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A B S T R A C T

Volatile crop prices and a desire for sustainability have farmers considering alternative practices to increase
revenue diversity and protect soil health. Organic management is rapidly expanding as an alternative to con-
ventional agriculture, and quinoa (Chenopodium quinoa Willd.) is a potential new crop for organic systems in the
Pacific Northwest. Here we tested the agronomic and economic effects of diversifying dryland crop rotations
with organic quinoa in the Palouse region of the Pacific Northwest. Eight 3-year grain cropping sequences were
compared based on metrics of crop productivity, crop quality, and economic performance. While the crop se-
quences affected these metrics, crop yields and quality were mediated primarily by weather across growing
seasons. Cumulative yields were higher for crop sequences that started with chickpea compared to barley.
Organic quinoa yields were lower than the yield potential for the region, but some 3-year sequences with quinoa
produced similar net returns to some sequences with wheat. Mean returns over variable costs were $324 ha−1

yr−1 for the 3-year sequence treatments; each treatment averaged positive net returns to variable costs despite
some individual years having negative returns. The highest net returns to variable costs were in sequences that
grew wheat and those that started with chickpea. Returns over total costs for the 3-year sequence treatments
averaged -$33 ha−1 yr−1. The organic cropping systems (the total 8-year crop rotations including 5 years of
organic alfalfa) produced higher returns over variable and total costs ($615 ha−1 yr−1 and $168 ha−1 yr−1,
respectively) than a typical conventional rotation with county average yields during the same 8-year period
($477 ha−1 yr−1 and $82 ha−1 yr−1). Our results show that premiums for organic alfalfa and grains make these
organic cropping systems economically viable for dryland production in the Pacific Northwest. Advances in
organic weed control and regionally adapted quinoa varieties would further reduce the risk for farmers at-
tempting this cropping system diversification.

1. Introduction

Sustainable agriculture must meet production needs for food and
fiber while preserving environmental integrity and providing adequate
profits to producers (Robertson and Swinton, 2005; Godfray et al.,
2010). While trends of simplifying cropping systems and relying on
external inputs have helped increase crop production worldwide, they
have exacerbated environmental degradation (NRC, 2010; Foley et al.,
2011). These practices also leave many farmers reliant on volatile
commodity crop prices, made even more turbulent with changes in
export and trade policies (Cooke and Jiang, 2018; King, 2018). In re-
cent years, net farm income in the U.S. has declined, with more than
half of American farmers reporting negative profits in a given year

(Prager et al., 2018). The bleak economic outlook is pushing many
producers to seek alternative practices and/or crops that can help im-
prove their financial sustainability.

Organic agriculture is an alternative production system that has
potential to remedy numerous economic, environmental, and human
health issues attributed to conventional farming (NRC, 2010; Gomiero
et al., 2011). The economic incentives – both global and domestic – are
strong and likely to persist (Crowder and Reganold, 2015; Reganold and
Wachter, 2016). Organic sales in the U.S. accounted for nearly half of
the $90 billion global market in 2016 (Willer et al., 2018), but domestic
production in the U.S. remains below demand, suggesting that organic
agriculture can continue to grow while remaining profitable. The gap is
particularly noticeable in the grain and forage sectors; sales of organic
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animal products such as dairy, meat, and eggs have risen sharply, but
the relatively low contribution of grain crops in U.S. organic agriculture
has required an increase of organic animal feed imports (Greene et al.,
2017).

The current study sets out to examine the potential of organic
farming in combination with alternative crops in the Palouse region of
eastern Washington and northwestern Idaho, one of the most produc-
tive dryland wheat-growing regions in the world (Hall et al., 1999;
Duffin, 2007). Besides wheat (Triticum aestivum), the region is known
for growing barley (Hordeum vulgare), canola (Brassica napus), and grain
legumes such as chickpeas (Cicer arietinum), dry peas (Pisum sativum),
and lentils (Lens culinaris). Of the 0.4 million ha under production in the
Palouse region, less than 400 ha of farmland are certified organic (Kirby
and Granatstein, 2018) despite strong premiums in local markets. In
recent years these markets have offered price premiums of up to 100%
for organic grains and 30–50 % for organic forages over their conven-
tional counterparts (Dumas, 2015; USDA-ERS, 2016).

Dryland organic production in the Palouse requires revision of the
current dominant cropping system. Managing weeds, high input costs,
maintaining soil fertility, and obtaining sufficient agronomic informa-
tion are repeatedly cited as top concerns for organic producers in this
region and reasons that farmers may avoid converting to organic
management (Jones et al., 2006; Goldberger, 2008; Goldberger et al.,
2010). For much of this area, suitable nutrient sources for large-scale
organic production are difficult to obtain due to limited livestock (lack
of manure) and the high cost of commercially available registered or-
ganic fertilizers. Using a multi-year leguminous forage, such as alfalfa
(Medicago sativa), within organic cropping systems is a key practice to
bolster soil fertility and combat weeds (Anderson, 2010; Davis et al.,
2012; King and Hofmockel, 2017). Not only does it improve soil quality
to support higher yields of the grain crops to follow, but utilizing a
forage crop has also been shown to be the most economical way to
transition into certified organic production for dryland grain cropping
systems in eastern Washington (Gallagher et al., 2010; Borrelli et al.,
2014; Tautges et al., 2018).

A relatively new crop to the United States, quinoa (Chenopodium
quinoa Willd.) has been catching the attention of many farmers, espe-
cially organic producers (Goldberger and Detjens, 2019). Many vari-
eties of quinoa are able to thrive on marginal soils, an advantage in low-
input systems. Quinoa is not susceptible to cereal diseases and only
slightly affected by some soil-borne nematodes, providing a high-value
crop to break cereal disease cycles (Jacobsen, 2003). Consumer demand
for quinoa has dramatically risen – U.S. imports of the crop increased
10-fold between 2007 and 2014, with 65% produced and sold organi-
cally – offering a sustained market incentive (Nuñez de Arco, 2015).
Due to its high market value and adaptability to various environmental
conditions, quinoa was thought to be a fitting crop to include in organic
dryland rotations in the Palouse.

Although quinoa is gaining recognition worldwide for its nutritional
and agroecological benefits (Ruiz et al., 2014), there remain many
challenges and knowledge gaps pertaining to production in the U.S.
(Peterson and Murphy, 2015). This study tested the agronomic and
economic effects of diversifying crop rotations with quinoa in the
dryland grain-producing region of the Palouse. Our objectives were
twofold: (i) determine the optimum sequence of crops in an organic
rotation with quinoa based on agronomic performance (crop yield and
quality), and (ii) measure the economic performance of crop sequences
with quinoa compared to those sequences with wheat, the most
common crop in the region.

2. Materials and methods

2.1. Site description and experimental design

The research was conducted in a 1.2-ha organic field on a com-
mercial grain farm in the Palouse region of eastern Washington State

(46.8°N, 117.1°W). Soils and landscape were assessed prior to the study,
and blocks were designed for uniformity in physical characteristics such
as slope, soil, and microclimate (Reganold, 2013). The soil type in all
blocks was a Palouse silt loam (Fine-silty, mixed, superactive, mesic
Pachic Ultic Haploxeroll). Eight treatments (Table 1) were arranged in a
randomized complete block design with four replicate blocks. The set of
32 plots established in 2013 (Entry I) was replicated with a second set
beginning in 2014 (Entry II) (Fig. 1). This staggered start provided re-
plication in both space and time to incorporate weather differences of
two growing seasons (Loughlin, 2006). Mean monthly rainfall and
temperatures during the 5-year study period (2013–2017) are shown in
Fig. 2.

