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Abstract

Cropping sequence diversification provides a systems approach to reduce yield variations and

improve resilience to multiple environmental stresses. Yield advantages of more diverse crop

rotations and their synergistic effects with reduced tillage are well documented, but few studies

have quantified the impact of thesemanagement practices on yields and their stability when

soil moisture is limiting or in excess. Using yield and weather data obtained from a 31-year long

term rotation and tillage trial in Ontario, we tested whether crop rotation diversity is associated

with greater yield stability when abnormal weather conditions occur. We used parametric and

non-parametric approaches to quantify the impact of rotation diversity (monocrop, 2-crops, 3-

crops without or with one or two legume cover crops) and tillage (conventional or reduced till-

age) on yield probabilities and the benefits of crop diversity under different soil moisture and

temperature scenarios. Although the magnitude of rotation benefits varied with crops, weather

patterns and tillage, yield stability significantly increased when corn and soybean were integrat-

ed into more diverse rotations. Introducing small grains into short corn-soybean rotation was

enough to provide substantial benefits on long-term soybean yields and their stability while the

effects on corn were mostly associated with the temporal niche provided by small grains for

underseeded red clover or alfalfa. Crop diversification strategies increased the probability of

harnessing favorable growing conditions while decreasing the risk of crop failure. In hot and dry

years, diversification of corn-soybean rotations and reduced tillage increased yield by 7% and

22% for corn and soybean respectively. Given the additional advantages associated with crop-

ping system diversification, such a strategy provides amore comprehensive approach to lower-

ing yield variability and improving the resilience of cropping systems to multiple environmental

stresses. This could help to sustain future yield levels in challenging production environments.

Introduction

Vulnerability of agroecosystems to variations in weather is of increasing concern as abnormal pro-

duction scenarios associated with predicted changes in climate may become more common [1–8].
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While northern corn and soybean production regions may benefit from a longer crop-growing pe-

riod, additional summertime warming and heavy rainfall events may challenge productivity unless

adaptive measures are taken. Projections from various climate models suggest that year-to-year

variations will increase along with wetter spring conditions, drier summer months and greater fre-

quency of abnormal precipitation events [9,10]. Across the Midwestern United States, the number

of days with heavy rainfall more than tripled in the past 50 years, particularly in the spring [10].

Increases in summer temperatures are also projected to increase soil water evaporation and crop

transpiration, further increasing soil water deficits and economic losses [11].

One key management strategy to potentially cope with impending climatic change is to in-

crease agroecosystem diversity, particularly temporal diversity using more complex crop rota-

tions. Greater diversity has been hypothesized to lead to larger stability of natural ecosystems

[12–17] and similar benefits have been suggested in agroecosystem literature [18–21]. Agroeco-

system stability refers to cropping systems ability to maintain yields after a stress period or per-

turbation and includes various concepts such as resilience, persistence and resistance [17].

Resilience is generally defined as the propensity of a system to retain its state following a pertur-

bation [14]. Although the idea of building resilience has been studied in various natural ecosys-

tems [13,22], communities and food systems [23–25], it has not been well studied at the field

scale where stability and resilience are often used interchangeably to describe fluctuations in final

crop yields after perturbance. As proposed in the literature, cropping systems are stable/resilient

if they are able to retain yield potential and recover functional integrity (produce food and feed)

when challenged by environmental stresses [18,26]. In our study, we designated as more stable,

systems with lower variations or losses in final yield in response to specific weather pattern.

Winter wheat (Triticum aestivum) and spring cereals offer an opportunity to maintain diversi-

ty in corn and soybean–based cropping systems with potential to improve yield stability when

environmental stresses occur [20]. Unfortunately, agroecosystem diversity has been decreasing

throughout the Corn Belt, as illustrated in Iowa [21] and Ontario where small grains cereals have

been increasingly replaced by corn and soybean in the last 30 years (S1 Fig., [27]). Although nu-

merous long-term studies have described the effects of rotation complexity on corn and soybean

yields [28–32], few have attempted to quantify the impact of those management practices on

yield stability, especially when soil moisture is limiting or in excess. Inclusion of cereals grains

and forage species into short corn-soybean rotations resulted in higher corn yields compared to

continuous corn in dry years of several studies located in the northern Corn Belt [33–37]. How-

ever, these studies did not conclusively establish the effects of variation in weather patterns on

yields and additional management effects were confounded. Other studies demonstrated the en-

hanced importance of rotation diversity on corn and soybean yields under dryland conditions

[38–40]. However, the locations of these studies do not represent growing conditions in the

northern Corn Belt where occurrence of excess soil moisture is more common.

Understanding the role of diversity on the functioning of agroecosystems and crop yield re-

sponse to environmental stresses may help design cropping systems able to maintain provi-

sioning and regulating ecosystem services under abnormal weather scenarios. The objectives of

our study were to provide further insights on the linkages between diversity and stability by

testing whether more diverse crop rotations are associated with greater yield stability over time

and higher yields under abnormal weather conditions. We hypothesized that maintaining

agroecosystem diversity provides productive responses to weather shocks and increase the

probability of obtaining high corn yields while decreasing vulnerability of corn and soybean

yields to weather variations. We used yield and weather data obtained from a 31-year long

term rotation and tillage trial in Ontario (Elora) to measure the impact of temporal (rotation)

and spacial (tillage) diversity on 1) downside risk and probabilities of corn yield advantage, 2)
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corn and soybean yields stability and 3) quantify potential rotation benefits at a northern Corn

Belt location under different soil moisture and temperature scenarios.

