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Organic management is rapidly expanding as an alternative to conventional agriculture, but maintaining sufﬁcient available soil nitrogen (N) supply is a challenge for organic systems in the semiarid regions of the US
Paciﬁc Northwest (PNW). Quinoa (Chenopodium quinoa Willd.) is a potential new crop for such systems, but
there are many knowledge gaps regarding impacts of quinoa in crop rotations in the US. Here we tested the
eﬀects of quinoa in organic crop rotations for the Palouse region of the PNW. Speciﬁcally, we evaluated eight 3year grain crop sequences, as part of a longer rotation with alfalfa, on the following metrics: crop productivity,
soil N budgets, soil microbial parameters, arbuscular mycorrhizae, and soil aggregate size distribution. Organic
crop yields averaged 495, 2736, and 2403 kg ha−1 for chickpea, barley, and wheat, respectively (33 %, 79 % and
77 % of the respective crop county averages). Yields were aﬀected by weather across growing seasons, as were
the amount and quality of residues, which in turn inﬂuenced soil N cycling. Overall soil N supply decreased
slightly through the 3-yr sequences. Cereal grain yields were correlated with inorganic N (IN), and the correlation was stronger for subsurface (30−150 cm) depths than the surface (0−30 cm); IN was suﬃcient to support
high cereal yields even in the later years when weather was suitable, but cereal yields overall may have been Nlimited. Crop yields were more highly correlated with spring surface soil potentially mineralizable N than with
spring surface IN. More inorganic N was available in surface (0−30 cm) post-harvest soil following quinoa
(13.1 kg N ha-1 more) compared to wheat, but quinoa yields were low, with a 4-yr average of 104 kg ha−1. Soil
microbial biomass and activity were not aﬀected by sequence treatments. Although plants of the family
Amaranthaceae are often considered “non-mycorrhizal”, moderate rates of arbuscular mycorrhizal fungi (AMF)
colonization were observed in quinoa. However, AMF colonization was lower in quinoa compared to other
grains in the sequences, and the colonization of crops following quinoa was lower than following wheat. Soil
structure was ﬁner after quinoa, with a higher proportion of aggregates in the smaller size classes. Our results
show that quinoa aﬀects soil properties, and that organic management of 3-yr dryland grain sequences in rotation with alfalfa are possible in this area, given eﬃcient N cycling through crop residues.

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 cropping system simpliﬁcation and greater reliance on
external inputs have increased crop production worldwide, they have
exacerbated environmental degradation (NRC, 2010; Foley et al.,
2011). Diverse cropping systems often support greater soil health, more
eﬃcient resource use, and help reduce risk and ecological damage

⁎

(Helmers et al., 2001; Davis et al., 2012; Sanderson et al., 2013; Bai
et al., 2018). With a requirement of crop rotation, or other diversiﬁcation practices, and greater reliance on ecological processes, organic
management has potential to remedy numerous economic, environmental, and human health issues associated with conventional farming
(NRC, 2010; Gomiero et al., 2011; Eyhorn et al., 2019).
Here we examine organic management in combination with alternative crops, quinoa (Chenopodium quinoa Willd.) and alfalfa (Medicago
sativa), in the Palouse River Basin region of eastern Washington and
northwestern Idaho, a productive dryland wheat-growing region (Hall
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Kahiluoto and Vestberg, 1998; Hawking et al., 2000) and improve soil
quality through increased aggregate stability (Wright and Anderson,
2000; Ryan and Graham, 2002). The mycotrophy of a given crop can
inﬂuence the abundance of soil AMF inoculum and thus aﬀect the yield
of subsequent crops in the rotation (Harinikumar and Bagyaraj, 1988;
Karasawa et al., 2001; Vestberg et al., 2005), and quinoa belongs to the
Amaranthaceae family that has long been thought to be non-mycorrhizal (Muthukumar and Tamilselvi, 2010).
The objectives of this study were to identify organic cropping sequences that produce the greatest yields, eﬃciently cycle N, and improve soil quality in the dryland PNW, with speciﬁc focus on the rotational eﬀects of a new crop, quinoa. We tested eight 3-year grain crop
sequences of quinoa or spring wheat in sequence with barley and
chickpea as part of a longer organic crop rotation system that included
ﬁve years of alfalfa. These sequences were chosen based on crop rotation principles discussed above (maximizing resource use eﬃciency and
economic potential), to speciﬁcally test the hypothesis that quinoa
could improve the competitiveness and potential adoption of dryland
organic cropping systems through eﬃcient nutrient utilization, and
determine where in the rotation it might have the greatest eﬀect. We
also wanted to assess how quinoa would compare with the common
crop, wheat, in corresponding rotations. We measured the eﬀects of the
cropping sequences on (i) crop productivity and (ii) soil quality, which
included the following parameters: N cycling over the course of crop
sequences, soil microbial community size and function, colonization of
plant roots by AMF, and soil aggregate size distribution.

et al., 1999; Duﬃn, 2007). Common rotation crops in the region include
barley (Hordeum vulgare), canola (Brassica napus), and grain legumes,
such as chickpeas (Cicer arietinum), dry peas (Pisum sativum), and lentils
(Lens culinaris); however, the cropping systems are often designed
around wheat (Triticum aestivum) as the primary cash crop. The typical
intensive wheat-based systems have depleted over 50 % of the native
soil organic matter, deteriorated soil microbial communities and soil
structure, and increased soil erosion (Awale et al., 2017). Despite natural characteristics that beneﬁt organic grain production – such as
fertile soils and dry summers that limit diseases – less than 400 ha of 0.4
million ha of Palouse farmland are certiﬁed organic (Kirby and
Granatstein, 2018).
Dryland organic grain production in the Palouse requires revision of
the dominant cropping system. Managing weeds, maintaining soil fertility, and obtaining suﬃcient agronomic information are top concerns
for organic producers in the region, and reasons that farmers avoid
organic management (Jones et al., 2006; Goldberger, 2008; Goldberger
et al., 2010). Suitable nutrient sources for organic production are difﬁcult to obtain due to lack of manure from livestock and the high cost of
commercially available registered organic fertilizers. Sustaining soil
nitrogen (N) levels needed for adequate grain yield and quality goals is
a major challenge (Lorent et al., 2016; Tautges et al., 2018).
Legumes are commonly included in crop rotations in order to boost
soil N levels, break disease cycles, and conserve water (Watson et al.,
2002; Kirkegaard et al., 2008; Cutforth et al., 2013); therefore, legumes
often precede the cash crop for which the highest yield is desired. Using
a multi-year leguminous forage, such as alfalfa, is an advantageous
practice in organic systems to bolster soil fertility and combat weeds
(Anderson, 2010; Davis et al., 2012; King and Hofmockel, 2017). It may
also be the most economical way to transition into certiﬁed organic
production for dryland grain cropping systems in the region (Gallagher
et al., 2010; Borrelli et al., 2014). However, the amount of plant
available N for grain crops following alfalfa can vary widely depending
on the cropping system (Hoeppner et al., 2005; Lorent et al., 2016;
Tautges et al., 2018).
Quinoa is a seed crop cultivated in the Andean highlands for
thousands of years that has recently gained recognition for its nutritional and agroecological beneﬁts (FAO, 2011; Ruiz et al., 2014).
Though it is a relatively new crop to North America, quinoa is attractive
to many farmers, especially organic producers (Goldberger and Detjens,
2019). One reason is that consumer demand has dramatically risen: U.S.
imports of the crop increased 10-fold between 2007 and 2014, with 65
% produced organically (Nuñez de Arco, 2015). Furthermore, quinoa is
not susceptible to cereal diseases and tolerant to most soil-borne nematodes (Jacobsen, 2003), and may beneﬁt cropping systems by eﬃciently utilizing nutrients (Aguilar and Jacobsen, 2003; Schulte auf’m
Erley et al., 2005). Still, there are many knowledge gaps pertaining to
quinoa production in the U.S. (Peterson and Murphy, 2015).
Established crop sequences in semi-arid dryland production systems
should optimize water and nutrient use, decrease pest and disease
pressures, and maximize economic returns. It is thus important to
gather information on how new crops, such as quinoa, or crop sequences may aﬀect these parameters (Krupinsky et al., 2006; Merrill
et al., 2012). Crops in a rotation may inﬂuence dynamics such as residue decomposition and nutrient cycling (Sanchez et al., 2001; Sainju
et al., 2012). These dynamics are especially important in low-input
organic systems, which rely largely on microbial-mediated processes for
nutrient availability (Welbaum et al., 2004). Microbial communities, in
turn, can be aﬀected by crop rotation and management, such as the
amounts and types of residues returned to the soil aﬀecting the biomass
or activity of the microbial community (Murphy et al., 2011; McDaniel
et al., 2014b).
Another speciﬁc component of the soil microbial community important to low-input organic systems is the beneﬁcial symbiosis between crops and arbuscular mycorrhizal fungi (AMF). AMF can increase
plant acquisition of phosphorus (P) and N (Jeﬀries et al., 2003;