2.2. Agronomic management

Prior to the experiment, fields for Entry I and II were managed for 5
and 6 years, respectively, in certified organic (certified by Washington
State Department of Agriculture) alfalfa. The treatments for this study
tested eight 3-year grain crop sequences as part of an 8-year crop ro-
tation with alfalfa in Entry I and as part of a 9-year rotation with alfalfa
in Entry II; the sequences contained quinoa or spring wheat in rotation
with barley and chickpea. For simplicity, the sequence treatments are

Table 1
The eight 3-year grain crop sequence treatments following alfalfa. The treat-
ment names are formed using the first letter of each crop in the order that they
were grown (B = Barley, C = Chickpea, Q = Quinoa, W =Wheat).

Treatment Position after alfalfa

One Two Three

BCQ Barley – Chickpea – Quinoa
BCW Barley – Chickpea – Wheat
BQC Barley – Quinoa – Chickpea
BWC Barley – Wheat – Chickpea
CBQ Chickpea – Barley – Quinoa
CBW Chickpea – Barley – Wheat
CQB Chickpea – Quinoa – Barley
CWB Chickpea – Wheat – Barley

Fig. 1. Experimental field layout. Eight treatments were arranged in a rando-
mized complete block design with four replicate blocks, and repeated for two
entry years. Plots measured 6.1 × 16.8 m. Satellite image from June 2015.
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abbreviated using the first letter of each crop listed in the order they
were grown, as shown in Table 1. Each plot with a quinoa treatment
was divided lengthwise into subplots to test two quinoa varieties; we
wanted to assess differences between two of the possible quinoa vari-
eties for the region. However, one of the varieties performed very
poorly and is no longer recommended to farmers on the Palouse, so this
paper presents the results only from the subplots with the top-per-
forming variety, “KU-2”. Crop varieties were consistent throughout the
study except for chickpeas. In 2013 untreated Billy Beans™ were used,
but in 2014 a source for organically grown and treated chickpea seed of
the variety “Frontier” (Warkentin et al., 2005) was found and used for
the remainder of the study (Table 2). The barley variety “Bob” is a two-
row spring feed barley (Ullrich et al., 2003), and the wheat variety
“Louise” is a soft white spring wheat (Kidwell et al., 2006).

Alfalfa was terminated using multiple passes of an undercutter in
spring of 2013 for Entry I and fall of 2013 for Entry II. Each spring the
seedbed was prepared with a light disking followed by a rotary harrow.
Barley and chickpea in 2013 were planted with a low disturbance drill
(CrossSlot IP Limited; Feilding, NZ); for all other years a precision
planter was used for all crops (Monosem Inc.; Edwardsville, KS).
Organic management continued throughout the study; no inputs were
used and crop residues were left in each plot after the growing season.
Weeds were managed by hand hoeing, or use of a rotary hoe or culti-
vator when conditions allowed.

2.3. Crop yield and quality

Crop yields were determined by harvesting a center strip

(1.5 × 16.8 m) from each plot using a plot combine (Wintersteiger;
Ried im Innkresi, Austria). Combine-harvested samples of wheat,
barley, and chickpea were cleaned using a Clipper seed cleaner (A.T.
Ferrell Company, Inc.; Ossian, IN); quinoa samples were cleaned using
screens and a seed blower (Seed Processing Holland; Enkhuizen,
Netherlands). Prior to combine harvest, total aboveground biomass
samples were collected from all crops using two 1-m2 quadrats in each
plot. These samples were dried at 45 °C, weighed, and threshed to de-
termine harvest index (Eq. 1) and residue (Eq. 2) as follows:

Harvest Index = Grain Yield/Total Aboveground Biomass (1)

Residue = Total Aboveground Biomass – Grain Yield (2)

Cleaned combine-harvested cereal grain samples (wheat and barley)
were analyzed for moisture, test weight, protein, and starch using near
infrared transmission (FOSS Grain Analyzer, Eden Prairie, MN). Barley
subsamples were ground to flour consistency using an UDY cyclone
mill, and β-glucan was measured by the McCleary enyzmic method
(McCleary and Codd, 1991) with an assay kit (enzymes and standards)
from Megazyme (Bray, Ireland).

Samples of quinoa were used to determine 1000 seed weight (g),
seed size (mm2), and color. Seed size was determined by analyzing
photos of seeds with ImageJ software (Schneider et al., 2012), and color
was measured using a Minolta CR-310 chroma meter (Konica Minolta;
Tokyo, Japan) with CIELAB software. Color is reported in three values:
L* represents lightness with a range 0–100; a represents green by ne-
gative values or magenta for positive values; and b represents blue by
negative values or yellow by positive values (Kellogg, 2017).

Crude protein was determined for quinoa and chickpea by

Fig. 2. Monthly total precipitation (mm) and monthly average maximum and minimum air temperature (°C) from growing season 2013-2017. Meteorological data
were recorded by a weather station at the Washington State University Cook Agronomy farm, 4.2 km from the study site (WSU AgWeatherNet, 2017).

Table 2
Details of crop varieties, field operations, and input cost variables.

Year Crop Variety Date Planted Planting Implement Planting Rate Seed Cost Date Harvested
seeds m−2 $ kg−1

2013 Barley Bob 10-May Cross Slot Drill 300 1.26 27-Aug
Chickpea Billy Beans™ 10-May 70 1.04 20-Sep

2014 Barley Bob 29-Apr Monosem Precision Planter 280 1.26 18-Aug
Chickpea Frontier 12-May 53 1.13 16-Sep
Quinoa KU-2 29-Apr 310 13.26 21-Sep
Wheat Louise 29-Apr 245 0.60 18-Aug

2015 Barley Bob 24-Apr Monosem Precision Planter 235 1.26 05-Aug
Chickpea Frontier 16-May 82 1.33 28-Aug
Quinoa KU-2 24-Apr 245 13.26 28-Aug
Wheat Louise 24-Apr 235 0.60 05-Aug

2016 Barley Bob 21-Apr Monosem Precision Planter 235 1.26 18-Aug
Chickpea Frontier 21-Apr 82 2.21 16-Sep
Quinoa KU-2 21-Apr 280 4.42 11-Oct
Wheat Louise 21-Apr 235 0.60 18-Aug
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multiplying total nitrogen content by 6.25 (FAO, 2003). Total nitrogen
content was measured by dry combustion elemental analysis (Costech
Elemental Combustion System 4010; Valencia, CA) on subsamples that
were ground to flour consistency using a coffee grinder (Krups; So-
lingen, Germany).

2.4. Economics

Annual enterprise budgets were constructed and combined to make
whole farm budgets for each of the 8 crop sequence treatments. Fixed
costs include the cost of machinery ownership, including depreciation,
interest, taxes, and insurance, and the cost of land, which was based on
a typical crop-share arrangement where owners receive one-third of the
crop and pay for one-third of the chemical costs (Painter, 2011). Ma-
chinery ownership in these budgets was intended to reflect a local farm
of approximately 405 ha in size.

Variable costs consist of inputs (seed and inoculant) and machinery
use (fuel, repairs, and labor). Input prices were based on annual re-
gional surveys (Patterson, 2008; Patterson and Painter, 2009, 2010;
2011; 2012; 2013; 2014; Patterson et al., 2015), direct seed purchases,
or communication with industry sources for organic seed prices (Per-
sonal Communications: Phil Hinrichs, Hinrichs Trading Company; Fred
Strachan, Lundberg Family Farms; Jeremiah Clark, Clark Seed)
(Table 2). Since there was no commercial source for field scale varietal
quinoa seed in 2013–2015, the prices of quinoa seed that became
available regionally after 2015 were retroactively applied to the 2014
and 2015 budgets.

