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Abstract

Agriculture requires a synergetic improvement in production profitability, long-term viability, and environmental health in the
presence of abiotic (i.e., uncontrollable weather, input costs, and product prices) and biotic (i.e., weed pressure and disease
infestation) stresses. A “robust” agroecosystem can enhance synergetic improvements by alleviating these stresses, but it is
unknown how system robustness can be achieved in a systemic manner. Here, for the first time, we demonstrate that crop
diversification can significantly enhance system robustness. An 8-year crop rotation study was conducted, in which 3-year crop
sequences were repeated for two cycles, with the first cycle from 2010 to 2012 and the second from 2014 to 2016; each cycle
began with a wheat (Triticum aestivum L.) crop, and pea (Pisum sativum L.), lentil (Lens culinaris Medik.), and mustard
(Brassica juncea L.) were included in the rotation, and chickpea (Cicer arietinum L.), a N,-fixing legume susceptible to weed
pressure and the foliar disease Ascochyta blight, was the last crop in each of the two cycles. Crop diversification improved system
resistance to biotic stresses, and that chickpea in the diversified lentil-wheat-chickpea system had the lowest weed biomass and
foliar disease severity among rotation systems. Chickpea in the diversified pea-mustard-chickpea system recovered from severe
weed pressure by the end of the second cycle in 2016. Diversified systems increased resistance and resilience from abiotic
stresses and improved the constancy in crop productivity across rotation cycles, compared to the less diversified systems.
Quantitative assessments show that the most diversified systems had a 14% advantage in system robustness. We conclude that
diversifying crop rotation improves system robustness through enhancing crop resistance to and resilience from biotic-induc ed
disturbances and increasing the constancy of crop productivity while facing disturbance.
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1 Introduction and in many cases are inevitable (Farhangfar et al. 2015). The
combination of climate-induced abiotic stresses with biotic
Agriculture is facing significant challenges with changing cli-  stresses can dramatically decrease agroecosystem productivity

mate (Smirnov et al. 2016), unpredictable weather (Stott (Mondal et al. 2016), profitability (Lin et al. 2008), and long-
2016), and biotic stresses (Tao et al. 2011; Liu et al. 2010). term sustainability (Lin et al. 2008; Tao et al. 2011).
These perturbations often occur irregularly and unpredictably, ~ Application of pesticides, an approach commonly used for
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pest control to alleviate biotic pressures in conventional
agroecosystems, carries large risks of environmental degrada-
tion and ecological disruption (Lin 2011; Vallina and Le
Quéré 2011). Sustainable agriculture requires a synergetic im-
provement in crop productivity, environmental health, and
ecological sustainability (Ifejika Speranza et al. 2014). These
multiple objectives may be achieved through the development
of a “robust” system (Ifejika Speranza et al. 2014) that com-
bats various disturbances (Reckling et al. 2016) (Fig. 1). A
robust cropping system is expected to be productive, profit-
able, and sustainable across a wide range of perturbations
(Urruty et al. 2016).

“Robustness” originates from the Latin word robustus,
meaning a strong resistance to vulnerability (de Goede et al.
2013; Asbjornslett 1999). The concept of robustness was ini-
tially used in statistics to describe methods that are not affect-
ed by small deviations, and it has since been widely used in
economics (Lu and White 2014) and systems engineering
(Ross et al. 2008). Recently, the concept of robustness has
been adopted in ecological research to describe the ability of
a system to cope with unexpected disturbances and uncertain-
ty while maintaining the system’s functionality (de Goede
et al. 2013; Napel et al. 2006) and productivity (Urruty et al.
2016; de Goede etal. 2013; Sabatier etal. 2013). In the present
study, the term “robust agriculture” is used to emphasize the
ability to maintain a desired level of agricultural outputs in the
presence of disturbance (Fig. 1). Improving a system’s robust-
ness requires systemic integration of multiple factors that
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Fig. 1 A schematic illustration showing that a “robust agriculture’
system can help alleviate the major issues and challenges in agriculture.
Chickpea is used as an example to demonstrate that a robust agricultural
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affect plant growth, crop yield, and economic outcome. The
“robustness” of an agricultural system is related to three met-
rics: (i) resistance, (ii) resilience, and (iii) constancy (Urruty
etal. 2016; de Goede et al. 2013). Resistance is the ability of a
system to remain essentially unchanged when subjected to
disturbance, and its inverse is sensitivity and defenselessness
(Harrison 1979; Allison 2004; Mondal et al. 2016).
Resilience, since first introduced by an ecologist (C.S.
Holling) in the 1970s, has been used to describe the capacity
of a system to absorb disturbance and recover quickly once a
disturbance is removed (Holling 1973; Pimm 1984; Harrison
1979). Constancy emphasizes a system’s continuity of perfor-
mance for high outputs and ecosystem services across differ-
ent environmental conditions (de Goede et al. 2013; Urruty
et al. 2016). These metrics may function independently or
interact each other, affecting the outcome of the robustness
of the system. For example, a higher crop plant density can
increase the crop community’s ability to compete with accom-
panying weeds, thereby increasing the system’s resilience, but
plants grown at higher density often have a greater severity of
plant diseases, leading to reduced resistance of the system to
biotic stresses. Therefore, it is important to coordinate the
functions of these metrics in agricultural systems.