2. Materials and methods
2.1. Site description and experimental design
The research site was a 1.2-ha organic plot on a Palouse grain farm
(46.8 °N, 117.1 °W). Soils and landscape were assessed prior to the
study, and blocks were designed for uniformity in slope, soil, and microclimate (Reganold, 2013). The soil 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 blocks; each plot was 6.1 × 16.8 m. 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 replication in both space and time to account for variation in weather
across growing seasons (Loughlin, 2006). Mean monthly rainfall and
temperatures during the 5-year study period (2013–2017) are shown in
Fig. 2.
2.2. Study management
Prior to the study, ﬁelds for Entry I and II were managed for 5 and 6
years, respectively, in certiﬁed organic alfalfa. We tested eight 3-year
grain crop sequences as part of an 8 or 9-yr rotation with alfalfa in Entry
Table 1
The eight 3-year grain crop sequence treatments following alfalfa. The treatment 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

BCQ
BCW
BQC
BWC
CBQ
CBW
CQB
CWB

2

Barley
Barley
Barley
Barley
Chickpea
Chickpea
Chickpea
Chickpea

Two
–
–
–
–
–
–
–
–

Chickpea
Chickpea
Quinoa
Wheat
Barley
Barley
Quinoa
Wheat

Three
–
–
–
–
–
–
–
–

Quinoa
Wheat
Chickpea
Chickpea
Quinoa
Wheat
Barley
Barley
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I and Entry II, respectively; the sequence treatment names are formed
using the ﬁrst letter of each crop in the order that they were grown
(Table 1). Each plot with a quinoa treatment was divided lengthwise
into subplots to test two quinoa varieties. However, one of these varieties is no longer recommended for Palouse farmers due to poor performance, so we only present results from the subplots with the topperforming variety, “KU-2”. Crop varieties were constant throughout
the study except for chickpeas. Untreated Billy Beans™ were used in
2013, but in 2014 a source for organically grown and treated “Frontier”
chickpea (Warkentin et al., 2005) seed was found and used for the rest
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).
Prior to the study, the alfalfa was usually harvested once per year
(in June) and grazed by sheep in late summer; the yield of the biomass
harvest averaged 4.2 Mg ha−1 for that period (Eric Zakarison, personal
communication). Alfalfa was terminated using multiple passes of an
undercutter in spring of 2013 for Entry I and fall of 2013 for Entry II (in
2013 the alfalfa in the area for Entry II was harvested once in June but
not grazed). Each spring for the remainder of the study, 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 crops and years, a
precision planter was used (Monosem Inc.; Edwardsville, KS) (Table 2).
Seeding rates were determined according to recommendations for organic systems (Dave Huggins, personal communication). Organic
management continued throughout the study; no inputs were used and
crop residues were mowed and left in each plot after the growing
season. Weeds were managed with a rotary hoe (in wheat and barley,
1–2 passes in May) or in-row cultivator (in chickpea and quinoa, 1 pass
in May or early June) to follow what could be done at a ﬁeld scale.
However, cultivating equipment was not always available at this farm
at the precise time it was needed, so in those instances weeds were
managed by hand hoeing.

Fig. 1. Experimental ﬁeld layout. Eight treatments were arranged in a randomized complete block design with four replicate blocks, and repeated for two
entry years. Satellite image from June 2015.

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

2.3. Crop productivity and quality
Crop yield was determined by harvesting a center strip
(1.5 × 16.8 m) from each plot using a plot combine (Wintersteiger;
Ried im Innkresi, Austria). Harvested wheat, barley and chickpea
samples were cleaned using a Clipper seed cleaner (A.T. Ferrell
Company, Inc.; Ossian, IN); quinoa was cleaned using screens and a
seed blower (Seed Processing Holland; Enkhuizen, Netherlands). Prior
to harvest, aboveground biomass samples were collected from all crops
in two 1-m2 quadrats from each plot. These samples were dried at 45 °C,
weighed, and threshed to determine residue biomass as follows (Eq.
(1)):

Table 2
Details of crop varieties and ﬁeld operations.
Year

Crop

Variety

Date
Planted

Planting
Implement
(Row
Spacing)

Planting Rate

Date
Harvested

seeds m−2
2013

2014

2015

2016

Chickpea
Barley
Chickpea
Quinoa
Barley
Wheat
Chickpea
Quinoa
Barley
Wheat
Chickpea
Quinoa
Barley
Wheat

Billy
BeansTM
Bob
Frontier
KU-2
Bob
Louise
Frontier
KU-2
Bob
Louise
Frontier
KU-2
Bob
Louise

10-May
10-May
12-May
29-Apr
29-Apr
29-Apr
16-May
24-Apr
24-Apr
24-Apr
21-Apr
21-Apr
21-Apr
21-Apr

Cross Slot
Drill (13 cm)
Monosem
Precision
Planter
(23 cm)
Monosem
Precision
Planter
(23 cm)
Monosem
Precision
Planter
(23 cm)

70

20-Sep

300
53
310
280
245
82
245
235
235
82
280
235
235

27-Aug
16-Sep
21-Sep
18-Aug
18-Aug
28-Aug
28-Aug
05-Aug
05-Aug
16-Sep
11-Oct
18-Aug
18-Aug

Residue = Total Aboveground Biomass – Grain Yield

(1)