Machinery use was based on the average tractor speed for a given
field operation and the width of the implement, and labor was valued at
$20 h−1. This study assumed mechanical weeding operations with a
rotary hoe in wheat and barley or a cultivator in chickpea and quinoa.
No insurance premiums were included in this study.

Revenue incorporates sales of the harvested crops. Yield was cal-
culated using the mass of the cleaned combine-harvested grain from the
study plots; data for alfalfa yield in the years prior to the grain crop
sequences were provided by the farmers (Eric and Sheryl Zakarison,
Zakarison Partnership) and represent an average of the study field in an
average year. Organic crop prices are based on annual average farmgate
prices received for the market class of each crop (i.e., feed barley and
soft wheat in this study, so no dockage for ranging outside set quality
parameters). Organic crop prices were compiled from (i) regional
sources within the organic markets or (ii) a 30% premium over regional
conventional prices, which was averaged with the published national
organic price for the given market class when available (e.g., alfalfa,
wheat). (USDA-NASS, 2017; USDA-ERS, 2016; Fuerst et al., 2009;
Personal Communications: James Henderson, Hummingbird Wholesale;
Fred Strachan, Lundberg Family Farms; Jeremiah Clark, Clark Seed;
Sergio Nuñez de Arco, Andean Naturals) (Fig. 3).

Additional enterprise and farm budgets were created to represent a
typical regional conventional rotation of winter wheat–spring
wheat–chickpea during the same 8-year period as our study for com-
parison purposes. Conventional input prices were obtained from re-
gional crop input summaries (Patterson, 2008; Patterson and Painter,
2009, 2010; 2011; 2012; 2013; 2014; Patterson et al., 2015), and the
operations and amounts of inputs used estimated using data records
from a separate trial performed on the same farm that contained con-
ventional practices (Wachter et al., 2019). Revenue for the conven-
tional comparison was calculated using county average conventional
crop yields and regional average annual crop prices from USDA-NASS
(2017). The data presented here are an average of having each crop of
the rotation on 1/3 of the land area each year, and two entries were
simulated to parallel the entry (temporal) replication for the organic
treatments (2008–2015 and 2009–2016).

2.5. Statistical analyses

Yield, crop quality, and economic results were analyzed using linear
mixed effects models within the lme4 package (Bates et al., 2015) in R
version 3.3.3 (R Core Team, 2017). The most parsimonious linear
models were determined using AIC to include treatment and entry for
fixed effects, and block as a random effect. Log (n) transformation was
used to normalize data for quinoa yield; all other data fit the assump-
tions of normal distribution and equal variance. Tukey-HSD post-hoc
tests from the lsmeans package (Lenth, 2016) were used to determine
significant differences in means among treatments at the P ≤ 0.05
level. Contrasts for comparisons across groups (i.e., quinoa treatments
versus wheat treatments) were performed using the glht function from
the multcomp package (Hothorn et al., 2008).

3. Results and discussion

3.1. Crop yield and quality

Over the course of the study, barley, chickpea, and spring wheat
yields averaged 2552, 544, and 2402 kg ha−1 respectively. These
average barley, chickpea, and wheat yields were 68%, 35%, and 71% of
the county averages for conventional production of these crops during
the same period. For spring wheat and barley, these yield differences
are near the reported averages of organic grain yield when compared to
conventional yields in multiple meta-analyses (De Ponti et al., 2012;
Seufert et al., 2012; Reganold and Wachter, 2016), and in this study
they were achieved without any external fertilizers. Average quinoa
yield was 104 kg ha−1, which is only about 5–10 % of yields that some
conventional farms in the area have reported, though reported yields
were still highly variable during that time and different varieties were
used on the conventional farms (Personal Communications: Ian Clark,
Clark Farms Inc; Jim Hermann, RimRock Ranches).

Overall, crop yields varied significantly with weather differences
over the years of the study (Tables 3–6); all crops had the lowest yields
in 2015, and the cereal crops (barley and wheat) yielded highest in
2016. In this region of dryland farming, grain yields are highly corre-
lated with stored soil water from the previous fall and winter, plus
spring rainfall (Arnon, 1972; Schillinger et al., 2008). Therefore,
growing season precipitation is calculated from the previous October
through harvest of the crop. Growing season precipitation for the years
in this study was 581 mm for the 2013 growing season, 353 mm for
2014, 451 mm for 2015, and 527 mm for 2016, compared to the long-
term average of 533 mm. Additionally, 2015 had a very warm growing
season, with temperatures approximately 3°, 6°, and 2.5 °C higher than
normal during May, June, and July, respectively (Fig. 2). Of critical
importance was the extremely hot and dry June (Schillinger et al.,
2008); it set records as the hottest June ever recorded for much of the
region (NOAA, 2016) and was highly detrimental to crop yields due to
the timing and extent of heat and moisture stress (Feng et al., 2017). In
contrast, growing season precipitation was higher in 2016, with a warm
April but moderate temperatures for the rest of the season. These fac-
tors are reflected in the variance of yield and quality of the crops grown
during this study and contributed to treatment differences from Entry I
compared to Entry II.

3.1.1. Barley yield and quality
Barley yields and protein were significantly affected by the crop

sequence treatment and the treatment effects differed by entry
(Table 3). Average yields were higher for barley grown in position two
of the cropping sequence (following chickpea) compared to position
one of the sequence (following alfalfa) (P < 0.0001). Barley protein
was also significantly higher following chickpea than following alfalfa
(P < 0.0001), with 1.4% increased protein content after chickpea in
Entry I and a 2.8% increase after chickpea in Entry II. The difference in
treatment effects across entries occurred from the different weather
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conditions during 2015 versus 2016, producing moderate yields in
2015 (position three for Entry I) but high barley yields in 2016 (posi-
tion three for Entry II). Barley yields in position three were similar
following wheat or quinoa; however, barley protein was 0.9% higher
following quinoa compared with following wheat (P = 0.013).

Barley test weight, β-glucan, and starch also differed among treat-
ments and with the entry by treatment interactions. Differences in test
weight and starch were driven mostly by precipitation, with high test
weight (54.3 lbs bu−1) and starch (63.6%) in the high precipitation
year 2016. The only effect of treatment in a given position was 1.1%
higher starch following wheat than following quinoa (P = 0.0007), the
inverse trend of protein content.

Barley harvest index was similar among treatments in Entry I but
affected by treatment in Entry II. A warm moist spring supported high
biomass growth in 2015 but the high temperature and moisture stress
during summer grain fill led to low grain yield and low harvest index.

Moisture in barley grain at harvest was lower in both entries in 2015
regardless of prior crop.

3.1.2. Chickpea yield and quality
Chickpea yields differed among treatments, and these effects were

different in each entry (Table 4). Chickpea yields were highest in 2014
and very low in 2015, contributing to the treatment differences ob-
served across entries. However, considering both entries, chickpea yield
was higher after alfalfa (position one) (732 kg ha−1) than the later
sequence positions (486 kg ha−1 and 227 kg ha−1 for position two and
three; P < 0.001). Chickpea yield suffered like all crops due to the
extremely hot dry June in 2015 and also due to heavy weed pressure
following a mild winter and warmer-than-average spring temperatures.
Chickpeas were especially impacted by weeds due to short plant height
and poor competitiveness (low biomass); observational data indicated
weed pressure was greater following quinoa and wheat, and lower

Fig. 3. Long-term annual conventional prices, and organic
crop prices used in this study. Conventional alfalfa, barley,
chickpea, and wheat prices were average yearly prices for
Washington State (USDA-NASS, 2017); conventional quinoa
prices were an average of farm-gate prices from Bolivia, Peru,
and various U.S. sources when available (FAO-STAT, 2018;
Personal Communications: Fred Strachan, Lundberg Family
Farms; Sergio Nuñez de Arco, Andean Naturals; Jeremiah
Clark, Clark Seed). Organic crop prices were compiled from (i)
regional sources within the organic markets or (ii) a 30%
premium over regional conventional price, which was aver-
aged with the published national organic price for the given
market class when available (e.g., alfalfa, wheat). Dashed lines
indicate average conventional prices for the years shown
(1989–2018 for conventional alfalfa, barley, and wheat;
2003–2018 for conventional chickpea, 2012–2017 for con-
ventional quinoa) and dotted-dashed lines indicate average
organic prices for the 6 years of available data used for this
study. The period that each crop was grown in this study is
shaded in gray. All prices are adjusted for inflation and ex-
pressed in 2017 $US (US Inflation Calculator).