A diversified agroecosystem is considered theoretically ro-
bust in the presence of perturbations (Elmqvist et al. 2003;
Kremen and Miles 2012). Many agronomic studies have fo-
cused on understanding how agronomic management prac-
tices improve crop productivity through suppressing pests

Resistance

Robustness

Constancy

system can be developed through resilience (from various perturbations),
resistance to biotic stresses, and constancy in crop yield and profitability
across disturbances
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(Gurr et al. 2003), avoiding pathogen infection (Zhu et al.
2000), reducing weed pressure (Kathiresan 2007), and buffer-
ing unusual climate variability (Lin et al. 2008; Lin 2011).
However, these endeavors have often focused on relationships
between specific factors and crop performance from a sole
perspective and have lacked systemic consideration, which
has a limited outcome. Cropping systems research that moves
beyond single- or few factor treatments to assess system-level
performance present a real-world approach, since farm man-
agers rarely change only one factor at a time when making
changes to cropping systems. Further, changing multiple fac-
tors at once can have a synergistic effect and produce a greater
improvement in crop performance than if only one factor is
changed (Coulter et al. 2011). Thus, a systemic conceptual
framework is needed to develop robust agriculture systems
to cope with various perturbations (Lin 2011). However, in
the scientific literature, there are limited reports assessing sys-
tem robustness with multi-crop rotations (de Goede et al.
2013; Urruty et al. 2016). Research is critically needed to
better understand how adding diversity to cropping systems
can enhance system robustness. The priority in evaluation of
system robustness should be resistance, resilience, and con-
stancy (de Goede et al. 2013; Napel et al. 2006).

Chickpea (Cicer arietinum L.) is a major legume crop
worldwide. It has the ability to convert N, from the atmo-
sphere to inorganic N forms for crop production (Hossain
et al. 2016), and is drought tolerant and thus suitable for pro-
duction in arid and semiarid areas (Leport et al. 1999).
However, this crop has many drawbacks: it is vulnerable to
abiotic stresses such as a dry seedbed (Ganjeali et al. 2011)
and excessive moisture during reproductive stages, which de-
lays pod maturity (Navas-Cortés et al. 1998); it often suffers
from weak competitiveness with accompanying weeds due to
short plant height; it is vulnerable to injury from foliar-applied
pesticides (Paolini et al. 2006), and it is susceptible to
Ascochyta blight, a disease caused by Ascochyta rabiei, which
can lead to yield losses > 90% under extreme circumstances
(Gan et al. 2006). These obstacles present significant risks to
chickpea production. Simultaneously, infected chickpea resi-
due left on the soil surface is a potential host of diseases that
can affect the performance of subsequent crops. Therefore,
optimized chickpea growth and productivity is a prerequisite
for a robust crop rotation system. In this study, we conducted
two cycles of replicated rotations using the stress-vulnerable
test crop—chickpea to determine whether system robustness
could be enhanced by diversified crop rotations. The core
indicators of robustness were (i) minimized damage to crop
growth resulting from stresses such as weed pressure and dis-
ease infestation, (ii) maintenance of high plant nodulation for
fixation of atmospheric N, in the presence of disturbance, and
(iii) improvement of crop yield and economic net return of the
entire rotation system. If a robust system is successfully
established that alleviates the challenges to chickpea

production, the methodology developed in this study can be
potentially extended to develop robust production systems for
other crops.

The objective of this study was to determine whether di-
versified crop rotations improve system robustness by (i) de-
termining resistance to, or resilience from these common
stresses in chickpea, (ii) evaluating the constancy of plant
nodulation and crop yields across two crop rotation cycles,
and (iii) assessing system performance during the entire rota-
tion length. We hypothesize that diversified rotation systems
are more robust due to improved resistance to or resilience
from stresses, leading to increased crop productivity and eco-
nomic net return, relative to less-diversified rotation systems.

2 Materials and methods
2.1 Experimental site

A field experiment was conducted at the Agriculture and Agri-
Food Canada Swift Current Research and Development
Centre (50° 25" N, 107° 44" W) from 2010 to 2016. The
experimental site is typically droughty, with rainfall occurring
mostly in July through September when chickpea is branching
and flowering. It is windy during harvesting in autumn at this
site, which often leads to crop seeds shattering and contribut-
ing to the weed seed bank. The soil was an Orthic Brown
Chernozem. At the beginning of the experiment in the spring
of 2009, the soil contained 20 g kg ' of organic C measured
using automated combustion (Carlo Erba, Milan, Italy) (Gan
etal. 2014), 35 mg kg ' of Olsen P measured using the Olsen
method (Olsen and Sommers 1982), 266 mg kg™ ' of ex-
changeable K measured using the ammonium-acetate method
(Malhi et al. 2003), and a pH (0.01 mol-L ™" CaCl, solution) of
6.5 measured using an electronic pH meter (PHB-600R,
OMEGA Engineering, Canada) (Gan et al. 2015). Chickpea
suffered from drought and cool weather in 2012, while in
2016 the crop received above-normal rainfall. Rainfall during
the growing season (April to October) in 2012 (276 mm) was
close to 30-year average (284 mm), while that in 2016 (496
mm) was 1.7-fold greater than the 30-year mean.
Accumulated growing degree days (GDD, 5.0 °C base air
temperature) in 2012 (673 °C) was approximately half of that
in 2016 (1327 °C).