Residue subsamples were ground using a Wiley mill (Thomas
Scientiﬁc Model 4 Wiley® Mill; Swedesboro, NJ) through a 1-mm
screen. Grain samples were ground to ﬂour consistency; barley and
wheat were ground in an UDY cyclone mill (UDY Corporation; Fort
Collins, CO), and chickpea and quinoa were ground in a coﬀee grinder
(Krups; Solingen, Germany). Carbon (C) and N contents in residue and
grain were determined by dry combustion elemental analysis (Costech
Elemental Combustion System 4010; Valencia, CA). Residue N (Eq. (2))
and harvested N (Eq. (3)) were calculated as follows:
Residue N = Residue Biomass (kg ha−1) × Residue N concentration (g
N kg−1)
(2)
Harvested N = Yield (kg ha−1) × Grain N concentration (g N kg−1)
(3)
3
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were covered with paraﬁlm for 48 h before another incubation to
measure basal respiration (BR) rates. The vials were ﬂushed with air
again before being capped with septa, and headspace gas samples were
taken 2 h after capping in the same manner as above. Incubation vials
were once more covered with paraﬁlm and returned to incubator. After
24 h rest, substrate-induced respiration (SIR) rates were measured: soils
received 250 μl of a glucose/nutrient broth solution, were ﬂushed with
air and capped with septa, and the headspace gas was sampled after 2 h
in the same manner above. All of the gas samples were analyzed for CO2
on a gas chromatograph (Shimadzu GC-2014; Kyoto, Japan). SIR
measurements were used to calculate microbial biomass carbon
(MBCSIR) (Bailey et al., 2008).
Surface soil samples (0−10 cm and 10−30 cm) were also taken
following crop harvest and analyzed for IN at Washington State
University as described above. To analyze soil aggregate size distribution, post-harvest soil samples from 0−10 cm were sieved through a 4mm sieve and air-dried. Duplicate subsamples were sieved through a
column of sieves (2 mm, 1 mm, 0.5 mm, 0.25 mm, and 53 μm) using a
Ro-Tap sieve shaker (W.S. Tyler, Mentor, Ohio) for 4 min, and the mass
of soil remaining on each sieve was recorded (Larney, 2008). Geometric
mean diameter was calculated for each sample (Gardner, 1956; Larney,
2008).

2.4. Soil quality and fertility
Spring soil samples were taken each year of the 3-year crop sequence at spring planting and the spring following the sequence
(heretofore referred to as “year 4”, the time when the rotation would
return to alfalfa). Soil samples to a 1.5-m depth were taken using a
hydraulic soil probe (Giddings Machine Co., Windsor, CO) with three
cores (2.5-cm inner diameter) per plot composited for each depth interval (0−10 cm, 10−30 cm, 30−60 cm, 60−90 cm, 90−120 cm, and
120−150 cm). Additional surface samples (0−30 cm) were taken with
2-cm diameter hand probes (JMW Soil Samplers, Newton, IA) for a total
of 10 surface subsamples of each surface depth (0−10 cm and
10−30 cm) composited for each plot.
In the spring at of year 1 and year 4, subsamples from the surface
soil (0−10 cm and 10−30 cm) were sent to SoilTest Farm Consultants,
Inc. (Moses Lake, WA), where they were passed through a 2-mm sieve
and then analyzed for the following properties based on Miller et al.
(2013): Nitrate-N with the chromotropic acid method; ammonium-N
with the salicylate method; phosphorus with the sodium bicarbonate
method; DTPA-Sorbitol extractable sulfur, boron, zinc, manganese,
copper, and iron; soil pH and electrical conductivity in a 1:1 w/v water
saturated paste; SMP soil buﬀer pH; NH4OAc extractable potassium,
calcium, magnesium, and sodium; cation exchange capacity using the
ammonium replacement method; total bases by summation of extractable bases; and organic matter using the Walkley-Black titration
method. Soil texture analyses were performed at the beginning of the
study in the laboratory using the hydrometer method (Dane et al.,
2002).
The soil samples for all further analyses at Washington State
University were passed through a 2-mm sieve and stored at 4 °C until
each analysis was complete. 20 g of soil from each sample were dried
for 48 h at 105 °C to determine gravimetric water content. Inorganic N
(IN, sum of NO3−-N and NH4+-N) was measured by extracting triplicates of 5 g dry weight soil with 25 ml 1 M KCl, shaken for 30 min and
ﬁltered. Filtrate was analyzed by colorimetry using an Alpkem segmented ﬂow analyzer (Alpkem Corporation; Clackamas, OR).
Surface samples were also analyzed each year for potentially mineralizable N (PMN), according to Curtin and Campbell (2008) with
modiﬁcation. Triplicates of 5 g dry weight soil were submerged in
12.5 mL of deionized water and incubated at 40 °C for 28 d. The incubation was terminated on day 28 by adding 12.5 mL of 2 M KCl, then
shaking, ﬁltering, analyzing for IN as above. PMN was calculated as the
diﬀerence in NH4+-N between incubated samples and non-incubated
samples. Air-dried subsamples of soil were ground and analyzed for
total C and N by combustion using a LECO CHN autoanalyzer (Leco
Corp; St. Joseph, MI).
Soil phosphorus content from surface samples each spring was
measured with the sodium bicarbonate method (Miller et al., 2013);
tests were performed by SoilTest Farm Consultants, Inc (Moses Lake,
WA). Concentrations of soil nutrients (IN, PMN, P) were converted to
contents (kg N ha−1 or kg P ha−1) by multiplying the concentration by
the average bulk densities measured in each depth and the thickness of
the soil layer (0–10 and 10−30 cm), and adding the two depths together (0−30 cm).
Microbial biomass carbon, carbon mineralization, and microbial
respiration rates were assessed for surface samples by measuring CO2
respiration from laboratory incubations. Samples of 5 g dry weight soil
were placed in 40-mL incubation vials, and wetted to 50 % water-ﬁlled
pore space by conforming sample to 5 cm3 and 31.1 % moisture. Vials
were ﬂushed with air (∼ 200 μL L−1 CO2) before capping with septa to
ensure a consistent headspace environment for all samples, and incubated at 20 °C in the dark. A measurement for readily mineralized
carbon (RMC) was taken after 14 d. Headspace gas was sampled twice
from each incubation vial with a syringe and needle; each 5-mL sample
was injected into a 6-mL glass vial (Exetainer®, LabCo Limited; High
Wycombe, UK) that had been ﬂushed with N2. Soil incubation samples

2.5. Arbuscular mycorrhizal fungi
Root samples for quantiﬁcation of AMF colonization were taken
during the growing season near peak maturity for each crop during
sequence years 2 and 3 in each entry. Five plants + root systems were
destructively sampled for one composite sample of roots per plot. Bulk
soil was removed from the root systems by hand and a sieve in the ﬁeld
before transporting in plastic bags to the lab. There roots were thoroughly rinsed with water to remove remaining soil, and washed with 1
% bleach prior to storage in 50/50 glycerol/water at 4 °C.
Colonization by AMF was quantiﬁed through visual analysis of
stained roots. Cleaned roots were cut into 2.5-cm segments, grouped
into three subsamples of ∼20 segments each (0.25 g dry weight
equivalent), and placed into a biopsy cassette for staining. Roots were
cleared with hot 10 % KOH and stained with trypan blue (Kormanick
and McGraw, 1982). Stained roots were spread on a grid plate and
observed at 20 points. Each point was assessed for presence of arbuscules, vesicles, or hyphae (Giovanetti and Mosse, 1980). Average proportion of points with structures present is reported on percent basis for
each structure. Presence of either arbuscules or vesicles was considered
an indication of positive colonization by AMF for the discussion below.

2.6. Statistical analyses
Data 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 establish the ﬁxed eﬀects and interaction terms included in each
model. Harvest data models were done separately for each crop and
included treatment and entry as ﬁxed eﬀects, and block as a random
eﬀect. Soil data models included history (a factor of previous crop(s)
and sequence year) and entry as ﬁxed eﬀects, and block as a random
eﬀect; depth was also included as a ﬁxed eﬀect where appropriate, along
with a random eﬀect of the history:depth interaction. AMF data were
analyzed (i) overall, with a generalized linear mixed eﬀects model with
crop and year as ﬁxed eﬀects and a binomial distribution, then (ii)
within each crop type with generalized linear mixed eﬀects models
using previous crop and year as ﬁxed eﬀects with a poisson distribution.
Tukey-HSD post-hoc tests from the emmeans package (Lenth, 2018)
were used for pairwise comparisons and custom contrasts to determine
signiﬁcant diﬀerences in means among groups (α = 0.05).
4
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Table 3
Yearly averages of crop yield, yield relative to Whitman county average crop yields (USDA-NASS, 2017), residue, residue C:N, residue N, and grain N of each crop.
Diﬀerent letters indicate signiﬁcant diﬀerences between means at P ≤ 0.05 within each entry and year, determined by Tukey HSD post-hoc tests for residue C:N,
residue N and grain N (absence of letters indicates there were no signiﬁcant diﬀerences between means within each entry and year).

