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Introduction and Literary Review

In recent decades the interest shown in long-term experiments has increased
world-wide, since suitable indicators of production sustainability (yield trends,
parameters characteristic of the quality of the ecosystem), capable of serving as
an early warning system, can only be obtained in such experiments (LEIGH &
JOHNSTON, 1994; DEBRECZENI & DEBRECZENI, 1994).

Crop sequences represent a systems approach in crop production research,
enabling the available natural resources to be preserved and more efficiently
utilized. In crop rotation experiments a monoculture is generally compared to
various crop sequences. The fact that in most cases the yields of the cultivated
crops increase in crop rotation, as compared with a monoculture under identical
conditions, is explained by the rotation effect. This rotation effect has been
demonstrated irrespective of whether the crop rotation contains legumes or non-
leguminous plants. Numerous factors contribute to the rotation effect
(GYORFFY, 1975). The major factors inducing typical yield differences are well
known, but the importance of the various factors may be substantially modified
by the experimental conditions.

When comparing monocultures with crop sequences, studies are generally
made not only on yields, but also on their effect on soil fertility, pH, N require-
ments, soil organic matter, soil tilth, rainfall utilization, pest, disease and weed
control, the efficiency of plant protection, and soil erosion. The direct, residual
and cumulative effects of a rotation system on soil fertility are often expressed
in terms of cycles.

The analysis of crop rotation data is generally more complicated (due to
yearly replications, cycles and crop orders, and correlational errors) than that of
1-year experiments. The evaluation of several decades of data series requires a
specific order of data processing and biometric analysis (annual and combined
analysis of variance, trend calculations, simulation models). A detailed discus-
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sion of the special problems encountered during the biometrical analysis of crop
rotation experiments was given by YATES (1954). Further valuable details are
found in the papers of PATTERSON (1953) and CADY (1991).

The first step in the biometrical analysis of long-term crop rotation data is
annual variance analysis. The aim of this preliminary analysis is to determine
whether all the experimental years can be included in a single combined analy-
sis, or whether it is necessary either to transform the data or to divide the
experimental years into more or less homogeneous groups. If the variances are
homogeneous on the basis of the Bartlett test, combined analysis can be carried
out using the data of the various experimental years. Emphasis continues to be
put on the examination of the treatment x year interaction and the analysis can
be extended to cycles and series (CADY & MASON, 1964).

The significant treatment x environment interactions observed in variance
analysis are difficult to interpret using traditional variance analysis due to the
complexity of the factors influencing the environment. The significant treat-
ment X environment interactions observed in the variance analysis models of
long-term experiments can be interpreted simply using stability analysis.

The measurement of yield stability over time involves at least three compo-
nents: (1) the correlation of yield with the local environment, (2) the mean yield
level and (3) the variability of the yield (MEAD et al., 1986). The most impor-
tant variance parameters are the mean square deviation (s2), the coefficient of
variation (CV%), the ecovalence parameter (W2) described by WRICKE (1962)
and the stability variance parameter (0?) elaborated by SHUKLA (1972). The two
latter parameters measure the contribution of the treatment to the treatment x
environment interaction (CALLOWAY & FRANCIS, 1993). Recently KANG
(1993) combined yield and stability in a single selection criterion, yield stabil-
ity (YS).

The most frequently applied stability indices are based on the regression
model. In this case the stability index is the slope of the linear function (b). The
use of regression to estimate the yield stability of genotypes in different envi-
ronments was first suggested by YATES & COCHRAN (1938), followed later by
FINLAY & WILKINSON (1963) and EBERHART & RUSSELL (1966). When apply-
ing this method the environmental index, which usually consists of the yield
average calculated for each genotype in each environment, is compared to the
yields of the various genotypes tested.

A stable system can be defined as that which changes least as the result of
environmental factors. EBERHART & RUSSELL (1966) characteristed a stable
genotype as one which had a linear regression coefficient of 1, while its devia-
tion from the regression function was 0. FINLAY & WILKINSON (1963) pro-
posed that a regression coefficient value of b<1.0 should indicate better adap-
tation to poorer environments, while genotypes with a value of b>1.0 could
best be grown in an excellent environment.

Stability analysis has rarely been applied other than in the field of plant
breeding. HILDEBRAND (1984) and RAUNN et al. (1993) employed stability
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analysis in long-term experiments to evaluate fertilization treatments. The
extrapolation of this method to characterize the stability of agronomic treat-
ments instead of genotypes can be regarded as a practical application for the
separation of responses to treatments dependent in time on the environment.

The aim of the present paper was (a) to evaluate the effect of various crop
sequences and fertilization treatments on maize and wheat yields in comparison
with maize and wheat monocultures on the basis of more than 35-year data, and
(b) to use the variance and regression methods of stability analysis to charac-
terize the effect of experimental treatments on yield stability.

Material and Methods

Treatments in the crop rotation experiment. - The crop rotation experiment
was set up by Gydrffy and co-workers in 1961 in the field nursery of the Agri-
cultural Research Institute of the Hungarian Academy of Sciences on a cher-
nozem soil with forest residues. The experiment is a bifactorial split plot with
four replications. The main plots are the crop sequences and the subplots the
fertilizer treatments, in a random design. The subplots measure 7x7 m = 49 m?
and the main plots 49x5 m = 245 m?.

The main plot consists of 7 crop sequences, namely maize and wheat mono-
cultures, periodic monocultures of maize and wheat, dicultures, tricultures and a
Norfolk crop rotation. The 7 treatments in the experiment consisted of the fol-
lowing 2 monocultures and 5 crop sequences:

Maize monoculture;

Wheat monoculture;

3 years alfalfa - 5 years maize;

3 years alfalfa - 5 years wheat;

2 years wheat - 2 years maize;

3 years alfalfa - 3 years maize - 2 years wheat;
. Maize - spring barley - peas - wheat.

