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Guidelines are needed to develop proper statistical analyses procedures and select appropriate models of covariance structures
in response to expected temporal variation in long-term experiments. Cumulative yield, its temporal variance, and coefficient of
variation were used in estimating and describing covariance structures in conventional and organic cropping systems of a long-
term field experiment in a randomized complete block design. An 8-year database on 16 treatments (conventional and organic
cropping systems, crop rotations, and tillage) was subjected to geostatistical, covariance structure, variance components, and
repeated measures multivariate analyses using six covariance models under restricted maximum likelihood. Differential buildup of
the cumulative effects due to crop rotations being repeated over time was demonstrated by decreasing structured and unstructured
variances and increasing range estimates in the geostatistical analyses. The magnitude and direction of relationships between
cumulative yield and its temporal variance, and coefficient of variation shaped the covariance structures of both cropping systems,
crop rotations, and phases within crop rotations and resulted in significant deviations of organic management practices from their
conventional counterparts. The unstructured covariance model was the best to fit most factor-variable combinations; it was the
most flexible, but most costly in terms of computation time and number of estimated parameters.

1. Introduction

Long-term experiments (LTEs) that include fixed and ran-
dom factors are valuable tools in understanding the effects
of spatiotemporal variation and in developing guidelines
for proper management practices [1, 2]. Moreover, LTEs
can delineate risks and stability of cropping practices due
to year-to-year variability in biotic and abiotic stresses [3].
A major advantage of an LTE over short-term experiment
is that it provides insight into the causes of the changes
in the slope of the responses, the causes of the inflection
points, and the magnitude of the long-term change in crop
yield and its variance, whereas a short-term experiment
focuses only on the initial trajectories of variables under
study [4]. In addition, there is more interest in examining
not only treatment main effects but also, more importantly,
the treatment × time interaction through which cumulative
effects of treatments can be quantified and contrasted [5].

Crop yield in LTEs with repeated measures involving
diverse cropping systems and crop rotations can be expressed

as a function of large-scale deterministic structure and small-
scale stochastic structure [6]. Such spatial structures can
be confounded by strong and recurring temporal variation
[7, 8] in which case farmers may not be able to fully and
sustainably manage spatial variation [7]. Statistical analysis
of LTEs is generally more complicated than that of short-
term experiments and requires the proper use of multivari-
ate statistical analyses procedures such as geostatistics [9],
variance components, and repeated measures analyses [10,
11]. The serial correlation among measurements taken on
the same plots in LTEs over many years can be accounted
for by employing restricted maximum likelihood (REML)
procedure [10–12]. In this case, repeated measures analysis
provides models which are more parsimonious than those
provided by other procedures such as Multivariate Analysis
of Variance (MANOVA). Another advantage of repeated
measures analysis is that it can accommodate several error
terms and can handle incomplete designs and missing values
[10].
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Management factors, including crop rotations, phases
within a crop rotation, and tillage and fertilizer applications,
influence crop yields and their temporal variances; their
effects are more pronounced under contrasting conventional
and organic cropping systems [4]. Therefore, it is necessary
to distinguish between the effects of management practices
and those of spatio-temporal variation [2, 9]. Moreover, it
is necessary to quantify the spatial variation in crop yield in
cropping systems and how this variability is structured, how
stable are the patterns of variability through time, and what
are the underlying factors causing these patterns? Differences
in management practices among cropping systems were
found to contribute differently to the goal of achieving yield
potential of conventional and organic cropping systems;
additionally, cropping systems were found to influence the
temporal variation and stability of crop yield [8, 13]. The
objective of this study was to quantify covariance structures
in conventional and organic cropping systems in a long-
term experiment based on cumulative yield and its temporal
variance and coefficient of variation in the presence of spatio-
temporal variation.

2. Materials and Methods

2.1. Field Experiment. In a long-term split-plot experiment
with four replicates in a randomized complete block design
and comprising 16 treatments (Trt), that is, combinations of
conventional and organic cropping systems, 2-year (corn-
soybean) and 4-year (corn-soybean-wheat-alfalfa) crop rota-
tions; all phases (Phase) of each crop rotation (i.e., corn-
soybean, CS and soybean-corn, SC in 2-year crop rota-
tions; alfalfa-corn-soybean-wheat, ACSW, corn-soybean-
wheat-alfalfa, CSWA, soybean-wheat-alfalfa-corn, SWAC,
and wheat-alfalfa-corn-soybean, WACS in 4-year crop rota-
tions) were used in each of 8 years. In addition, conventional
(CT) and strip tillage (ST); and fertility with nitrogen “+N”
and without nitrogen “−N” fertilizer were used to estimate
treatment effect on three secondary dependent variables
derived from annual yield measurements. The dependent
variables were cumulative yield, temporal yield variance,
and CV% estimated for each factor during eight years in
the presence of spatial and temporal variation. The first
and second four years of the experiment comprised Cycle
1 and Cycle 2 of the crop rotations, respectively. Detailed
information about the experiment is available elsewhere [13].