2.2 Experimental design

The experiment included four 3-year crop sequences ending
with chickpea as the test crop. Each rotation system was du-
plicated temporally for two cycles. The first cycle started in
2010 and ended in 2012, and the second cycle started in the
original plots in 2014 and continued to 2016. The rotation
systems included (i) diversified rotation systems, lentil—
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wheat—chickpea (LWC) and pea—mustard—chickpea (PMC);
(i1) moderately diversified rotation systems, chickpea—
wheat—chickpea (CWC), and (iii) the least diversified rotation
system, chickpea—chickpea—chickpea (CCC). The continuous
chickpea arrangement in the first rotation cycle, chickpea
(2010)—hickpea (2011)—chickpea (2012) (CCC), was modi-
fied to chickpea (2014)-mustard (2015)—chickpea (2016)
(CMQ) in the second cycle because of severe chickpea mor-
tality in the CCC system which resulted in total crop failure in
the third year of the rotation. Chickpea was selected as the
dominant and test crop for the rotation systems since it is a
typical vulnerable crop in the local area that can be severely
impacted by weeds and diseases. Spring wheat was planted as
a rotation break crop in 2009 prior to the first cycle and in
2013 prior to the second cycle. The first break crop of wheat in
2009 was excluded in the yield calculation because it affected
all treatments equally. The second break crop of wheat in 2013
was to balance the soil condition; thus, chickpea yield in 2012
from the first cycle and 2016 from the second cycle were
considered independent of each other. All crop sequences
were arranged in a randomized complete block design with
four replicates. Plots were 4 x 12 m, with all crops planted in
rows spaced 0.15 m apart. There was a 4-m wide buffer area
between plots and a 16-m wide pathway between replicates to
avoid interference between treatments and provide space for
field operations. Barley (Hordeum vulgare L.) was grown in
the buffer area and was mowed regularly to avoid weed oc-
currence. The cultivars used in the experiment were Brigade
for wheat, CDC Meadow for pea, CDC Frontier for chickpea,
CDC Maxim CL for lentil, and Cutlass for mustard
(Saskatchewan Crop Insurance Corporation, Canada), and
were widely grown in the local production area at the time
of the experiment.

2.3 Crop management

All plots were directly seeded into standing wheat stubble
using a no-till drill. Pulse seeds were inoculated with ef-
fective Rhizobium inoculant at the time of seeding (Gan
et al. 2015). The seeding rate for each crop was determined
based on the rate of seed germination, and the expected
rate of emergence in the field to target an optimal plant
population. Chickpea, wheat, pea, lentil, and mustard were
seeded at 564,900, 2,910,000, 1,000,000, 1,500,000, and
1,880,000 seeds ha !, Herbicides, insecticides, and fungi-
cides were applied to plots according to recommendations
from the local government. A combination of the fertilizers
46-0-0 (N-P,05-K,0) and 11-51-0 (N-P,05-K,0) was
broadcast annually at seeding to supply 54.9 kg N ha™'
for wheat and mustard, 4.7 kg N ha ' for lentil, pea, and
chickpea, and 21.9 kg P,Os ha™' for all crops in each year.
At full maturity, an area of 14.4 m? (1.2 x 12 m) of crop
rows was harvested in the central portion of each plot using
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a plot combine. Harvested grain was air-dried, cleaned, and
weighed to determine grain yield. Crop residues were
retained on the soil surface.

2.4 Data collection and calculation

The incidence of Ascochyta blight in chickpea was measured
in 2012 and 2016 at late flowering in each plot using the
Horsfall-Barratt scale (Gan et al. 2006). Weed biomass was
measured at the flowering stage of chickpea. An area of 0.5 m*
was sampled within the central part of each plot, and weeds
were separated from chickpea plants, dried in a forced-air
oven at 60 °C until constant mass, and weighed. Nodules of
chickpea plants were measured in 2012 and 2016 at the mid-
flowering stage when the plants have maximum nodulation
(Gan and Liang 2010). Ten plant-root-soil matrixes were ex-
cavated from the 0- to 50-cm soil depth in each plot and the
aboveground plant parts were removed. After initial soil re-
moval in the field, the roots were carefully placed in unsealed
plastic bags with tap water and soaked overnight at 4 °C. On
the following day, rhizosphere soil was removed from the
roots, leaving nodules retained on the roots. The total number
of' nodules was counted from 10 plants and those nodules with
an internal pink color were considered effective N,-fixing
nodules. All nodules from the 10 plants were bulked and
oven-dried at 60 °C in a forced-air oven until constant mass
and weighed.

To enable comparison between years and among rotation
systems with different crops, relative nodulation and yield of
crops were calculated using the following equations (Fuentes
et al. 2009):

RNC(%) = INST /MNAT x 100% (1)
RYC(%) = IYST /MYAT x 100% (2)
RYAC(%) = SRYAC/NC x 100% (3)

In Eq. 1, RNC, INST, and MNAT represent the relative
nodulation of chickpea, the individual nodulation of chickpea
in a specific treatment and replication, and the mean nodula-
tion of chickpea grown in all treatments within a given repli-
cation. In Eq. 2, RYC, IYST, and MYAT represent the relative
yield of chickpea, the individual yield of chickpea in a specific
treatment and replication, and the mean yield of chickpea
grown in all treatments within a given replication. In Eq. 3,
RYAC, SRYAC, and NC represent the relative yield of all crops
in an entire rotation sequence for a given rotation cycle and
replication, the sum of relative yield of all crops for a given
rotation cycle and replication, and the number of crops in
rotation.

