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ABSTRACT  A long term crop rotation and fertilization experiment was established on a 
clay-loam soil in 1959.  Treatments included fertilized and non-fertilized continuous 
corn, and a fertilized and non-fertilized four year corn-oat-alfalfa-alfalfa crop rotation 
with all phases of the rotation present in each year.  Moldboard plow draft measurements 
were made with an instrumented research tractor in conjunction with fall plowing over a 
six year period from 2004 to 2009.  The continuous corn with no fertilizer plot 
consistently had the highest plow draft, and in one year, it was more than twice that of 
any other plot with a corn crop.  Moldboard plow draft for non-fertilized rotation corn 
was higher than that for fertilized rotation corn.  Draft for fertilized continuous corn was 
higher than for fertilized rotation corn.  Fertilized alfalfa had higher draft than non-
fertilized alfalfa.  The above trends were consistent over the six year period, although the 
differences were not always statistically significant.  The differences in moldboard plow 
draft were attributed to differences in soil structure which developed under the different 
management practices.  The data clearly demonstrate the importance of good soil and 
crop management on maintaining a healthy soil.    
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INTRODUCTION Maintaining quality of soil resources is a key requirement for 
sustainable crop production.  Soil can be damaged by a number of different processes 
including environmental contamination with chemicals such as excess pesticides, excess 
or not enough crop nutrients supplied via fertilizer, compaction from wheel traffic by 
heavy machinery, particularly when the soil is wet, and organic matter decline from 
excess tillage or poor crop management.  These factors affect soil biological activity and 
processes in different ways, with the common result of reduced soil productivity.  
Monoculture crop production, particularly monoculture corn production under intensive 
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tillage, has often been cited as a poor management system leading to soil degradation.  
Crop rotations which include a forage phase are widely recommended as a method of 
building good soil structure and maintaining consistent yields (OMAFRA 2002, 2009). 

Some producers have reported noticeable changes in tractor power required for tillage 
operations following changes in management such as application of livestock manures or 
organic amendments, or replacing monoculture with rotation crop production system.  
These anecdotal reports comply with scientific knowledge of other processes 
accompanying respective changes in management.  However, without data obtained 
under controlled conditions, it is difficult to know the magnitude of any changes. 

The objective of this paper was to measure moldboard plow draft under long term 
monoculture and rotation crop production systems with and without fertilizer. 

MATERIALS AND METHODS The experiment was conducted on a Brookston clay-
loam soil at the Hon. Eugene F. Whelan Research Farm, Agriculture and Agri-Food 
Canada, Woodslee, Ontario (Lat. 42̊13΄ N, Long. 82˚44΄ W).  The soil is classified as a 
fine loamy mixed mesic Typic Argiaquol in the U.S. soil classification system, and as an 
Orthic-Humic Gleysol in the Canadian soil classification system.  Average texture in the 
Ap (< 200 mm) horizon was by weight 28 % sand, 35 % silt and 37 % clay. The soil was 
poorly structured, poorly drained, and poorly aerated.  The topography was flat with 
slope < 1%.  Thirty-year average temperature and precipitation at the field site was 8.7 0C 
and 827 mm respectively. 

Experimental Design  A long term fertilizer and rotation experiment was established in 
the 1950’s.  Rotation and fertilizer treatments consisted of continuous corn, continuous 
grass, and a four year rotation of corn-oat-alfalfa-alfalfa.  Alfalfa was under seeded with 
the oat crop.  The four year rotation was staggered so that one crop for each year of the 
rotation was present in every crop year.  A fertilizer treatment was applied such that each 
rotation treatment appeared both with and without fertilizer.  Fertilizer was applied to the 
corn and oat phases of the rotations. 

The experiment was originally laid out in long strip plots, 12.2 m wide and 91.5 m long.  
The plots were separated with low grassed berms to prevent surface water moving 
between plots, and each plot had a subsurface drain running the length of the plot.  Catch 
basins were installed at the north end of each plot, and surface and subsurface water were 
directed by separate underground pipes into a field laboratory fitted with automated flow 
measurement and water sampling equipment for research on water quality under the 
different rotation and fertilizer treatments. 