Entry I

Year

Crop

Yield
kg ha−1

Yield Relative to County Average
%

Residue
kg ha−1

Residue C:N

Residue N
kg ha−1

Grain N (exported)
kg ha−1

2013

Chickpea
Barley
Chickpea
Quinoa
Barley
Wheat
Chickpea
Quinoa
Barley
Wheat

673
1938
797
261
2552
2204
39.2
68
1941
1634

37
46
61
NA
73
77
3
NA
68
61

1547
3634
1839
3284
3943
4852
345
2579
3100
3334

71
78
51
43
85
95
30
28
57
54

11 a
22 b
18
32
23
24
6a
39 c
24 b
27 bc

22 a
39 b
28 b
8a
56 c
50 c
1a
2a
42 b
37 b

Chickpea
Barley
Chickpea
Quinoa
Barley
Wheat
Chickpea
Quinoa
Barley
Wheat

791
2065
175
22
2978
2068
415
66.3
4939
3704

61
73
15
NA
105
77
21
NA
109
94

2039
2885
531
3074
5704
4481
919
2419
4757
4429

39
73
32
23
38
41
38
14
71
72

24
18
7a
55 bc
66 c
48 b
11 a
66 c
28 b
25 ab

27 a
42 b
6a
1a
77 c
56 b
13 a
2a
94 c
68 b

Chickpea
Quinoa
Barley
Wheat

495
104
2736
2403

33
NA
79
77

1203
2839
4004
4274

44
27
67
66

13
48
30
31

16
3
58
53

2014

2015

Entry II

2014
2015

2016

Overall Averages

3. Results and discussion

a
a
b
b
a
a
b
b
a
b

b
a
c
c

growing season precipitation was higher in 2016, with a warm April but
moderate temperatures for the rest of the growing season. These factors
are reﬂected in the variance of crop yield, crop quality, and residue
quality of the crops grown during this study and contributed to diﬀerent
rotation treatment eﬀects in Entry I compared to Entry II (Table 3).
Chickpea and quinoa were the crops most susceptible to these climatic
pressures; weed pressure was also greatest in chickpeas and the combination resulted in low chickpea yields.
Quinoa is particularly susceptible to high temperatures during
ﬂowering due to ﬂower damage and reduced pollen viability (Jacobsen,
2003; Peterson and Murphy, 2015; Hinojosa et al., 2019). Many US
trials of quinoa have suﬀered yield losses or complete crop failure from
high temperatures (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 combination of stressors. Many quinoa cultivars can
have increased height, biomass, or sometimes yield at high temperatures, but suﬀer yield losses when high temperatures are combined with
other stressors like low water availability (Bazile et al., 2016; Hinojosa
et al., 2018; Präger et al., 2018), as found in the Palouse region with
very low relative humidity during the peak growing season.
Of note, although the organic systems in this study produced lower
yields for some crop years than regional conventional averages, they
performed equally or better in overall proﬁtability, as reported in
Wieme et al. (2020). While quinoa yielded much lower than the yield
potential for the region, its net returns were similar to returns from
spring wheat some years. The organic cropping systems (the total 8year crop rotations including 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 producing county average
yields during the same 8-year period ($477 ha−1 yr−1 and $82 ha−1
yr−1) (Wieme et al., 2020). Price premiums for organic alfalfa, quinoa,
and grains during the study period made these organic cropping systems economically viable for dryland production in the Paciﬁc Northwest. Further details on the sequence eﬀects of crop yields and grain

3.1. Crop productivity and residue quality
Chickpea, barley, and spring wheat yields averaged 495, 2736, and
2403 kg ha−1, respectively, or 33 %, 79 %, and 77 % of the county
averages for conventional production of these crops during the same
period (Table 3). These average yield gaps (between organic and conventional) for wheat and barley are similar to or slightly higher than
averages reported in meta-analyses (De Ponti et al., 2012; Seufert et al.,
2012; Reganold and Wachter, 2016), and in this study they were
achieved without any additions of external fertilizer sources. It is notable that in the last year (2016) of the grain sequences in Entry II,
wheat and barley yielded at 94 % and 108 % of the county conventional
average yields, and in 2015 Entry II barley was at 105 % of the county
average with no fertilizer inputs. Average quinoa yield was 104 kg
ha−1, which is only 5–10 % of yields that some conventional farms in
the area have reported for quinoa, 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;
Jim Hermann, RimRock Ranches).
Crop yields varied signiﬁcantly with weather diﬀerences throughout
the study (P < 0.001; Table 3). In this dryland farming region, grain
yields are highly correlated 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 of this study was 581 mm for the 2013 growing season,
353 mm for 2014, 451 mm for 2015, and 527 mm in 2016, compared to
a long-term average of 533 mm. Moreover, 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 in 2015 was the hot and dry June; it set records as
the hottest June ever recorded for the region (NOAA, 2016) and was
detrimental to crop yields due to the timing and extent of heat and
moisture stress (Schillinger et al., 2008; Feng et al., 2017). In contrast,
5
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after the ﬁrst year for all treaments in Entry I.
The diﬀerent timing of alfalfa termination prior to establishing the
grain crop sequences likely contributed to the diﬀerent initial levels of
spring IN and the change over the ﬁrst sequence year in Entry I compared to Entry II. Entry I alfalfa was terminated in the same spring prior
to planting the ﬁrst year of grain crops, whereas Entry II alfalfa was
terminated in the fall prior to planting the ﬁrst year of the grain sequence. The alfalfa in Entry I had broken dormancy in the early spring
of 2013 and likely taken up some of the spring soil IN before being
terminated; there was not enough time and moisture for alfalfa residue
mineralization prior to soil sampling. In contrast, Entry II alfalfa residues were partially mineralized throughout the late winter and spring
prior to planting. The surface IN levels available following alfalfa
(33−101 kg N ha−1) are similar to what other studies have found or
estimate for dryland regions (Borelli et al., 2014; Tautges et al., 2018),
though these studies did not measure N mineralization or PMN.
Post-harvest levels of surface IN were often higher than the spring
levels of IN (Fig. 4). Post harvest IN diﬀered based on crop (P <
0.001), time (P < 0.001), and entry (P = 0.006). In Entry II the
cereals had signiﬁcantly lower post harvest IN than chickpea and
quinoa every year. Entry I had the same trend in year 1 and year 3
(though crop means were not signiﬁcantly diﬀerent in year 3); in year 2
the post-harvest IN in quinoa was similar to the cereals rather than
chickpea (Table 4). Overall, the post-harvest IN averaged 13.1 kg ha−1
greater after quinoa than wheat (P = 0.005).
Likewise, amount of in-season change of IN (ΔINS, calculated as the
diﬀerence between post-harvest IN and IN at planting) was aﬀected by
the crop grown and sequence year (P < 0.001 and P < 0.001, respectively). In year 1 of the sequence, ΔINS increased more for chickpea
compared to barley, and overall the year 1 ΔINS was higher than other
seasons. The other years also followed the pattern of higher increases
after chickpea, and low increases or decreases after barley and wheat
(Fig. 4, Table 4). The relative position of quinoa once again diﬀered
slightly by entry and year; overall ΔINS in quinoa was 15.2 kg ha−1
greater than wheat (P = 0.003), 11.3 kg ha−1 greater than barley (P =
0.002), and similar to chickpea.
The legacy of the crop type grown also carries over into the following season, though the patterns are not as consistent. Averaged over
entries and time, spring IN was higher after chickpea than cereals (P =
0.0035) by 4.8 kg N ha−1 at 0−30 cm and 22.5 kg N ha−1 at
0−150 cm (Table 5; Fig. 3). Year 2 crops carrying over into year 3 also
followed the pattern of higher IN after chickpea and quinoa compared
to cereals (P < 0.05). However, in the spring of year 4, IN was similar
or higher following barley compared to chickpea and quinoa, despite
barley having had the lowest IN after harvest in year 3 (Table 5).
Directly comparing quinoa and wheat sequences, growing quinoa
left the soil with higher levels of IN both after harvest (average 13.1 kg
N ha−1; P = 0.005) and the following spring (average 5.9 kg N ha−1; P
= 0.0014) (Tables 4 and 5). However, this does not necessarily provide
evidence to support our hypothesis that quinoa can provide a quality
yield while using less nitrogen than wheat, because a quality yield of
quinoa was not obtained in this study. The nutrient use might be different with a variety of quinoa that is able to produce a higher yield
under the given climate. The highest quinoa yield, occurring in 2014
(year 2 of Entry I), had 7.8 kg N ha−1 exported in grain; the ΔINS that
year was 0 kg N ha −1, and post harvest IN was similar in quinoa and
wheat.
Quinoa is lauded as a crop that can maintain productivity under a
range of stressors and marginal soils, and is often promoted as an efﬁcient and nutritious crop for low-input systems or harsh environments
(Jacobsen, 2003; Aguilar and Jacobsen, 2003; Ruiz et al., 2014;
Hinojosa et al., 2018). While there are quinoa varieties that perform
well in those environments, such tolerances might not have been conferred to the varieties selected for temperate latitudes. The ability for
quinoa to produce quality yields under low fertility is likely cultivar
dependent; many studies have noted higher fertilization leading to