Based on the objectives and methods in this experiment,
robustness was assessed using the methods presented by de
Goede et al. (2013), which are summarized below. Robustness
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consisted of three components—resistance, resilience, and
constancy, and was quantified using the key agronomic indi-
cators evaluated in this study. Resistance was indicated by the
degree of scarcity of biotic and abiotic stresses, namely, weed
and disease pressure. Resilience was indicated by the degree
of crop recovery from these disturbances in the second rota-
tion cycle compared to the first, with the assumption that dis-
turbance, if any, was minor at the initial stage of the first cycle.
Constancy was the degree to which productivity-related vari-
ables were maintained constantly across the two rotational cy-
cles. Using crop yield as an example, the “constancy” of chick-
pea yield was assessed as the difference between the mean
“relative” yield in two rotation cycles and the mean relative
value of mean of chickpea yields in all treatments in all treat-
ments across both rotation cycles. The same method was ap-
plied to determine constancy in nodulation and economic re-
turn. Resistance was calculated using following equations:

RS (%) = 100%—RB,, 4)
RS4(%) = 100%—DI (5)
TRS(%) = (RSw X RH\y)5015 + (RSa X RH.a)y05 (6)

+ (RS\ X RH\v) 16 + (RSa X RHd)2016> /2

In Eq. 4, RSy, and RB,, represent resistance to weed
pressure and relative weed biomass in each year for a
given replication, respectively. In Eq. 5, RSq and DI
represent resistance to Ascochyta blight and the inci-
dence of Ascochyta blight in each year for a given rep-
lication, respectively. In Eq. 6, TRS represents total re-
sistance of a rotation system to weed pressure and
Ascochyta blight for a given replication; RS, 4 represents
individual resistance to weed pressure and Ascochyta
blight for a given replication; and RH,, 4 represents the
relative harmfulness of weed pressure and Ascochyta
blight for a given replication. The relative harmfulness
of weed pressure and Ascochyta blight was calculated
according to dominance analysis (Azen and Budescu
2003). Resilience of a rotation system was calculated
using following equations:

TRH (%) = RB,, x RH,, + DI x RH (7)
TRL(%) = TRH 012~ TRH 5016 (8)

In Eq. 7, TRH represents the total harmfulness of
weed pressure and Ascochyta incidence in each year
for a given replication; RB,, and DI represent the rela-
tive biomass of weeds and incidence of Ascochyta
blight for a given replication, respectively, and RH,,
and RH,4 represent the relative harmfulness of weed
pressure and foliar disease for a given replication, respective-
ly. In Eq. 8, TRL represents the total resilience of a rotation
system from weed pressure and Ascochyta blight in 2016

relative to 2012 for a given replication. Constancy was calcu-
lated using following equations:

CY (%) = MRY-100% 9)
CN(%) = MRN-100% (10)
CYA(%) = RYA-100% (11)
CRA(%) = RRA-100% (12)

In Eq. 9, CYand MRY represent the constancy of chickpea
yield and the mean relative chickpea yield in 2 years for a
given replication, respectively. In Eq. 10, CN and MRN rep-
resent the constancy of chickpea nodulation and mean relative
nodulation produced in 2 years for a given replication, respec-
tively. In Eq. 11, CYA and RYA represent the constancy of total
yield of all crops and the relative yield of all crops in the entire
rotation length for a given replication, respectively. In Eq. 12,
CRA and RRA represent the constancy of total net return of all
crops and the relative return of all crops harvested in the entire
rotation length for a given replication, respectively. Seed yield
and nodulation of chickpea, and total productivity and net
return of the entire rotation length were considered equally
import in this study. Among the three metrics (resistance, re-
silience, and constancy) that constitute system robustness,
constancy of productivity is the ultimate goal in crop rotation,
while resistance and resilience contribute to the performance
of constancy. Therefore, constancy was given more weight
than resistance and resilience. Here, we calculated system
constancy using chickpea yield, nodulation, total yield of the
entire rotation, and net income across two rotation cycles.
Each of the four production-related variables was given equal
weight as contributing factors. Therefore, the total robustness
was calculated as:

TRB(%) = (TRS 4 TRL + CY + CN + CYA + CRA) /6 (13)

The thresholds of resistance, resilience, and constancy were
from — 100 to 100%. We defined rotation systems with these
parameters > 0 as having robustness and those with the highest
values as having the greatest robustness. A rotation with the
sum of these parameters < 0 represented a system with no
robustness.