Material and Methods

Long-term rotation and tillage experiment

Thirty one years (1982–2012) of crop yield response to two levels of tillage and seven different

corn-based crop rotations were obtained from a long-term rotation and tillage trial located at

the University of Guelph Elora Research Station located near Elora, ON, Canada (43°38'27.76

N, -80°24'20.43 W; elevation 376 m). The site was tile drained in 1967 and planted to corn con-

tinuously from 1967 to 1980. The soil is classified as Woolwich silt loam [28], Grey Brown

Luvisol [41] or Albic Luvisol [42]. The trial was located in a temperate continental climate,

characterized by homogeneously distributed precipitation during the growing season from

April to November (102 mm on average) with cool springs and warm to hot summers

(Fig. 1A).

Fig 1. Temperature and total precipitation recorded at the experimental site from 1982 to 2012. (A) Monthly averaged 31-year temperature and
precipitation and (B) anomalies during summer crop growing season. Deviation from 31-year average fromMay 1st to November 30th in minimum (MIN),
maximum (MAX) and mean (MEAN) temperatures and total precipitation (prec) are shown. Error bars show Fisher protected LSD for total precipitation
(32.7mm). Fisher protected LSD for maximum and minimum temperatures were 0.48°C and 0.20°C respectively.

doi:10.1371/journal.pone.0113261.g001
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The experiment was initiated in 1980 and designed as a randomized split-plot with four rep-

lications for each tillage–rotation combination. The first two years of the trial were considered

as set up years and not included in the analysis. Seven rotation treatments, consisting of six 4-

year rotations and continuous corn (CCCC), were randomly assigned to the main plots (16.7m

x 6m). The cropping sequence in the 4-year rotations was comprised of 2 years of corn followed

by one or two rotation crops with or without red clover cover crops (Table 1). Each of the 4-

year rotations was duplicated 2 years out of phase so that corn and soybean yields were avail-

able for all rotations yearly and biyearly respectively.

Each main rotation plot was split into two levels of tillage: conventional tillage and reduced

tillage. Conservation tillage from 1980 to 2001 consisted of fall chisel plowing to a depth of 15–

20 cm except before establishment of winter wheat where it consisted of 2 passes of a tandem

disk to a depth of 10 cm. Starting in 2002 the conservation tillage system was converted to no-

till. Conventional tillage consisted of moldboard plowing to a depth of 15–20 cm in the fall.

Secondary tillage was done in both chisel and moldboard plow tillage systems and usually con-

sisted of two passes of a field cultivator and packer within 1 day of crop seeding.

Plots were maintained so that fertility, pests and weed pressure did not differ between plots

and that productivity was not adversely affected by those factors. For corn, 160 to 180 kg N ha-1,

23 to 32 kg P ha-1, and 50 to 90 kg K ha-1were applied annually. Fertilizer inputs for the various

rotation crops were applied at rates equal or higher than the recommended rates according to

soil tests [43]. Crop varieties were changed to ensure that the trial represented farmer’s practices

and the best available yield potential. The red clover cover crop was either frost seeded into

Table 1. Long-term effects of rotation diversity and tillage on mean and cumulative corn and soybean yields.

Rotation diversity Cumulative yields (Mg ha-1) Mean grain yields (kg ha-1)

Corn Soybean Corn Soybean

Till Red. Till Till Red. Till Till Red. Till Till Red. Till

1 crop CCCC 260.2 a
* 249.6 a 8197.2 a

* 8052.6 a

2 crops CCSS 263.5 a
* 256.4 a 41.7 a

* 40.7 a 8272.5 a 8332.1 a 2436.9 a 2378.8 a

CCAA 276.8 b 275.1 b 8928.9 b 8874.2 b

3 crops CCSW 265.0 a 265.1 ab 44.3 b 43.7 b 8385.3 a 8549.0 ab 2754.2 b 2719.7 b

CCOB 269.6 a 265.6 ab 8515.5 a 8569.7 ab

3 crops, 1 cover crops CCSWrc 275.9 b 273.1 b 45.1 b 44.2 b 8836.4 b 8528.2 ab 2791.7 b 2734.6 b

3 crops, 2 cover crops CCOrcBrc 277.1 b 274.2 b 8899.4 b 8811.7 b

Source of variation df df df df

Year 30 *** 30 ** 30 *** 30 ***

Rotation 6 ** 2 ** 6 *** 2 ***

Tillage 1 ** 1 ** 1 ** 1 ***

Year x Rotation 180 ** 60 ** 180 *** 60 **

Year x Tillage 30 ** 30 ** 30 *** 30 ***

Rotation x Tillage 6 ** 2 ** 6 ** 2 **

Year x Rotation x Tillage 180 ** 60 ** 180 ** 60 **

Shown are the Least Squared Means and cumulative yields (accumulated mean yields, 1982–2012) for corn (n = 31) and soybean (n = 16) obtained over

a 31-year period (1982–2012). LS Means followed by the same letter are not significantly different at p = 0.05; (*) next to the mean indicate significant

tillage effect. In ANOVA section, (**) significant effect at p<0.05 and (***) p<0.001. Crop abbreviations: C = Corn, S = Soybean, A = Alfalfa, W = Winter

wheat, O = Oat, B = Spring barley, rc = under seeded red clover; df = degree of freedom, Till = continuous tillage, Red Till = reduced tillage (conservation

tillage from 1982 to 2001 followed by no till from 2002 to 2012.

doi:10.1371/journal.pone.0113261.t001
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winter wheat in late March or early April or drill-seeded simultaneously with oat or barley. For

rotations with cereals underseeded with red clover, an additional fall application of glyphosate

was applied to the reduced tillage subplots to minimize volunteer regrowth in the next

year’s crop.

Grain moisture at harvest was determined using a GAC 2100 grain moisture tester (Dickey-

John, Springfield, IL, USA) and final yields were adjusted to moisture content of 15.5% for

corn, 13% for soybean, 14.5% for wheat and 14% for barley and oat.

Modeling of environmental data

Total precipitation, average, maximum and minimum temperatures were recorded at the Elora

Research Station since the onset of the experiment. Corn and soybean developmental stages

were estimated based on crop heat units and planting, flowering and harvesting dates recorded

over the past 30 years.