2.2. Data Collection. The procedures followed for data col-
lection were reported earlier [8, 13] and will be presented
briefly herein. Grain yield of corn, soybean, and wheat and
dry matter produced by alfalfa were expressed in Mg ha−1.
Cumulative yield, yield variance, and coefficient of variation
were estimated for each cropping system, crop rotation, and
phase within crop rotation, over eight years, and used in
subsequent geostatistical andmultivariate statistical analyses.

2.3. Statistical Analyses. Descriptive statistics of cumulative
yield, temporal yield variance, and CV% (i.e., least square
means and minimum and maximum values) were calcu-
lated for each treatment “Trt” and phase within treatment

“Phase(Trt).” These variables were used in (1) geostatistical
analyses for the whole LTE and for each cycle separately and
in developing two-dimensional map of spatial variation for
each variable following interpolation using ordinary kriging
[9, 14], (2) covariance data matrices based on cumulative
yield, temporal variance, and coefficient of variation for each
of two cycles in each cropping system which were used in
extracting the first two factors in a principal components
analysis and in testing the relationships between cropping
systems, crop rotations, and phases within crop rotations
among cropping systems. Matrix correlation statistics were
calculated using Mantel test as performed by NTSYSpc
[15] and verified by structural equation modelling [16, 17].
Statistical tests were then applied to determine whether the
covariance structures implied by the structural equation
models adequately fit the actual covariance structures of
the data matrices based on a discrepancy function after
performing 1000 permutations for each one of the matrix
pairs; a nonsignificant (𝑃 > 0.05) test result was considered
as an adequate model fit, (3) variance components analysis
using treatments as a fixed factor and Phase(Trt) as a random
factor, where the variance components estimates associated
with the random effects are independent of the fixed effects
while at the same time taking into account their estimates,
and (4) repeated measures multivariate analyses using first-
(AR1) and second-order (AR2) autoregressive, first- (ANT1)
and second-order (ANT2) antedependence, split-plot in time
(SPT), and unstructured (UNS) covariance models under
REML to approximate the relationship between observed
values and errors associatedwith experimental units [10].The
choice of the most appropriate covariance structure for each
variable was based on the largest Wald statistic value, and
smallest deviance value, estimated as −2∗ log likelihood, after
fitting with various within-subject covariancemodels [10, 18].
The Wald statistic has asymptotically a chi-squared distri-
bution with one degree of freedom, provides an alternative
test procedure to the likelihood ratio test, and, when divided
by the degrees of freedom of its associated treatment sums
of squares, is the F-statistic [10, 11]. Statistical analyses were
performed using relevantmodules inGenStat, version 10 [10],
NTSYSpc [15] and STATISTICA, version 10. [17].

3. Results

Cumulative yield, considered as a function of large-scale
deterministic structure and small-scale stochastic structure,
varied among cropping systems, among treatments, and
among phases of a crop rotation within treatments. Treat-
ments within the conventional cropping system resulted in
significantly larger cumulative yield and were associated with
larger temporal yield variance and smaller CV% than those
within the organic cropping system (Table 1). Minimum and
maximum values for all variables, except minimum CV%,
followed the same trend. The range (maximum-minimum)
in treatment cumulative yield for the conventional cropping
system (7.9) and the organic cropping system (7.8Mgha−1)
were almost similar in magnitude. However, the range
in treatment temporal yield variance for the conventional
cropping system (3.45) was much larger than the respective
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Table 1: Least squares means, minimum (Min) and maximum (Max) cumulative yield, CumY, (Mg ha−1), temporal yield variance, TYV,
(Mg ha−1)2 and coefficient of variation, CV% for treatments, Trt, and Phase within treatments, Phase(Trt), in conventional (CNV) and organic
(ORG) cropping systems of a long-term experiment.