The economic outcome of growing a specific crop may
affect a farm manager’s decision on how and whether to in-
clude the crop within a rotation system. We determined eco-
nomic outcome of a rotation system based on crop prices,
yields, and costs of production for the different crops using
the following equation:

NR(USA dollar,) = TR-TC (14)

In Eq. 14, NR, TR, and TC represent net return, total reve-
nue, and total cost of production for all crops grown in the
entire rotation length for a given replication, respectively.
Crop prices and costs of production for each crop were
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obtained from the Government of Saskatchewan (Anonymous
2015). The total cost of crop production included fixed and
variable costs. Fixed costs included land investment, property
taxes, and machinery investment, whereas variable costs in-
cluded fertilizers, chemicals (herbicides, insecticide, fungi-
cides, and inoculant), labor costs for operation of machinery,
crop insurance, utilities, and miscellaneous items.

‘Weather data were obtained from a weather station located
about 300 m from the experimental site. Growing degree days
(GDD) were calculated using the following equation
(McMaster and Wilhelm 1997):

GDD(°C) = X(Tw~T5) (15)

In Eq. 15, T,,, and T, represent the daily mean and base air
temperatures, respectively. The base temperature was set to 5
°C (Blackshaw et al. 2011).

2.5 Statistical analysis

Yields of different crops were normalized to relative yield on a
percentage basis to enable comparison among years and
crops. The relative harmfulness of Ascochyta blight and weed
pressure was normalized according to dominance analysis
(Azen and Budescu 2003). Resistance, resilience, and con-
stancy were normalized to a percentage basis to determine
system robustness. All indices were measured from four rep-
licates except for the root parameters, which were measured
from three replicates. Data were subject to analysis of variance
(ANOVA) using “lme4” package in R statistical software (ver-
sion 3.3.1). Fisher’s protected least significant difference
(LSD) test at « = 0.05 was used to compare means.
Normality and homogeneity of variance was assessed prior
to ANOVA using the Shapiro-Wilk and Barlett tests (« =
0.05) (Zhang et al. 2018).

Data availability The datasets generated during and/or ana-
lyzed during the current study are available from the corre-
sponding authors on reasonable request.

3 Results and discussion

Sustainable agricultural development requires a synergetic im-
provement in profitability and sustainability in the presence of
abiotic and biotic stresses. A robust cropping system can pro-
vide solutions to combat abiotic and biotic stresses. Through
this 8-year crop rotation study with various cropping se-
quences in which chickpea, an annual legume vulnerable to
stresses, was used as a test crop, we found that diversified
cropping systems can improve system resistance to and resil-
ience from biotic stresses, and thus enhance system
robustness.
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3.1 Diversification improved system resistance to and
resilience from biotic stresses

As the two major metrics constituting system robustness, re-
sistance to and resilience from stresses play an import role in
crop production. With climate change, abiotic and biotic
stresses affecting plant growth and crop performance are in-
evitable, unpredictable, and uncontrollable. It has been a chal-
lenge to describe these two metrics in a quantitative manner,
but their biological means are now understood better than
before. Many factors may affect the magnitude of these two
metrics. For the chickpea-based system evaluated in the pres-
ent study, resistance was largely based on the ability of chick-
pea to resist Ascochyta blight due to its high susceptibility to
the pathogen, and the capacity of chickpea to tolerate weed
pressure due to its short plant height and the weak competi-
tiveness with accompanying weeds. Resilience was the capac-
ity to respond to the combined effects of stressful weather
conditions encountered during the growing season and disease
and weed infestations. In other more complex ecological sys-
tems, resilience could be expressed with other terms, such as
the ability to bounce back, rebound, or recover, and tenacity,
ductility, and plasticity (Holling 1973; Pimm 1984; Harrison
1979). However, a complex assessment of resilience may lose
the focus or even produce misleading information. We suggest
that resilience in crop production focus on the assessment of
system recovery from a disturbed state for a lower level of
productivity loss across temporal rotational cycles.

In the present study, chickpea plants in all rotations were
infected by Ascochyta blight, a foliar disease caused by
Ascochyta rabiei and also suffered from high weed pressure
in both rotation cycles (Fig. 2a, b). Chickpea plant debris
serves as an overwintering host for Ascochyta rabiei, which
can affect the same crop in subsequent years. Additionally,
high infestations of weeds contribute to a high weed seedbank
that can affect subsequent crops and rotation systems includ-
ing chickpea are highly vulnerable to biotic stresses. Thus, in
crop rotations with chickpea, optimization of chickpea pro-
duction is a crucial precondition for enhancing robustness of
the entire rotation system, and the key is to improve resistance
to stresses from weeds and diseases.

Using relative importance dominant analysis (Azen and
Budescu 2003), we quantified the magnitude of the key stress-
es that affected system robustness and found that the relative
harmfulness of Asochyta blight and weed pressure to system
robustness was 53 and 47% in 2012, and 69 and 31% in 2016,
respectively. Overall, this disease contributed to the reduction
of system robustness more than weed pressure.