During the course of the experiment, averaged minimum and maximum temperatures dur-

ing the growing seasons (April to November) were significantly below or above the 30-year av-

erage 20% and 33% of the time respectively (Fig. 1B). Total precipitation varied more than two

fold and the average daily high and low temperatures up to 2°C (Fig. 1B).

Average soil moisture deficit for each growing season was modeled using the Van Genuch-

ten [44] and Mualem [45] hydraulic functions built in the Hydrus 1D modeling environment

(PC Progress, Prague, Czech Republic, S2 Fig.). Precipitation water flow in the soil matrix was

analyzed assuming a 100 cm soil zone, a maximum root depth of 100cm for corn and 50cm for

soybean and surface runoff and free drainage as upper and bottom boundary respectively. The

rainfall interception was set at 0.75mm with a constant Albedo of 0.23. The Feddes and Zar-

adny [46] model with Wesseling [47] parameters was used to simulate root and water uptake

while soil cover fractions were calculated using corn and soybean specific crop coefficients.

Field capacity and permanent wilting points were used to determine the volumetric soil water

content at 25% available soil water (θ = 0.21 or 21%) which has been shown to be the most ac-

curate threshold to categorize water stress effects on corn yield across environments in Ontario

[48]. Estimated volumetric soil moisture available for corn progressively decreased below 25%

of Available Soil Water (ASW) during five growing seasons, especially in 2012 where corn re-

mained below this threshold for 63 days after silking (S2 Fig.). Estimated volumetric water con-

tent remained between 50%-25% ASW thresholds under soybean with similar years being the

driest (S2 Fig.).

Statistical procedures

Hierarchical clustering and PCA

Hierarchical clustering algorithms were used to identify the different weather patterns that

occurred over the experimental period (S3, S4 Figs.) using Matlab R2012a. Years were clustered

using normalized soil moisture estimated by the Hydrus 1 model and normalized average tem-

perature during distinct corn and soybean developmental stages. Environmental data was nor-

malized using the following formula:

~X ¼
X �minðXiÞ

maxðXiÞ �minðXiÞ

Euclidian distances andWard linkage functions were use to produce nested clustering struc-

tures [49]. Ward's method minimizes the increase in the total within-cluster error sum of

squares, creating clusters with the lowest variance. Cluster partition was achieved using the

Cropping System Diversity and Resilience
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best cut method based on dendograms of the aggregative structure [49] (S3, S4 Figs.). Five clus-

ters for corn and six clusters for soybean significantly captured growing season variations in

temperature and soil moisture during crop growth (S3, S4 Figs.).

Principal component analysis (R Agricolae package version 1.2–1) [50]) was performed to

describe the variability of the year data matrix (S2 Fig.) [51]. Maximum temperatures during

flowering significantly explained 61% and 46% of the variation in soil moisture available to

corn and soybean respectively with significant carryover effects later in the season (S2 Fig.).

ANOVA and yield stability

Analysis of variance was performed using R Agricolae package (version 1.2–1) [50]. Crop

yields were analyzed using repeated-measurements analysis of variance using Mixed model

with rotation and tillage as fixed effects and year as random effect. Prior to the analysis of vari-

ance, residuals were found homogeneous and normally distributed based on the Shapiro–Wilk

test (p = 0.925) and no significant outliers were detected by Lund’s test. Least Square means

(LS mean) and cumulative yields (accumulated LS mean yield from 1982 to 2012) were gener-

ated. Yield variation (CV) under specific weather patterns represented by year clusters was cal-

culated for each rotation and tillage treatmentCV% ¼ 100ðsn�1=2Þ. Rotation benefits were

defined as corn and soybean Δ yield compared to CCSS rotation and expressed as % of CCSS

yields for each cluster. Differences between clusters and treatments were tested using the

Tukey HSD test. Type I error for all statistical tests was set at p = 0.05.

Probability of high and low corn yield events

Statistical analyses were performed with custom made scripts in R (version 3.1.1, S1 Code).

Probability densities of corn yields from the trial were estimated using a finite mixture model

of normal distributions with two components:

yt � lNðm
1
; s2

1
Þ þ ð1� lÞNðm

2
; s2

2
Þ

where yt is a series of yield observations over time, l is a weighting parameter, and N ∙ð Þ is the

Normal distribution for each cluster parameterized with its own component mean, mj, and vari-

ance, s2

j . Each component of the mixture model corresponds to a subpopulation within the

sample data.

The choice of two components was based on three empirical tests [52] (S1 Table). Unknown

parameters were estimated with a maximum likelihood approach using the Expectations-Maxi-

mization (EM) algorithm [53], with estimated parameters for each individual treatment (14

treatments with n = 31) and pooled across treatments (n = 434) are reported in S2 Table. Four

different initialization methods were used for the algorithm and parameter estimates were

based on the set of starting values giving the highest penalized likelihood [46]. Yield distribu-

tions were estimated using yields adjusted for a time trend without treatment effects (because

the treatment fixed effects failed to provide a statistically significant improvement in successive

F-tests, S3 Table). The qualitative conclusions of the analysis were consistent under a number

of different trend and density estimation approaches (S4–S7 Tables).

To compare performance of different treatments at different points on the support of the

yield distribution, three score metrics were constructed: 1) probability of high yield, P(HY), was

defined as the estimated probability of achieving yields above the 90th percentile of the pooled

data (11321.4 kg ha-1); 2) probability of “downside potential”, P(DP), as the estimated probabili-

ty yields from a given treatment fall into the lower component of the pooled yield distribution

estimate; 3) probability of high yield, P(LY), was defined as the estimated probability of achiev-

ing yields below the 10th percentile of the pooled data (7546.7 kg ha-1). These metrics are all

based on the estimated yield probability densities using detrended data. To capture multidi-

mensional probabilities into one value, performance indexes (Pi) were calculated based on

Cropping System Diversity and Resilience
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ordinal ranks for each metric on a 100-point scale as follows:

Pi ¼ 104� ð2ðRankPðHYÞÞ þ RankPðDPÞ þ RankPðLYÞÞ

An indication of each metric’s statistical significance is provided using p-values generated

with randomization methods [54]. The p-values were constructed with 5,000 randomized yield

sets for which parameters, densities, and metrics were estimated. The p-values represent the

per cent of randomized metrics higher or lower than the treatment metrics.