System Effect Var Mean Min Trt/Phase(Trt) Max Trt/Phase(Trt)

CNV

Trt CumY 38.8a† 32.4 4 Yr ST−N 46.7 2 Yr CT+N
Phase(Trt) 28.1 SC (2 Yr ST−N) 53.8 WACS (4Yr CT+N)

Trt TYV 7.65a 5.1 2 Yr ST−N 11.1 2 Yr CT−N
Phase(Trt) 4.5 CSWA (4Yr CT−N) 11.7 SC (2 Yr CT+N)

Trt CV% 56.9b 50.1 4 Yr CT+N 60.0 2 Yr CT−N
Phase(Trt) 45.5 ACSW (4Yr CT+N) 69.1 SC (2 Yr CT−N)

ORG

Trt CumY 26.5b 18.5 2 Yr ST−N 34.3 4 Yr CT+N
Phase(Trt) 18.9 SC (2 Yr CT−N) 35.9 WACS (4Yr CT+N)

Trt TYV 4.8b 3.6 2 Yr CT−N 6.1 4 Yr ST+N
Phase(Trt) 3.0 SC (2 Yr CT−N) 8.4 ACSW (4Yr CT+N)

Trt CV% 67.2a 53.4 4 Yr CT+N 84.5 2 Yr CT−N
Phase(Trt) 43.6 SWAC (4Yr CT+N) 95.4 SC (2 Yr ST−N)

†Means, within variables, followed by the same letter do not differ significantly (DMRT, P < 0.05).

Table 2: Summary of model statistics for cumulative yield, CumY, temporal yield variance, TYV, and coefficient of variation, CV, for a long-
term experiment in each of the two cycles of a long-term experiment (LTE).

Variable cycle Model Nugget variance Structural variance Range (m) 𝑐/[𝑐
0

+ 𝑐] 𝑅
2

CumY Spherical
LTE 6.5–34.3 9.2–95.9 9.9–66.4 0.89–0.64 0.35–0.90
Cycle 1 15.2 31.6 67.4 0.52 0.86
Cycle 2 12.1 24.9 68.4 0.51 0.89

TYV Exponential
LTE 3.1–0.83 29.3–7.8 5.4–16.2 0.89–0.25 0.25–0.57
Cycle 1 6.1 18.9 8.7 0.89 0.23
Cycle 2 2.5 13.2 46.5 0.51 0.56

CV% Exponential
LTE 37.5–33.8 655.0–196.0 3.6–12.6 0.83–0.91 0.23–0.49
Cycle 1 40.1 302.6 2.3 0.86 0.36
Cycle 2 20.2 138.1 8.4 0.82 0.52

range for the organic cropping system (1.3), whereas the
respective values for CV% were 3.1 and 17.3%. The ST-
N and CT+N treatment combinations, regardless of crop
rotation, produced minimum cumulative yield and temporal
yield variance, respectively; the first was associated with the
SC phase of 2-year crop rotation whereas, the second was
independent of the 4-year crop rotation phases. The CT+N
treatment combination, regardless of cropping systemor crop
rotation, producedmaximumcumulative yieldwhichwas not
always associated with maximum temporal yield variance or
CV%; however, different treatment combinations among the
conventional and the organic cropping systems resulted in
maximum temporal yield variance and CV%. Notably, the SC
andWACS crop rotation phases achievedmaximumvalues in
all variables.

3.1. Geostatistical Analyses. At the whole LTE level, a spher-
ical model provided the best fit for cumulative yield with
𝑅
2 values increasing over time (from 0.35 to 0.90), whereas,

exponential models provided the best fit for temporal yield
variance (𝑅2 from 0.25 to 0.57) and CV% (𝑅2 from 0.23 to
0.49). This relatively improved model fit for cumulative yield
was associated with increasing values of model parameters,
except the proportion of sample variance that is explained
by the spatially structured variance (i.e., 𝑐/[𝑐

0

+ 𝑐]) which
decreased over time from0.89 to 0.64 (Table 2).The exponen-
tial model parameters for temporal yield variance and CV%
displayed similar decrease (i.e., the nugget which is spatially
unstructured variance and the structured variance), increase
(i.e., range, m), and opposite (𝑐/[𝑐

0

+𝑐]) trends over time.The
exponential model fit ranged from 0.25 to 0.57 and from 0.23
to 0.49, for temporal yield variance and CV%, respectively.

Model parameters for cumulative yield in Cycle 1 and
Cycle 2 were comparable; both temporal yield variance and
CV% were fitted with exponential models, however, with
smaller 𝑅2 values for temporal yield variance in Cycle 1 (0.23)
than in Cycle 2 (0.56). The respective 𝑅2 values for CV%
were 0.36 and 0.52 (Table 2). These changes in model fit
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Table 3: Basic statistics for total yield, temporal variance, and
coefficient of variation in each of the two cycles averaged over con-
ventional and organic cropping systems in a long-term experiment.