The pattern of crop rotation had a significant impact on the
magnitude of Ascochyta blight in both cycle-years (Fig. 2a).
Chickpea in the monoculture CCC system was most seriously
infected in 2012 and in subsequent CMC in 2016. Chickpea in
the CWC system was less infected by Ascochyta blight than
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Incidence of Ascochyta blight (%)
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Rotation year

2012

Fig. 2 Foliar disease and weed pressure in different rotation systems. a
Incidence of foliar disease Ascochyta blight of year-3 chickpea and b the
dynamic change of weed biomass in the different rotation systems from
2010 to 2016. The 3-year rotations were run for two cycles; the first cycle
started in 2010 and completed in 2012, and the second cycle started in
2014 and completed in 2016. In both cycles, each rotation system had the
year-3 crop chickpea as the test crop (i.e., chickpea in 2012 in the first

CCC in 2012, but both systems had severe incidence of the
foliar disease by the end of the second cycle in 2016. In 2012,
incidence of Ascochyta blight in the diversified LWC system
was about 50% less than that in the monoculture CCC system;
in 2016, incidence in the LWC system was 21% less than that
in the CMC system. Across the two rotation cycles, the diver-
sified LWC system had significantly greater resistance to
Ascochyta blight than the least diversified CCC and CMC
systems, and no resilience to an improved level was exhibited
across two cycles for the CCC-CMC system.

Higher severity of Ascochyta blight in 2016 than in 2012
was associated with excessive rainfall during the branching
and flowering stages, as precipitation is a key factor triggering
Ascochyta infection (Leport et al. 1999). Higher incidence of
Ascochyta blight at the end of the second cycle in 2016 com-
pared to at the end of the first cycle in 2012 was most likely
due to the buildup of Ascochyta blight inoculum on chickpea
residue throughout the two rotation cycles. The pathogen for
this disease can overwinter on the chickpea debris and affect
the same host crop in subsequent years when conditions are
favorable (Gossen and Miller 2004; Gan et al. 2006).

The more diversified LWC and CWC systems were more
resistant to weed pressure than the least diversified CCC-
CMC system (Fig. 2b). In 2012, chickpea in the diversified
PMC system suffered from volunteer mustard (Brassica
Jjuncea L.) derived from the preceding mustard crop, whereas
chickpea in the monoculture CCC system was disturbed by
high weed pressure from the large weed seedbank derived
from chickpea cropping during the previous 3 years.
Accompanying weeds compete with crop plants for nutrients

Weed biomass (kg DM ha™)
2500

b

a

2000 - ’

CCC-CMC
1500 N\ b
a a
a

1000 PMC \b

CMC
500

2010 2011 2012 2013 2014 2015 2016

Rotation year

cycle and chickpea in 2016 in the second cycle). Wheat was grown in
20009 as a soil balance crop and then in 2013 as a rotation-breaking cereal.
The rotational sequences were designed using chickpea (C), wheat (W),
lentil (L), pea (P), and mustard (M). The rotation system CCC in the first
cycle was modified to CMC in the second cycle due to severe disease
pressure on continuous chickpea. Values are expressed as mean +
standard error

and growth space (Koocheki et al. 2009; Nichols et al. 2015).
Higher resistance to weed pressure in the more diversified
LWC and CWC systems was probably associated with the
previous “rotation break” wheat crop in 2011, because wheat
straw may have provided some allelopathic potential to reduce
weed pressure in the subsequent year (Koocheki et al. 2009;
Benech-Arnold et al. 2000). The allelopathic effect can cause
weed seeds to remain in dormancy immediately following
wheat, but many of these weed seeds can emerge in chickpea
since chickpea is a weak competitor with weeds (Smith et al.
2011). Some weeds growing in a chickpea community can
increase the weed seedbank or rhizomes in the soil, thereby
having a residual effect on subsequent crops (Benech-Arnold
et al. 2000; Cici et al. 2008). The inclusion of a wheat break
crop in 2013 reduced weed density in all plots. From 2014 to
2016, weed biomass in the diversified LWC and PMC systems
and the less-intensified CWC system was significantly less
than that in the chickpea-intensified CCC-CMC system, indi-
cating greater resistance in these rotation systems (Fig. 2b). In
2016, weed biomass in the least diversified CMC system was
3.9-fold greater than that in the LWC system, 51% greater than
that in the PMC system, and 79% greater than that in the CWC
system. The least diversified CCC-CMC system had the low-
est resistance in 2016, suggesting the weakest resilience to
weed-associated stresses.

The least diversified CCC system and most diversified
PMC system suffered from severe weed pressure at the end
of the first cycle in 2012; this disturbance in the CCC system
was ongoing at the end of the second cycle in 2016 despite
adjusting chickpea to mustard in 2015 (Fig. 2b). In contrast,
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chickpea in the diversified PMC system recovered from the
serious weed pressure at the end of the rotation in 2016. The
diversified LWC system was least disturbed by weed pressure.
These findings reveal that chickpea in the diversified PMC
and LWC systems had greater resistance to or resilience from
weed pressure, while chickpea in the less diversified CCC
system exhibited the least resistance to weed stress. To im-
prove the resistance and resilience for the CCC system, greater
frequency of crops other than chickpea is needed. These re-
sults show that crop diversification can be used to systemati-
cally improve system resistance to stresses from weeds and
diseases, supporting the hypotheses of other researchers
(Paolini et al. 2006).

3.2 Diversification promoted system constancy
on chickpea yield and overall productivity

The key outcome of system robustness is constancy. We
assessed constancy of the rotation systems by determining
whether a high level of performance (e.g., crop yield, nodula-
tion, net return) was maintained across two rotation cycles. A
system with high crop performance in first cycle, but not in the
second cycle, indicates no constancy.