quality parameters outside the scope of this paper are also discussed in
Wieme et al. (2020).
The varied weather aﬀected nutrient cycling through crop residues
that were left after harvest and tilled the following spring. As expected,
the various crops contributed residues in diﬀerent amounts (P <
0.001) and of diﬀerent quality (P < 0.001). Overall, wheat and barley
left the most residue (4274 ± 327 and 4004 ± 434 kg ha−1, respectively), chickpea left the least residue (1203 ± 288 kg ha−1), and
quinoa was intermediate (2839 ± 203 kg ha−1).
The C:N ratio of residue also diﬀered among crops, with barley and
wheat highest at 69 and 66, respectively, chickpea intermediate at 46,
and quinoa lowest at 27. This low C:N ratio and high N content in
quinoa residue was likely due to very poor quinoa yields, which limited
the normal translocation of N from plant to grain. Residue C:N also
varied with weather across years of the study (P = 0.001) (Table 3).
The water stress experienced by crops in 2015 increased the amount of
N remaining in residues and lowered the residue C:N compared to
previous years. However, total plant biomass of 2015 cereals (barley
and wheat) in Entry II was near average, resulting in higher total residue N returned to the soil in cereal plots compared to other years.
Ironically, chickpeas added an overall lower N credit to the soil compared to other crops in 2015, as a result of very little chickpea biomass
being produced that year. At the same time, there was also less N exported from the system through harvest when crops performed poorly
from bad weather.
3.2. Soil quality
3.2.1. Initial and ﬁnal soil properties
Initial soil properties are detailed in Table S1. Brieﬂy, surface
(0−30 cm) soil texture was a silt loam, averaging 11 % sand, 65 % silt
and 24 % clay in both entries. Organic matter was 3.8 % and 2.9 % in
the 0−10 cm and 10−30 cm depths in 2013 (Entry I), and 4.9 % and
3.8 % for those depths in 2014 (Entry II). Soil pH in the surface 10 cm
was 5.3 in Entry I and 5.1 in Entry II. Organic matter decreased slightly
after the 3-year grain cropping sequences; it was signiﬁcantly lower in
Entry II, where it ended at 4.4 % in 0−10 cm and 3.1 % in 10−30 cm,
but did not diﬀer by cropping sequence treatments. Moving from a
perennial system (5–6 years of alfalfa) to annual tillage for three years
likely contributed to this small decrease in organic matter (Watson
et al., 2002). The soil pH had opposite trends in each entry; Entry 1
ended at 5.2 (a decrease) and Entry II ended at 5.6 (an increase), but it
did not diﬀer by cropping sequence treatments.
3.2.2. Soil nitrogen
Spring soil proﬁle (0−150 cm) IN averaged 83 kg N ha−1 in year 1
for Entry I and 151 kg N ha−1 for Entry II. Spring proﬁle IN varied over
years (P < 0.001) and by depth (P < 0.001), though the pattern of
diﬀerences varied for each entry (P < 0.001). Proﬁle IN increased
from year 1 to year 2 in both entries, but remained similar for the rest of
Entry I, while Entry II had another year of increase followed by a decrease (Fig. 3). The increased spring proﬁle IN levels observed in 2015
and 2016 were driven by increases of IN in the subsurface depths
(below 30 cm). There was lower proﬁle IN following barley or wheat
compared to chickpea or quinoa with the exception of 2017, in which
all crop types had similar levels of IN. Barley and wheat are able to
access and use more N from deeper depths compared to chickpea, and
more than quinoa did during this study, due to diﬀerences in rooting
depths and greater biomass and grain production.
Spring surface (0−30 cm) soil IN varied over years (P < 0.001)
and with the crop sequence treatments (P < 0.001), though treatment
diﬀerences varied by entry (P < 0.001). Surface soil IN averaged 36
kg N ha−1 at grain sequence initiation for Entry I with no diﬀerences
between treatments, and 86 kg N ha−1 at initiation of Entry II with a
wider variation of levels among treatments (Fig. 4). The overall trend
was a decrease of spring surface IN over time, but there was an increase
6

Agriculture, Ecosystems and Environment 293 (2020) 106838

R.A. Wieme, et al.

Fig. 3. Spring proﬁle (0−150 cm) inorganic N (IN) for each year in each entry. Year 1 proﬁle samples deeper than 30 cm were taken on a block basis (n = 4) as they
were in situ prior to any crop sequence treatments.
Table 4
Post-harvest levels of surface (0−30 cm) IN (inorganic nitrogen) and in-season
change of IN (ΔINs = Post-Harvest IN - Spring IN) by crop for each entry and
year. Diﬀerent letters indicate signiﬁcant diﬀerences between means within
each entry and year at P ≤ 0.05 (absence of letters indicates there were no
signifcant diﬀerences between means within each entry and year).

Entry I

Year

Crop

Post Harvest IN
kg N ha−1

ΔINS
kg N ha−1

2013

Chickpea
Barley
Chickpea
Quinoa
Barley
Wheat
Chickpea
Quinoa
Barley
Wheat

80.5
60.9
71.7
49.6
50.3
60.3
44
39.6
27.4
36.5

b
a
b
a
a
ab

41.9 b
25.0 a
12.8 b
0.4 ab
−8.3 a
3.1 ab
−2.4
3.6
−13
−10

Chickpea
Barley
Chickpea
Quinoa
Barley
Wheat
Chickpea
Quinoa
Barley
Wheat

130 b
106 a
71.9 b
71.4 b
65.1 ab
51.4 a
69.9 b
77.1 b
49.4 a
46.4 a

47.3 b
12.9 a
19.1 b
17.3 b
−6.0 a
−3.8 a
9.0 ab
22 b
−0.5 a
−6.2 a

2014

2015

Fig. 4. Surface soil (0−30 cm) inorganic nitrogen (N) at planting and after
harvest for each cropping sequence and entry over time. The reader is referred
to the web version of this article for full distinction of the colors used in this
ﬁgure.