Each cycle of treatments 3, 4 and 6 takes 8 years, while that of treatments 5
and 7 takes 4 years, so the full experimental cycle is 8 years. Four complete
cycles have taken place since the start of the experiment. The effects of the
various sequences are compared with each other and with the monocultures.
The various plant species represent the treatments and it follows from the struc-
ture of the experiment that the plots being compared do not always contain the
same crops in the same years. However, due to the long period which has
passed since the experiment was set up, it is possible to compare the treatments
over an adequate number of years.

The subplots in the experiment represent 5 different fertilization systems:

A: Control, without fertilizer;

B: 60 t/ha stable manure every 4 years + NPK supplementation;

C: 5 t/ha straw or 7 t/ha maize stalks each year + NPK supplementation;

NAGs W
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D: NPK fertilizer;

E: Extracted NPK for a yield of 15 t/ha maize and 10.5 t/ha wheat.

In treatments B, C and D, 720 kg/ha N, 360 kg/ha P and 600 kg/ha K were
applied over 4 years. In treatment E, calculations were based on 2.3 kg N, 1.1
kg P and 2.0 kg K per 100 kg yield (+ by-products) for maize and 2.5 kg N, 1.2
kg P and 1.0 kg K for wheat. The NPK requirements are modified according to
the crops and previous crops. It should be noted that since autumn 1984 the
fertilizer treatments have been revised: the quantity of active agents applied
over 4 years has been doubled. Since the experiment was set up the standard
agrotechnical measures have not changed to any great extent and the varieties
have only been changed every 6-8 years. The proportions of maize and wheat
were 25.0, 37.5, 50.0, 62.5 and 100 %, depending on the type of crop sequence.

Variance analysis. - The analysis is based on the combined evaluation of
yield data from the maize and wheat monocultures and from the various crop
sequences for comparable years. Thus, depending on the type of crop sequence,
the combined analysis could be carried out for 9, 12, 15 or 20 years for maize
and 8, 9, 18 or 20 years for wheat. On the above principles the effect of 3 and 4
sequences, respectively, was evaluated using combined variance analysis, tak-
ing into consideration 12, 8, 9 and 4 comparable years, respectively.

Prior to combined analysis, bifactorial variance analysis was carried out for
each experimental year (with crop order as main plots and fertilization as sub-
plots) and the heterogeneity of the experimental errors was examined. The
homogeneity of the error variance for the different years was studied using the
Bartlett test (SVAB, 1981).

The structure of the combined variance analysis was determined on the basis
of GOMEZ & GOMEZ (1984) and the analysis was carried out using the
MSTAT-C programme. This combined variance analysis provided an overview
of the magnitude of variation between the experimental years, the variation be-
tween the treatments and especially the treatment x year interaction. As a con-
tinuation of variance analysis, it is possible to extend the analysis to include
cycles and series (CADY & MASON, 1964), but this was not the aim of the pres-
ent work.

Stability analysis. - The stability analysis of the experimental treatments was
conducted using the variance and regression methods. Among the variance
methods, WRICKE’s (1962) ecovalence index (W2), SHUKLA’s (1972) stability
variance index (o?) and KANG’s (1993) yield stability index (YS) were calcu-
lated using the STABLE model elaborated by KANG & MAGARI (1995). This
model made it possible to use a covariant (rainfall quantities) to eliminate
heterogeneity (the non-additive or linear effect of the covariant) from the inter-
action; the stability variance was then calculated from the residual interaction.
The ecovalence (W?), and stability variance (o?) indices measure the contribu-
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tion of the treatment to the treatment X environment interaction. The two
indices are equivalent (KANG & MAGARI, 1995).

Linear regression analysis was carried out according to the method of FIN-
LAY & WILKINSON (1963). In the present studies the stability of the treatments
was not only characterized by the steepness of the lines, but the effect of the
treatments under various environmental conditions was also illustrated by linear
functions, after RAUNN et al. (1993). In this sense stability analysis is one way
of visually breaking down the treatment x environment interaction, by illustrat-
ing the effect of agronomic treatments on the yield under varying environmen-
tal conditions.

The data were processed on an IBM-compatible computer using the
MSTAT-C and SPSS 6.1 for Windows programmes.

Results

Effect of crop rotation and fertilization on soil properties

The 28-year long-term effect of the crop rotation and fertilization treatments
on major soil properties is summarized in Table 1. The humus content was sig-

Table 1
28 year long-term effect of crop rotation and fertilization treatments on major
properties in the 0-20 cm soil layer*

Humus pH P,0s K,0
Treatments % (KCI mg . mg )
100g™ | 100g
Crop sequences
1. Maize monoculture 2.81d |591ab |533¢ 27.25b
2. Wheat monoculture 324ab | 5.79ab | 7.60ab | 31.75a
3. 3 years alfalfa - 5 years maize 339a |[551b |433c¢ |2649Db
4. 3 years alfalfa - 5 years wheat 33la |6.06ab [ 4.07¢c |2677b
5. 2 years wheat - 2 years maize 2.99cd | 6.33ab | 7.27b | 33.53a
6. 3 years alfalfa - 3 years maize - 307bc | 601ab | 412¢ 125580
2 years wheat
7. Norfolk crop rotation 296cd | 6.56a | 928a |31.30a
Fertilization treatments
A: Unfertilized control 305b [6.23a |258d |[25.12c
B: Organic manure and NPK fertilizer 32la [6.25a |6.73b |3091a
C: Straw or stalks and NPK fertilizer 3.11ab | 593b |577c¢ |2833b
D: NPK fertilizer 308b |589b |572c¢ |[29.190b
E: NPK fertilizer taken up 3.10ab [ 5.82b | 9.19a | 31.20a

* Data followed by the same letter within a column or group of treatments do not
differ significantly at the P = 5% level.
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nificantly the greatest in treatments 3 and 4 (where alfalfa was grown for 3
years as a previous crop to maize and wheat, respectively) and in the wheat
monoculture. It was lowest in the maize monoculture, As regards the effect of
fertilization, the humus % was greatest in plots where both stable manure and
NPK were distributed. The soil pH was greatest in the Norfolk rotation and
lowest in the alfalfa-maize sequence. The pH was significantly higher in control
plots and in those treated with stable manure than in the other fertilizer treat-
ments. The P,0; and K;0 contents of the soil were highest in the Norfolk rota-
tion, in the wheat monoculture and in the wheat-maize diculture, and the data
also provided a good reflection of the effect of the fertilizer treatment.