The plots to be seeded to corn or oats in the following year were moldboard plowed each 
fall.  The oat plots were underseeded with alfalfa, and the alfalfa was retained for two 
years.  The plots with oat residue, and the first year alfalfa plots were not plowed.  Plots 
in the four year rotation were plowed two years out of the four, and plots in continuous 
corn were plowed every year, and plots in continuous sod were not plowed in any year.  
Conventional crop husbandry practices were applied including spring tillage, fertilizing 
(only on the fertilized treatments), planting, weed control with herbicides, and harvest 
with a combine. 
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Plow Draft Measurements  Draft measurements for fall moldboard plowing were made 
each year from 2004 to 2009 using the Agriculture and Agri-Food Canada instrumented 
research tractor (McLaughlin et al. 1993).  This tractor was fitted with a set of 
instruments and an onboard data logger to allow measurement and recording of tractor 
operational parameters as the tractor is doing normal field work.  A Kongskilde five 
bottom semi-mount plow was used with furrow width set at 300 mm.  The tractor no-load 
engine speed (high idle) was set and the transmission gear selected with the tractor 
stopped in the headland outside of the plot.  The tractor was brought up to speed, and the 
data logger was started and stopped at either end of the plot using a stakes at either end of 
the plots as visual cues.  Tractor fuel control lever and transmission gear were not 
adjusted while the tractor was in the plot.  The tractor was stopped at the end of the plot, 
and the data for the completed pass was saved to hard disk.  Separate data files were used 
for each pass with the plow, and the file names were coded with the plot and pass number 
to aid in subsequent data analysis.   

Table 1.  Rotations and crops for each plot in each year.  

Plot Treatment Year 

  2004 2005 2006 2007 2008 2009 
1 Rotation - F1 corn oat alfalfa alfalfa corn oat 
2 Rotation - F oat alfalfa alfalfa corn oat alfalfa 
3 Cont. Corn - F corn corn corn corn corn corn 
4 Rotation - F alfalfa alfalfa corn oat alfalfa alfalfa 
5 Rotation - F alfalfa corn oat alfalfa alfalfa corn 
6 Cont. Sod - F2 sod sod sod sod sod sod 
7 Rotation - NF alfalfa corn oat alfalfa alfalfa corn 
8 Rotation - NF oat alfalfa alfalfa corn oat alfalfa 
9 Cont. Corn - NF corn corn corn corn corn corn 
10 Rotation - NF corn oat alfalfa alfalfa corn oat 
11 Cont. Sod - NF sod sod sod sod sod sod 
12 Rotation - NF alfalfa alfalfa corn oat alfalfa alfalfa 

1 F = Fertilized, NF = Not Fertilized, Cont. = Continuous 
2 Continuous sod plots were not plowed 

All passes with the plow were in the same direction in each plot, but in the opposite 
direction from the previous plowing to fill the open furrow left from the previous plowing 
operation.  Nominal plowing depth was 170 mm; actual plow depth was measured at 
several points in the open furrow using the tillage depth gauge described by McLaughlin 
et al. (2008).  The same machine settings were used for all plots, but there was some 
variability in mean depth among the different plots. 

Draft and fuel consumption data were logged for the entire length of each plot for each of 
the five or six passes required to plow the width of the plot; data were not logged for the 
strike out pass as the plowing depth may be different.  The plow was periodically 
unhitched from the tractor, and a ‘zero’ or ‘tare’ file of data was logged with the tractor 
stopped and no load on the tractor hitch. 
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Data Analysis  Draft data were corrected for minor drift of the instrumentation offset by 
subtracting the weighted mean of the apparent draft in the closest before and after zero 
files logged with no load on the tractor hitch.  Drift was assumed to be linear with time, 
and the before and after zero files were weighted according to the elapsed time between 
when the plowing data and respective before and after zero files were logged.  Data at 
each end of the plot were trimmed using gps position data logged along with the tractor 
data.  A generous trim was applied to ensure that the remaining data were for steady state 
conditions.  A total of 64 m of data from the central part of each plot were retained.  The 
data string was then parsed into four 16 m segments which were considered as replicates 
for subsequent analysis.  The means of each of four passes with the plow were calculated 
for each replicate.  These means were considered as within plot replicates or sub plot 
measurements of the dependent variable in subsequent Analysis of Variance (ANOVA). 