Entry II

2014
2015

increases in yields of temperate quinoa varieties (Schulte auf’m Erley
et al., 2005; Alandia et al., 2016; Jacobsen and Christiansen, 2016;
Jacobsen, 2017), and even a case where higher N mediated the eﬀects
of heat stress (Alandia et al., 2016). The amount of pre-plant surface IN
in our study was lower than the levels of N fertilization typically added
in these N response studies, but was also lower than the recommendations for small grains in the Palouse region (Mahler and Guy,
2007a, 2007b). Quinoa yield was not correlated to IN, while cereal
yields were correlated with IN (section 3.2.5), suggesting that quinoa
yield suﬀered from climatic stresses more than from low fertility.
Spring surface soil PMN was not as strongly aﬀected by previous
crop as IN (P = 0.056), but did vary with the interaction of time and
entry (P < 0.001) and the interaction of time, treatment, and entry
(P = 0.0096). In Entry I, average PMN in each of years 3 and 4 was
signiﬁcanly lower than in years 1 and 2, with one exception of year 3
soils following quinoa (CQB and BQC) having similar amounts to year 2
PMN (Fig. 5, Table 5). The trends of PMN in Entry II varied more by
treatment and weather eﬀects than an overall change over time. In
Entry II, most treatments that grew barley in year 1 had higher PMN
than treatments that started with chickpea (Fig. 5). From year 2–3,
there were also greater increases in PMN for soil following wheat and
barley (Table 5). This can be attributed to the signiﬁcant change in
residue in year 2 of Entry II (2015) when cereal residues had lower C:N
than other years, but average or greater biomass (Table 3) and therefore

2016

more residue N.
Our results show that there was dynamic N cycling throughout these
cropping systems. While there was a slight decrease, on average, of
spring N supply (IN + PMN) over the 4 years of the cropping sequence,
the N balance (spring N supply – Harvested N – Residue N – Post-harvest IN) for most crop years was positive. It is a generally accepted
principal that legume residues give N credits to the soil, while cereal
residues may lead to a debt of soil IN immobilized during the decomposition process. While chickpea did leave more IN following harvest
and into the following spring – whether through N ﬁxation or low use of
N due to poor productivity – the cereals and quinoa cycled more N,
meaning there was greater IN uptake by cereals followed by N return to
soil through the residue during the next season. This led to relatively
similar overall N supply throughout the years of the grain cropping
sequences.However, there was possible N limitation occuring in this
system, as evidenced by some lower crop yields and the correlation
between yield and proﬁle IN for cereals (Section 3.2.5.); for example,
the lowest cereal yields were observed with low spring IN (Table 3,
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Table 5
Carry-over eﬀects of crop type: surface (0−30 cm) spring IN (inorganic nitrogen) and PMN (potentially mineralizable nitrogen) by previous crop for each
year and entry. Diﬀerent letters indicate signiﬁcant diﬀerences at the P ≤ 0.05
level within each entry and year (absence of letters indicates no signiﬁcant
diﬀerences within each entry and year).

Entry I

Year

Previous Crop

Spring IN
kg N ha−1

Spring PMN
kg N ha−1

2013
2014

Alfalfa
Chickpea
Barley
Chickpea
Quinoa
Barley
Wheat
Chickpea
Quinoa
Barley
Wheat

37.2
54.0
53.2
43.3
48.7
35.9
35.2
37.3
30.7
33.2
29.9

bc
c
ab
a
b
ab
ab
a

163.6
146.5
144.4
86.5 ab
115 b
78.9 a
102 ab
72.3
89.7
83.5
85.5

Alfalfa
Chickpea
Barley
Chickpea
Quinoa
Barley
Wheat
Chickpea
Quinoa
Barley
Wheat

87.8
61.7
50.2
56.8
58.5
44.1
46.2
25.5
24.9
35.6
27.8

b
a
b
b
a
a
a
a
b
a

141.4
108.4
130.3
147.2
141.6
168.7
162.7
131.6
124.2
129.8
126.1

2015

2016

Entry II

2014
2015
2016

2017

Fig. 6. Surface soil (0−30 cm) phosphorus at planting each spring for each
cropping sequence and entry. The reader is referred to the web version of this
article for full distinction of the colors used in this ﬁgure.

both high initial levels of soil P and remaining alfalfa root biomass
mineraliziation during those years, low P demand from the crops grown
with relatively low yields, and only measuring P levels over the time
span of 4 years.

a
ab
ab
b

3.2.4. Soil microbial biomass and activity
Soil microbial biomass carbon determined by substrate-induced
respiration (MBCSIR) diﬀered by depth (P < 0.001) and across years
(P < 0.001), and the eﬀect of year varied by entry (P < 0.001).
There were higher levels of MBCSIR in the 0−10 cm depth compared to
10−30 cm. Both entries had signiﬁcantly lower MBCSIR beginning in
year 3 compared to year 2, but Entry I MBCSIR increased in the last
spring, while Entry II remained similar (Table 7). There were no differences in MBCSIR by treatments or previous crop type within a year.
The metabolic quotient of respiration (qCO2), calculated as the ratio
of BR/MBCSIR, diﬀered between depths (P < 0.001) and across years;
the eﬀect of year was diﬀerent in each entry (P < 0.001), and the
diﬀerence in depths varied across years (P < 0.001) (Table 7). There
was a decrease of qCO2 each year 2–4 in Entry I, whereas in Entry II
year 3 was higher compared to year 4. There were no diﬀerences by
cropping system treatments or crop types.
Readily mineralizable carbon (RMC) also diﬀered by depth, across
years, entries, and the interactions of entry, year, and depth (P < 0.01
for all). The highest levels of RMC were observed in 2017, and the
lowest were in 2015. RMC was also higher in the 0–10 cm depth than in
the 10–30 cm depth (Table 7). There were no diﬀerences among the
cropping system treatments or crop types. The ratio of microbial biomass carbon (Cmic) to available C (Cmin, as estimated through RMC),
Cmic/Cmin, also diﬀered across years but there was no diﬀerence among
treatments or crop type within years. Cmic/Cmin was higher at the
10−30 cm depth compared to the 0−10 cm fraction.
The diﬀerences in MBCSIR and RMC by depth followed the trends
that are expected: there were higher levels nearer the surface. The lack
of diﬀerences by previous crop type (i.e., residue amount and quality)
might be a result of the delay between residue incorporation (spring
tillage) and these laboratory tests, so that the the initial ﬂush of microbial community reaction was not captured, but rather the more
stable base microbial population. Furthermore, the high levels of organic matter in the soil across all of the study area supports similar
microbial populations (Dawson et al., 2008; Van Den Bossche et al.,
2009).

Fig. 5. Surface soil (0−30 cm) potentially minerizable nitrogen (PMN) at
planting for each cropping sequence and entry over time. The reader is referred
to the web version of this article for full distinction of the colors used in this
ﬁgure.

Figs. 3 and 4). It was likely that the timing of N mineralization was not
completely syncrhonous with crop demand for some seasons, and the
increased IN in fall soil might be susceptible to loss from the system.