Evaluation of the main effects and interactions of maize and wheat sequences
and fertilization by means of variance analysis

The results of comparable years in the long-term experiments were evalu-
ated using bifactorial combined variance analysis (main plots were crop se-
quences, subplots were fertilization) (Tables 2 and 3). In the variance analysis
the effects of crop sequences containing various proportions of maize and wheat
were compared to the maize and wheat monocultures. The main effects (year,
crop sequence, fertilization) were significant in all cases at the 0.1% level, but
their relative importance on the basis of MQ values varied according to the type
of crop sequence.

Table 2
Combined variance analysis of a long-term, two factorial, split-plot experiment
taking into account the years (2 years maize - 2 years wheat vs. maize mono-
culture and 3 years alfalfa - 5 years maize vs. maize monoculture)

Wheat-maize Alfalfa-maize
Factor diculture vs. maize diculture vs. maize
monoculture monoculture
FG MQ FG MQ
Years (Y) 16 63.32%** 19 57.78%%*
Replication within the year R (Y) 51 3.55%* 60 4.48%%
Crop rotation (A) 1 17.80%** 1 13.49%*
YxA 16 3.15% 19 221
Pooled error (a) 51 1.52 60 2.23
Fertilization (B) 4 116.45%** 4 110.22%%*
YxB 64 11Q**% 76 1.33%%*
AxB 4 2.10%** 4 5.44%**
YxAxB 64 0.24™ 76 0:52™
Pooled error (b) 408 0.34 480 0.45

Significant at ***P: 0.1% level; **P: 1% level; *P: 5% level. NS: Non-significant.
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Table 3
Combined variance analysis of a long-term, two-factorial, split-plot experiment
taking into account the years (3 years alfalfa - 3 years maize - 2 years wheat vs.
maize monoculture and Norfolk crop rotation vs. maize monoculture)

Alfalfa-maize-wheat Norfolk crop
Factor vS. maize rotation vs. maize
monoculture monoculture
FG MQ FG MQ
Years (Y) 11 56.80%** 3 62.54%*x
Replication within the year R (Y) 36 L71* 27 1.90
Crop rotation (A) 1 52.97%* 1 T 5504
YxA 11 3.22%* 8 1
Pooled error (a) 36 0.97 27 1.74
Fertilization (B) 4 F5.35%%* 4 66.66%**
YxB 44 0.98*** 32 1.85%**
AxB 4 0.60™° 4 2.35%%x
YxAxB 44 0.58" 32 0.62%°
Pooled error (b) 288 043 216 0.44

Significant at ***P: 0.1% level; **P: 1% level; *P: 5% level. NS: Non-significant.

In the case of whear-maize diculture vs. maize monoculture and alfalfa-
maize diculture vs. maize monoculture the greatest effect was recorded for fer-
tilization, followed by the year effect and the crop sequence effect (Table 2). In
the 3 years alfalfa - 3 years maize - 2 years wheat triculture vs. maize mono-
culture, too, the effect of fertilization was the greatest, but the effect of crop se-
quence increased substantially, becoming similar in magnitude to that of the
year. When comparing the Norfolk rotation with the maize monoculture the
effect of crop rotation became the most important, followed by fertilization and
year, with similar magnitudes (Table 3).

The importance of interactions appears on the basis of MQ values to be far
less than that of the previous effects. The crop rotation x year interaction was
significant at the 5% level in the 2 years wheat - 2 years maize and the 3 years
alfalfa - 3 years maize - 2 years wheat sequences compared to the maize mono-
culture. The fertilization x year interaction was significant at the 0.1% level for
all the crop sequences. The crop sequence x fertilization interaction was signifi-
cant at the 0.1% or 1% level for all crop sequences except the Norfolk rotation.
The triple interaction (YxBxC) was not significant for any of the sequences, i.e.
the effect of none of the three factors depends on the level of the other two.

In the variance analysis crop sequences containing various proportions of
wheat were all compared with the wheat monoculture (Tables 4 and 5). The
main effects (year, crop sequence and fertilization) were significant at the 0.1%
level in all cases, but their relative importance on the basis of MQ values de-
pended on the type of crop rotation.
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Table 4

Combined variance analysis of a long-term, two-factorial, split-plot experiment
taking into account the ycars, (2 years maize - 2 years wheat vs. wheat
monocullure and 3 years alfalfa - 5 years wheat vs. wheat monoculiure)

Wheat-maize

Alfalfa-wheat

Factor diculture vs. wheat | diculture vs. wheat
monoculture monoculture
FG MQ FG MQ
Years (Y) 17 42 65%** 19 33.44%%*
Replication within the year R (Y) 54 0.84* 60 0.99*
Crop rotation (A) 1 86.11*** 1 24 55%%*
YxA 17 354k 19 3.56%%*
Pooled error (a) 54 0.51 60 0.58
Fertilization (B) 4 58.07%** 4 62.89%%*
YxB 68 0.96%** 76 0.69%**
AXB 4 1.84%kx 4 024™
YXxAxB 68 0.36%** 76 0.31#*
Pooled error (b) 432 0.14 480 0.20

Significant at ***P: 0.1% level; **P: 1% level; *P: 5% level. NS: Non-significant.