Chickpea in the diversified systems had greater buffering
capacity by improving root nodulation and enhancing the
“weathering capacity” against the negative effects of dry con-
ditions and low GDDs on nodulation. Improved nodulation
helped fix more N, from the atmosphere to provide part of the
N requirement for chickpea growth. In 2012 and 2016, chick-
pea in the diversified LWC and PMC systems had 5.0- and
2.5-fold greater nodule biomass, respectively, than those in the
CCC or CMC systems (Fig. 3a), indicating that the diversified
LWC and PMC systems had greater constancy of nodule pro-
duction across the two rotation cycles. Nodule biomass in

Fig. 3 Nodulation and seed yield
of the year-3 chickpea in different

Nodulation biomass (kg DM ha'1)

2016 in the modified CMC system was 2.6-fold greater than
that in the initial CCC system in 2012, but it had least nodu-
lation in 2016, suggesting no constancy of nodulation for the
CCC-CMC system. The less intensified CWC system had
high nodulation in 2012, but nodulation was reduced substan-
tially by the end of the second cycle, indicating no constancy.

Chickpea seed yield differed substantially between study
years, and the magnitude of the year effect varied with rotation
system. Seed yield of chickpea in the diversified PMC and
LWC systems was 100 and 98% greater than that in the
CCC system in 2012 (Fig. 3b). Chickpea in the LWC system
had greater seed yield than CWC and CCC (or CMC) systems
in both 2012 and 2016. Chickpea in the PMC system recov-
ered from serious weed pressure and achieved the highest
yield in 2016; in contrast, chickpea yield in the CWC system
was 20% less at the end of the second cycle compared with the
first cycle. Overall, the diversified LWC system had signifi-
cantly greater constancy of chickpea yield than the less diver-
sified CCC-CMC and CWC systems.

Comparison of total yield of all crops in the entire rotation
cycle provides an indication of overall crop productivity at the
system level. To enable comparison of total yield of all crops,
normalized relative yield was calculated for crops in the dif-
ferent rotation systems for each production year and each ro-
tation cycle. The assessment of normalized relative yield pro-
vides an indication of the dynamic change of the system’s
resilience to the relevant stresses during the production year.

On average, relative yields of all crops in the LWC,
CWC, and PMC systems were significantly greater than
that of CCC in the first cycle. By the second cycle, the
LWC and PMC systems maintained higher yields, while
the CWC system reduced yield significantly (Fig. 4a).
The CCC-CMC system expressed the lowest relative yield
in both rotation cycles. Across the two cycles, relative
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Fig. 4 Relative yield of all crops
and the economic outcome in the

Relative yield of all crops (%)

Net return ($ ha™)
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different rotation systems. a CCC(CMC) b
N . a

Relative yield of all crops in a cWe

rotation cycle across the two LWC

rotation cycles and b net return in 120+
a rotation cycle in the different
rotation systems. Relative yield in
a was the average yield of all
crops in the rotation. Net return in
b was calculated using the
Saskatchewan provincial
government guidelines for costs
and product prices (Anonymous
2015), and the values are in US
dollars. The rotation names and
error bars are described in Fig. 2
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First

Rotation cycle

yield of the PMC, LWC, and CWC systems averaged 25%
greater compared to the least diversified system (CCC in
the first and CMC in the second cycle).

Net return (gross revenue minus costs) with the CWC and
LWC systems was significantly superior compared with CCC
and PMC in first cycle, but CWC was unable to maintain the
higher performance in the second cycle (Fig. 4b). Net return
with the PMC system was intermediate compared to the other
systems in the first cycle, and it increased significantly to a
higher level relative to the other systems in the second cycle.
The CCC-CMC system expressed the lowest net return in both
cycles. Averaged across the two cycles, net return with the
diversified PMC and LWC systems was double that of the
CCC-CMC system (Fig. 4b).

The improvement of net return in the diversified PMC and
LWC systems was associated with greater yield and a reduc-
tion in production costs (mainly N fertilizer and pesticides).
These results coincide with those from previous studies show-
ing that diversified rotation systems improve productivity and
profitability (Davis et al. 2012; Gan et al. 2015; Liebman et al.
2013). Crop productivity is often influenced by weather con-
ditions (Kumar et al. 2017). Increased system productivity
with diversification in the present study was partly due to
enhanced “weathering capacity” to abiotic stresses, an impor-
tant means to cope with climatic conditions (Gan et al. 2006).

3.3 Diversification enhanced system robustness

Resistance, resilience, and constancy, the three metrics consti-
tuting system robustness, differed in how they affected the
robustness of rotation systems across the two cycles (Fig.
5a). The LWC system experienced the greatest stresses in both
cycles and the PMC system increased in resilience from the
first to second cycles, while the CWC system did not maintain

1500

Second Second

First
Rotation cycle

the superiority of productivity in the second cycle, although it
had less foliar disease in the first cycle. Overall, the CCC and
CMC systems had lowest resilience in both cycles, and the
modification from CCC in the first cycle to CMC in the sec-
ond cycle did not enhance resilience. Given the different mag-
nitudes in which these three metrics affected system robust-
ness, they were considered simultaneously in the calculation
of system robustness. We quantified the degree of robustness
using normalized percentages, with a higher value implying a
greater robustness.

