the top five lines
from the opposing system (indirect selection). "P < 0.05; ““P < 0.01.

direct and indirect selection. Indirect selection in this case
refers to selection for yield in one system when the target
environment is the other system. Fig. 2 illustrates the
differences in yield among the top five genotypes when
subject to direct and indirect selection in both systems. In six of
the 10 environments, direct selection resulted in higher yields
than indirect selection. Four of these environments were in the
organic system and two were in the conventional system. There
was no difference for either system in location 5, which is
consistent with the significant Rg estimates at this location.
Direct selection in organic systems produced yields 15%, 7%,
31% and 5% higher than the yields resulting from indirect
selection for locations 1-4, respectively. Direct selection
was particularly effective in the low nitrogen, low rainfall
locations.

5. Implications for organic crop breeding

Due to the increasing consumer demand and subsequent
growth of organic products at approximately 20% per year,
organic cropping systems would benefit from increased
research from plant breeders. Today, many organic farming
systems are in place but operating with the handicap of using
cultivars better adapted to high-input, chemical intensive
farming systems. Our results, including significant genoty-
pe X system interactions, significant genotypic changes in
ranking, and yield gains resulting from direct selection in
organic systems, indicate the importance of utilizing a separate
breeding program when selecting for high yielding organic
wheat cultivars with good quality characteristics.

Breeding programs dedicated to organic agriculture would
focus on traits including improved nitrogen and nutrient-use
efficiency, adaptation to soil microbes, improved competitive-
ness against weeds and resistance to insects and diseases
currently controlled with chemical pesticides. With the
incorporation of these traits into high yielding cultivars,
organic agriculture will be better equipped to realize its full
potential as a viable alternative to conventional agriculture.
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