The analysis was conducted for corn only, since the sample for soybean (n = 16 per treat-

ment) was not sufficiently large.

Results

Crop diversity increases corn and soybean yields over time

Rotation, tillage, year and their interactions had a significant effect on cumulative and mean yearly

corn and soybean yields (Table 1). Compared to CCSS, representative in our trial of the most com-

mon crop rotation in Ontario (CS), rotations with the highest degree of complexity or containing

alfalfa had significantly higher cumulative and mean corn and soybean yields, especially when till-

age was applied (Table 1). Addition of forage legumes into the tilled system significantly increased

cumulative and mean corn yields by 4% and 6%, respectively, compared to other rotations. Diver-

sification of a corn-soybean rotation with wheat increased mean soybean yields by 13% (Table 1).

More complex rotations decreased corn and soybean yield lags due to reduced tillage

(Table 1). Corn mean yield benefits from including alfalfa and wheat with red clover also in-

creased with less tillage, reaching 650kg ha-1 compared to short corn rotations (CCCC, CCSS).

Mean trial corn and soybean yields similarly increased from 1982 to 2012 by 28% under tillage

(Fig. 2A, B) with lower rates when tillage is reduced (17%) (Fig. 2C, D). Across tillage and rota-

tion treatments, corn yields deviated from the trendline up to*41% (Fig. 2A, C) compared

to*16% in soybean in unfavorable years (Fig. 2B, D).

Crop diversity lowers risk of crop failure

Short rotations (CCCC and CCSS) consistently had the highest probabilities of corn yields falling

in the lower component of the pooled dataset P(DP) in both tillage systems (Table 2). Short rota-

tions also showed high risks of yielding below the 10th percentile (P(LY);<7546.7 kg ha-1)

(Table 2). Diverse rotation including small grains and forages presented the lowest P(DP) and

(P(LY), especially in conventionally tilled systems. Alfalfa in rotations reduced (P(LY)) to only

5.7% and 6.8% in reduced and conventional tillage respectively. Crop diversification also in-

creased the probability of achieving high yields (P(HY);>11321.4 kg ha-1) while short rotations

consistently had the lowest P(HY) (Table 2). Relay cropping red clover increased the likelihood of

yields exceeding the 90th percentile threshold by more than two fold under conventional tillage.

Tillage increased P(HY) and decrease P(LY) for all rotations with large tillage effects for continuous

corn (CCCC) and smaller effects when forage were introduced into rotations (Table 2). In re-

duced tillage systems, most rotations except CCOrcBrc (rank #3, 12.1%) and CCAA (rank #4,

11.1%) had no better than a 5% probability of yields above the 90th percentile (Table 2).

Performance indexes taking into account all three metrics increased with rotation complexi-

ty across tillage treatments (Table 2). Short rotations under reduced tillage had the lowest Pi

scores (Table 2) while maximum Pi score were obtained in CCOrcBrc and CCSWrc rotations

under conventional tillage. Relay cropping red clover with small grains was instrumental to im-

prove corn performance in tilled systems (CCOB = Pi + 16; CCSW = Pi + 26).

Cropping System Diversity and Resilience
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Crop diversity mitigates yield loss due to hot and dry conditions

Year cluster D (n = 10) and A (n = 7) grouped the hottest and driest years for corn and soybean

respectively (S3, S4 Figs.). Growing seasons were short with significant water deficit and high

temperatures during reproductive growth stages, resulting in significantly lower yields than in

high yielding years (Cluster E) (S3, S4 Figs., Table 3). Corn yield under all diversification strate-

gies in reduced tillage was increased compared to CCSS rotations when hot and dry conditions

occurred (Fig. 3A, S5 Fig.). Benefits of diversification were higher than those observed under

favorable conditions. Introducing oat and barley with red clover or alfalfa was particularly ben-

eficial to mitigate droughty conditions (+734 kg ha-1 on average, S5 Fig., Fig. 3A). In tilled sys-

tems, all rotations but CCSW had higher corn yield than CCSS in dry and hot years (S5 Fig.),

the highest yield benefits being obtained from alfalfa in rotation (+8.7% Fig. 3B).

Similarly for soybean, diversifications of CCSS rotations with wheat led to higher yield bene-

fits in hot and dry conditions than in favorable years (Fig. 3C,D). Although rotation benefits

were higher in tilled systems (Fig. 3C,D.) reduction in tillage helped mitigate the impact of dry

and hot weather conditions on soybean yields (Table 3).

Yield benefits of crop diversity are less pronounced in wet and cool
weather

Cold and wet growing seasons were grouped in Cluster A (n = 5) and B (n = 6) for corn

(S3 Fig.) and Cluster D (n = 7) and F (n = 5) for soybean (S4 Fig.).

Cluster B is of main interest for corn as it grouped years with the coolest, wettest and lowest

corn yields over the last 31-years (S3 Fig., Table 3).

Fig 2. Long term trends in corn and soybean yields under conventional and reduced tillage at Elora. Yields under (A-B) tillage and (C-D) reduced
tillage. Each of the 4-year rotation was duplicated 2 years out of phase so that corn and soybean yields were available yearly (n = 31) and biyearly (n = 16)
respectively. Each main rotation plot was split into two levels of tillage. LS means (n = 4) are shown for each rotation. Crop abbreviation: C = corn, S =
Soybean, O = Oat, B = spring barley, W =Winter wheat, rc = underseeded red clover, A = Alfalfa.

doi:10.1371/journal.pone.0113261.g002
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Table 2. Effect of rotation diversity and tillage on probabilities of obtaining high and low corn yield based on long-term yield distributions.