Variable Mean Confidence Minimum Maximum CV%
−95% 95%

CumY, Mg ha−1 32.8 31.4 34.2 11.9 57.6 29.0
Cycle 1 18.8 18.0 19.6 6.6 32.9 29.4
Cycle 2 14.0 13.3 14.7 3.5 28.5 34.9

TYV (Mgha−1)2 6.3 5.9 6.7 1.7 14.8 44.9
Cycle 1 8.4 7.8 9.0 1.2 23.8 52.1
Cycle 2 4.9 4.3 5.4 0.22 19.2 74.3

CV% 61.8 59.8 63.8 37.7 111.9 22.4
Cycle 1 62.1 59.7 64.5 27.7 111.4 27.6
Cycle 2 59.4 57.7 61.0 34.7 93.9 19.5

were manifested over time by ∼50% decrease in unstructured
variance in both temporal yield variance and CV%, by
30 and 55% decrease in structured variance in temporal
yield variance and CV%, respectively, and by 43% decrease
in the proportion of sample variance that is explained by
the spatially structured variance in temporal yield variance.
These temporal changeswere also accompanied by a 5.34-fold
increase in the model range for temporal yield variance and
3.65-fold increase in the model range of CV%. Differences in
most model parameters between both cycles, in addition to
model fit (i.e., 𝑅2), were larger in temporal yield variance and
CV% than those observed in cumulative yield.

Basic statistics for all three variables and for each cycle
are presented in Table 3, which provided quantitative infor-
mation and assessment of cumulative yield, temporal yield
variance, and CV%.The data indicated that there were major
differences between both Cycles except for CV%, where data
were generally comparable. The ±95% confidence intervals
of the mean were numerically closer to the maximum rather
than minimum values of each variable; however, there were
a few exceptions, where the distribution is either positively
or negatively skewed (data not presented). Basic statistics
of cumulative yield suggested the presence of considerable
variation (11.9 to 57.6Mg ha−1) that may or may not have
been associated with the same level of variation in temporal
yield variance [2.0–13.5 (Mgha−1)2] or CV% (34.7%–111.4%).
There were 22 statistically significant bivariate correlation
coefficients out of the maximum 48 between cumulative
yield, temporal yield variance, and CV% (Table 4). A mini-
mum of two and a maximum of four significant correlation
coefficients were found for each treatment across cropping
systems and variables. Ten and 12 of these correlation coeffi-
cients were associated with the conventional cropping system
and the organic cropping system, respectively; 12 and 10
with CT and ST, respectively, 12 and 10 with +N and –N,
respectively, and 9 and 13 with 2-year and 4-year rotations,
respectively. Eight positive correlation coefficients (𝑟 > 0.71)
were found between cumulative yield and temporal yield
variance mostly in 4-year rotations in both cropping systems
regardless of tillage or fertilizer treatments. There were fewer
significant correlations between cumulative yield and its

Table 4: Significant (P < 0.05) correlation coefficients between
cumulative yield, CumY, temporal yield variance, TYV, and coeffi-
cient of variation, CV%, for 16 treatment combinations in conven-
tional (CNV) and organic (ORG) cropping systems of a long-term
experiment.

Treatment CumY-TYV CumY-CV% TYV-CV%
System CNV ORG CNV ORG CNV ORG
2Yr CT+N −0.92 0.80
2 Yr CT−N 0.80 0.74
2 Yr ST+N −0.82 0.83 0.91
2 Yr ST−N 0.71 −0.79

4Yr CT+N 0.95 0.90 0.76 0.94
4Yr CT−N 0.85 0.70 0.64 0.72
4 Yr ST+N 0.71 0.56 0.88
4 Yr ST−N 0.83 0.85

CV%, three of which were negative and associated with the
2-year rotations, whereas the largest number of significant
correlation coefficients was between temporal yield variance
and CV% across several treatment combinations and in both
cropping systems.

3.2. Covariance Structures. When the whole LTE was consid-
ered, the first and second factors in the principal components
analyses accounted for 62.9% and 36.3% of total variation
(Table 5). The respective values for the conventional system
were 60.1% and 39.4%, and for the organic system were 52.2
and 47.1%. Factor 1 in the whole LTE and in both cropping
system was dominated by positive loadings of all variables
except CV1. Factor 2 displayed an almost mirror image of
Factor 1 with positive loadings of TYV and CV% for the LTE
while in the conventional system it had negative loadings of
TYV and CV%, and in the organic system it had positive
loadings of all variables.The supplementary variables in LTE,
conventional and organic systems, followed the same trend in
loading on Factor 1 and Factor 2, but with relatively smaller
values. The communality values, which is the proportion
of variance that each variable has in common with other
variables, were large for TY, TYV, and CV, on the basis
of their statistical relationships, whereas, they were smaller
and comparable in values among Cycle 1 and Cycle 2 for
each supplementary variable, however, with a few exceptions.
These include a large difference between communalities of
TYV in Cycle 1 (0.68) and Cycle 2 (0.37), and for CV% in
Cycle 1 where it had a larger common variance in LTY (0.79)
and conventional (0.83) and organic systems (0.77) than the
respective values of 0.37, 0.04, and 0.20 in Cycle 2.