Table 5

Combined variance analysis of a long-term, two-factorial, split-plot experiment
taking into account the years. (3 years alfalfa - 3 years maize - 2 years wheat vs.
wheat monoculture and Norfolk crop rotation vs. wheat monoculture)

Alfalfa-maize- Norfolk crop
Factor wheat vs. wheat rotation vs.wheat
monoculture monoculture
FG MQ FG MQ
Years (Y) 7 10.36%%* 8 45.90%%*
Replication within the year R (Y) 24 0.55 27 0.58
Crop rotation (A) 1 _90.3pk*x 1 208.33%**
YXxA 7 2.90%* 8 41w
Pooled error (a) 24 0.69 27 0.47
Fertilization (B) 4 31.42%%x% 4 32.82%%*
YxB 28 0.45%* 32 1.06%**
AXxB 4 0.24™° 4 0.68**
YXAxB 28 0.62%** 32 0.33%%%
Pooled error (b) 192 0.23 216 0.15

Significant at ***P: 0.1% level; **P; 1% level; *P; 5% level. NS: Non-significant.
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When comparing the 3 years wheat-5 years alfalfa diculture with the wheat
monoculture the effect of fertilization was the most important, followed by that
of year and crop sequence. In the case of wheat-maize diculture vs. wheat
monoculture the effect of crop sequence was the most important; on the basis of
MQ values the effect of fertilization was only two-thirds and that of the year
only half that of crop sequence (Table 4). In the case of 3 years alfalfa - 3 years
maize - 2 years wheat triculture vs. wheat monoculture the effect of crop se-
quence was three times that of fertilization and almost ten times that of the
year. When comparing the Norfolk rotation with the wheat monoculture the ef-
fect of crop sequence was more than six times that of fertilization and more
than four times that of the year (Table 5).

The importance of interactions is shown by the MQ values to be substan-
tially less than that of the main effects. The crop sequence x year interaction
was significant at the 0.1% level for all crop sequences and was the most im-
portant of the interactions on the basis of MQ values. The fertilization x year
Interaction was significant at the 1% level in the triculture and at the 0.1% level
in the other crop sequences. The crop sequence x fertilization interaction was
significant at the 0.1% level in the wheat-maize diculture and at the 1% level in
the Norfolk rotation. The triple interaction (YXAXB) was significant at the 0.1%
or 1% level for all the sequences, which means that the effect of one of the
three factors depends on the levels of the other two.

Effect of various crop sequences on maize and wheat yields at different fer-
tilization levels

The effect of crop rotation and fertilization on the yield and yield stability of
maize was evaluated on the basis of data from 9, 12, 15 or 20 comparable years,
depending on the type of crop sequence (Tables 6 and 7).

It can be seen from the data in Table 6 that without fertilization the yield in
the 2 years maize - 2 years wheat diculture was 0.59 t/ha higher than in the
maize monoculture. Averaged over the "B-E" fertilizer treatments the yield dif-
ference was 0.257 t/ha. Differences were observed in the maize yield depending
on whether it was grown in the first or second year after wheat. In the first year
the maize yield was 0.396 t/ha higher than that of maize grown in a mono-
culture, while this figure dropped to 0.267 t/ha in the second year.

In the 3 years alfalfa - 5 years maize sequence the yield average of maize
without fertilization was 0.875 t/ha higher than in a maize monoculture, while it
was only 0.107 t/ha greater when a satisfactory level of fertilization was applied
(mean of treatments B-E) (Table 6). A detailed analysis of the data indicates
that the yield of maize after alfalfa, averaged over fertilizer treatments A-E, was
0.346 t/ha greater than that in maize monoculture during the first 2 years, but
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Table 6
Stability parameters of a maize monoculture vs. maize-wheat diculture and
maize monoculture vs. maize-alfalfa diculture in various fertilization systems,

1961-1996.
Fer- | yield Yield
- re- CV% w2 ot ¥s | CV% w2 a? Ys
Ber | gpopee | M @) @ | @ | sponse | @ @) @ | @
treat- | ypg /ha
menis
Maize monoculture Maize monoculture
A | 4797 | 10.89 | 17.09 | 1.21%= 4546 | 11.84 | 24.10 | 1.45%*
B 6.8%0 | 426 | 806 | 051™ 6.584 | 8.04 | 21.13 | 1.26%*
G 6912 | 644 | 1574 | 1.11%= 6744 | 658 | 1492 | 0.85%*
D 7180 | 576 | 11.85 | 081%= | + | 6.863 | 496 | 892 | 045™ | +
E 7.001 | 648 | 1421 | 0.99% 6882 | 6.02 | 1476 | 0.84* | +
Maize-wheat diculture Maize-alfalfa diculture
A 5.387 | 9.80 | 25.08 | 1.84%= 5421 | 13.73 | 40.06 | 2.50%*
B 6812 | 547 | 1220 | 084*= | + | 6807 | 6.81 | 24.15 | L46%* | +
c 7346 | 459 | 747 | 046™ | + | 6778 | 651 | 19.13 | 1.13**
D 7476 | 533 | 1002 | 066%* | + | 6786 | 393 | 542 | 0.22™ | +
E 7377 | 714 | 1697 | 121** | + | 7127 | 472 | 933 | 048™ | +
L8Dss | 0.164 0.174
Table 7

Stability parameters of a maize monoculture vs. alfalfa-maize-wheat triculture
and maize monoculture vs. Norfolk crop rotation in various fertilization systems,

1961-1996.
Fer- | yielg Yield
1il- re. | CV% w1 o Ys| L. | CV% w2 o2 Ys
lzer sponse (1) (2) 3) (4) sponse (6% 2) 3 (4)
treat- t/ha t/ha
menis
Maize monoculture Maize monoculture
A 4521 | 11.34 | 19.13 | 2.04%* 4.825 | 1475 | 29.41 | 4.42%=
B 6470 | 696 | 12.56 | 1.30*= 7.136 | 532 | 459 | 054™ | +
(6: 6594 | 8.19 | 13.18 | 1.37** 7089 | 842 | 10.48 | 1.46%*
D 6721 | 451 | 405 | 033" | + | 7243 | 637 | 604 | 0.77™ | +
E 6772 | 751 | 13.85 | 1.44%* 7224 | 8.60 | 13.43 | 1.92%=
Maize-alfalfa-wheat triculture Norfolk crop rotation
A 5420 | 1085 [ 1525 | 1.60%* 6.086 | 10.31 | 1528 | 2.21%=
B 7207 | 534 | 7.14 | 068™ | + | 8280 | 541 | 565 | 0.70™ | +
C 7199 | 571 | 948 | 095* | + | 8243 | 6.13 | 741 | 098* | +
D 7204 | 383 | 409 | 033 | + | 7860 | 392 | 3.09 | 030™ | +
E 7370 | 472 | 508 | 045™ | + | 7680 | 576 | 7.72 | 1.03* | +
LSDs« | 0.219 0.258

Significant at: ***P: 0.1% level; **P: 1% level; *P: 5% level. NS = Non-significant. (1)
Variance coefficient. (2) Wricke’s ecovalence index. (3) Shukla’s stability variance index. (4)
Kang’s yield stability index.