Table 3
Barley yield and quality factors in each entry of the 3-year crop sequence treatments. P-values are listed below each parameter for the main effects of Treatment,
Entry, and the Treatment x Entry interaction from the mixed effects model. Different letters indicate significant differences between treatments within each entry at
P ≤ 0.05, as determined by post-hoc Tukey pairwise comparisons from the lsmeans package (Lenth, 2016).

Treatment Year Yield ± SE Harvest Index Test Weight Protein Moisture Starch β-glucan Residue
kg ha−1 lbs bu-1 % % % Mg ha−1

Entry I BCQ 2013 1902 ± 212 0.468 48.1 ab 13.4 abc 8.93 b 61.4 bc 3.79 ab 3.9
BCW 2013 1991 ± 347 0.491 49.7 b 12.5 a 8.95 b 62.5 c 3.78 ab 3.6
BQC 2013 1945 ± 378 0.471 48.5 ab 13.4 abc 8.90 b 61.4 bc 3.83 b 3.8
BWC 2013 1914 ± 264 0.482 49.7 b 13.1 ab 8.93 b 62.0 c 4.01 b 3.4
CBQ 2014 2533 ± 453 0.429 46.1 a 14.9 bc 9.50 bc 59.2 a 3.13 a 3.8
CBW 2014 2572 ± 582 0.407 48.3 ab 14.1 abc 9.60 c 60.2 ab 3.66 ab 4.1
CQB 2015 1625 ± 68 0.403 49.3 b 14.9 c 7.55 a 61.6 bc 4.23 b 3.1
CWB 2015 2257 ± 525 0.421 50.9 b 14.4 bc 7.64 a 62.1 c 4.34 b 3.2

Entry II BCQ 2014 2098 ± 331 a 0.511 cd 49.1 b 13.9 b 10.1 c 60 a 3.85 3.2 a
BCW 2014 2118 ± 410 a 0.622 de 49.8 b 13.6 ab 9.70 c 60.5 a 4.30 2.5 ab
BQC 2014 1842 ± 192 a 0.684 e 49.8 b 13.6 ab 10.2 c 60.1 a 4.12 1.8 abc
BWC 2014 2201 ± 131 a 0.463 bc 50.2 b 13.4 ab 9.65 c 61.1 a 4.35 3.8 bcd
CBQ 2015 2661 ± 546 ab 0.313 a 46.1 a 16.8 c 7.31 a 59.8 a 3.67 5.9 e
CBW 2015 3295 ± 66 b 0.385 ab 49.2 b 16.1 c 7.22 a 61.1 a 3.84 5.6 e
CQB 2016 5040 ± 185 c 0.520 cd 54.0 c 13.4 ab 8.46 b 62.7 b 4.12 5.1 de
CWB 2016 4839 ± 488 c 0.538 cd 54.5 c 12.0 a 8.72 b 64.5 c 3.94 4.4 cde

Treatment <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Entry 0.063 < 0.0001 0.089 0.706 0.0092 0.904 0.361 0.271
Treatment × Entry <0.0001 <0.0001 0.0012 <0.0001 <0.0001 <0.0001 0.06 < 0.0001
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following barley. Weeds also tended to be greater in position three of
the sequence, following two years of spring row crops. Even the highest
chickpea yields observed in this study were only 55% of the county
average for conventional chickpeas, which had a large impact on the
economic outcome of the crop sequences.

Chickpea test weight varied significantly between entries, and the
treatment effects were different in each entry (Table 4), once again
because year was the main driver for differences between treatments.
Higher yields corresponded to higher test weights, with the exception of
2013. Chickpea test weight in 2013 was lower, but a different variety of
chickpea was grown in 2013, which has a slightly smaller seed than the
variety used the following years. Chickpea crude protein levels were
similar among the treatments. The harvest index of chickpea followed
similar trends as barley; it was lowest in 2015 regardless of prior crop.

3.1.3. Wheat yield and quality
Spring wheat yields varied significantly by treatment and the effects

were different between entries (Table 5). Wheat yields were similar
across treatments in Entry I, though they were lower in 2015 than in

2014. In Entry II, there was a treatment effect where wheat yields in
position three were significantly higher (1518 kg ha−1 more) following
barley (CBW) than the yields of wheat following chickpea (BCW). This
is the opposite of what is expected; legumes in rotation usually provide
nutrient and moisture benefits that translate to an increase in the fol-
lowing grain yield (Kirkegaard et al., 2008; Cutforth et al., 2013).
However, the chickpea crop grown previous to this wheat suffered a
near crop failure: very little biomass was produced, and, therefore,
there was little nitrogen returned to the soil (data not shown) and even
lower than normal weed control from the limited chickpea biomass and
residue (Table 4). Furthermore, the soil moisture benefit that is ob-
served from legumes in rotations was less impactful because the
moisture levels were relatively high for the 2016 growing season, and
therefore not the limiting factor for grain yield.

Wheat protein, starch, gluten, and harvest index differed sig-
nificantly among treatments, and the differences varied by entry.
Protein was significantly higher for wheat following chickpea in posi-
tion two (15.1%) than wheat following barley (13.5%). The trend was
consistent for wheat in position 3 of the sequence, with 12.4% protein

Table 4
Chickpea yield and quality factors in each entry of the 3-year crop sequence treatments. P-values are listed below each parameter for the main effects of Treatment,
Entry, and the Treatment x Entry interaction from the mixed effects model. Different letters indicate significant differences between treatments within each entry at
P ≤ 0.05, as determined by post-hoc Tukey pairwise comparisons.

Treatment Year Yield ± SE Harvest Index 100 seed weight Crude Protein Residue
kg ha−1 g % Mg ha−1

Entry I CBQ 2013 667 ± 145 bc 0.438 cd 28.8 a 20.2 1.6 b
CBW 2013 694 ± 194 bc 0.472 c 29.7 a 20.0 1.8 b
CQB 2013 542 ± 108 abc 0.474 c 30.4 ab 21.3 1.3 b
CWB 2013 787 ± 163 c 0.477 c 30.4 ab 19.8 1.6 b
BCQ 2014 704 ± 175 c 0.369 cd 33.4 bc 21.8 1.8 b
BCW 2014 889 ± 241 c 0.343 c 34.4 c 21.7 1.9 b
BQC 2015 1.7 ± 0.7 a 0.054 a 27.8 abc 21.0 0.26 a
BWC 2015 76.7 ± 71 ab 0.176 b 30.5 ab 21.8 0.46 a

Entry II CBQ 2014 835 ± 249 c 0.396 c 36.3 b 22.2 ab 2.0 b
CBW 2014 797 ± 259 bc 0.387 c 37.1 b 21.1 ab 2.1 b
CQB 2014 697 ± 183 abc 0.396 c 36.9 b 21.5 ab 2.1 b
CWB 2014 834 ± 324 c 0.372 bc 36.2 b 21.2 ab 2.1 b
BCQ 2015 156 ± 49 a 0.230 a 32.6 a 23.4 b 0.59 a
BCW 2015 194 ± 80 ab 0.255 ab 31.6 a 21.8 ab 0.58 a
BQC 2016 510 ± 146 abc 0.402 c 34.6 ab 20.4 ab 1.1 a
BWC 2016 320 ± 71 abc 0.324 abc 34.3 ab 17.5 a 0.81 a

Treatment 0.0001 <0.0001 0.46 0.36 < 0.0001
Entry 0.99 0.85 <0.0001 0.83 0.71
Treatment × Entry 0.001 < 0.0001 <0.0001 0.23 < 0.0001

Table 5
Wheat yield and quality factors in each entry of the 3-year crop sequence treatments. P-values are listed below each parameter for the main effects of Treatment,
Entry, and the Treatment x Entry interaction from the mixed effects model. Different letters indicate significant differences between treatments within each entry at
P ≤ 0.05, as determined by post-hoc Tukey pairwise comparisons.