Rotation Probability of High Yield Probability of Low Yield Performance Index

P(yield > 90th percentile) Downside potential P(yield < 10th percentile)

P(HY) (p-value) Rank P(DP) (p-value) Rank P(LY) (p-value) Rank Pi (p-value) Rank

Tillage

CCCC 9.4% (0.3268) 7 82.3% (0.8912) 11 14.8% (0.8836) 11 68### (1.0000) 9

CCOB 10.2%*** (0.2142) 6 76.0% (0.0388) 3 12.8% (0.6764) 10 79### (0.9212) 6

CCOrcBrc 13.7%** (0.0262) 1 75.2%** (0.0136) 2 9.1% (0.1754) 5 95*** (0.0032) 1

CCSS 9.3% (0.3426) 8 79.1% (0.3714) 7 15.1%# (0.9024) 13 68### (1.0000) 9

CCSW 7.2% (0.7130) 9 80.6% (0.6548) 8 12.3% (0.6102) 9 69### (1.0000) 7

CCSWrc 13.2%** (0.0342) 2 74.9%*** (0.0076) 1 9.0% (0.1640) 4 95*** (0.0032) 1

CCAA 10.5% (0.1832) 5 77.5% (0.1410) 6 6.8%** (0.0242) 2 86 (0.3912) 5

Reduced Tillage

CCCC 3.1%### (0.9960) 14 87.5%### (1.0000) 14 20.8%### (0.9984) 14 48### (1.0000) 14

CCOB 5.0%##
* (0.9496) 10 80.6% (0.6548) 8 10.8% (0.3946) 7 69### (1.0000) 7

CCOrcBrc 12.1%* (0.0650) 3 77.0%* (0.0922) 4 7.0%** (0.0290) 3 91** (0.0496) 3

CCSS 4.6%## (0.9664) 11 85.4%### (0.9964) 13 15.0% (0.8942) 12 57### (1.0000) 13

CCSW 4.1%## (0.9828) 13 80.7% (0.6706) 10 11.7% (0.5272) 8 60### (1.0000) 12

CCSWrc 4.6%## (0.9664) 11 82.5%# (0.9070) 12 9.8% (0.2572) 6 64### (1.0000) 11

CCAA 11.1% (0.1216) 4 77.0%* (0.0922) 4 5.7%*** (0.0044) 1 91** (0.0496) 3

Shown are the probabilities (%) of obtaining yields above or below certain thresholds and their respective ordinal ranks based on probability densities from

estimated yield distributions. P(HY) = probability of achieving yields above 11321.4 kg ha-1; P(DP) = probability that a given treatment falls into the lower

component of the polled data; P(LY) = probability of yields falling below 7546.7 kg ha-1. Performance indexes (Pi, max = 104) were calculated based on

ordinal ranks for each metrics. Statistical significance is based on randomized p-values and indicated by (*, #) 10%, (**, ##) 5%, and (***, ###) 1% for

metrics that are higher (*) or lower (#) than randomized metrics. Crop abbreviations: C = Corn, S = Soybean, A = Alfalfa, W = Winter wheat, O = Oat, B =

Spring barley, rc = under seeded red clover.

doi:10.1371/journal.pone.0113261.t002

Table 3. Corn and soybean mean grain yields per growing season clusters in different tillage systems.

Cluster Corn Soybean

Growing
season

Yield (kg ha-1) Growing
season

Yield (kg ha-1)

(days) Till Red. Till (days) Till Red. Till

A 184.0 a 8667.1 b 8628.6 b 122.9 b 2513.8 c 2661.8 ab

B 172.8 a 8063.7 c 7678.4 c 138.3 a 2834.7 ab 2953.7 a

C 177.0 a 9038.1 a 8681.2 b 126.5 b 2645.5 bc 2669.9 ab

D 159.3 b 8535.3 b 8329.2 bc 129.8 b 2341.4 c 2262.7 c

E 161.4 b 8726.0 ab 9285.5 a 134.7 ab 2904.6 a 2842.7 a

F N/A N/A N/A 144.8 a 2363.4 c 2402.4 b

Mean 167.6 8560.1 8520.0 133.2 2630.4 2682.8

Growing seasons are defined as the mean number of days from planting to harvest according to historical records for the trial. Clusters were determined

according to normalized soil moisture (Hydrus 1D model) and temperature pattern tailored to corn and soybean developmental stages. Least Square

Means per tillage treatment followed by the same letter were not significantly different (p = 0.05). Total mean: corn n = 31, soybean n = 16. Till =

continuous tillage; Red Till = reduced tillage; (N/A) = non applicable.

doi:10.1371/journal.pone.0113261.t003
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On average for both clusters representing wet and cool growing seasons, diversifying a

corn-soybean rotation with a forage legume provided 4% and 4.5% corn yield benefits in re-

duced and conventional tillage respectively (+332, +371 kg ha-1, S5 Fig.). Benefits of diversifica-

tion were lower or similar to the rotation benefits observed under favorable conditions for both

crops (Fig. 3); except for CCOB rotations in reduced tillage, which provided higher corn rota-

tion benefits in abnormally cold and wet years than in high yielding years (+ 3.2%, Fig. 3A).

For soybean, Cluster D grouped years that were wet and cold during a time period approxi-

mately corresponding with the phenological stage of blooming. No diversification benefits on

yields could be detected under reduced tillage when cold, wet conditions occurred during this

period. In tilled systems, soybean yields were 24% lower than less complex CCSS rotations

(S5 Fig., Cluster D). When cold and wet conditions lasted the whole growing season (Fig. 3C, D,

Cluster F), modest rotation benefits were observed.