Chickpea in the diversified LWC system exhibited the
greatest resistance to foliar disease and weed pressure, with
48% overall resistance in both rotation cycle-years (Fig. Sa).
Chickpea in this system was less influenced by weed pressure
and disease infestation; thus, less resilience was displayed.
Chickpea in the PMC system recovered from high weed pres-
sure experienced in the first cycle, contributing to the highest
resilience from biotic stresses (44%) including volunteer mus-
tard from the previous year. During both rotation cycles, the
two most diversified systems, LWC and PMC, maintained
high constancy: 11 and 44% for chickpea nodulation, 34 and
11% for chickpea seed yield, 5 and 8% for total yield for all
crops in the entire rotation, and 23 and 12% for total net return.
In contrast, no constancy occurred with the CCC-CMC and
CWC systems, largely due to reduced nodulation and lowered
crop yields. Consequently, the diversified LWC and PMC
systems exhibited system robustness of 20 and 14%, respec-
tively, compared with negative values in the less diversified
CCC-CMC and CWC systems. Increased system robustness
with the diversified systems was attributable to the synergistic
effect of increased resistance to and resilience from stresses,
and enhanced constancies in nodulation and crop yield across
the cycles (Fig. 5b). Diversifying crop rotations are reported to
increase crop productivity (Kremen and Miles 2012, b) and

IN?A @ Springer
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Fig. 5 Quantitative assessments and systemic diagram of robustness
using the degree of resistance, resilience, and constancy in rotation from
2010 to 2016. a Quantitative assessments of systems robustness and b
systematic diagram showing how diversifying crop rotation improved
system robustness compared to the chickpea monoculture system
(CCCQ). In panel a, robustness is comprised of three key components: (i)
resistance, reflected on the scarcity degree of weed and disease pressures
in chickpea when the crop faced biotic disturbances; (ii) resilience,
exhibited after disturbances happened, showing the recovery from the
disturbances in the second rotation cycle compared to the first; and (iii)

improve ecological sustainability (Reckling et al. 2016;
Davis et al. 2012). Our study adds a new feature—
diversifying crop rotations can substantially enhance sys-
tem robustness through increasing resistance to or resil-
ience from abiotic and biotic stresses and improving con-
stancies in production-related traits.
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constancy, emphasizing the ability to maintain plant nodulation, seed
yield, total productivity, and net income across two rotation cycles.
Systems robustness (%) = (resistance + resilience + constancy of
chickpea yield + constancy of chickpea nodulation + constancy of yield
of all crops in the rotation cycle + constancy of net income of all crops in
the rotation cycle)/6. The thresholds of resistance, resilience, and each
constancy are from — 100 to 100%. A greater value indicates a more
robust system and a negative value indicates the system had no
robustness to biotic stresses. The rotation names and error bars are
described in Fig. 2

Weather condition is one of the key abiotic factors
influencing crop growth in the cool semi-arid northern
Great Plains of North America (Gan et al. 2015).
Temperature and precipitation also influence biotic
stresses to crops (Lin 2011; Gaudin et al. 2015). The
experimental site of this study typically experiences
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either drought or abundant precipitation during the
branching and flowering stages of chickpea and is ex-
tremely windy during crop maturity, which often leads
to seed shattering and harvest losses (Gan et al. 2009).
The present study shows that crop diversification can be
used as a means to minimize damage from these abiotic
stresses by enhancing the robustness of chickpea-based
rotation systems.

In the real world of agriculture, crops are inevitably
influenced by various uncontrollable and unpredictable
stresses, and to a certain extent the outcome of a produc-
tion system depends on how the stresses are managed. The
novel information generated from the present study sug-
gests that a robust cropping system should be developed
and adopted in farming. In research, focusing on the im-
provement of a system’s robustness through the enhance-
ment of the three metrics (resistance, resilience, and con-
stancy) at the presence of disturbances should be consid-
ered a key objective. Each crop has unique characteristics
and growth traits, and key agronomic indices that affect
these metrics need to be measured to understand their
linkage with system robustness. In practice, plant traits,
agronomic indices, and system performance or robustness
can be linked. It is encouraged that researchers interested
in studying system robustness collect first-hand data from
field performance and link them with resistance, resilience
and constancy. Nevertheless, research on “system robust-
ness” in crop production is still in its infant stage, and the
findings from this study are among the first to show the
power of system robustness. More sophisticated method-
ologies are needed to quantify the “robustness” in differ-
ent cropping systems.

4 Conclusion

A robust cropping system can increase profitability and sus-
tainability in crop production. The presence of abiotic and
biotic stresses negatively affects the robustness of an
agroecosystem. Using chickpea, a legume crop susceptible
to Ascochyta blight disease and vulnerable to weed competi-
tion for growth resources, we demonstrate, from two cycles of
chickpea-based rotations over 7 years, that diversifying crop
rotation improves system robustness through (i) enhancing
crop resistance to and resilience from biotic-induced distur-
bances, and (ii) increasing the constancy of crop yield and root
nodulation of chickpea, total productivity of all crops in
the entire rotation, and net return across two rotation
cycles. The robustness established for this typical annual
legume, chickpea, provides a foundation for a concep-
tual framework to establish robust agroecosystems for
the production of other crops.
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