Treatment Year Yield ± SE Harvest Index Test Weight Protein Moisture Starch Gluten Residue
kg ha−1 lbs bu−1 % % % % Mg ha−1

Entry I BWC 2014 2082 ± 466 0.399 58.7 b 12.1 a 10.2 b 68.3 ab 32.1 a 4.69 b
CWB 2014 2325 ± 361 0.387 56.3 a 14.0 b 10.1 b 65.8 a 37.2 a 4.92 b
BCW 2015 1721 ± 450 0.363 57.2 ab 13.6 ab 7.46 a 68.4 ab 35.8 a 3.64 ab
CBW 2015 1547 ± 373 0.372 58.2 b 13.1 ab 7.62 a 69.8 b 34.1 a 3.09 a

Entry II BWC 2015 2173 ± 150 ab 0.359 a 57.5 a 14.8 b 7.16 a 65.8 a 38.9 b 4.45
CWB 2015 1963 ± 271 a 0.339 a 56.3 a 16.2 c 7.20 a 63.0 a 43.7 c 4.53
BCW 2016 2945 ± 344 b 0.469 b 62.6 b 11.2 a 9.22 b 70.8 b 29.6 a 4.20
CBW 2016 4463 ± 232 c 0.502 b 64.8 c 10.5 a 8.84 b 72.4 b 28.4 a 4.50

Treatment 0.004 0.004 < 0.0001 <0.0001 0.120 < 0.0001 <0.0001 0.03
Entry 0.052 0.117 0.01 0.98 0.019 0.97 0.86 0.60
Treatment × Entry <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.004 < 0.0001 0.06

R.A. Wieme, et al. Agricultural Systems 177 (2020) 102709

6



following chickpea and 11.8% following barley. Gluten followed the
same trend as protein, though the only within-year difference was in
position two of Entry II where higher gluten occurred in wheat fol-
lowing chickpea compared to following barley. Harvest index was sig-
nificantly higher in 2016, which caused the difference among treat-
ments. Wheat test weight was significantly different across treatments
and between entries. Test weights were higher in 2016 and were higher
for wheat following barley than chickpea in position three of Entry II.
These sequence effects of protein content, gluten, and test weight would
be an important consideration when producing for certain market
classes; such quality parameters can affect the price received for grains
like wheat and barley.

3.1.4. Quinoa yield and quality
Overall, quinoa produced low yields, averaging 104 kg ha−1.

Quinoa yields differed by treatment and between entries, and there was
a significant interaction among these factors (Table 6). High tempera-
tures and low precipitation in 2015 drastically reduced quinoa yield.
Quinoa is particularly susceptible to high temperatures during flow-
ering as it can cause flower damage and reduce pollen viability
(Jacobsen, 2003; Peterson and Murphy, 2015; Hinojosa et al., 2019),
and has repeatedly suffered yield losses or complete crop failure from
high temperatures in many U.S. trials (Johnson and Croissant, 1985;
Oelke et al., 1992; Dyck, 2012; Peterson and Murphy, 2015; Buckland,
2016). In a recent review, Hinojosa et al. (2018) differentiate how
quinoa response to high temperatures and other abiotic stresses varies
greatly depending on the cultivar type and which combination of
stressors. Many cultivars of quinoa show increased growth parameters
with higher temperatures but can suffer yield losses when high tem-
peratures are combined with other stressors like low water availability
or low relative humidity (Bazile et al., 2016; Hinojosa et al., 2018;
Präger et al., 2018). Quinoa yield was consistently higher following
barley than following chickpea (P= 0.02), likely due to lower weed
pressure following barley. Quinoa has relatively slow growth during the
first few weeks after emergence, which reduces its ability to compete
with weeds. A weed-free period for at least 16 days after emergence is
recommended for quinoa to avoid yield losses from weed pressure
(Jacobsen and Christiansen, 2016; Nurse et al., 2016).

Quinoa crude protein was similar across the treatments and entries,
though it ranged from 13.9 to 18.7% (Table 6). However, seed weight,
seed size, and harvest index were significantly different across the
treatments, entries, and their interaction. In Entry I, test weight and
seed size were greater for quinoa following barley compared to fol-
lowing chickpea (P = 0.05), but for Entry II the largest treatment dif-
ferences were due to high test weight and seed size in the wet year
2016. Harvest index followed similar trends as quinoa yields; it was

highest in 2014 and lowest in 2015. Quinoa residue mass was higher in
2014, but similar in 2015 and 2016. Quinoa yield was moderate in
2016 because the plants that reached maturity yielded moderately in-
dividually, but overall biomass production was limited due to poor
emergence and a thin plant stand.

Seed weight and seed size have been rated as highly important and
moderately important traits, respectively, for quinoa variety selection
by growers (Kellogg, 2017), and larger values of these traits are also
favored by the market. However, the relationships between yield, seed
size, and seed weight are not always consistent across quinoa (Bertero
et al., 2004; Miranda et al., 2013; Alandia et al., 2016; De Santis et al.,
2016; Jacobsen and Christiansen, 2016). Our data show a strong posi-
tive correlation between quinoa 1000-seed weight and seed size, but
neither was correlated with yield.

Another market-driven quality factor for quinoa is seed color, with a
general preference for lighter colored seeds within white-seeded vari-
eties (Kellogg, 2017). Quinoa color components did not depend on crop
sequence but differed across years. Color value a, for which negative
values represent green and positive values magenta, was similar within
years in the same entry, and lower in 2015 compared to other years.
There was a slight trend of lighter (higher values of L) and more yellow
(higher values of b) quinoa after barley in Entry I, but it did not appear
in Entry II. Color did not correlate well with other quality factors; 2014
was the only year with significant positive correlation with quinoa
lightness and test weight. Furthermore, lightness was lowest in 2016
while the quinoa that year produced the largest and heaviest seeds.
Darker seeds of white-seeded quinoa varieties could be related to sec-
ondary fungi and a later harvest time (Jacobsen and Christiansen,
2016), which was necessary in 2016 due to later crop maturity.

3.1.5. Three-year sequence performance
Grouping the crop sequence treatments as quinoa-inclusive (BCQ,

BQC, CBQ, and CQB) or wheat-inclusive (BCW, BWC, CBW, CWB),
comparisons can be made for the cumulative yield from the 3-year se-
quences. For both the quinoa and wheat groups, there were significant
effects of treatment (P < 0.0001 and P < 0.0001) and an interaction
of entry with treatment (P < 0.0001 and P= 0.012). In Entry I, cu-
mulative yield was similar among all treatments within each group. In
Entry II for the quinoa group, CQB had the highest yield (Fig. 4), which
was largely driven by high barley yields in 2016. Treatment CBQ had
the next highest cumulative yield. In Entry II for the wheat group,
treatments beginning with chickpea (CBW and CWB) yielded sig-
nificantly more than those beginning with barley. This outcome was
driven both by better chickpea yields in 2014 and the high cereal yields
in 2016.