The experiment had three factors potentially affecting plow draft; fertilizer, rotation, and 
crop which had been harvested prior to plowing.  However, the experimental design was 
not a full factorial of all three factors.  This paper presents a preliminary one-way 
ANOVA where the six treatments with different combinations of fertilizer, rotation and 
residue are considered as six levels of a single management factor. 

RESULTS AND DISCUSSION  Plow draft data for each rotation and each year are 
given in Table 2.  This table is organized by rotations and consequently, data for the 
different years were obtained in different plots.  Some of the year to year variability in a 
particular rotation may have been due the experimental design where the different phases 
of each rotation, and consequently, the plow draft data, were on different plots each year.  
A notable exception is the continuous corn fertilized, and continuous corn not fertilized 
where the same respective plots were plowed each year.  Some variability is expected 
among the plots due to normal within field variability.  However, the contribution of the 
different plots was likely very minor as the field site was relatively uniform with flat 
topography.  Most of the variability was attributed to the normal year to year variability. 
Plowing was done in late fall after harvest, and when equipment and personnel were 
available.  Soil conditions varied widely among years; in some years, conditions were 
nearly ideal for plowing, and in other years, the soil was very wet.  

Table 2.  Plow draft (kN) for the different rotation and fertilizer treatments in each year. 

Rotation, 
crop and 
fertilizer 

Year 

2004 2005 20061 2007 2008 2009 
CCF 26.4 b,c2 15.9 d 20.5 a,b,c 25.9 c 28.3 b 22.9 b,c 
RCF 23.1 d 13.4 e 17.9 c 19.6 d 20.6 c 21.0 b,c 
RAF 24.4 c,d 21.9 b 22.6 a,b 32.8 b 24.0 b,c 20.7 b,c 
CCN 49.2 a 30.6 a 23.8 a 54.0 a 42.8 a 36.1 a 
RCN 27.1 b 16.6 c,d 19.2 b,c 25.8 c 23.8 b,c 24.1 b 
RAN 22.9 d 18.6 c 18.6 c 31.4 b 19.7 c 19.8 c 
1 Crop year 2006 was plowed in spring 2007 
2 Means in the same column and followed by the same letter are not significantly different 
(P > 0.05). 
CCF = Continuous corn fertilized (Plot 3) 
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RCF = Rotation corn fertilized 
RAF = Rotation alfalfa fertilized 
CCN = Continuous corn not fertilized (Plot 9) 
RCN = Rotation corn not fertilized 
RAN = Rotation alfalfa not fertilized 
 
The data from Table 2 were organized into a series of pair wise comparisons in Table 3.  
The pairs were selected to compare plots with two levels of the management treatments 
(e.g. rotation, fertilizer and crop) the same, and one different.  The ranks given for all of 
the pairs in Table 3 were consistent over the six year period although the differences were 
not always statistically significant. 

Continuous corn not fertilized (CCN, abbreviations given in footnote for Table 2) 
consistently exhibited the highest mouldboard plow draft in the experiment, and in 2007, 
it was more than two times higher than any other corn plot (Table 2).  Virtually every 
other study that was done on the field site identified CCN as very different from the other 
treatments.  The soil in this plot was noticeably harder that other plots.  Drainage was 
poor and even though the plot was tile drained, water frequently ponded on the surface.  
Corn plant height visibly was much lower than other corn plots, cobs were much smaller, 
and yield was dismal (Drury and Tan, 1996).  Low yield is to be expected after nearly 50 
years of growing corn without application of any form of organic or chemical fertilizer to 
replenish the supply nutrients for crop growth.  Clearly, CCN is not a practical cropping 
system, but it does demonstrate the interaction of crop management on soil properties. 

Table 3.  Pair wise comparisons of moldboard plow draft for continuous and rotation 
treatments with and without fertilizer.  The rankings were consistent over the six years, 
but the differences were not always significant. 