Conventional and organic cropping systems pairwise
dissimilarity (i.e., covariance) matrix correlation statistics
(Table 6) indicated that matrix sums of squares differed
substantially in magnitude between the conventional and
organic cropping systems formost pairwise comparisons.The
𝑟-values ranged fromnegative (−0.31 forWACSphase) to pos-
itive (0.96 for CSWA phase), with ∼50% of these values larger
than 0.50 and 30% of which were found between tillage-
fertility treatments of conventional and organic cropping
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Table 5: Basic statistics of principal components analyses using three main variables (TY, TYV, and CV%) and six supplementary variables
representing Cycle 1 and Cycle 2 of each variable in a long-term field experiment and in each of the conventional and organic cropping
systems.

Variable

Long-term experiment Conventional system Organic system
Factor 1 Factor 2 Factor 1 Factor 2 Factor 1 Factor 2
62.9% 36.3% Comm. 60.1 39.4 Comm. 52.2 47.1 Comm.

Loadings Loadings Loadings
TY (Mgha−1) −0.99 −0.02 0.98 0.99 0.11 0.99 0.69 0.71 0.99
TYV (Mgha−1) 2 −0.76 0.64 0.99 0.82 −0.56 0.99 −0.35 0.93 0.99
CV% 0.57 0.81 0.99 −0.39 −0.92 0.99 −0.98 0.18 0.99

TY-Cycle 1 −0.91 −0.04 0.83 0.88 0.19 0.81 0.57 0.58 0.65
TY-Cycle 2 −0.90 0.002 0.82 0.87 0.003 0.75 0.57 0.60 0.69
TYV-Cycle 1 −0.55 0.70 0.80 0.61 −0.71 0.88 −0.42 0.71 0.68
TYV-Cycle 2 −0.76 0.21 0.62 0.86 −0.04 0.74 0.12 0.60 0.37
CV%-Cycle 1 0.42 0.79 0.79 −0.23 −0.88 0.83 −0.85 0.22 0.77
CV%-Cycle 2 0.15 0.37 0.16 0.15 −0.14 0.04 −0.41 0.17 0.20

Comm.: communality.

Table 6: Conventional (CNV) and organic (ORG) cropping systems pairwise dissimilarity (covariance) matrix correlation statistics based
on whole systems, crop rotations, tillage-fertility treatments within 2-year and 4-year crop rotations, and phases within 2-year and 4-year
crop rotations. Covariance matrices were derived from cumulative yield, temporal yield variance, and coefficient of variation of two rotation
cycles in a long-term field experiment.

Factor Comparison MSS
𝑟-value 𝑡-value P (random 𝑧 ≥ observed 𝑧) P (random 𝑧 ≥ observed 𝑧)

CNV ORG 103 permutations
Systems 3090 6070 0.43 1.60 0.06 0.035

Rotations 2-year 16196 6423 0.19 0.71 0.24 0.207
4-year 935 6830 0.53 1.97 0.03 0.028

Tillage-fertility

2-year rotation

CTNF 32275 5192 0.68 2.67 0.01 0.003
CTYF 42788 4659 0.79 2.93 0.01 0.013
STNF 3673 32110 −0.04 −0.13 0.56 0.768
STYF 12443 5964 0.93 3.27 0.01 0.006

4-year rotation

CTNF 937 816 0.65 2.42 0.01 0.002
CTYF 2031 2824 0.52 2.16 0.02 0.002
STNF 1859 11938 0.04 0.16 0.44 0.367
STYF 411 9257 0.51 0.93 0.03 0.046

Phase (rotation)

2-year rotation CSCS 784 8847 0.27 0.85 0.16 0.153
SCSC 950 3265 0.71 2.64 0.01 0.001

4-year rotation

ACSW 3025 8415 0.08 0.32 0.38 0.345
CSWA 2040 5293 0.96 3.47 0.01 0.001
SWAC 704 3003 0.33 1.18 0.12 0.087
WACS 501 6623 −0.31 −1.17 0.88 0.825

systems. The probability of the normalized Mantel 𝑧 statistic
being equal to, or smaller than the observed 𝑧, ranged from
0.12 to 0.99, whereas the value of the same statistic based on
1000 permutations ranged from 0.175 to 0.999. According on
these statistics, about 50%of the pairwisematrix comparisons
were highly significant suggesting that substantial differences
existed between their pairwise covariance structures.