Our results show that rotation sequence can have large impacts on

Table 6
Quinoa yield and quality factors in each entry of the 3-year crop sequence treatments. P-values are listed below each parameter for the main effects of Treatment,
Entry, and the Treatment x Entry interaction from the mixed effects model. Different letters indicate significant differences between treatments within each entry at
P ≤ 0.05, as determined by post-hoc Tukey pairwise comparisons.

Treatment Year Yield ± SE Harvest Index 1000 seed weight Crude Protein Seed Size Seed Color Residue
kg ha−1 g % mm2 a b L Mg ha−1

Entry I BQC 2014 297 ± 78 b 0.163 b 1.69 ab 18.4 b 2.20 3.10 b 18.55 b 62.17 b 3.81
CQB 2014 226 ± 60 b 0.149 b 1.50 a 18.7 b 2.05 3.33 b 18.21 ab 60.79 ab 2.79
BCQ 2015 22 ± 8 a 0.040 a 1.56 ab 17.4 ab 2.17 2.78 a 17.39 a 60.25 a 2.62
CBQ 2015 114 ± 56 ab 0.083 a 1.72 b 13.9 a 2.25 2.78 a 18.08 ab 61.37 ab 2.54

Entry II BQC 2015 32.6 ± 12 ab 0.024 ab 1.61 a 16.5 2.26 a 2.63 a 16.89 a 60.21 b 2.91
CQB 2015 11.3 ± 8 a 0.022 a 1.75 a 15.9 2.40 a 2.76 a 17.46 a 60.91 b 3.22
BCQ 2016 56.6 ± 32 b 0.069 bc 2.12 b 16.7 2.90 b 3.83 b 18.54 b 58.38 a 2.62
CBQ 2016 76.0 ± 24 b 0.078 c 2.10 b 15.6 2.82 b 3.63 b 18.58 b 58.68 a 2.30

Treatment 0.045 0.0123 <0.0001 0.083 < 0.0001 <0.0001 0.066 < 0.0001 0.056
Entry 0.025 0.0102 0.0016 0.304 < 0.0001 0.026 0.465 < 0.0001 0.778
Treatment x Entry 0.0002 <0.0001 <0.0001 0.24 0.00023 <0.0001 <0.0001 0.007 0.333
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crop performance. Overall, results indicated that the performance of the
rotations was improved by having barley appear in later positions of the
sequence (2 or 3) rather than the first year after alfalfa. One reason is
that it allows more time for the nutrients released from the terminated
alfalfa biomass to become available to the following crops. Barley yields
and protein were improved in the second sequence position, despite
worse weather conditions some years. This is similar to Tautges et al.
(2018) observing negative correlations of alfalfa biomass and the
winter wheat yield that immediately followed. Furthermore, barley was
observed as the most competitive crop against weeds for the crops
tested in these sequences. Not only did barley compete well against
existing weed pressure, but there was also an observed reduction of
weeds in the crops following barley. Thus if a poorly competitive crop
(such as chickpea) will be included in a rotation, it would be more
prudent to grow it immediately following alfalfa or barley, when the
weed pressure is low.

The difference of treatment effects in crop yield and quality across
entries highlights the importance of the interaction between weather
and cropping sequence effects. For the sequences tested in this study,
stresses were more detrimental when they came later in the sequence.
For example, barley, chickpea and wheat yields all suffered in 2015 due
to high heat and low moisture, but the yields of each were lower in
Entry I (position 3) than they were in Entry II (position 2). This could be
attributed to either higher weed pressure as time in annual crops in-
creased, or a decrease in soil nutrient levels over time.

3.2. Economics

3.2.1. Three-year grain sequence economics
Total value of sales for the 3-year sequences differed by treatment

(P < 0.0001), but the treatment effects were different within entries
(P = 0.013) (Table 7). The highest sales value in both entries was from
treatment CWB, which averaged $1033 ha−1 yr−1 over the 3-year
period. However, in both entries, CWB was not significantly different
from the second and third highest treatments, CBW and CQB, with
average sales of $964 and $783 ha−1 yr-1 respectively. The lowest sales
came from BCQ in both entries, averaging $467 ha−1 yr−1 for the se-
quence.

Variable (input) costs were equal within each crop in a given year.

The differences in input costs between crops were driven by the dif-
ferences in seed costs. Chickpea was the most expensive seed, con-
tributing to higher input costs than for other crops; with the exception
of some plots in 2014, growing chickpeas resulted in negative net re-
turns over variable costs. Chickpea seed prices increased in 2016 while
quinoa seed prices decreased, but it was not enough to cause significant
differences in variable costs among the 3-year sequence treatments
(Table 7). Establishment years (position one of the crop sequence) had
on average $150 ha−1 higher variable costs due to more tillage passes
to terminate alfalfa prior to planting grain crops, but there were no
other significant differences in fuel costs between crops, years, or
treatments.

Net returns over variable costs were significantly different among
treatments (P < 0.0001), and the treatment effects varied by entry
(P = 0.007). Net returns over variable costs averaged $324 ha−1 yr−1

for this study. All of the 3-year treatments averaged positive net returns
to variable costs despite some individual years resulting in negative
returns. The highest net returns to variable costs were in treatments
CWB and CBW at $639 ha−1 yr−1 and $556 ha−1 yr−1, respectively. In
Entry II, CQB was the third-highest – and similar to CWB and CBW in
net returns; however, in Entry I there were fewer differences overall
and only the lowest-returning treatment, BCQ, statistically differed
from the remaining treatments.

Overall, net returns to variable costs were significantly higher in
treatments that grew wheat (mean $435 ha−1 yr−1) than in treatments
with quinoa (mean $212 ha−1 yr−1). There were also significantly
higher returns in treatments that started with chickpea (mean
$472 ha−1 yr−1) compared to those that started with barley (mean
$176 ha−1 yr−1).

Returns over total costs also varied significantly by treatment
(P < 0.0001), and again the treatments effects were different for each
entry (P= 0.004). Returns over total costs for the 3-year sequence
treatments averaged $-33 ha−1 yr−1. Treatment CWB was the only
treatment in Entry I with positive returns over total costs. In Entry II,
CWB, CBW, and CQB were the highest and the only treatments that
averaged positive returns to total costs (Table 7). Looking individually,
profits were made 21 out of 48 crop-years (43.8%). The years of ne-
gative returns to total costs were mostly years growing chickpea,
though some losses occurred from quinoa years and the first year of

Fig. 4. Total grain crop sequence yields of quinoa group treatments and wheat group treatments for each entry. Different letters indicate significant differences
between treatments within each entry and each group at P ≤ 0.05, as determined by post-hoc Tukey pairwise comparisons.
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barley in Entry I. Despite both chickpea and quinoa having near com-
plete yield failures some years, quinoa performed better economically.
That is, chickpea requires a higher relative yield to turn a profit com-
pared to quinoa. Quinoa yielding at only 15% of the regional yield goal

made a profit, whereas chickpea need to reach yields of 58–100% of the
county average conventional yield to break even over operating costs;
chickpea only reached 35% of conventional yields or less in most
treatment-years of this study.

Table 7
Annual sales, variable costs, ownership costs, returns over variable costs, and returns to total costs of the 3-year treatment sequences and the averages for the
treatments. Units are in USD per hectare for annual results; averages are USD per hectare per year. Different letters indicate significant differences between
treatments within each entry at P≤ 0.05, as determined by post-hoc Tukey pairwise comparisons.