3.2.3. Phosphorus
Soil available P was aﬀected by time in the sequence (P < 0.0001),
though the eﬀects varied by entry (Fig. 6). There was an increase in P
over time, except in Entry II the P levels decreased by 35 kg ha−1 at the
last sampling (spring 2017), after an overall high-yielding season, to be
more similar to the ﬁrst year. There were no consistent patterns of P
changing with crop type or cropping sequence. The generally stable or
slightly increasing phosphorus levels over time moving from alfalfa to
the annual cropping sequences was diﬀerent from other studies that
observed increased labile P under continuous alfalfa (Darub et al.,
2001; Crews and Brooks, 2014). However, this may have been due to

3.2.5. Crop productivity and soil property correlations
Many of the microbial parameters measured were either not signiﬁcantly or only weakly positively correlated with residue biomass
8
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Table 6
Pearson’s correlations for select crop harvest and soil properties (0−30 cm) across years (2013–2017). Values given in the table are correlation coeﬃcients (r), if the
correlation is signiﬁcant (P ≤ 0.05); ns indicates the correlation is not signiﬁcant. Soil properties were correlated with other soil properties for each depth (0–10 and
10−30 cm); soil properties compared to crop properties were summed for the 0−30 cm depth. (PrevYr = previous year; ResN = residue nitrogen; Res C:N = residue
carbon:nitrogen ratio; HarvN = nitrogen removed in grain harvest; MBC = microbial biomass carbon; RMC = readily mineralizable carbon; BR = basal respiration;
qCO2 = metabolic quotient of respiration; IN = inorganic nitrogen; PMN = potentially mineralizable nitrogen; STN = Soil total nitrogen; STC = soil total carbon).

PrevYr ResN
PrevYr
Res C:N
PrevYr HarvN
MBC
RMC
BR
qCO2
Cmic/Cmin
IN
PMN
STN
STC
Yield
Post-Harv IN

PrevYr Residue

PrevYr ResN

0.59
0.28

−0.42

0.73
ns
ns
ns
ns
ns
ns
0.21
0.26
0.29
0.23
ns

0.14
ns
0.15
ns
ns
0.15
ns
0.19
0.25
0.25
0.34
ns

PrevYr Res C:N

PrevYr HarvN

MBC

RMC

BR

qCO2

Cmic/Cmin

IN

PMN

STN

STC

Yield

0.43
ns
−0.12
0.13
0.12
0.1
ns
ns
ns
ns
−0.12
−0.19

ns
ns
ns
ns
ns
ns
0.22
0.31
0.33
0.21
ns

ns
ns
−0.39
0.85
0.17
0.19
0.28
0.32
ns
0.29

ns
ns
−0.45
0.22
0.52
0.42
0.49
0.23
0.35

0.89
ns
0.43
0.19
0.16
0.18
0.23
0.27

−0.36
0.1
ns
−0.097
−0.11
0.16
ns

−0.13
−0.27
0.14
−0.16
ns
−0.14

0.36
0.56
0.58
0.14
0.64

0.55
0.54
0.39
0.13

0.98
0.46
0.48

0.42
0.52

ns

Yield was positively correlated with surface soil IN (Table 6),
though the correlation with IN was weak (r = 0.14) compared to what
might be expected for a typically N-limited production system. A more
detailed look into the soil IN and yield dynamics reveal diﬀerent patterns when separated by crop type and/or soil depth. The correlation
coeﬃcient of yield with IN increased to 0.25 (P = 0.003) when the
entire proﬁle (0–150 cm) IN is considered. Separated by crop, chickpea
and quinoa had non-signiﬁcant relationships between yield and proﬁle
IN, while stronger signiﬁcant relationships were observed for barley (r
= 0.60, P < 0.0001) and wheat (r = 0.46, P = 0.008). The strongest
relationships between IN and cereal crop yields occurred in the subsurface (below 30 cm) depths (Fig. 7); the sum of IN in subsurface
depths had a signiﬁcant eﬀect on cereal yield (P < 0.001), whereas
the surface 30 cm did not. This diﬀerence among crop responses is
explained by the environmental impacts on quinoa and chickpea yields
as discussed previously, combined with the diﬀerence in root architecture of these crop types. Barley and wheat have root systems that
access nutrients at deeper depths than the shallow root systems of
chickpea and quinoa, which is further supported by the lower levels of
IN in subsurface depths following barley and wheat also observed in
this study (Fig. 3).
Deeper rooting and more eﬃcient uptake of deep proﬁle N by cereals provided N translocation and cycling to the soil surface and availablity to the following crop. This N cycling is critical in an organic
system. Our data show a high correlation of spring PMN to prior year
residue biomass and N (Table 6). We also found a higher correlation of
crop yield to spring PMN (r = 0.39) and prior year residue N (r = 0.21)
than to spring IN. Other studies have also found that organic systems
with large amounts of organic material returned to the soil can lead to
high levels of N mineralized, that these mineralizable N pools can even
be replenished through the growing season, and overall N cycling and
retention may be improved by including crops with a broad range of
C:N (Zentner et al., 2004; Mason and Spaner, 2006; Dawson et al.,
2008; Dessureault-Rompré et al., 2013).

Table 7
Readily mineralized carbon (RMC), microbial biomas carbon (MBCSIR), metabolic quotient of respiration (qCO2), and the ratio of microbial biomass
carbon (Cmic) to available C (Cmin) or Cmic/Cmin for each entry, year and
depth. Diﬀerent letters indicate signiﬁcant diﬀerence between means at the
P < 0.05 level within a depth fraction for a given entry year.

Entry I

Depth

Year

RMC
μg C
g−1
soil

0−10 cm

2013
2014
2015
2016
2013
2014
2015
2016

NA
48.2
41.7
51.3
NA
28.9
16.0
18.2

2014
2015
2016
2017
2014
2015
2016
2017

37.5
37.8
52.7
73.5
19.8
17.8
25.5
29.8

10−30 cm

Entry II

0−10 cm

10−30 cm

MBCSIR
μg
Cmic g−1
soil

qCO2
μg CO2-C
g−1Cmic h−1

Cmic/Cmin
μg Cmic
μg−1Cavail

b
a
a

NA
342
275
521
NA
303
175
378

NA
9.5
4.5
2.5
NA
8.1
5.9
2.8

NA
9.7 b
7.3 a
11.9 b
NA
13.5 a
13.1 a
24.7 b

a
a
b
c
a
a
b
b

NA
386
338
377
NA
303
210
214

b
a
b

b
a
c
b
a
c

b
a
ab
b
a
a

NA
3.5
5.3
3.6
NA
3.9
7.2
4.7

c
b
a
c
b
a

a
b
a
a
c
b

NA
13.6 b
6.8 a
5.3 a
NA
21.2 b
10.1 a
7.7 a

and residue N content from the previous year (Table 6). This agrees
with results above showing that the treatments, or crop types, did not
diﬀerently aﬀect microbial parameters, since there was no change in
the size of the microbial biomass pool despite changes in residue
amount or quality. Residue quality (i.e., residue C:N) can aﬀect decomposition and mineralization rates, but systems that include a variety
of residue types tend to support diverse and adaptable microbial populations that can respond to residues of varying quality (Sanchez et al.,
2001; McDaniel et al., 2014a). There were positive correlations of RMC
and Cmic/Cmin with the previous year residue N. The highest residue N
returns were from crops that contributed a high amount of total residue
biomass, and thus higher mineralizable carbon was available as well.
Soil N pools were positively correlated with MBCSIR (Table 6), a likely
result of the N in this system being supplied by soil organic matter and
recycling of crop residues, which is mediated through the microbial
biomass. Previous year residue biomass and residue N was positively
correlated with soil PMN and total soil N and C, while these relationships were not signiﬁcant with IN (Table 6).