3.3. VarianceComponents. Results of theREML-basedmixed
model analyses indicated that differences between treatments

in cumulative yield, temporal yield variance, and CV%, as a
fixed factor, were highly significant (Table 7). The 𝐹-values
suggest that variation between treatments in cumulative yield
was much larger than the variation within treatments (i.e.,
error variance) as compared to those for temporal yield
variance andCV%.Also, differences between phases of a crop
rotation within treatments, as a random factor, were highly
significant and accounted for 59.8%, 50.1% and 79.6% of total
variances in cumulative yield, temporal yield variance, and
CV%, respectively.
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Table 7: Results of the analyses of variance and variance compo-
nents analyses for CumY, TYV, and CV in LTE with treatments
(Trt) and phase within treatments, Phase(Trt), as fixed and random
factors, respectively.

Source of
variation Variable 𝐹-value 𝑃 𝑧-value 𝑃 % variance

Fixed factor Random factor

Trt
CumY 12.8 0.001
TYV 3.4 0.002
CV% 2.5 0.001

Phase(Trt)
CumY 3.4 0.003 59.8
TYV 3.2 0.007 50.1
CV% 3.8 0.001 79.6

3.4. RepeatedMeasures Analyses. A summary of the extensive
repeatedmeasures analyses, which accounted for serial corre-
lations among observations taken on the same plot over time,
is presented in Table 8.Thesemodels were the best covariance
models that fit the data; theywere selected on the basis of their
smallest deviance and largest Wald statistic. Three models
(ANT1, AR1, and UNS, in increasing order of importance)
were the best models selected from the initial 72 output
models based on combinations of 2 systems × 2 factors × 3
variables × 6 covariance models. The ANT1 model was the
best to fit cumulative yield for the Time × Phase(Trt) in the
conventional cropping system, the AR1 model was the best to
fit cumulative yield for Time × Trt in both the conventional
cropping system and the organic cropping system, and the
UNS model was the best to fit the remaining eight factor-
variable combinations.

4. Discussion

The diversity-productivity-stability relationship is gaining
importance in agricultural research and crop production [1].
Often, the lack of temporal stability of the spatial structure
in field experiments may indicate that the factors controlling
crop yield are dynamic [19]. Therefore, an LTE is necessary
to allow both mechanisms and temporal dynamics to be
identified and quantified [4].The current analysis, which was
focused at the time × treatment interaction, highlighted the
importance of indirect effects not apparent in the short term,
as well as responses in cumulative yield and its temporal
variance and coefficient of variation that may change over
the long term. The least squares means and associated
statistics (Table 1) are reliable indicators of temporal variance
as influenced by fixed and random factors in the experi-
ment. In addition, the results point to the consistency of
performance of the organic cropping system in relation to the
conventional system whether at the minimum (67%), mean
(68%), or maximum (67%) yield levels. Differences between
cropping systems and between treatments are in agreement
with earlier findings [8], whereas differences between phases
within treatments emphasize the significance ofmultiple crop
effects on all variables in this study. Similar conclusions can
be derived from comparative assessments of temporal yield
variance and CV%.

4.1. Geostatistical Analyses. The comprehensive geostatistical
and covariance analyses of the current LTE prevented ran-
dom factors (Table 2) from interfering with the desired infer-
ences on the fixed factors [5]. Experimental error variances
were reduced substantially due to the presence of all phases
of each crop rotation every year over the duration of the
experiment [8, 12], and all crops within each crop rotation
were exposed to the same environmental fluctuations. The
assumption that not only yield (and cumulative yield) but
also its temporal variance and coefficient of variation are
considered random variables that are functions of large-scale
deterministic structure and small-scale stochastic structure
[7] was validated in this study (Table 2). Interactions of time×
treatments varied with the age of the LTE [5] as deduced from
geostatistical model parameters for the whole LTE and for
both cycles (Table 2) and from the magnitude of correlation
coefficients between the variables under study (Table 4). Total
variance of crop response in LTEs, with crop rotations in their
design, can be separated into spatial (representing between-
plots) and temporal (representingwithin-plots) variances [7].
Spatial variance provided information on themain effects and
interactions of experimental factors, and temporal variance
provided information on changes in the magnitude of the
effect of their interactions with time. Obviously, there was
differential build up of the cumulative effects as the crop
rotations were repeated over time (Cycle 1 versus Cycle
2; Table 2) as quantified by the decreasing structured and
unstructured variances and increasing range estimates in the
geostatistical analyses, especially for temporal yield variance
and CV% [7, 20].