Treatment Year Crop Sales Variable costs Ownership Costs Returns over variable costs Returns over total costs

Entry I BCQ 2013 Barley 838 543 463 295 −167
2014 Chickpea 555 529 296 26 −270
2015 Quinoa 76 246 92 −170 −262
3-yr Average 490 a 440 284 50 a −233 a

BCW 2013 Barley 877 543 476 335 −141
2014 Chickpea 700 529 344 171 −173
2015 Wheat 759 251 318 507 190
3-yr Average 779 ab 441 379 338 ab −41 abc

BQC 2013 Barley 857 543 469 314 −155
2014 Quinoa 1211 335 512 876 364
2015 Chickpea 2 578 68 −576 −644
3-yr Average 690 ab 485 350 205 ab −145 abc

BWC 2013 Barley 844 543 465 301 −164
2014 Wheat 994 316 441 679 238
2015 Chickpea 98 578 99 −480 −580
3-yr Average 645 ab 479 335 166 ab −169 ab

CBQ 2013 Chickpea 485 566 346 −81 −428
2014 Barley 1186 426 504 760 256
2015 Quinoa 391 246 196 145 −51
3-yr Average 688 ab 413 349 275 ab −74 abc

CBW 2013 Chickpea 505 566 353 −62 −414
2014 Barley 1204 426 510 778 268
2015 Wheat 682 251 292 431 138
3-yr Average 797 ab 415 385 382 b −3 bc

CQB 2013 Chickpea 394 566 316 −172 −488
2014 Quinoa 920 335 416 585 169
2015 Barley 716 338 304 378 74
3-yr Average 677 ab 413 345 263 ab −82 abc

CWB 2013 Chickpea 572 566 375 6 −369
2014 Wheat 1110 316 479 794 315
2015 Barley 995 338 395 656 261
3-yr Average 892 ab 407 416 486 b 69 c

Entry II BCQ 2014 Barley 983 452 471 531 60
2015 Chickpea 199 577 133 −378 −511
2016 Quinoa 150 202 117 −52 −169
3-yr Average 444 a 410 240 34 a −207 ab

BCW 2014 Barley 992 452 474 540 66
2015 Chickpea 247 577 149 −329 −478
2016 Wheat 865 251 353 614 261
3-yr Average 701 abc 427 325 275 ab −50 abc

BQC 2014 Barley 862 452 432 411 −21
2015 Quinoa 112 244 104 −132 −236
2016 Chickpea 699 843 298 −144 −442
3-yr Average 558 ab 513 278 45 a −233 a

BWC 2014 Barley 1031 452 487 579 92
2015 Wheat 958 249 383 709 326
2016 Chickpea 439 843 212 −405 −617
3-yr Average 809 bcd 515 361 294 ab −66 abc

CBQ 2014 Chickpea 658 555 364 103 −261
2015 Barley 1173 336 454 836 382
2016 Quinoa 201 202 134 −1 −134
3-yr Average 677 abc 364 317 313 ab −4 bc

CBW 2014 Chickpea 628 555 354 73 −281
2015 Barley 1452 336 546 1116 569
2016 Wheat 1311 251 500 1060 560
3-yr Average 1131 de 381 467 750 c 283 d

CQB 2014 Chickpea 549 555 328 −6 −334
2015 Quinoa 39 244 80 −205 −285
2016 Barley 2082 338 754 1744 989
3-yr Average 890 cde 379 387 511 bc 123 cd

CWB 2014 Chickpea 657 555 364 102 −262
2015 Wheat 865 249 353 616 264
2016 Barley 1999 338 727 1661 934
3-yr Average 1174 e 381 481 793 c 312 d
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3.2.2. Complete rotation economics
The crop sequence treatments were designed to be part of a longer

rotation with alfalfa. Five years of alfalfa were added to the economic
analysis for both entries, creating a complete 8-year rotation. The al-
falfa in the area for Entry II was actually in place for 6 years, but for the
purpose of making analogous economic comparisons – to include the
establishment year and 4 production years of alfalfa for both entries –
we assigned the establishment year for Entry II alfalfa as 2009. The
alfalfa phase contributed greatly to the overall economic outcome of the
cropping system. The average returns over variable costs per year in-
creased to $617 ha−1 yr−1 for the 8-year period. Net returns to total
costs were positive, averaging $135 ha−1 yr−1 for Entry I and
$201 ha−1 yr−1 for Entry II. The establishment year for alfalfa (taking
zero harvest) was an economic loss, averaging $-554 ha−1 for the years
used in this study (2008 for Entry I and 2009 for Entry II). Even though
the establishment and early alfalfa years in this study had some of the
highest costs for alfalfa seed and lowest alfalfa harvest prices compared
to the surrounding years, the cost of establishment (returns over total
costs) was regained in year 3 of the rotation, or the second year of
alfalfa harvests (Fig. 5). The years of organic alfalfa also increase the
number of crop-years with profitable returns over total costs to 75% for
the complete rotations tested.

The conventional system had a similar profit rate for the 3-year
period compared to the organic 3-year sequences we tested: 43% of the
crop-years resulted in positive net returns over total costs and averaged
$-96 ha−1 yr−1 during that period. Accounting for the entire 8-year
period, the rate of positive returns increased less than the organic ro-
tation, with only 56% of crop years resulting in positive returns and the
average increased to $82 ha−1 yr−1.

Directly comparing the 8-year average of the experimental rotations
to the conventional simulation, all of the organic treatments had higher
average returns over variable costs in both entries (Fig. 6); the organic
treatments averaged $140 ha−1 yr−1 of greater returns to variable costs
and $86 ha−1 yr−1 of greater returns to total costs than the conven-
tional simulation. When the conventional economic data was in-
corporated into the mixed effects model, treatments CQB, CBW, and
CWB in Entry II had significantly higher returns over variable costs than
the conventional treatment according to pairwise comparisons. Average
returns to total costs were also higher in all organic treatments except
BCQ in Entry I, and the pairwise differences were similar to those for
returns over variable costs (Fig. 6).

3.2.3. Economic context and considerations
The variation in crop yields across the years was the largest

influence on the economic outcome of the sequence treatments. This is
confirmed with a test of the farm budgets that use a 6-year average crop
price rather than the annual price for each crop. The 6-year average is
the longest time frame for which there is consistent organic crop price
data from sources used for all the crops in this study. The analysis with
average prices resulted in some changes in the pairwise differences
among the middle-performing treatments for the 3-year sequence; the
most changes occurred in Entry II as the average crop prices caused the
treatments with low returns to become lower and the higher returning
treatments increased (Table 8). However, the general trends and con-
clusions remain the same: treatments CWB and CBW produced the
highest returns over variable costs and total costs, and they were sta-
tistically similar to the returns from treatment CQB. The 8-year rotation
economic analysis had fewer changes when using the average crop
prices.

The conventional grain prices encountered during the time of this
study were near the long-term averages, though the alfalfa prices were
above the long-term average in 3 of the 6 years analyzed, so the 6-year
average was slightly higher than the long-term average (Fig. 3). The
organic prices for most crops displayed larger variation over the se-
quence years (e.g., chickpea, wheat, and quinoa). In the case of
chickpea and wheat, those price fluctuations were inversely correlated
with the crop performance, as is typical of agricultural markets (i.e., in
a year with high yields, price received for a crop decreases); and this
negative feedback effect is the more realistic scenario that farmers en-
counter when marketing their crops each year. Quinoa prices were
decreasing as both the global and North American production of quinoa
was catching up to the sharply increased demand it had experienced
over the last decade, but this also allowed for quinoa seed prices to drop
during the sequence years as well.