Rotation diversity decrease soybean yield variability in “abnormal” years

Although reduction in tillage decreased yield variability in favorable years, tillage and rotation

diversity had no effects on corn yield variation in abnormal hot/dry or cool/wet conditions

(Fig. 4A,B). Larger rotation effects could be observed in soybeans (Fig. 4C, D). Diversifying ro-

tations decreased fluctuation in soybean yields due to cool and wet growing conditions up to

4% under reduced tillage (Fig. 4C). Larger increase in yield stability was found when hot and

dry conditions occurred (+ 13% till, +11 reduced till). In droughty years, inclusion of wheat

Fig 3. Benefits of diversification under different weather scenarios. (A-B) Corn yields compared to CCSS rotation (%) obtained for selected cluster in (A)
reduced tillage and (B) tilled systems. (C-D) Soybean yields compared to CCSS rotation (%) obtained for selected clusters in (C) reduced tillage and (D) tilled
systems. Crop abbreviation: C = corn, S = Soybean, O = Oat, B = spring barley, W =Winter wheat, rc = underseeded red clover, A = Alfalfa. (*) significantly
different from high yielding years (cluster E) at p = 0.05.

doi:10.1371/journal.pone.0113261.g003
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and red clover dramatically improved soybean yield stability by 16% compared to CCSS rota-

tions for tilled systems (Fig. 4D).

Discussion

Increasing rotation diversity improves yield stability by mitigating hot and
dry weather and lowers risk of crop failure

Compared to more diverse rotations, corn-soybean sequences had 1) larger coefficient of varia-

tions (Fig. 4); 2) smaller cumulative and mean yields over the course of the experiment

(Table 1) and under various weather scenarios (Fig. 3, S5 Fig.); and 3) higher probabilities of

achieving low yields under unfavorable conditions (Table 2). Although the magnitude of rota-

tion benefits varied with crops, weather patterns and tillage (Fig. 3), yield stability significantly

increased when corn and soybean were integrated into more diverse rotations, especially when

legumes were introduced (Fig. 3, Fig. 4). Our findings of increased yield stability support the

conclusions of previous studies showing that longer or more diverse rotations improve the

temporal stability of grain yields [33,36,37,39,55–57].

Resilience is rooted in the concept of stability, and describes how a system responds under

stress [17]. Our study does not investigate systems response to stress during crop development

and fluctuations in crop physiological and yield potential status during stress would have to be

studied to clearly establish how crop diversity and tillage alter the dynamic of crop stability (ie:

resilience, tolerance, resistance). By emphasizing adaptive management strategies, resilience

thinking has been proposed as a new way to inform the changes in practices necessary to adapt

Fig 4. Yield variation under different weather scenarios. (A-B) Coefficient of variation for corn yields (CV, %) obtained for selected cluster and on average
across the study period in (A) reduced tillage and (B) tilled systems. (C-D) Coefficient of variation for soybean yields (CV%) obtained for selected cluster in
(C) reduced tillge and (D) tilled systems. Crop abbreviation: C = corn, S = Soybean, O = Oat, B = spring barley, W =Winter wheat, rc = underseeded red
clover, A = Alfalfa.

doi:10.1371/journal.pone.0113261.g004
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cropping systems to shifts in resource availability [58]. Future studies are necessary to examine

both spatial and temporal aspects of resilience applied to cropping systems.

We clearly show that the effects of crop diversity vary with weather conditions and conclu-

sively attribute larger yield stability in dry years to greater crop diversity (Figs. 3, 4). Previous

observations of rotation benefits in droughty or low-yielding environments were often anec-

dotal or confounded by management practice differences across organic and conventional sys-

tems [5,33,34,36,37,39,40,59,60]. Our trial was conventionally managed, with similar fertilizer

regime and pest pressure between plots and no effects of such factors on productivity. By at-

tributing higher rotation benefit to growing seasons with hot and dry conditions, the present

study emphasizes the potential of system diversity to conserve soil moisture and/or improve

plant access to water resources.

It has been shown that genetic diversity can help reduce stress exposure and the risk of crop

failure, with significant economic impact for producers [61–64]. To capture changes in expo-

sure to downside potential, assessments needs to go beyond a simple measure of yields and its

dispersion [61]. Our non-parametric approaches estimating changes in corn yield probabilities

showed that crop diversification strategies increased the probability of harnessing favorable

growing conditions and achieving high corn yields while decreasing the likelihood of having

abnormally low yields in unfavorable conditions (Table 2). The finite mixture models were use-

ful in approximating many of the structures associated with corn yield distributions, and al-

lowed analysis without using predetermined thresholds and produced straightforward

parameter estimates [65–67].

Tillage practices alter the magnitude of crop diversity benefits in
abnormal years

Crop diversification and reduction in tillage had synergistic effects in both crops: less tillage

further enhanced rotation benefits (Table 1), yield stability (Fig. 4) and corn yields under unfa-

vorable growing conditions (Fig. 3 A, B). It has been shown that diverse crop rotations are

needed to decrease yield lags due to reduced tillage and improve soil properties at this trial

[29,34,68,69].

We found high variability in the synergistic effects of rotation and tillage according to

weather scenarios (Fig. 3, Fig. 4) and considerable differences between environments have been

reported [30,35,40,70–72]. Under favorable conditions, tillage increased the probability of

reaching high corn yields for all rotations with larger tillage effects for short rotations

(Table 2). Conventional tillage decreased the corn yield penalty due to monoculture (-3%) and

increased benefits from relay cropping red clover (+5%) in favorable years (Fig. 3A, B). Con-

versely, we observed significant increase in corn yields in dry and hot weather in all rotations

with reduced tillage (Fig. 3A, B).