AGROKEMIA ES TALAJTAN Tom. 46. (1997) No. 1-4. 87

only 0.204 tha greater in the 3rd-5th years (without fertilization the yield in-
crease over the same periods was 1.123 t/ha and 0.709 t/ha, respectively).

In the 3 years alfalfa - 3 years maize - 2 years wheat triculture (Table 7) the
mean yield surplus compared with the maize monoculture was 0.899 t/ha with-
out fertilization and 0.606 t/ha at a satisfactory nutrient supply level (mean of
treatments B-E).

The greatest maize yield surplus was obtained in the Norfolk rotation
(maize-spring barley-peas-wheat), where the maize yield average exceeded that
achieved in the maize monoculture by 1.261 t/ha without fertilization and by
0.845 t/ha in fertilized treatments (Table 7).

Neither the magnitude of the yield-increasing effect of the previous crop
compared to the maize monoculture nor the order of the various crop sequences
was modified even in the stage of analysis when the effect of the monoculture
was compared with that of 2 or 3 crop sequences simultaneously.

When the effect of the fertilizer treatments was compared in various crop se-
quences, it was found on the basis of variance analysis that the alfalfa-maize
and alfalfa-maize-wheat rotations produced significantly higher yields at high
NPK fertilizer rates (treatment "E"), while in treatments "B-D" there was no
significant difference in the maize yields. In the Norfolk rotation the highest
yield was obtained when stable manure was applied, and this was significantly
better than the yield of treatment "E". By contrast, in the maize-wheat diculture
the effect of stable manure was significantly smaller than that of the other fer-
tilizer treatments.

The effect of crop sequence and fertilization on the grain yield of maize over
the average of the years 1961-1995 without fertilization and at optimum nutri-
ent supply levels is illustrated in Figure 1. It can be seen that the effect of the

Without fertilization Optimum fertilization

6, 6

0 Monoculture w

5 5]

'E:j n M Crop rotation "

= &

i) 3 et 3

g 2 = I 9]
] E

B 1

B 0
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WM AM  AMW NF
Figure 1
Effect of crop rotation and fertilization on maize grain yield (1961-1996).
WM: 2 years wheat-2 years maize; AM: 3 years alfalfa-5 years maize; AMW: 3 years
alfalfa-3 years maize-2 years wheat; NF: Norfolk crop rotation
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previous crop without fertilization was greatest in the Norfolk rotation, fol-
lowed by the alfalfa-maize-wheat triculture and the alfalfa-maize diculture, with
similar magnitudes, and by the maize-wheat diculture. Over the average of the
fertilized treatments the yield-increasing effect of the previous crop was
smaller, and there was a slight change in order, as the effect of the wheat-maize
diculture surpassed that of the alfalfa-maize diculture.

The effect of crop sequence and fertilization on wheat yield and yield stab-
ility was evaluated for the data of 8, 9, 18 or 20 comparable years depending on
the type of crop rotation (Tables 8 and 9).

It can be seen from the data in Table 8 that in the 2 years maize - 2 years
wheat diculture the yield without fertilization was 0.343 t/ha higher than in the
wheat monoculture. Averaged over the "B-E" treatments the yield difference
was 0.779 t/ha. A comparison of the main effects of the experiment shows that
in the diculture, when averaged over the fertilizer treatments, the yield was
0.692 t/ha higher than in the monoculture. An examination of the fertilization
systems indicates that the yield was highest in treatments with high levels of
NPK fertilization and significantly the lowest in the unfertilized "A" treatment.
Among treatments which received both organic material (manure or residuum)
and fertilizer the yield was significantly higher in treatment "C" than in treat-
ment "B". A slight difference was found in the wheat yields depending on
whether it was grown in the first or second year after maize (0.704 vs. 0.682
t/ha).

In the 3 years alfalfa - 5 years wheat diculture the wheat yield average was
0.33 t/ha greater without fertilization and 0.367 t/ha greater at adequate fertil-
izer levels (average of treatments B-E) than in wheat monoculture. A compar-
ison of the main effects of the experiment shows that the yield in the wheat-
alfalfa diculture was 0.35 t/ha greater than in the wheat monoculture. There was
a difference in the effect of the crop sequence, however, depending on which
year the wheat was grown after alfalfa. The yield surplus of wheat after alfalfa,
averaged over treatments A-E, was 1.084 t/ha in the first year, 0.55 t/ha in the
second year and only 0.055 t/ha in the 3rd-5th years compared to the wheat
monoculture (the magnitude of the yield increase was similar without fertiliza-
tion).

In the 3 years alfalfa - 3 years maize - 2 years wheat triculture (Table 9) the
average yield surplus compared to the wheat monoculture was 0.878 t/ha with-
out fertilization and 1.116 t/ha with adequate nutrient supplies (mean of treat-
ments B-E). Differences were observed in the wheat yield depending on wheth-
er it was grown in the 1st or 2nd year after maize. In the triculture the yield of
wheat after maize was 1.354 t/ha greater in the 1st year and 0.78 t/ha greater in
the 2nd year than in the monoculture.