Our results suggest that organic price premiums are important for
these organic systems to be economically viable given the lower yields
in the organic systems compared to a prevailing conventional system.
Additionally, economically viable dryland organic cereal yields can be
reached without an application of external fertilizer and instead rely
upon longer, diverse rotations with a leguminous forage like alfalfa.
However, organic management and crop diversification can still present
many risks. While the overall economic returns were greater in the
organic system, there was greater variation in annual returns to total
costs, even for the top-performing organic systems, which ranged from
$-544 to $810 ha−1, compared to the conventional system, which
ranged from $-209 to $524 ha−1 (Fig. 5). Given the similar input costs
for organic and conventional systems, greater yield variability in or-
ganic translates to higher risk; although the conventional crops and
management may not make as much profit, they are less likely to incur
large losses. The increased risk may be one of the factors preventing
more producers from transitioning to alternative management practices
or more diverse systems despite repeatedly cited economic incentives
(Bowman and Zilberman, 2013). On the other hand, the economic ad-
vantages provided by these longer, more diverse organic rotations can
also have a compounding effect, as the longer more diverse rotation
improves soil quality and nutrient cycling and decreases dependence on
external inputs (Davis et al., 2012; Wachter et al., 2019; Wieme, 2019).
These improvements in turn can support more stable organic yields
over the long-term, where future organic price premiums are predicted
to remain strong (Crowder and Reganold, 2015).

Another key aspect is the risk of the transition period itself, which
was not considered in the economic analysis in this study because the
study area qualified for organic certification at the time of alfalfa
planting. The overall returns to the 8-year rotation would be lower
during the transition when organic premiums are not applied to the
alfalfa harvests. Whole-farm profitability analyses have shown that
smaller farms have lower risk when transitioning to organic manage-
ment (Delbridge et al., 2013); larger farms are less likely to transition to
organic and would be more sensitive to decreases in organic premiums
(Delbridge and King, 2016). These factors highlight the importance of

Fig. 5. Cumulative returns over the 8-year crop rotation designed in this study,
compared with the cumulative returns for a typical conventional crop rotation
for this region with county-average yields during the same 8-year period.
“Quinoa” and “Wheat” groups are averages of all four treatments containing
those crops.
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transitioning small parcels of land, or managing only a portion of a
larger farm as organic, to reduce the overall risk and spread out in-
vestment costs (Lorent et al., 2016; Delbridge and King, 2016).

The economic dependability of the organic systems would be further
enhanced with improvements in quinoa and chickpea yields. During the
course of this study, higher-yielding locally adapted quinoa varieties
have been both identified and developed (Murphy et al., 2019), but
quinoa may still be a risky crop for larger farm-scale adoption until
more agronomic information is available along with the improved
varieties. Additionally, careful consideration for the use of chickpeas in
these rotations is needed. Planting chickpea the first year after termi-
nating alfalfa offers the lowest weed pressure for better yields and fi-
nancial returns; however, improved weed management techniques are
still sought for dryland organic systems. The chickpea yields in this
study were often half of the yield needed to reach the breakeven point

for total cost of production. Different grain legumes, such as Austrian
winter pea, could offer better competition with weeds, a lower input
cost, and therefore a more stable return (Lorent et al., 2016; Tautges
et al., 2018). While crop rotations are not always fixed as farmers react
to the predictions for upcoming weather or shifts in crop prices, de-
signing a system to best withstand the known stressors that may occur
in a given season is still important.

4. Conclusions

Organic crop management continues to be a challenge for dryland
producers in the Palouse region of the Pacific Northwest. The relative
success of crop rotations can be highly dependent on weather condi-
tions and the interplay with market prices. The organic systems in this
study produced lower yields than the county conventional averages but

Fig. 6. Average returns over variable costs (orange circles)
and average returns over total costs (green triangles) for the
entire 8-year crop rotation. Error bars represent standard error
of the mean. Dotted lines represent the average returns over
variable costs (orange) and average returns over total costs
(green) for a standard conventional crop rotation of winter
wheat-spring wheat – chickpea with county average yields
over the same time period (2008–2015 for Entry I and
2009–2016 for Entry II). Shaded area around dotted line re-
presents standard error of the mean for the simulated con-
ventional rotations (For interpretation of the references to
colour in this figure legend, the reader is referred to the web
version of this article.).

Table 8
Returns over variable costs and returns over total costs from farm budgets using the actual annual crop prices and from farm budgets using the 6-year average crop
prices, for both the 3-year grain sequences and the full 8-year crop rotation including 5 years of alfalfa. Different letters indicate significant differences between
treatments within each entry at P≤ 0.05, as determined by post-hoc Tukey pairwise comparisons.

Treatment 3-year grain sequence 8-year crop rotation

Returns over variable costs Returns over total costs Returns over variable costs Returns over total costs

$ ha−1 yr−1 $ ha−1 yr−1 $ ha−1 yr−1 $ ha−1 yr−1

Annual Average Annual Average Annual Average Annual Average

Entry I BCQ 50 a 48 a −233 a −293 ab 495 a 519 a 78.8 a 75.6 ab
BCW 338 ab 334 ab −41 abc −74 ab 603 ab 627 ab 151 abc 158 ab
BQC 205 ab 120 ab −145 abc −221 ab 553 ab 546 ab 112 abc 103 ab
BWC 166 ab 89 a −169 ab −319 a 539 ab 535 a 103 ab 65.8 a
CBQ 275 ab 319 ab −74 abc −22 ab 579 ab 621 ab 138 abc 177 ab
CBW 382 b 414 ab −3 bc 5.6 ab 620 b 657 ab 165 bc 188 ab
CQB 263 ab 264 ab −82 abc −77 ab 575 ab 601 ab 136 abc 157 ab
CWB 486 b 506 b 69 c 98 b 658 b 691 b 192 c 222 b

Entry II BCQ 34 a −87 a −207 ab −428 a 528 a 469 a 116 ab 25 a
BCW 275 ab 260 abc −50 abc −149 abc 618 ab 599 abc 174 abc 130 abc
BQC 45 a −3.1 ab −233 a −344 ab 532 ab 500 ab 106 a 56.5 ab
BWC 294 ab 233 abc −66 abc −175 ab 626 ab 589 abc 168 abc 120 ab
CBQ 313 ab 357 bc −4.5 bc 16 bc 633 ab 635 bc 192 bc 192 bc
CBW 750 c 947 d 283 d 539 d 796 c 857 d 299 d 388 d
CQB 511 bc 584 cd 123 cd 243 cd 707 bc 720 cd 240 cd 277 cd
CWB 793 c 854 d 312 d 446 d 813 b 822 d 310 d 353 d
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performed equally or better in economic terms. This was especially true
for quinoa; while it yielded much lower than the yield potential for the
region, it performed similarly to spring wheat in financial returns.

All of the 3-year organic grain sequence treatments averaged posi-
tive net returns to variable costs despite some individual years resulting
in negative returns. Crop sequence choice is important as some se-
quences tested here produced better outcomes for yield and economic
returns. Specifically, starting the grain sequences with chickpea after
the alfalfa phase increased both overall sequence yields and economic
returns. Quinoa yielded better when it followed barley compared to
chickpea. Crop quality parameters were affected most strongly by
yearly weather differences, but there were some sequence effects on
barley and wheat protein that should be considered when growing
grains for specific market classes, as those parameters can affect the
prices received for the crop.

Premiums for organic alfalfa and grains make these organic crop-
ping systems economically viable for dryland production in the Pacific
Northwest. However, advances in organic weed control and develop-
ment of regionally adapted quinoa varieties are needed to reduce the
risk to farmers attempting this cropping system diversification. Further
improvements in quinoa and chickpea yields would help the financial
performance of the grain sequences by decreasing economic variability.
Finally, incorporating a leguminous forage crop, such as alfalfa, in the
rotation is crucial for the economic and agronomic performance of
dryland organic cropping systems in the Pacific Northwest.
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