Differences in rotation benefits with tillage may be, in part, attributed to variation in soil

moisture and temperature associated with changes in residue cover [40,68,73]. Excessive or de-

ficient soil moisture is a significant factor in the relative performance of corn and soybean in

different tillage systems [74]. Residues in reduced tilled systems often delay soil warming,

planting date and emergence which may have decreased corn yield potential in our short grow-

ing seasons when conditions were favorable [29,34,74]. However, less aggressive tillage de-

creased variations in corn yields in such years (Fig. 4A, B), probably due to buffering effects

later in the season. Crop residues may have helped to mitigate the impact of hot and dry weath-

er on corn yields by restricting water loss, delaying soil warming, reducing air temperature at

the soil surface and reducing evaporation potential [75–77]. Review articles illustrate that
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PLOS ONE | DOI:10.1371/journal.pone.0113261 February 6, 2015 12 / 20



moisture conservation effects of surface residue increase corn and soybean yields in arid envi-

ronments [74,78].

Reduction in tillage further increased the benefits obtained from inclusion of cereals and

forage legumes (S5 Fig.). It also improved soybean yield stability compared to tilled systems

under cool and wet conditions (Fig. 4C, D). Although retention of soil moisture may cause

problems in the early spring, reduction in tillage help establish macropore continuity which

may aid in drainage of excess soil moisture and decrease compaction and anaerobiosis when

wet conditions persist during the growing season [79,80].

Corn and soybean responded differently to diversification and tillage practices. Introducing

small grains into short corn-soybean rotation was enough to provide substantial benefits on

long-term soybean yields and their stability while the effects on corn were mostly associated

with the temporal niche provided by small grains for underseeded red clover or alfalfa (Fig. 3,

Table 1). Soybean yields were also less responsive than corn yields to changes in tillage prac-

tices (S5 Fig.) and less susceptible to yearly variations in weather (Fig. 2, Fig. 4) as shown in

previous studies [40]. Finally, soybean and corn had opposite responses to tillage in hot and

dry years (Fig. 3). Such distinctions between the two crops may be due to differential response

to changes in soil properties associated with diversification and tillage, nutrient and physiologi-

cal requirements, growth habits, compensation of individual yield components and their im-

pact on crop susceptibility to environmental stresses and potential success of reproduction and

grain filling [7,81–83]. Tillage effects on rotation responses for corn and soybeans might also

been influenced by odd years that only contained corn comparisons.

Potential of crop diversification and reduced tillage to improve yields
under hot and dry weather through soil improvements

In natural ecosystems, the coexistence of multiple species with similar functions but with dif-

ferent responses to perturbation enhances resilience [84,85]. In our study, the effect of greater

temporal and spacial diversity on soil properties associated with soil water storage and plant ac-

cess to moisture likely minimize the risks of significant crop yield fluctuations in response to

different rainfall amount or distribution pattern. Rotation benefits in challenging environments

were previously associated with higher soil moisture conservation and percolation in the root

zone [36,37] and increase in precipitation use efficiencies [38,40].

Similar management strategies to the one tested here have been shown to improve several

soil properties important to build resilient soils [29,34,68,86–88]. Of particular importance to

mitigate the effects of variation in precipitation patterns, are the positive direct and indirect ef-

fects of reduced tillage, small grain cereal roots and red clover on soil structure, aggregation

and organic carbon levels reported for this trial [29,34,89,90], as they all contribute to the soil’s

ability to capture and conserve precipitation water [91,92].

Higher aggregate stability has been shown to improve soil permeability, aeration, infiltration

rates, and reduce runoff and penetration resistance [86,87,93–95]. More aggregated soil struc-

ture also fosters more extensive and deeper root systems [96,97] which may make additional

moisture available to the crop. Soils with high levels of organic matter also have higher water-

holding capacity, water infiltration rates and permeability [91,95,98,99]. Higher soil moisture

in turn may maintain cooler soil temperatures for a longer period after drought onset, decreas-

ing plant water losses. Consistent with organic matter accumulation and aggregate stability

profiles previously reported [29,34,89,90], significantly higher rotation benefits were observed

in hot and dry years for continuous corn grown as well as more diversified rotations compared

to CCSS under reduced tillage (Fig. 4A).
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Finally, reduced tillage and more complex rotations provide longer periods without distur-

bances and abundant living plant roots in the soil to host mycorrhizae or earthworms over a

greater duration of time within the crop rotation [86,100–102]. This may allow plants to use

water more efficiently [103–105].

Significance for future production environment in the northern Corn Belt

The yield instability and vulnerability of simple rotations observed in this study may be exacer-

bated in future years by a number of emerging trends. First, the expected trend towards warm-

er, drier summers and more variable precipitation patterns in the mid latitude regions [9] may

accentuate yield gaps in less diverse rotations. Secondly, predicted increases in yield potential

of corn and soybean could also increase crop water requirements [106], which may further ex-

acerbate the effects of shifts in precipitation. The greater sensitivity of both crops to drought

with increase in yields observed in the Midwest over the last decades [107] reinforce this argu-

ment. Finally, development of the bioeconomy may result in higher crop residue removal, with

potentially negative impacts on soil organic matter and thus soil water holding capacity and

other soil quality parameters. Short corn-soybean rotations and tillage are also being increas-

ingly reported as 1) less sustainable, 2) less productive and profitable and 3) riskier at the sys-

tem level than more diverse rotations when a longer time frame is considered [19,28,56,62–

64,90]. As a result of these trends, the value of diversifying rotations through introduction of

wheat and or forage legumes and adoption of reduced tillage systems could increase in the fu-

ture. Rotation complexity may provide a systems approach to help adapt agroecosystems to up-

coming changes in crop growing conditions while addressing the sustainability issues

associated with maintaining yields under increasingly challenging production environments.

Supporting Information

S1 Code. R scripts used for non-parametric analysis of crop yields.

(ZIP)

S1 Dataset. Complete yields and weather variable dataset used for analysis of the long-term

rotation and tillage trial.

(ZIP)

S1 Fig. Harvested areas of field crops grown in Ontario from 1980–2013.Harvested areas

(hectares) of major field crops are shown as % of total harvested area from 1981–2013 [27].