3.2.6. Arbuscular mycorrhizal fungi
There were signiﬁcantly fewer observations of hyphae, vesicles, and
arbuscules in quinoa compared to other crops in all years (Fig. 8).
However, the positive AMF colonization rates (as determined by presence of arbuscules or vesicles) in quinoa of 17 % in 2014, 9 % in 2015,
and 31 % in 2016 are higher than expected, given quinoa is categorized
as a “non-mycorrhizal” crop. Additionally, the lower colonization of
quinoa had a carry over eﬀect to the following crop (Table 8). Prior
crop aﬀected the proportion of root with hyphae or vesicles in barley (P
9
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Fig. 7. Relationship of yield with inorganic nitrogen (N) of each crop type (columns) at each 30-cm depth fraction (rows) of the soil proﬁle.
Table 8
Mean proportion of positive encounters of arbuscular mycorrhizal fungal
structures in barley and chickpea roots each year given the previous crop of the
treatment sequence. Diﬀerent letters indicate signiﬁcant diﬀerences of a given
structure within a year determined with Tukey HSD pairwise comparisons at
P ≤ 0.05 (absence of letters indicates no signiﬁcant diﬀerences between means
within that year).
Crop

Year

Entry

Previous Crop

Hyphae
%

Vesicles
%

Arbuscules
%

Barley

2014
2015

I
I
I
II
II
II

Chickpea
Quinoa
Wheat
Chickpea
Quinoa
Wheat

88.5
36.7 a
52.1 b
45.6 ab
74.2
69.6

51
12.1 a
33.8 b
19.6 a
3.8
7.1

24.4.
22.9
27.1
28.8
40.8
29.6

I
I
I
II
II
II

Barley
Quinoa
Wheat
Barley
Quinoa
Wheat

92.7
10.4 a
24.2 b
35.2 c
85.4
80

56.3
5.4 a
16.3 b
25.8 c
1.7 a
6.3 b

35.8
0
1.3
1.3
47.5
42.5

2015
2016

Chickpea

Fig. 8. Mean proportion (%) of positive encounters of arbuscular mycorrhizal
fungal structures in crop roots each year.

2014
2015
2015
2016

= 0.006 and P = 0.02) and chickpea (P = 0.004 and P = 0.003). In
2015, there were lower proportions of barley root with hyphae and
vessicles following quinoa compared to following wheat; the trend was
also observed in 2016 barley vesicles, though it was not signiﬁcant.
Chickpea roots in 2015 had lower proportions of hyphae and vessicles
after quinoa, highest after barley, and intermediate after wheat. In
2016, chickpea roots had fewer vesicles following quinoa compared to
wheat.
Quinoa belongs to a family of plants that is considered non-mycorrhizal (Amaranthaceae, formerly Chenopodiaceae) (Brundrett,
2009; Muthukumar and Tamilselvi, 2010). AMF associations with

quinoa have been observed in a few prior studies (Schwab et al., 1982;
Urcelay et al., 2011; Vestberg et al., 2012), though the rates of colonization were minimal. Vestberg et al. (2012) observed 19 % colonization, the greatest of which we are aware (prior to our observation),
and this occurred under temperate ﬁeld conditions. The mycotrophy of
quinoa may be ﬂuid and depend more on the genotype and region in
which it is cultivated, rather than a true inability to form or a discrimination against symbioses (Giovannetti and Sbrana, 1998; Johnson,
2010). Our study was not able to test the observed colonization rates for
10
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these crop sequences can be highly dependent on weather conditions.
The timing of alfalfa termination strongly aﬀected the N dynamics
leading into the grain crop sequences. There was a decrease of inorganic N over the years in the grain crop phase, but only weak evidence for soil N mining, as organic matter and PMN were still high to
moderate at the end of the study. Soil IN levels were higher in treatments after quinoa compared to wheat, but the quinoa in this study did
not yield well and further testing should be done when more regionally
adapted varieties of quinoa become available.
Total soil microbial biomass and activity did not show changes with
the sequence treatments; however, AMF were aﬀected by quinoa. AMF
colonization was lower in quinoa compared to other crops, and the
colonization of crops following quinoa was lower than when they followed wheat. It is notable that moderate rates of AMF colonization
were observed in quinoa given its categorization as a “non-mycorrhizal” crop. There was evidence that quinoa can lead to a ﬁner, lessstable soil structure through smaller aggregates.
Overall, our results show that organic management of dryland grain
systems supported by multiple years of alfalfa is possible given N cycling through crop residues. These data show the critical importance in
organic systems of crops with deep roots and eﬃcient N uptake to (i)
reach subsurface IN, (ii) return N to the soil surface through residues,
and (iii) regenerate the labile pool of potentially mineralizable N to
support the next crop yield. Research and working examples of quinoa
varieties and management techniques that provide adequate stable
yields are still needed before adoption of these practices will increase.
Managing agricultural systems for improved soil quality and eﬃcient
nutrient cycling through crop diversiﬁcation is critical for sustainable
production in the Palouse region of the Paciﬁc Northwest.

Fig. 9. Dry aggregate size distribution by mass proportion in post-harvest soil
samples (0−10 cm) for each year. Numbers above bars indicate the geometric
mean diameter of aggregates. Diﬀerent letters indicate signiﬁcant diﬀerences
between crops within a year at the P ≤ 0.05 level (absence of letters indicates
no signiﬁcant diﬀerences between crops within a year).

functionality (if it was a true symbiosis). It is notable that there were
both vesicles and arbuscules observed in some of the quinoa roots,
which indicates that there could have been nutrient exchange occurring, but it should not be considered conclusive (Giovannetti and
Sbrana, 1998; Brundrett, 2009). However, we did observe a rotational
impact of decreased AMF incidence following quinoa, as observed after
other “non-host” crops (Karasawa et al., 2001; Vestberg et al., 2005;
Owen et al., 2010). More information on the mycotrophy of quinoa is
imperative if it is to be a keystone crop for organic and low-input crop
rotations.
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3.2.7. Aggregate size distribution
Dry aggregate size distribution was only compared within years
because the soil moisture at sampling had a strong eﬀect on air-dried
samples, and was signiﬁcantly diﬀerent across years (data not shown).
Geometric mean diameter did not diﬀer by crop type in 2014 or 2015.
However, the proportion of dry aggregates was higher following quinoa
for at least one class size under 500 μm each year. For example, in 2014
the proportion of soil under 53 μm was highest in quinoa plots; in 2015
the proportion in the 53−250 μm class was higher in quinoa plots for
both entries. The most signiﬁcant diﬀerences occured in 2016, with
quinoa having higher proportions of soil in the 1−2 mm, 500 μm-1 mm,
and 250−500 μm classes compared to barley and wheat (Fig. 9). There
was also a signiﬁcantly lower geometric mean diameter for soil aggregates following quinoa compared to barley and wheat in 2016
(Fig. 9). These results support the observation by local producers that
the soil had a ﬁner structure after growing quinoa. The ﬁner structure
could be tied to the lower levels of AMF in quinoa. AMF in symbioses
produce the glycoprotein glomalin, which contributes to increased soil
aggregate stability (Wright and Anderson, 2000; Ryan and Graham,
2002). Less aggregation or smaller sizes of aggregates may leave the soil
more vulnerable to wind and water erosion (Merrill et al., 1999). Other
studies in dryland agroecosystems have also found correlations between
AMF colonization and fungal biomass with greater water-stable aggregates (Rosenzweig et al., 2018a, 2018b).

Appendix A. Supplementary data
Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.agee.2020.106838.
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