Patterns of nonsignificant correlation coefficients bet-
ween pairs of cumulative yield, temporal yield variance, and
CV%(∼50%of all pairwise correlations; Table 4) as compared
with loadings and amount of variation explained in the prin-
cipal components analyses (Table 5) suggest that treatments
within the 2-year crop rotation may have shaped the rela-
tionships between cumulative yield (TY) and temporal yield
variance (TYV) in both cropping systems. A similar conc-
lusion can be based on the non-significant pairwise correla-
tion coefficients between cumulative yield and CV% in both
cropping systems, with treatments within 2-year crop rota-
tions having more influence on shaping the relationship
betweenTY andCV% in the organic cropping system;where-
as the same effect can be attributed to treatments within 4-
year crop rotation in the conventional cropping system.

4.2. Covariance Structures. Covariance structures based on
principal components (Factors in Table 5) and matrix cor-
relation (Table 4) analyses are indicators of the power of
each variable (i.e., cumulative yield, temporal yield variance,
and CV% in both cycles) in shaping the covariance matrix
and in determining the magnitude of its deviation from
its pair within cropping systems or within crop rotations.
Based on PCA of these variable (and their association
with supplementary variables) on Factor 1 (which explained
more variance than Factor 2 in both conventional and
organic systems, Table 5), it can be concluded that these
cropping systems differed substantially in the structure of
their covariances (Table 6) and consequently in the structure
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Table 8: Best covariance model based on the smallest deviance and the largest Wald statistic (𝑃 < 0.05) in repeated measures analyses of
cumulative yield, CumY, temporal yield variance, TYV, and coefficient of variation, CV, to test for Time ×Treatments (Time ×Trt) interaction
and Time × Phase within Treatments interaction (Time × Phase(Trt)) in conventional (CNV) and organic (ORG) cropping systems of a long-
term experiment.

System Factor Model
Variables

CumY TYV CV%
The largest Wald statistic; 𝑃 < 0.05

Conventional
Time × Trt AR1 496.5

UNS 74.6

Time × Phase(Trt) ANT1 4756.0
UNS 1432.0 7395.0

Organic
Time × Trt AR1 611.0

UNS 135.0 197.0
Time × Phase(Trt) UNS 1730.0 780.0 795.0

of their principal components. The covariance matrices of
these cropping systems, quantified by their respective sums of
squares (Table 6), were independent of each other (𝑟 = −0.12,
𝑃 > 0.05) and the difference between their covariances was
associated positively (𝑟 = 0.89, 𝑃 < 0.05) and negatively (𝑟 =
−0.56, 𝑃 < 0.05) with the covariance matrix of conventional
and organic cropping systems, respectively. Additionally, the
level of significance, with and without permutations, was
significantly correlated with covariance matrix of the organic
system (𝑟 = 0.67, 𝑃 < 0.05; 𝑟 = 0.52, 𝑃 < 0.05, resp.)
but not with the conventional cropping system. Organic
management practices over the duration of the experiment
mayhave altered themagnitude anddirection of relationships
between measured variables and resulted in significant devi-
ations from the conventional cropping system.

4.3. Variance Components Analyses. The estimates of vari-
ance components (Table 7) are in general agreement with the
large differences between minimum and maximum values
derived from the least mean squares analyses (Table 1), while
the variation between phases within treatments accounted
for >50% of variation in cumulative yield, temporal yield
variance, and CV%. Estimates of variance components can
be used to in the design of future long-term experiments
[5, 11]; they provide the basis for estimating the optimum
number of replications and samples and may identify which
variables to monitor and statistically analyze. Based on 𝑃
values (Table 7), it is obvious that all three variables (CV%,
cumulative yield, and temporal yield variance) contributed,
in decreasing order, to the precision with which the analyses
were performed [13].

4.4. Repeated Measures Analyses. Three covariance models
were selected, on the basis of the deviance andWald statistics
[9] to fit factor-treatment combinations in the experiment
(Table 8). The ANT1 covariance model is considered as
a generalization of the multivariate analysis of variance
that accommodates the types of covariance structures that
typically occur with repeated measurements. According to
ANT1 characteristics, variances in cumulative yield for the
Time × Phase(Trt) in the conventional cropping system at
different times are assumed unequal [11, 18]. The AR1 model

was the best fit for cumulative yield based on Time × Trt in
the conventional cropping system and the organic cropping
system; therefore, it is assumed that all variances are equal,
and presumably, this is due to the absence of Phase(Trt)
effects. Finally, the UNS covariance model was the most
flexible and was the best to fit temporal yield variance and
CV% of most factor-variable combinations, but it was the
most costly in terms of the number of estimated parameters
[11, 12, 21]. Therefore, it is assumed that variances and
covariances are considered arbitrary; the model allows for
unequal variances and unequal covariances among the data.
The UNS model was the best fit for temporal yield variance
andCV%of both cropping system and of the cumulative yield
for Time × Phase(Trt) in the organic cropping system.