Surface area harvested in hay were not included for clarity.

(TIFF)

S2 Fig. Characterization of variation between growing seasons according to crop develop-

ment. (A-B) Soil volumetric water content during (A) corn and (B) soybean development. (C-

D) Biplot of principal component analysis of variation in weather variables during (C) corn

and (D) soybean development. Dry and hot (cluster D for corn, cluster A for soybean) and wet

and cool (cluster A,B for corn and D,F for soybean) years are shown. Corn and soybean devel-

opmental stages were estimated based on crop heat units and planting, flowering and harvest-

ing dates recorded from 1982–2012. Soil volumetric water contents for each year were modeled

in the Hydrus 1D environment. Field capacity and permanent wilting points were used to de-

termine the volumetric soil water content at 50% and 25% of available soil water (ASW). Ab-

breviations: SVWC = Soil Volumetric Water Content. Veg = Vegetative, Flow / Bloom =

Flowering/ Blooming, Gr. Fill/ Pod. Fill = Grain/ Pod filling, Mat = Maturation.

(TIF)
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S3 Fig. Clustering of 31 years of weather data according to corn developmental stages. (A)

Heatmap and dendogram of the aggregative structure of normalized data and (B) summary of

mean soil water content and temperatures for each cluster. Euclidian distances andWard link-

age functions were used for hierarchical clustering of aggregative data. Abbreviations: SVWC =

Soil Volumetric Water Content. Veg = Vegetative, Flow = Flowering, Gr. Fill = Grain filling,

Mat = Maturation.

(TIF)

S4 Fig. Clustering of 31 years of weather data according to soybean developmental stages.

(A) Heatmap and dendogram of the aggregative structure of normalized data and (B) summary

of mean soil water content and temperatures for each cluster. Euclidian distances and Ward

linkage functions were used for hierarchical clustering of aggregative data. Abbreviations:

SVWC = Soil Volumetric Water Content. Veg = Vegetative, Bloom = Blooming, Pod. Fill =

Pod filling, Mat = Maturation.

(TIF)

S5 Fig. Yield benefits of diversification under different weather scenarios. (A-B) Corn yields

compared to CCSS rotation (Δ yield) obtained for each cluster in (A) reduced tillage and (B)

tilled systems. (C-D) Soybean yields compared to CCSS rotation (Δ yield) obtained for each

cluster in (C) reduced tillage and (D) tilled systems. Crop abbreviation: C = corn, S = Soybean,

O = Oat, B = spring barley, W =Winter wheat, rc = underseeded red clover, A = Alfalfa. (�) sig-

nificantly different from CCSS yields at p = 0.05.

(TIF)

S1 Table. Estimated optimal number of components in Normal mixture model. The null

hypothesis for the EM-Test of model fit was that a two component Normal mixture model

does not provide a statistically significant improvement in fit compared to a Normal distribu-

tion. Akaike Information Criterion with small sample correction (AICC) and Bayesian Infor-

mation Criterion (BIC) were used to compare two components in the mixture model to three

(with the caveat they only recover the optimal number of components asymptotically). EM-

tests show that two components fitted better than one in all cases while two components pro-

vided a lower AICC and BIC in all cases; therefore, we estimated a two-component mixture for

all treatments. Crop abbreviations: C = Corn, S = Soybean, A = Alfalfa, W =Winter wheat, O =

Oat, B = Spring barley, rc = under seeded red clover.

(DOCX)

S2 Table. Parameters of the estimated yield distribution mixture models. (m) mean yields

in kg ha-1 and (s2Þ variance of the upper and lower components of the aggregated (all treat-

ments, n = 434) and treatment-conditional (n = 31) corn yield density distributions. Crop

abbreviations: C = Corn, S = Soybean, A = Alfalfa, W =Winter wheat, O = Oat, B = Spring

barley, rc = under seeded red clover.

(DOCX)

S3 Table. Estimated temporal pattern in mean and corn yield variance. F-statistic without

treatment fixed-effects indicates that including a time trend provides a statistically significant

improvement in fit over an intercept-only model while adding treatment effects did not; there-

fore, we use the parsimonious model without treatment effects (note the qualitative results

from the analysis in Table 2 do not change under different trend assumptions). The log-linear

regression of non-constant yield variance is based on the empirical heteroscedasticity coeffi-

cient procedure of [108] and fails to reject the null hypothesis of homoscedasticity. Therefore,

we did not include a correction for non-constant variance and the temporally adjusted (i.e.
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detrended) yields are re-centered to 2012 based on the estimated time trend.
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S4 Table. Probability of a high yield under alternative trend and density estimation as-

sumptions. Trend (1–3) and density (a-b) estimation methods: (1) linear without treatment ef-

fects; (2) linear trend estimation with treatment effects; (3) nonparametric local regression

trend; (a) mixture of two Normals; (b) nonparametric kernel density estimate

(DOCX)

S5 Table. Probability of downside potential under alternative trend and density estimation

assumptions. Trend (1–3) and density (a-b) estimation methods: (1) linear without treatment

effects; (2) linear trend estimation with treatment effects; (3) nonparametric local regression

trend; (a) mixture of two Normals; (b) nonparametric kernel density estimate.
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S6 Table. Probability of low yields under alternative trend and density estimation assump-

tions. Trend (1–3) and density (a-b) estimation methods: (1) linear without treatment effects;

(2) linear trend estimation with treatment effects; (3) nonparametric local regression trend; (a)

mixture of two Normals; (b) nonparametric kernel density estimate.

(DOCX)

S7 Table. Overall performance index under alternative trend and density estimation as-

sumptions. Trend (1–3) and density (a-b) estimation methods: (1) linear without treatment ef-

fects; (2) linear trend estimation with treatment effects; (3) nonparametric local regression

trend; (a) mixture of two Normals; (b) nonparametric kernel density estimate.
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