The greatest wheat yield surplus was obtained in the Norfolk rotation
(maize-spring barley-peas-wheat), where the wheat yield average exceeded that
of the monoculture by 1.714 t/ha without fertilization and by 1.554 t/ha in fer-
tilized plots (Table 9).
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Table 8
Stability parameters of wheat monoculture vs. maize-wheat diculture and
wheat monoculture vs. wheat-alfalfa diculture in various fertilization systems,
1961-1996
Fer- | vyield Yield
ul- re. | CV% | wr ot |vs| L. |Cve | w ot | YS
lzer | ohonse 6)] (2) 3) @ | sponse (1) (2) (3) @)
treat- Uha Uha
menis
Wheat monoculture Wheat monoculture
A 2.261 28.35 27.36 1.89** 2.403 17.75 19.04 1.15%*
B 3246 | 13.64 | 12.85 | 0.82** 3.553 8.49 6.55 0.33"™ +
C 3.413 | 10.62 8.74 0.52=* 3.764 | 10.95 13.89 | 0.81**
D 3.464 | 10.04 7.74 0.45** 3.825 | 10.78 | 12.27 | 0.70**
E 3.584 8.82 6.95 0.39* + 3.948 13.26 19.84 1.20**
Wheat-maize diculture Wheat-alfalfa diculture
A 2.604 17.13 | 17.14 1.14** 2,733 | 2337 | 29.65 1.85%*
B 3943 | 7.69 | 628 | 034™ | + | 4000 | 791 | 786 | 0.41™ | +
(€ 4.272 11.59 17.13 1.14%* + 4.095 9.77 11.87 0.68** +
D 4356 | 11.43 | 15.78 1.04** + 4,221 9.11 1244 | 0.72%* +
E | 4252|1593 | 29.26 | 2.03** | + | 4242 | 764 | 788 | 0.1™ | +
LSDsy | 0.132 0.138
Table 9
Stability parameters of wheat monoculture vs. allalfa-maize-wheat triculture and
wheat monoculture vs. Norfolk crop rotation in various fertilization systems,
1961-1996.
Fer- | yienq Yield
ul- re. | CV% | w2 e |¥s| . |lcve | w ot | Y8
izer sponse (0}] (2) 3 4) | sponse (1) (2) (3) (4)
treat- Uha Vha
ments
Wheat monoculture Wheat monoculture
A 2.586 18.30 543 0.87%* 2422 | 22.57 12.79 1.42%*
B 3.770 13.50 6.31 1.03** 3.702 12.54 5.43 0.85**
s 3888 | 924 | 3.15 | 046™ | + | 3.727 | 1559 | 9.04 | 1.43%x
D 4,128 9.35 3.84 0.59* 3.930 8.09 321 0.38*
E 4.208 8.67 3.87 0.59* + 4.073 6.72 2.41 027" +
Wheat-maize-alfalfa triculture Norfolk crop rotation
A 3.464 15.79 7.18 1.18** 4.136 12.78 9.31 1.38%*
B 4884 | 11.33 172 1.28** + 5.343 4.97 2.25 0.19™ +
C 5.075 5.57 541 0.87** + 5.436 6.76 4.17 0.54** +
D 5.210 7.23 3.47 0.52“5 + 5.444 8.51 6.28 0.91** +
E 5.291 6.46 3.16 0.47™ + 5.340 7.39 4 89 0.77** +
LSDsy | 0.221 0.149

Significant at: ***P: 0.1% level; **P: 1% level; *P: 5% level. NS = Non-significant. (1)
Variance coefficient, (2) Wricke’s ecovalence index. (3) Shukla’s stability variance index. (4)
Kang’s yield stability index.
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Neither the magnitude of the yield-increasing effect of the previous crop
compared to the wheat monoculture nor the order of the various rotations was
modified even when the monoculture was compared with the effects of 2 or 3
crop sequences simultaneously.

When comparing the effect of fertilization treatments in various crop se-
quences, it was found on the basis of variance analysis that a significantly high-
er yield was obtained at high rates of NPK fertilization (treatments D-E). The
joint application of organic manure and fertilizer proved efficient for wheat fer-
tilization, though the yield level in treatment B, involving stable manuring
every 4 years, was slightly lower than in treatments D and E.

Without fertilization Optimum fertilization
_ 6 O Monoculture
o B Crop rotation
5 4
Q
>
£ 2
5
v 0
WM AW AMW NF WM AW  AMW NF
Figure 2

Effect of crop rotation and fertilization on wheat grain yield (1961-1969).
WM: 2 years wheat-2 years maize; AW: 3 years alfalfa-5 years wheat; AMW: 3 years
alfalfa-3 years maize-2 years wheat; NF: Norfolk crop rotation

The effect of crop rotation and fertilization on the grain yield of wheat over
the average of the years 1961-1996, without fertilization and under optimum
nutrient supply conditions, is illustrated in Figure 2. It can be seen that the
effect of crop rotation without fertilization was greatest in the Norfolk rotation
(1.714 t/ha) followed by the alfalfa-maize-wheat triculture (0.878 t/ha), with the
poorest effect for the two dicultures (0.37 and 0.34 t/ha). When averaged over
the fertilizer treatments the yield-increasing effect of crop rotation remained at a
similar level (there was a slight reduction for the Norfolk rotation, an increase
for the triculture and the wheat-maize diculture and no change for the wheat-
alfalfa diculture).
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Yield stability of maize and wheat in various crop sequences at different fer-
tilizer levels

Variance indices characteristic of the yield stability of maize were calculated
for comparable years for crop rotation and monoculture for each fertilizer treat-
ment (Tables 6-7).

Of these variance indices, the smaller the coefficient of variance (CV %),
the more stable the treatment is. There was a tendency for CV % values to be
higher in the maize monoculture than in the crop sequences. The highest CV %
was obtained in the non-fertilized treatment (A), for both the monoculture and
the crop sequences. The lowest CV % values were generally recorded in treat-
ments B and D.

The significance level and numerical size of the stability variance index (o°)
expresses the extent to which different treatments are responsible for the inter-
action. It can be seen that the effect of treatments B and D was not usually sig-
nificant. In sequences including alfalfa the stability variance index was not sig-
nificant in treatment E either.

On the basis of mean yield response and stability, the yield stability index
(YS) elaborated by KANG (1995) selected fertilizer treatments D, E, C and B in
the crop sequences and treatment D in the monoculture.