5. Conclusions

A long-term experiment provided an opportunity to explore
the effect of 16 combinations of management practices on
the consistency of the spatial and temporal structures of
cumulative crop yield and its temporal variance and coef-
ficient of variation in conventional, and organic cropping
systems. Geostatistical, covariance and variance components
analyses resulted in mapping spatial variation, partition-
ing total variation into its components, and in selecting
appropriate covariance models to describe the correlation
between random effects in the experiment using restricted
maximum likelihood in conjunction with repeatedmeasures.
Differential build up of cumulative treatment effects was
observed as the crop rotations were repeated over time. The
unstructured covariance model, with the smallest deviance
and largest Wald statistic, was the best to fit most factor-
variable combinations; it was the most flexible, but most
costly in terms of computation time and the number of
estimated parameters.

Abbreviations

2-year: Two-year crop rotation
4-year: Four-year crop rotation
ACSW: Alfalfa-corn-soybean-wheat
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ANT1 and 2: First- and second-order antedependence
covariance model, respectively

AR1 and 2: First - and second-order autoregressive
covariance model, respectively

CNV: Conventional cropping system
CS: Corn-soybean
CSWA: Corn-soybean-wheat-alfalfa
CT: Conventional tillage
CV%: Coefficient of variation
CumY: Cumulative yield over time
Cycle 1, 2: First- and second-cycle of 2-year or 4-year

rotation, respectively
DMRT: Duncan multiple range test
LTE: Long-term experiment
MANOVA: Multivariate analysis of variance
MSS: Matrix sums of squares
+N: With nitrogen fertilizer
−N: No nitrogen fertilizer
ORG: Organic cropping system
Phase(Trt): Phase of a crop rotation within a

treatment combination
REML: Restricted error maximum likelihood
RM: Repeated measurements
SC: Soy-corn
SPT: Split-plot in-time covariance model
ST: Strip tillage
SWAC: Soybean-wheat-alfalfa-corn
Trt.: Treatment
TYV.: Temporal yield variance
UNS: Unstructured covariance model
WACS: Wheat-alfalfa-corn-soybean.
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[12] H. P. Piepho, A. Büchse, and C. Richter, “A mixed modelling
approach for randomized experimentswith repeatedmeasures,”
Journal of Agronomy and Crop Science, vol. 190, no. 4, pp. 230–
247, 2004.

[13] A. A. Jaradat, “Dynamics of mean-variance-skewness of cumu-
lative crop yield impact temporal yield variance,” International
Journal of Agronomy, vol. 2011, Article ID 426582, 9 pages, 2011.

[14] GS+,Geostatistics for the Environmental Sciences, V 7. 0, Gamma
Design Software, LLC, East Lansing, Mich, USA, 2007.

[15] F. J. Rohlf, NTSYSpc: Numerical Taxonomy System, ver. 2. 21c.
Exeter Software, Setauket, NY, USA, 2009.

[16] J. B. Grace, T. Michael Anderson, O. Han, and S. M. Scheiner,
“On the specification of structural equation models for ecolog-
ical systems,” Ecological Monographs, vol. 80, no. 1, pp. 67–87,
2010.

[17] StatSoft, Inc, “STATISTICA, ” (data analysis software systems)
version 10,” 2012, http://www.statsoft.com.

[18] R.Webster and R.W. Payne, “Analysing repeatedmeasurements
in soil monitoring and experimentation,” European Journal of
Soil Science, vol. 53, no. 1, pp. 1–13, 2002.

[19] S. Blackmore, R. J. Godwin, and S. Fountas, “The analysis of spa-
tial and temporal trends in yieldmapdata over six years,”Biosys-
tems Engineering, vol. 84, no. 4, pp. 455–466, 2003.

[20] Q. Ma, Y. L.Wang, H. Zhou, Y. G. Xu, C. M. Jiang, andW. T. Yu,
“Corn yield and yield stability under varying nutrient manage-
ment, crop rotation, and rainfall,” International Journal of Plant
Production, vol. 6, no. 1, pp. 73–92, 2012.

[21] R. Van Der Leeden, “Multilevel analysis of repeated measures
data,” Quality and Quantity, vol. 32, no. 1, pp. 15–29, 1998.



Submit your manuscripts at
http://www.hindawi.com

Nutrition and  
Metabolism

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Food Science
International Journal of

Agronomy

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Microbiology

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Applied &
Environmental
Soil Science

Volume 2014

Agriculture
Advances in

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Psyche
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Biodiversity
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Scientifica
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Genomics
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Plant Genomics
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Biotechnology 
Research International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Forestry Research
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of Botany
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Ecology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Veterinary Medicine 
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Cell Biology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Evolutionary Biology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014