Crop Comparison 
Corn Continuous Not Fertilized  always the highest 
Corn Continuous Not Fertilized  >  Continuous Fertilized 
Corn Continuous Not Fertilized  > Rotation Not Fertilized 
Corn Continuous Not Fertilized  > Rotation Fertilized 
Corn Rotation Not Fertilized   > Rotation Fertilized 
Corn Continuous Fertilized   > Rotation Fertilized 
Alfalfa Rotation Fertilized    > Rotation Not Fertilized 

 

The year to year variability was particularly evident in CCN with draft ranging from a 
low of 23.8 kN in 2006 to a high of 54.0 kN in fall 2007, a range of more than 2:1 (Table 
2).  This range was higher than that for any of the other treatments.  The soil froze in fall 
2006 before fall plowing could be done forcing the moldboard plowing for the 2006 crop 
year to be postponed until spring 2007.  It is interesting to note that lowest draft for the 
continuous corn not fertilized coincided with spring plowing, but the lowest draft for 
three of other treatments occurred in 2005.  It is not known if this was a mere coincidence 
and part of the normal variability, or if the normal freeze-thaw cycles occurring over the 
winter affected the CCN treatment differently from the other treatments. 
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The RCN treatment consistently exhibited higher draft than its fertilized rotation 
counterpart, RCF (Tables 2 and 3), but the differences were not nearly as large as those 
between the continuous corn treatments, CCN and CCF.  Although fertilizer was not 
applied to the RCN treatment, the alfalfa in the rotation would contribute some N to the 
soil which could be used by the corn crop.  The fertilizer in the RCF treatment would be 
expected to contribute to higher root and above ground biomass in RCF than the non-
fertilized RCN which would improve soil structure when incorporated into the soil. 

The CCF treatment consistently had higher draft than its rotation counterpart, RCF.  Both 
treatments received fertilizer, but the RCF treatment had two years of alfalfa in the four 
year rotation.  Including forages in rotation with corn is a widely recommended practice 
to prevent soil degradation that can occur with continuous corn (OMAFRA, 2009).  The 
higher plow draft in CCF compared to RCF is an indication of soil degradation occurring 
in the continuous corn system. 

The above trends can be further generalized to non-fertilized plots exhibiting a higher 
mouldboard plow draft than fertilized plots, with the exception that RAN was lower than 
RAF.  The difference between draft in fertilized and non fertilized plots was thought to be 
due to more crop root growth, and consequently, more soil organic matter and biological 
activity in fertilized than non fertilized plots.  In contrast, more prolific alfalfa roots in 
fertilized alfalfa plots (RAF) may impart more mechanical resistance than the less prolific 
alfalfa in the non-fertilized alfalfa plots (RAN).    We have observed higher plow draft in 
alfalfa plots than corn plots in other field experiments, and we attributed the difference to 
mechanical resistance imparted by the alfalfa roots.  The alfalfa roots would be still living 
at the time of plowing while corn roots would likely be beginning to decay. 

CONCLUSIONS  Moldboard plow draft measurements were made over a six year 
period for fall tillage in an existing field experiment with long term rotation and fertilizer 
treatments.  The experiment was established in 1950’s on a clay-loam soil, and included 
continuous corn and a four year corn-oat-alfalfa-alfalfa rotation, both with and without 
fertilizer. 

The following trends in moldboard plow draft were consistent over the six year 
measurement period, although the observed differences among rotation and fertilizer 
treatments were not always significant. 

• The continuous corn with no fertilizer consistently exhibited the highest 
moldboard plow draft, and in one year, it was more than double that in other corn 
plots. 

• Continuous fertilized corn had higher draft than rotation fertilized corn. 
• Rotation non-fertilized corn had higher draft than rotation fertilized corn  
• Rotation fertilized alfalfa had higher draft than rotation non-fertilized alfalfa. 

 
The differences in draft among the rotation and fertilizer treatments were attributed to 
differences in soil structure and organic matter resulting from differences in both above 
and below ground crop biomass occurring under long term application of crop rotation 
and fertilizer treatments.  The data clearly show the interaction of long term soil and crop 
management on soil strength as manifested in moldboard plow draft. 
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