The effect of crop rotation and fertilization on maize yield stability, as
shown by the linear regression model, is illustrated in Figure 3 for treatments
A (non-fertilized) and E (optimum nutrient supplies). The effect of crop se-
quences and fertilizer levels in different environments are characterized by
parallel or intersecting linear functions. In various crop sequences at the same
fertilization level the points of intersection of the lines indicates the environ-
mental average above which the crop sequence becomes superior to the mono-
culture. It was established from the data that for crop sequences and in fertilized
treatments, if the regression coefficient () tended to have a higher value this
indicated that a greater yield increase was obtained in a favourable environ-
ment.

When comparing the wheat-maize diculture with the maize monoculture, the
diculture became superior at above 4.1 t/ha environmental average without fer-
tilization and above 4.6 t/ha at optimum nutrient supply levels.

The superiority of the 3 years alfalfa - 5 years maize crop sequence could be
demonstrated above an environmental average of 2.3 t/ha without fertilization,
and increased at higher environmental indices. With satisfactory nutrient sup-
plies the diculture was only slightly superior, but this could be demonstrated in
all environments.

The advantage of the 3 years alfalfa - 3 years maize - 2 years wheat tricul-
ture over the maize monoculture could be observed above an environmental
average of 2.9 t/ha at optimum nutrient supply levels and above 4.5 t/ha with-
out fertilization. At high environmental averages the effect of the crop sequence
increases.
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Figure 3

Environment mean t ha’!

Maize monoculture vs. various crop rotations and the regression of the environment
mean at various fertilizer levels. 1-2: maize monoculture; 3-4: 3 years alfalfa-5 years
maize; 5-6: 2 years wheat-2 years maize; 7-8: 3 years alfalfa-3 years maize-2 years
wheat; 9-10: Norfolk crop rotation, all at fertilizer levels A and E. Fertilizer level A:
without fertilization (treatments 1, 3, 5, 7, 9), fertilizer level E: optimum nutrient
supplies (treatments 2, 4, 6, 8, 10)

The Norfolk rotation became superior to the monoculture even at an envi-
ronmental average of 1.3 t/ha without fertilization, while at optimum nutrient
supply levels the advantage of the Norfolk rotation could be seen in all environ-

ments.

The variance indices characteristic of wheat yield stability for comparable
years were calculated for crop sequences and monoculture for each fertilizer
treatment (Tables 8-9). The CV % values tended to be higher in the wheat
monoculture than in the crop sequences. The CV % value was greatest in the
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non-fertilized treatment (A) for both the monoculture and the crop rotation. The
lowest CV % values were usually recorded in treatments B and E. It can also be
seen from the significance level and numerical size of the stability variance
indices (o2) that treatments B and E were usually the least responsible for the
interactions.

On the basis of mean yield response and stability, the yield stability index
(YS) defined by KANG (1993) selected fertilizer treatments E, D, C and B as the

12+ 12. -
Monoculture vs. 2 years Monoculture vs. 3 years

F:g 10 - wheat - 2 years maize 104 alfalfa-5 years wheat
et 3 6
o) )
(5]
2 ;
=
.§ 5
[=14]
=
§

12 4 Monoculture vs. 3 years alfalfa- 124 Monoculture vs. Norfolk
%s 104 3 years maize -2 years wheat 10 C€roP rotation
=
=
(48]
B
R
]
&h
g

0 2 4 6 8
Environment mean t ha’ Environment mean t ha™

Figure 4
Wheat monoculture vs. various crop rotations and the regression of the environment
mean at various fertilizer levels (1991-1996). 1-2: wheat monoculture; 3-4: 3 years
alfalfa-3 years wheat; 5-6: 2 years wheat-2 years maize; 7-8: 3 years alfalfa-3 years
maize-2 years wheat; 9-10: Norfolk crop rotation; all at fertilizer levels A and E.
Fertilizer level A: without fertilization (treatments 1, 3, 5, 7, 9), fertilizer level E:
optimum nutrient supplies (treatments 2, 4, 6, 8, 10)
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best treatments for crop sequences and most frequently treatment E for the
monoculture.

The effect of crop rotation and fertilization on wheat yield stability, cal-
culated using the linear regression model, is illustrated in Figure 4 for treat-
ments A (non-fertilized) and E (optimum nutrient supplies). In the crop rotation
and the fertilized treatments a tendency for higher values of the regression co-
efficient (b) indicates a greater extent of yield increase in a favourable environ-
ment. In various crop sequences at identical fertilization levels the points of
intersection of the lines demonstrate the environmental average values above
which the crop rotation becomes superior to the monoculture.

When comparing the wheat-maize diculture and the wheat monoculture, the
diculture exhibited superiority up to an environmental average of 6.0 t/ha with-
out fertilization and in all environments at optimum nutrient supply levels.

The superiority of the 3 years alfalfa-5 years wheat sequence could be dem-
onstrated above an environmental average of 2.5 t/ha without fertilization and
increased at higher environmental indices. At satisfactory nutrient supply levels
the diculture only exhibited a slight advantage, but this could be observed in all
environments.

The advantage of the 3 years alfalfa - 3 years maize - 2 years wheat tricul-
ture over the wheat monoculture could be characterized in the non-fertilized
treatment by parallel straight lines at higher yield levels, which means that it
was manifested in all environments. At optimum levels of fertilization the ad-
vantage of the triculture could be demonstrated up to an environmental average
of 6.0 t/ha.

The Norfolk rotation (maize-spring barley-peas-wheat) was superior to the
wheat monoculture at both fertilization levels in all environments. Even at fer-
tilizer level A the Norfolk rotation surpasses the yield of the wheat mono-
culture at fertilizer level E up to an environmental average of 4.6 t/ha.

Conclusions

1. The yield of maize in a monoculture was always lower than in crop rota-
tion. Larger yields were obtained in crop sequences after leguminous previous
crops, and also after non-leguminous crops.

The yield-increasing effect of crop rotation was inversely proportional to the
ratio of maize in the sequence. Averaged over the fertilizer treatments (A-E) the
yield-increasing effect was greatest in the Norfolk rotation (0.929 t/ha),
followed by the alfalfa-maize-wheat triculture (0.664 t/ha), the wheat-maize
diculture (0.324 t/ha) and the alfalfa-maize diculture (0.26 t/ha). These results
are in agreement with previous examinations by GYORFFY (1975) who found
that wheat was often a better previous crop for maize than alfalfa. When
employing alfalfa as a previous crop attention must be given to its effect on the
water management of the soil.
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2. The effect of crop rotation on the maize yield was greater without fer-
tilization than in fertilized treatments, and in the first two years after alfalfa as
previous crop than in the 3rd-5th years. The results of variance analysis show
that the crop rotation effect was the greatest in the Norfolk rotation, followed
by the alfalfa-maize-wheat triculture, while it was lowest in the two dicultures.

Year and crop rotation had significant effects on the fertilized treatments (B-
E), though the yield differences were not great. It can be concluded from the ex-
perimental data that stable manuring and the returning of plant residues (maize
stalks, wheat straw), combined with NPK supplementation, are efficient meth-
ods of nutrient replenishment in maize. Stable manuring also improved yield
stability.

3. An analysis of the 35-year data of the long-term experiment leads to the
conclusion that wheat yields were always lower in a monoculture than in a crop
sequence. The yield-increasing effect of the crop rotation was inversely pro-
portional to the ratio of wheat in the sequence. The greatest yield-increasing
effect (in t/ha) was observed in the Norfolk rotation (1.505), followed by the
alfalfa-maize-wheat triculture (1.069), the wheat-maize diculture (0.692) and
the wheat-alfalfa diculture (0.35).

Compared to the wheat monoculture the yield increase in the alfalfa-wheat
diculture was smaller than that in the maize-wheat diculture. This was due part-
ly to the fact that the favourable previous crop effect of alfalfa was only per-
ceptible in the first two years. It is also probable, however, that the yield-
decreasing effect of a monoculture was also manifested more strongly after the
third year of growing wheat after wheat.

Maize is a good previous crop for wheat, and this is doubly important since
wheat and maize are the two major field crops in Hungarian crop production. In
a maize-wheat diculture the yield of wheat was 0.692 t/ha higher than in a
monoculture. In an alfalfa-maize-wheat triculture the yield increase was 1.069
t/ha compared with the wheat monoculture. Differences were also noted in the
wheat yields depending on whether it was grown in the Ist or 2nd year after
maize.

4. When comparing the advantages of crop sequences over a wheat mono-
culture in non-fertilized plots and averaged over the fertilized treatments it can
be seen that the yield-increasing effect of the crop rotation was not greatly
modified by fertilization. It can thus be concluded that the rotation effect was
manifested in the various wheat crop sequences both without fertilization and at
optimum nutrient supply levels, in contrast to the maize crop sequences, where
fertilization reduced the rotation effect to almost half.

Variance analysis of the effect of fertilizer treatments in the various crop
rotations indicated that a significantly higher yield was obtained at high NPK
fertilizer levels (treatments D-E). The combined application of organic manure
and fertilizer (treatments B-C) was an efficient way of fertilizing wheat, though
the yield level in treatment B, which involved stable manuring every 4 years,
was significantly lower than in treatments D and E. It can be suggested,
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however, that the joint application of manure and fertilizer may provide more
favourable conditions for the manifestation of the rotation effect. This can be
concluded from the fact that the rotation effect compared to the monoculture
was consistently slightly higher in treatments B and C than in treatments D and
E, which received only NPK fertilization (27.4% and 22.9% over the average of
the crop sequences). Yield stability was greatest in treatments E and B.

5. In the long-term crop rotation experiment bifactorial combined variance
analysis proved to be a satisfactory method for the evaluation of the main ef-
fects (year, crop rotation and fertilization) and the interactions when comparing
crop sequences and monocultures.

The results show that stability analysis is a suitable method for the inter-
pretation of the significant environment x treatment interactions observed in
variance analysis models of long-term crop rotation experiments. Both the vari-
ance and regression methods of stability analysis contributed to the charac-
terization of the stability of the experimental treatments in different environ-
ments.

Summary

In a long-term crop rotation experiment set up in 1961 the effects of 7 crop
sequences and 5 fertilization treatments were studied on the yields of maize and
wheat and on yield stability. The soil of the experimental area was a humous
loam of the chernozem type with forest residues, slightly acidic in the ploughed
layer, poorly supplied with available phosphorus and well supplied with potas-
sium. 4

The crop sequences included maize and wheat monoculture, periodic mono-
cultures, dicultures, a triculture and a Norfolk crop rotation. Apart from the
control the fertilizer treatments represented various fertilization systems,
namely organic manuring (stable manure or plant residues supplemented with
NPK) and high levels of NPK fertilization.

The yields were evaluated with bifactorial variance analysis and with the
variance and regression methods of stability analysis.

The yields of maize and wheat were lower in all cases in monoculture than
in a crop sequence. The yield-increasing effect of crop rotation was inversely
proportional to the ratio of maize or wheat in the sequence. Averaged over the
fertilizer treatments the yield-increasing effect for both maize and wheat was
greatest in the Norfolk rotation, followed by the alfalfa-maize-wheat triculture,
the wheat-maize diculture, and the alfalfa-maize and alfalfa-wheat dicultures.

It can be concluded from the experimental data that stable manuring and the
returning of plant residues (maize stalks, wheat straw) with NPK supplementa-
tion are efficient ways of fertilizing maize and wheat. Stable manuring also
improves yield stability. A comparison of the effects of the fertilizer treatments
shows that significantly higher yields of maize and wheat were obtained in the
various crop sequences at high levels of NPK fertilization.
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The yield-increasing effect of crop sequences compared to the wheat mono-
culture was not modified greatly by fertilization: the rotation effect was mani-
fested both without fertilization and at good nutrient supply levels. By contrast,
in maize crop sequences fertilization reduced the rotation effect by almost half.

Both the variance and regression methods of stability analysis contributed to
the characterization of the stability of the experimental treatments in various en-
vironments.
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